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Abstract 

Raglan Mine is located on the Ungava peninsula, Québec, Canada. It’s a Ni-Cu-PGE magmatic sulphide 

deposit undergoing brownfield exploration. Given the available data from Raglan Mine and the 

underutilization of geophysical data integration in mineral exploration, this thesis’ purpose is to 

investigate the utility of data integration. Specifically, four objectives are set to integrate petrophysical 

and geophysical data in forward and inversion modelling of Zone 5-8 at Raglan Mine. The first two 

objectives are met through forward modelling a 3D geological model. Magnetic and gravity forward 

models are compared to observed data. The major outcome establishes a macro-magnetic susceptibility 

maximum for the ultramafic of 0.31 SI. Vertical gravity modelling shows lows over sediments, and highs 

over basalts and an intermediate high over the ultramafic. Additionally, the resolvability of ore targets is 

investigated, showing that these targets are unresolvable using airborne and terrestrial magnetic and 

gravity methods. These results are incorporated in inversion modelling. Inversion modelling is an 

optimization problem, which is non-unique, meaning many solutions could fit. This issue is mitigated 

through constraints from input data and reference models (cooperative inversion). Objectives 3 and 4 are 

met by running single parameter and cooperative inversions. Outcomes of single parameter inversions 

show that magnetic inversions are effective in outlining the UM unit to a depth of ~1000-1250m with a 

cut off of 0.05 SI. Single parameter gravity gradient inversions outline lower density sediments and 

higher density basalts. The ultramafic is outlined to depths of ~560-910m (cut off 0-0.3 g/cm3) after 

which ambiguity exists due to density overlap with basalt. Gravity gradient inversions are enhanced 

through the cooperative magnetic isosurface reference model, which also balances out the impact of the 

surface geology constraint. The gravity gradient isosurface constraint on the cooperative magnetic 

inversion causes the ultramafic limbs to diverge. Overall, forward modelling is able to approximate 

observed data, and single parameter and cooperative inversion modelling are able to position the magnetic 

ultramafic and higher and lower density sediments and basalts in geologically and geophysically logical 

locations. This approach has promising applications in other zones. 
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Chapter 1 

Introduction 

1.1 Scope 

This study aims to use magnetic and gravity gradient data to geophysically and petrophysically 

characterize Zone 5-8 at Raglan Mine, Québec, Canada. Methodologies involve forward 

modelling and establishing resolvability limits of exploration targets, along with integrating 

geological, petrophysical, and geophysical data in cooperative inversions. The application is for 

mineral exploration at Zone 5-8 at Raglan Mine, a komatiitic Ni-Cu-PGE magmatic sulphide 

deposit. 

1.2 Motivation 

Metals are critical for a functioning modern society. For instance, nickel is used in stainless steel 

and batteries, and copper is used in electrical wiring. With rising global standards of living and 

populations, global demand for metals will rise (Arndt et al., 2017). Sourcing economically 

extractable supply is non-trivial, requiring many stages of exploration, mineral delineation and 

feasibility studies. Even within existing mining camps, brownfield exploration plays a key role, 

commonly targeting greater depths (Arndt et al., 2017). In order to minimize exploration risk and 

optimize cost, implementing geophysics can be a useful and cost-effective tool. 

 

Canada hosts numerous significant sources of nickel, namely within magmatic Ni-Cu-PGE 

sulphide deposits. Major camps include: Sudbury, Voisey’s Bay, Thompson, and Raglan Mine. 

This project focuses on Raglan Mine’s Zone 5-8, an area undergoing both mining and brownfield 

exploration. The data available is collected from diverse set of techniques, including: airborne 
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geophysical platforms; in-situ borehole data; and physical rock property measurements, collected 

from drill core.  

 

The challenges that exist within geophysics include: non-uniqueness of data, size of target, and 

false positives from non-target signals. This project aims to reduce these challenges by 

investigating the impact of harnessing synergies of the aforementioned integration of 

petrophysical, geophysical and geological data. The ultimate aim is to determine what type of 

geological features can be resolved from this data integration and modelling. Ultimately, it is 

investigated how a cooperative inversion of geophysical and petrophysical observations can 

enhance the characterization of Zone 5-8. 

1.3 Objectives 

The primary objective of this study is to generate an integrated model as in Figure 1. As such, 

four objectives are established for this project, under the categories of forward modelling, 

inversion modelling, and cooperative inversion modelling. The objectives are: 

• Forward Modelling 

1.  Constrain and integrate petrophysical data via magnetic, vertical gravity, and 

gravity gradient signals of Zone 5-8. 

2. Characterize the resolvability of ore bodies using petrophysical ore body data. 

•  Single Parameter Inversion Modelling 

3.  Run single parameter inversions, e.g. only magnetic or only gravity gradient. 

•  Cooperative Inversion Modelling 

4.  Run cooperative inversions. 
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Figure 1 – Integrated geophysical and petrophysical model 

  

1.4 Original contributions 

• Establishing a range of ultramafic magnetic susceptibility values via a 3D geological 

model, which airborne magnetic data is used as a baseline for comparison. 

• Establishing the resolvability ore bodies via magnetic and vertical gravity signals, 

individually. This study tested ore bodies of various volumes, physical property/physical 

property contrasts, and depths. 

• Understanding the impact of various constraints on cooperative inversion models. The 

constraints applied are: surface geology; upper magnetic limit of 0.31 SI; and using 

isosurfaces from another geophysical property-type inversion (e.g. a magnetic inversion 

isosurface to constrain a gravity gradient inversion). 
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1.5 Thesis outline  

Chapter 1: Introduction � 

The scope, objectives, motivation and scientific contributions are outlined. 

Chapter 2: Literature review. 

Chapter 2 provides the background information required to understand chapters 3 and 4. As 

such, the following subjects are detailed: magnetometry and gravimetry theory and collected 

data; petrophysics; forward and inversion modelling; and the Raglan geology.  

Chapter 3: Magnetic, gravity and gravity gradient characterization of Zone 5-8 Forward 

Modelling 

Magnetic, vertical gravity and gravity gradient data are compared to forward models of a 3D 

geological model of Zone 5-8. Resolvability of ore body magnetic and gz signals are 

established.  

Chapter 4: Inversion modelling 

Magnetic and gravity gradient inversions are run with constraints from geological, 

petrophysical, and geophysical data. 

Chapter 5: Discussion  

The data is discussed in terms of objectives, results, and limitations. Relevant references to 

literature are made. 

Chapter 6: Conclusions and outlook  

The objectives and respective conclusions are summarized.  
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Chapter 2 

Literature Review 

The following sections introduce: the Raglan geology; the physics of the geophysical methods 

applied; the two simulation methods, forward and inversion modelling; and the data used. 

2.1 Raglan geology 

2.1.1 Geological setting 

The Raglan Mine is located in Northern Québec, in the east-central part of the Ungava Peninsula, 

Figure 2. The Cape Smith Belt, is a 375 km long north-south thrust-belt (Lesher, 2007), the 

exploration targets are magmatic Ni-Cu-PGE sulphide bodies within a series of ultramafic rocks 

that are dotted along the 50 km Raglan Mine property. These ultramafic rocks outcrop 

discontinuously between Paleoproterozoic sediments, and tholeiitic basalts, and subsequent 

komatiitic basalts (Lesher, 2007). The accepted exploration model for Raglan Mine follows a 

thermo-mechanical erosion model of meandering channelized ultramafic lava flows (peridotite), 

which have anomalously high total magnetic intensity (TMI) (Figure 6) (Landry, 2014; Lesher, 

2007; Watts, 1997). Zone 5-8 has surface exposure, and two limbs dipping, Northwest, and 

Northeast (outlined in Figure 2 and Figure 3). 
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Figure 2 - Location map of the Raglan Mine, highlighting Zone 5-8 within a magnetic 
anomaly map outlining the peridotite (modified from Lesher, 2007) 

 

 

Figure 3- Simplified geological map of Zone 5-8 based on 1:2,000 scale mapping by J.L. 
Thacker and C.M. Lesher in 1990, and C.M. Lesher and S.L. Gillies in 1991 (modified from 
Lesher, 2007). 
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2.1.2 Lithology 

The Raglan Formation is composed of multiple units of peridotite and gabbro with lesser dunite, 

olivine pyroxenite, pyroxenite, and basalt. There are also thin internal units of sediments, and 

basaltic breccia. All of the units have been regionally metamorphosed to lower greenschist facies, 

but igneous and volcanic structures and textures are well preserved (Lesher, 2007). For purposes 

of simplicity in modelling four major units are used throughout this thesis ultramafic (peridotite), 

gabbro, basalt, and sediments. 

 

Peridotite is mesocumalate to orthocumulate in texture that contains 75-90% cumulus olivine and 

25-10% intercumulus glass and pyroxene. Peridotite is pervasively metamorphosed to antigorite-

magnetite-chlorite ±pyroxene ±sulfide and are moderately to strongly magnetic. Peridotite have 

volatile free MgO contents of 30-35% and account for the majority of the rock in the ultramafic 

complex (Lesher, 2007). 

 

Gabbro ranges from fine-grained (transitional with massive basalt) to coarse-grained, and range 

in composition from melanogabbro (pyroxene-plagioclase) through mesogabbro (plagioclase-

pyroxene) to leucogabbro (quartz-plagioclase-pyroxene) and ferrogabbro (quartz-plagioclase-

amphibole). Gabbro are paramagnetic, massive, and jointed (Lesher, 2007). 

 

Basalt is metamorphosed to albite-actinolite-chlorite ±serpentine ±pyroxene ±sulfide. Some 

basalts exhibit fine-grained micro-spinifex textures, consistent with them being derived from 

komatiitic basalt magma. There are olivine-phyric, pyroxene-phyric, and plagioclase-phyric 

basalts. Basalt are paramagnetic. Basalt may be massive, pillowed, or brecciated (Lesher, 2007). 
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Sediments occur throughout the Raglan stratigraphy. Sediments are sometimes mineralized along 

the ultramafic footwall contact, making them magnetic with the inclusion of monoclinic 

pyrrhotite. Sediments are very fine-grained variably graphitic argillites or slates. The contacts 

between the sediments and the peridotite are generally hornfelsed (Lesher, 2007).  

 

Raglan ore is magmatic Ni-Cu-PGE sulphide-style mineralisation. The mineral assemblage in 

most Raglan ores are pentlandite (FeNi)9S8 (primary nickel ore), chalcopyrite CuFeS2 (primary 

copper ore), monoclinic pyrrhotite Fe7S8 (ferrimagnetic), ± magnetite Fe3O4 ± pyrite FeS2 ± 

ferrochromite CrFe2O4 (Lesher, 2007). Many ores zones exhibit a typical magmatic segregation 

profile: massive sulphides (typically 8-15% Ni, locally up to 20%) overlain by net-textured 

sulphides (typically 5-7% Ni) grading upwards into disseminated (typically 1.5-4.5% Ni), and 

then blebby sulphides (typically ~1% Ni) (Lesher, 2007).  

 

Mineralization in the Raglan area occurs within a series of thick (50-200 m) mafic-ultramafic 

complexes that outcrop discontinuously along the contact between the Proterozoic Chukotat and 

Povungnituk groups (Lesher, 2007). Most of the economic Ni-Cu-PGE sulphide mineralization 

localized in footwall embayments near the base of the ultramafic complexes or near the bases of 

internal flow units, Figure 4. 
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Figure 4– Raglan Mine schematic cross section detailing embayments were ore is trapped 
above the footwall gabbro, within the ultramafic complex (Raglan Exploration Team, 2000) 

 

2.1.3 Major magnetic units 

Monoclinic pyrrhotite magnetic susceptibility is an order of magnitude less than magnetite, 

Figure 5, but magnetic susceptibility is also a function of grain size. Monoclinic pyrrhotite 

magnetic susceptibility ranges from 0.06 SI (single domain, < 5 µm) to 2 SI (multi domain, >100  

µm) (Clark & Emerson, 1991). These magnetic similarities can make magmatic Ni-Cu-PGE 

sulphides difficult to measure magnetically. 
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Figure 5– Magnetic susceptibility of magnetite and pyrrhotite with respect to magnetic 

mineral content (Clark & Emerson, 1991). 

2.1.4 Summary of Raglan Geology 

The accepted exploration model for Raglan Mine follows a thermo-mechanical erosion model of 

meandering channelized ultramafic lava flows (peridotite), which have anomalously high total 

magnetic intensity (TMI) (Figure 6) (Landry, 2014; Lesher, 2007; Watts, 1997). Zone 5-8 has 

surface exposure, and two limbs dipping, Northwest, and Northeast. For purposes of simplicity in 

modelling, four major units are used throughout this thesis: ultramafic (peridotite), gabbro, basalt, 

and sediments. The exploration model places ore bodies in embayments at the base of the 

ultramafic lava flows. Sediments are sometimes mineralized when in contact with the ultramafic 

(Lesher, 2007). 
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2.2 3D geological model 

Zone 5-8 has undergone extensive drill hole exploration. These drill hole observations have been 

interpolated to create a 3D geological model built in Leapfrog Geo (v3.1.1) by Benoit Masse 

geo., Raglan Mine.  Four major rock units are present in this model; ultramafic, basalts, gabbro, 

and sediments. This geological model has the densest drill hole spacing over and through the 

meandering ultramafic (UM) unit. To fit the UBC-GIF input parameters, a 3D UBC-GIF-style 

mesh is imported into Leapfrog Geo (v3.1.1) and the 3D geology is discretised according to mesh 

voxel dimensions. Additionally, a surface geology map is integrated with the 3D geological 

model using GIF Tools (UBC-GIF 2016). This 3D voxel geomodel is saved as text file. Each 

voxel has a number representing its geological unit, and this number can be substituted for a 

petrophysical value. 

2.3 Magnetometry 

Magnetometry is a geophysical method for measuring the total magnetic intensity (TMI) of the 

ambient magnetic field B0. The ambient magnetic field’s primary component is the Earth’s 

geomagnetic field. This primary field induces secondary (resultant) fields through magnetizing 

magnetically susceptible materials. Magnetic susceptibility is the material property governing 

how a material can be magnetized by an external magnetic field (Clark & Emerson, 1991). To 

measure the residual anomalous field, Ba, the ambient magnetic field is subtracted using a base 

station magnetometer, to obtain the distribution of the residual anomalous field, due to the area’s 

susceptible materials.  

 

A magnetic field is related to magnetic susceptibility via the following equations: 

           (1)  

Where, k is magnetic susceptibility (SI) and H0 (A/m) is the inducing magnetic field.  

M = kH0



 

12 

 

 

Magnetization, M (A/m) is broken down into two primary components: 

                (2) 

Mi is induced magnetization and Mr is remanent magnetization. Induced magnetization is due to 

an external inducing field, whereas remanent magnetization is imprinted in the rock (Clark & 

Emerson, 1991), by mechanisms including, but not limited to detrital, thermal, and chemical 

remanent magnetization (Clark & Emerson, 1991). Remanent magnetization is not considered in 

this study, as komatiites are likely serpentinized, and serpentinized komatiites generally produce 

pure, multi-domain, well-crystallized magnetite, which carries relatively weak remanence (Clark 

& Emerson, 1991). Some minor exceptions do exist. For instance, in a study on komatiitic 

peridotite-hosted nickel-sulphide in Widgiemooltha area, Western Australia, disseminated 

pyrrhotite have a relatively strong remanent magnetisation (Königsberger ratio ~ 10.0) (McCall, 

1995). However, even in this study most of the ultramafic rocks, matrix ore and basalt have 

Königsberger ratios less than one, indicating induced magnetism is dominant (McCall, 1995). 

Where the Königsberger is the ratio of remanent to induced magnetisation (Hood, 1964).  

 

It should be noted that Equation 1 ignores the self-demagnetization effect by which induced 

secondary fields reduce the total inducing field within the susceptible region and results in a 

weaker magnetization. This is observed to take effect above a magnetic susceptibility of 0.01 SI 

(Lelièvre & Oldenburg, 2006). 

 

The magnetic field Ho and the magnetic flux Bo (T) are related through magnetic susceptibility k: 

𝐵o = 𝜇0*(1 + 𝑘)*Ho                  (3)  

where μ0 (4*π*10-7 N/A2) is the permeability of free space.  

  

M =Mi +Mr



 

13 

 

2.3.1 Diurnal variations 

Diurnal variations are daily magnetic fluctuations with exogenous origins (Merill, 1996). Diurnal 

fields are derived externally from electrical currents and perturbations of the ionosphere and 

magnetosphere caused by the sun, but they also include secondary fields derived from the 

induced currents in the subsurface (Merill, 1996). The ionosphere extends 50 to 600 km above the 

Earth, and is the locus of eastward-flowing electrical currents that circulate in the sunlit 

hemisphere.  

2.4 Gravimetry 

Gravimetry measures the gravitational acceleration (g) between two masses. Gravitational 

acceleration is the sum of the gravitational attraction of all masses surrounding the observation 

point/test mass. It’s mathematically expressed through Newton’s law of universal gravitation: 

F =G Mm
r2

                 (4) 

F (kg*m/s2) is the force acting between two masses M and m (kg), separated by distance r (m) 

and G is the universal gravitational constant (6.674215 * 10-11 Nm2/kg2). Applying Newton’s first 

law, F = m*a, (Newton, 1687) equation 4 can be rewritten as: 

a =
Fg
Me

=G m
r2

                 (5) 

Mass of the Earth (Me) replaces M and Re is the radius of the Earth. The remaining mass is 

substituted with m = ρ *V , density ρ (kg/m3) and volume V (m3):
 

a =G m
Re
2 =G

ρV
Re
2                  (6) 

Gravity acceleration contains two components: gravitational acceleration contains the mass 

effects and centrifugal acceleration is caused by Earth’s rotation. As the impact of centrifugal 

acceleration is known, it can be corrected for, and therefore centrifugal acceleration is not 
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included in the gravity signals considered. Hence, throughout this thesis, gravity only consists of 

gravitational acceleration, and is thus synonymously used herein.  

 

This research will be using the vertical component of the residual gravity signal gz measuring the 

distribution of anomalous density ρ x, y, z( ) , given by: 
 

gz (r0 ) =G ρ(r) Z − Z0
r − r0

3 dv
V
∫               (7) 

where r0 = x0, y0, z0( )  is the position vector of the observation point, r = x, y, z( )  is the position 

vector of the source and a Cartesian local coordinate system is adopted having its origin on the 

Earth’s surface and the z-axis pointing vertically downward in the direction of the gravity vector.  

2.5 Geophysical data 

2.5.1 Magnetic data 

The ambient magnetic field, B0, is measured through airborne total magnetic intensity (TMI) data 

in this study. This data was collected with a Cesium vapour magnetometer with a noise envelope 

of +/- 0.5 nT (Geoterrex-Dighem, 1999), related to the 4th difference (Coyle, 2014). The survey 

setup is illustrated in Table 1 and Figure 1. 
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Table 1 – GeoTem airborne magnetic survey parameters and instrumentation (Geoterrex-
Dighem, 1999) 
Aircraft Casa 212 (Twin Turbo Propeller) 

Survey speed (m/s) 65 

Sampling rate (s) 0.1 

Survey line sampling density 1 sample per 6.5m 

Magnetometer Scintrex Cs-2 single cell cesium vapour 

Set-up Towed-bird installation 

Airplane height (m) 120 

Sensor height (m) 75  

Line spacing (N-S) (m) 200 

Tie-line spacing (W-E) (m) 5000 

Sensitivity (nT) 0.01 

Noise envelope  (nT) +/- 0.5 

Sampling rate (s) 0.1  

Ambient range (nT) 20’000 - 100’000 

 

 

Figure 6 – GeoTem airborne magnetic setup (Geoterrex-Dighem, 1999) 
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The raw airborne data was internally processed by the contractor Geoterrex-dighem (1998) using 

the following steps: 

• 4th difference: removing spikes > 0.5 nT; followed by alfatrim median filter 

eliminating high and low values from calculation over a 5 point window. 

• Noise filtering: triangular filter set to remove noise events having a wavelength 

less than 0.9 s and an amplitude less than 0.5 nT 

• Diurnal subtraction: low wavelength component of diurnal (>25 s) was removed 

from the data prior to leveling. 

• Leveling: First stage corrected for diurnal effects, altitude differences, and 

positioning errors, by comparing each line at the intersection of the survey line 

and control line. The second stage of leveling involved a micro-leveling routine to 

the gridded-data to remove residual errors not removed in the first stage. 

 

Independent data processing steps are applied by the author and Warren Hughes using the 

following steps: 

• Removal of the ambient magnetic field via data collected by a base station 

magnetometer.  

• Reduced to the pole (RTP) using MAGMAP from Oasis Montaj (v.9.0). 

• A regional trend removal, subtracting a constant, was adopted seeking a baseline 

of zero. This was applied in one study for inversion modelling. 
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2.5.2 Gravity data 

The Heli-FALCONTM airborne gravity gradiometer (AGG) system was used to survey the Zone 5-

8. The gravity gradient tensor components (gravity vector derivatives) were measured. This is 

accomplished by the gradiometer acquiring two curvature components of the gravity gradient 

tensor. These curvature components (GNE and GUV) are transformed into the vertical gravity 

gradient (GZZ), which is then integrated to obtain the vertical gravity component (gz) (CGG, 

2014). Given that airborne gravity survey aircraft is itself accelerating, measuring Gz directly isn’t 

as precise and accurate as terrestrial surveys. Instead, airborne gravity gradiometry uses the 

differential measurement to remove the aircraft motion effects and delivers gravity data with gz 

noise level of 0.1 mGal (CGG, 2014). It should be noted that the directly measured GNE and GUV 

are the inputs for the gravity gradiometry inversions. 

Table 2 – Airborne gravity gradiometer (AGG) survey parameters and instrumentation 
(CGG, 2014) 
Aircraft Eurocopter AS350-B3 

Survey speed (knots) 70 -130 

Gravimeter FALCON AGG 

Airplane height (m) 35 

Sensor height (m) 35 

Line spacing (N-S) (m) 100 

Tie-line spacing (W-E) (m) 1000 

Noise envelope gz (mGal) 0.1 

Noise envelope GZZ (E or 10-4 mGal/m) 5 
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The main elements and sequence for processing the Heli-FALCONTM gravity data applied by 

CGG (2014) are given below:  

1. Dynamic corrections for residual aircraft motion are measured and applied. 

2. Self-gradient corrections are calculated and applied to reduce the time-varying gradient response 

from the aircraft and platform. 

3. A digital terrain model (DTM) is created from the laser scanner range data, the AGG inertial 

navigation system rotation data and the DGPS position data. 

4. Terrain corrections are calculated and applied. 

5. Tie-line leveling and micro-leveling are applied. 

6. GNE and GUV are transformed into the full gravity gradient tensor, including gz. 

2.6 Petrophysics 

Physical rock properties, petrophysical data, are the quantitative link between the geology (rock type) 

and high-resolution geophysical signals (Gerrie & McMonnies, 2007). There is utility in petrophysics 

for constraining geophysical inversion and forward models, and in core logging by distinguishing 

similarly looking rocks through quantitatively measuring them and algorithmically clustering various 

types of petrophysical measurements to create geological domains (petrophysically constrained rock 

units) (Gerrie & McMonnies, 2007; Clark & Emerson, 1991; Smith et al., 2012). Potential for 

enhanced data utilization exists as integrating petrophysical observations have been under-utilized by 

the hard rock mining and exploration community in the past, but is a well-established tool in oil and 

gas exploration (Martinez & Li, 2015; Gerrie & McMonnies, 2007; Sun & Li, 2015; Smith et al., 

2012; Clark & Emerson, 1991).  

 

Measured physical rock properties include: magnetic susceptibility, density, porosity, gamma ray, 

galvanic and inductive resistivity and acoustic P-wave velocity. In-situ (down borehole), hand 

sample, and outcrop are all petrophysical measurement targets for measurement. These measurements 
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compliment survey-scale geophysical data, by constraining geophysical and geological models. For 

this work, density and magnetic susceptibility data is used to constrain forward and inversion models.  

2.6.1 In-situ petrophysics 

In-situ petrophysical measurements were collected over Zone 5-8 down boreholes using the IFG 

Corporation’s BMP-06 multi-parameter probe. This probe measures: inductive conductivity, 

magnetic susceptibility, galvanic resistivity, natural gamma and temperature (IFG Corporation, 2000). 

These data have undergone cluster analyses to create geological domains by DGI Geosciences Inc. 

For purposes of this research only the magnetic susceptibility data has been used to constrain 

magnetic inversions. The instrumentation details for the magnetic susceptibility sensor are found in 

Table 3 below. 

 

Table 3 – IFG Multi-parameter probe magnetic susceptibility sensor (IFG Corporation, 
2000) 
Instrument Type IFG multi-parameter probe (BMP-06) 

Sensitivity (SI) +/- 10-6 

Range (SI) 10-6 to 2  

Sampling rate 2 Hz 
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2.6.2 Hand sample petrophysics 

The Raglan Exploration team recorded magnetic susceptibility measurements of core. They used the 

Terraplus KT-10 instrument. A database with magnetic susceptibility values for each rock type at the 

Raglan Mine were used for inputs for forward models and for constraining inverse models. The 

instrumentation details can be found in Table 4 below. 

Table 4 – KT-10 Instrumentation (Terraplus, 2013) 
Instrument Type KT-10 

Sensitivity (SI) 1 x 10-6 

Measurement range (SI) 1 x 10-6 to 1.99999 

Measurement frequency 20 readings per second (5 readings averaged together and 4 readings /second stored). 

 

2.6.3 Magnetic susceptibility challenges 

The challenges with magnetic susceptibility meters are that they can lose calibration and drift due to 

magnetic hysteresis. Instruments need to be compared against in-house standards before, during, and 

after field seasons (Smith, Shore, & Rainsford, 2012). Reference materials, with known magnetic 

susceptibility meters are useful and practical methods of monitoring instrument drift (Terraplus, 

2013).  

 

The magnetic susceptibility measurements were not adjusted, but instead the extensive database was 

used to understand the spread of values for different rock types. Given that the UM unit is most 

magnetic and is volumetrically extensive, this unit was the independent variable in forward modelling 

studies. 
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2.7 Forward modelling 

Forward modelling is simulating a geophysical response of a physical rock property model. 

Forward modeling is useful for testing geological scenarios and designing geophysical surveys. In 

this study the geological model is divided into a finite set of 3D cells with each cell having a 

specific physical property value (e.g. magnetic susceptibility or density). Physical equations are 

applied to simulate the physical response. The results from Chapter 3 are simulated with the 

forward modelling software UBC-GIF (UBC-GIF, 2013), MAGFOR3D and GZFOR3D, to 

compute residual magnetic fields and vertical gravity fields, respectively.  

2.7.1 Magnetic forward modelling 

For magnetic forward modelling, only the anomalous field, Ba, produced by the distribution of 

magnetization, is simulated. By equation 1, there is uniform magnetization within each cell and 

the anomaly can be calculated via equation 8:  

Ba (r) =
µ0
4π

∇∇
1

r − r0
J dv

V
∫          (8) 

Where r is the position of an observation point and V is the volume of magnetization at position 

ro. The magnetic anomaly that would be measured at an observation point is the sum of the field 

produced by all cells having a non-zero susceptibility value. The calculation uses equation 9 for 

individual cells: 

Ba = µ0

T11 T12 T13
T21 T22 T23
T31 T32 T33

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟
kH0 ≡ µ0kTH0

       (9) 

The tensor Tij is given by: 

Tij =
1
4π

∂
∂xi

∂
∂x j

1
r − r0

dv
V
∫ , for  i =1,3; j =1,3       (10) 

where x1, x2, and x3 represent x ,y , and z directions, respectively.   
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2.7.2 Gravity forward modelling 

Forward modelling gravity can be performed via equation 11. The region of interest is divided 

into a set of 3D rectangular prisms within a 3D orthogonal mesh assuming a constant density 

within each prism/cell. Given this discretization, the residual gravity field at the ith datum can be 

written as: 

 di ≡ gz r0i( ) = ρ j
j=1

M

∑ G z− z0
r − r0i

3 dv
ΔVj

∫
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
≡ ρ jGij

j=0

M

∑      (11) 

ρj and ∆Vj are the anomalous density and volume of the jth cell, and di is the ith datum.  

2.8 Inversion modelling  

Inversion modelling is a common method to create geophysical models. A geophysical model is a 

model of a geometric distribution of a geophysical parameter (for instance, density or magnetic 

susceptibility) in 1-, 2-, or 3D, which best explains the geophysical measurements (Li and 

Oldenburg 1996, 1998; Menke 2012). Inputting data and applying general principles, inversion 

modelling is an optimization problem that determines model parameters (Menke, 2012). As such, 

the inverse problem can be broken down to the general equation: 

d =Gm                (12) 

Where d is geophysical data, m is the set of physical model parameters that are being solved for, 

for instance, magnetic susceptibility or density, and G is the model or general principles which 

relate d and m (system of equations that describe the physics of the problem, for instance, those 

relating magnetic susceptibility to the magnetic field) (Menke, 2012; Li & Oldenburg, 1996). 

 

In geophysical modelling, the subsurface is broken down into a finite set of cells. Inversion 

modelling solves for a physical parameter value for each of these cells, which collectively 

represent a solution, which is attempted to be optimized. A major obstacle for inversion 
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modelling is that there are many more models cells than there are data. This results in an under-

determined (non-unique) rank-deficient problem (Oldenburg & Pratt, 2007). In such a problem, 

each computed solution is one of infinitely many solutions that can solve the system of equations 

(Shamsipour, 2011). Methods to mitigate this issue and reduce the number of solutions are by 

incorporating a priori geological knowledge to the problem. Surface and subsurface geological 

information can be translated into petrophysical data that can constrain the inverse model, and 

thus providing a realistic reference value.  

2.8.1 UBC-GIF software methodology  

The inversion modelling software used herein is the University of British Columbia Geophysical 

Inversion Facility (UBC-GIF) programmes. Specifically, MAGINV3D and GZINV3D are used to 

invert magnetic and gravity data, respectively. Both programs invert for their respective 

geophysical parameter in a similar manner.  

 

The inverse problem defined in equation 12 is minimized in an optimization problem where a 

global objective function, ϕ, consists of two components: a model objective function, ϕm, and a 

data misfit function, ϕd, such that: 

minφ=φd +βφm
Li ≤mi ≤Ui

          (13) 

Li and Ui are the lower and upper bounds for the ith model cell, mi. β is the trade-off parameter 

that influences the model smoothness by balancing the data misfit and model objective function. 

When the standard deviations of data errors are known, the acceptable misfit is given by the 

expected value ϕd and β will be sought for via a trade-off Tikhonov-curve, Figure 7. 
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Figure 7 - Trade-off Tikhonov curve, the dashed line is the ideal misfit (Oldenburg & Pratt, 
2007) 

 

For data misfit, if each datum, di, contains errors that can be described as Gaussian with a 

standard deviation of εi, then a good measure of misfit between predictions and observed field 

data, ϕd is: 

φd (m) =
di
obs − di

pred

εi

⎛

⎝
⎜

⎞

⎠
⎟

i=1

N

∑
2

        (14) 

where di
obs and di

pred are observed and predicted data, respectively, and N is the number of data. If 

good estimates of the standard deviations have been assigned, and if the other assumptions 

regarding Gaussian independent errors are valid, then the expected misfit produced via Equation 

14 is:  

E φd[ ] = N           (15) 

The model objective function addresses the issue of non-uniqueness by incorporating a priori, 

geological, knowledge to the inverse problem. Surface and subsurface geological data translated 

into petrophysical data provides a reference model, mref, or it will be a zero model.  Thus, the 

model objective function which, when minimized, produces a model that is geophysically 

interpretable. At the minimum, it drives the solution towards a reference model and requires that 

the model be relatively smooth in the three spatial directions. As such, a right-handed Cartesian 

coordinate system is adopted with positive north and positive down. Let the model objective 

function be: 

can also be used to help honour prior information at various 
locations in the recovered model. The task of constructing a 
good model objective function is non-trivial. Nevertheless, it is a 
crucial part of the problem since the character and some of the 
structure observed in the final model will arise from the details 
about fm 

The inverse problem is formulated as an optimization 
problem where we minimize 
 

f(m)=fd(m)+bfm(m)  

(3) 
 

In Equation (3) b is a trade-off parameter or Tikhonov 
parameter  (Tikhonov and Arsenin, 1977) that is adjusted 
throughout the inversion so that, upon completion, a model with 
a desired misfit is achieved. To solve the problem numerically, 
the earth volume is divided into a number of cells each of which 
has a constant, but unknown, value of the physical property. The 
model objective function and forward modelling equations are 
discretized using the gridded earth volume and the total 
objective function to be minimized is  
 

( ) ( ) 22
)()( refm

obs
d mmWdmFWm -+-= bf  

(4) 
 
where W dWm are matrices and F is the forward modelling 
operator. The objective function is differentiated to generate 
gradient equations which are subsequently solved. Numerous 
methodologies are possible but typically a Gauss-Newton 
procedure is implemented. The solution is achieved iteratively 
and at each iteration, a perturbation dm is found by solving 
 

( ) )()()( mgmWWmJmJ m
T

m
T -=+ db  

(5) 
 
where J is the sensitivity whose elements are J ij = δdi/δmj and 
g(m) is the gradient. (See Nocedal and Wright 1999, or Boyd 
and Vandenberghe, 2004 for extensive background on numerical 
optimization). 

The Gauss-Newton methodology is general and can be 
applied to different geophysical surveys to recover physical 
properties in one, two, and three dimensions. It can also form the 
numerical procedure for estimating parameters in Type I or Type 
III inversions.  

Implementing the inversion procedure outlined above is 
straight-forward, but it requires care. First, the misfit objective 
functional needs to be chosen and thus an estimate of the 
standard deviation of each datum needs to be supplied.  An 
important aspect is to assign the right relative error for various 
data. The unknown scaling factor controlling the overall 
magnitude can often be extracted from the inversion algorithm 
itself. Second, the model objective function must be specified 
and this requires assembling prior knowledge about the model. 
The third essential item pertains to the selection of the trade-off 
parameter. When Equation (3) is minimized for a specific b it 
produces a model that has a quantifiable misfit and model norm. 
The optimization can be carried out for many values of b t o  

produce the Tikhonov, or trade-off, curve that is shown 
schematically in Figure 3. 

 

 
Figure 3: A typical trade-off curve is shown, the dashed line indicates the 
desired misfit. 

 
The Tikhonov curve typically has the shape of an "L". If the 

data errors were properly estimated then the point on the curve 
that corresponds to ΦdN would be a good choice. However, if 
the data errors have not been properly estimated then some other 
point on the curve should be selected. On the left hand side of 
this curve, which corresponds to large β,  it is possible to obtain a 
significant decrease in the misfit without greatly increasing the 
model norm. In this area of the curve we are fitting geophysical 
signal. The right hand portion of the curve shows that the model 
norm (i.e. structure) increases significantly with only a small 
decrease in misfit. In this realm we are fitting the noise. So we 
want to be somewhere near the kink of this curve. Automated 
methods, L-curve (Hanson, 1998) and GCV (Vogel, 2001), exist 
to find these solutions. Background about these items and other 
aspects of Type II inversions can be found in the tutorial paper 
by Oldenburg and Li, 2005. 

The acceptance of Type II inversions has been tied to 
computing performance. In the early 1990s when this 
technology was emerging, large problems, characterized by a 
few thousand cells, were taking 12 hours to invert. Basically that 
meant only one or two runs per day. Since the inversion needed 
to be rerun a number of times, with modified error assignments 
and different objective functions, this was initially an 
impediment. However, as computational power increased, so did 
the acceptance of the technology. 

There are three computational roadblocks for the inversion: 
(a) forward modelling; (b) calculation of a large sensitivity 
matrix; and (c) solving a large system of equations. However, as 
computer power progressed, it soon became possible to carry out 
inversions in 3D. If there are M model parameters to be solved, 
then the Gauss-Newton equations are of size M´M. Going from 
2D to 3D results in a large increase in matrix size and hence 
computation time. An array of mathematical tools, like 
Conjugate Gradient solvers with effective pre-conditioners, and 
wavelet compression schemes to solve a reduced matrix (Li and 
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    (16) 

Where the functions ws, wx, wy and wz are spatially dependent weighting functions that can be 

used to increase or decrease the contributions of specific cells to model the objective function. αs, 

αx, αy and αz are spatially dependent coefficients, which affect the smoothness in the three 

cardinal directions. The α coefficients can be quite different, for instance αx >> αz in cases where 

the Earth is thought to be horizontally stratified (Oldenburg & Pratt, 2007). w(r) is a generalized 

depth weighting function. The purpose of this function is to counteract the geometrical decay of 

the sensitivity with the distance from the observation location so that the recovered susceptibility 

is not concentrated near the observation locations. For inversion, all of these parameters need to 

be specified and the complexity of the final objective function depends upon what is known about 

the model (Oldenburg & Pratt, 2007).  

 

2.8.2 Alternative inversion modelling methodologies 

 There are different approaches to inverting data. A deterministic approach, e.g. UBC-GIF, deals 

with an explicit set of relationships (equations) that relate input variables to certain outputs. This 

represents a more direct relationship versus a statistical one. However, the deterministic approach 

doesn’t provide a robust evaluation of uncertainty that reflects the limitations of specific datasets 

and geophysical modelling. Alternatively, stochastic inversions provide a sampling-based 

measure of uncertainty (Minsely, 2011), e.g. Intrepid’s 3D GeoModeller (Fitzgerald, 2013). The 

statistics of a stochastic inversion allow for: variances that better convey measurement 

uncertainties than deterministic techniques; and models defined by the median and modes of 

parameter probability density functions, which can produce data that are consistent with the 

observed data, e.g. (Trainor-Guitton & Hoversten, 2011). 

φm (m) =
αs ws{w(r)[

V
∫ m(r)−mref ]}

2dv+αx wx{
∂w(r)[m(r)−mref ]

∂xV
∫ }2dv

+αy wy{
∂w(r)[m(r)−mref ]

∂yV
∫ }2dv+αz wz{

∂w(r)[m(r)−mref ]
∂zV

∫ }2dv
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Stochastic methods include Bayesian stochastic inversions (BSI) (Minsley, 2011). BSI is based 

on a Bayesian inference model conveying uncertainty in terms of an a posteriori probability 

density (PPD) functions, balancing approximations of the optimal model parameter values with 

estimating uncertainties through parameter multidimensional PPD functions and covariances 

Jackson, et al. 2003). BSI can take random samples as with Monte Carlo simulations, or use an 

importance sampling technique based on multiple very fast simulated annealing (VFSA). VFSA 

is a function that searches for the global minimum by using a temperature analogy of annealing 

reaching the lowest energy state (global minimum) (Jackson, et al. 2004).  

 

A key factor to consider in conducting geophysical inversions are the trade-offs between 

efficiencies in identifying optimal model parameters and the computational effort spent on 

mapping the multidimensional PPD (Bosch & McGaughey, 2011). These types of complex 

mathematical calculations involved in running inversions can be extremely computationally 

expensive and require a lot of time to compute. The efficiency of the inversion determines how 

comprehensive a certain parameter uncertainty analysis can be (Jackson et al., 2003). Jackson et 

al. (2003) found that the BSI algorithm is especially efficient as it only requires approximately 

twice the number of model evaluations than the alternative method used (multiple criteria 

algorithm). This is significantly more efficient to run than higher accuracy uncertainty evaluation 

methods, for instance, the Metropolis/Gibbs sampler that requires at least 40 times more 

computations than the BSI algorithm to obtain similar results (Jackson et al., 2003). Another 

approach to minimize non-uniqueness is via a joint inversion. A joint inversion is an approach 

that simultaneously combines various data types, for instance, geophysical, petrophysical, and 

lithological data (Bosch & McGaughey 2011; Carter-McAuslan et al., 2015, Shamsipour, 2011; 

Sun and Li, 2015; Zhdanov, 2002). Joint inversions are a promising approach toward more 
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realistic geological models as it allows for improved constraints to be implemented. One major 

advantage is that uncertainties can be better assessed than with deterministic single data 

inversions as statistical parameters can be retrieved from the models and data. However, the 

complexity of implementation and computational costs are still high which commonly hinders its 

implementation. 

 

This project utilizes an alternative approach to joint inversion, referred to as cooperative   

inversion. A cooperative inversion is an sequential modeling approach, where information from 

the inversion of one type of data is used as a constraint for inverting another, in order to obtain a 

model which is consistent with all available surface, borehole, geophysical, and forward 

modelling data (Lines et al., 1988). Specifically, this is achieved by using the output of individual 

inversions of a single data type, and then using this output result as a reference model to constrain 

the next inversion model. 

2.8.3 UBC-GIF inversion case studies 

The UBC-GIF software has been applied to geophysical exploration projects for the past twenty 

years. The following case studies illustrate non-trivial geophysical exploration scenarios 

highlighting pertinent approaches and results. 

 

Watts (1997) enhanced the geological understanding at Raglan Mine by using an earlier version 

of the UBC-GIF’s MAG3D. Airborne magnetic data was inverted, outputting a 3D magnetic 

susceptibility model with an iso-surface of 0.04 SI, linking Katinniq and Zone 5-8 at depth. This 

inversion result was then successfully tested with a drill hole intersecting a highly magnetic 

peridotite unit from 650 m to 980 m. This depth and thickness (330 m) agrees within 10% of that 

predicted by MAG3D inversion result (Watts, 1997).  
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At the magmatic Ni-Cu-PGE sulphide Kevitsa Mine Wijns and Core (2010) ran UBC-GIF 

GRAV3D inversions, constraining surface gravity data with borehole data and density data. This 

technique was sought as, although the high density of massive sulphide ore often makes gravity 

measurements amenable to targeting such deposits, most nickel sulphide ore bodies are hosted 

within dense mafic or ultramafic rocks, reducing the density contrast available to create an 

anomalous signature. The outcomes from this study were untested with boreholes, however, 

detections were made of positive differences between the inverted density distribution and the 

reference model, which may signal zones of more massive sulphides within this disseminated ore 

body.  

 

Similarly, Farquharson et al. (2008) applied terrestrial gravity with borehole data at Voisey’s Bay 

ovoid deposit. Here they demonstrated the utility of minimum structure inversions constrained 

with borehole reference models. Detailed reference density models were built by kriging the 

downhole densities within each of the relevant rock units. It was found that incorporating 

geological information in this way significantly enhanced the geological consistency of the 

constructed models. Minimum structure was implemented by making αs << α (x,y,z), thus 

preventing false features from creeping into the inversion output via data noise. Additionally, 

these results show that using reference models built from only a limited amount of downhole 

information, e.g. as that which might be available in the early stages of a drilling program, can 

significantly improve inversion results. This illustrates the utility of geophysical inversions as a 

tool in the target delineation phase. 

 

Lelièvre et al. (2009) suggested a cooperative inversion method, which Kouhi (2016) 

implemented in a magnetic and gravity inversion study using UBC-GIF. Lelièvre et al. (2009) 

method entails taking the best inversion model, and calculating the magnitude of the spatial 
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model gradient. Smoothness weights are set low in the regions where the gradient is high and vice 

versa. This encourages the subsequent inversion to make interfaces sharper (between rock units) 

and to make smoother areas more constant (within rock units). For cooperative inversions, the 

gradient magnitude is calculated for multiple inversion results, per type of geophysical data. 

Those gradient magnitudes are normalized and added together. That result is used to set the 

smoothness weights for all of the inversions in the next iteration, which can be run in parallel to 

reduce computation time. Different physical property models recovered independently from 

different geophysical datasets can be inconsistent with each other. For this reason inverting the 

data in cooperative fashion may help overcome the lack of resolution in each dataset, and allow 

pertinent weighting to be implemented. 

2.8.4 Cooperative inversion case studies 

The sequential, cooperative inversion approach from Lines et al. (1988) has been successfully 

applied in various forms as demonstrated in the following case studies by: Tondi et al. (2000), 

Vernant et al. (2002), Pasion et al. (2008), and McMillan and Oldenburg (2014). 

Tondi et al. (2000) combine seismic travel time and gravity data for 2D modelling. This approach 

produces more robust results than those obtained from single-parameters inversions types, and is 

time-saving, requiring fewer iterations to achieve a “good fit” (Tondi et al., 2000). 

Vernant et al. (2002) enhance a velocity model obtained by local earthquake tomography (LET) 

through the cooperative approach of including gravity data. The initial LET model was used to 

construct a 3D gravity model, using, Birch’s law, a linear velocity–density relationship. This 

model underestimates the gravity amplitudes. A cooperative approach is able to enhance this 

model, constraining 90% of the observed gravity anomaly, along with completing the LET model 

in crustal domains where rays are sparse (Vernant et al., 2002). 
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Pasion et al. (2008) combined magnetic and transient electrical magnetic (TEM) data for the 

purpose of improving the ability to discriminate between unexploded ordnance (UXO) and non-

UXO data. The cooperative approach is employed to utilize the strengths and minimize the 

weaknesses of both geophysical data types. Where the magnetic data is useful in determining 

UXO locations and TEM data it useful in determining the orientation and size of UXO, but have a 

reduced depth of investigation. Both individual datasets were inverted and then compared to a 

cooperative approach. The cooperative approach was able to estimate the location, size, and shape 

of the UXO target (Pasion et al., 2008).  

 

McMillan and Oldenburg (2014) applied a cooperative inversion approach combining airborne 

time-domain EM (AEM), controlled source audio-frequency magnetotellurics (CSAMT), and 

direct current resistivity measurements. Variations existed between individual 3D inversion, 

motivating a cooperative approach in which AEM data were inverted sequentially with a 

combined CSAMT and DC data set. This approach was tested with both synthetic and field data, 

which demonstrated a closer and more consistent fit between the three data types. The 

cooperative approach implemented uses UBC-GIF codes, incorporating the output of one 

inversion model as both the initial and reference models for the other inversion.   
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Chapter 3 

Forward Modelling 

3.1 Introduction 

This chapter’s objective is to characterize the rock units in terms each unit’s respective magnetic 

susceptibility and density values. This objective is achieved by combining geological and 

petrophysical data to forward model magnetic, gravity and gravity gradient fields. Specifically, 

current geological models, 3D depth model and surface data, are forward modelled and a 

comparison is made between forward modelled data with measured data. The measured data acts 

as a baseline. These results will provide an indication of what magnetic susceptibility and density 

values are representative and will be used to constrain inversion models in Chapter 4. 

3.2 Objectives 

The objectives of forward modelling are to:  

1. Constrain and integrate petrophysical data via magnetic, vertical gravity (gz), and gravity 

gradient signals of Zone 5-8. 

2.   Characterize the resolvability of ore bodies using petrophysical ore body data. 
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3.3 Methodology 

3.3.1 Magnetic forward modelling model setup 

To run a magnetic forward model, the following model parameters are required to be set up. 

These parameters are described, per objective, in Table 5 and Table 6. 

Table 5 – Objective 1; magnetic forward modelling parameters 
Survey parameter Type Specification 

Inducing Field Strength (B) 58,632 nT 

Inclination (RTP) 90° 

Declination (RTP) 81° 

Simulated magnetometer height 

(z) 

Same as observed magnetometer height (nominally at 75m 

above the topography, but varies in reality). 

Model voxel dimensions 25m in x,y, -axes and 5m in the z-axis. 

Topography Digital elevation model from airborne lidar data. 

Survey line sampling density 1 sample per 6.5m (same as observed magnetometry data).  

 

Table 6 – Objective 2; magnetic forward modelling parameters 
Survey parameter Type Specification 

Inducing Field Strength (B) 58,632 nT 

Inclination  90° 

Declination 81° 

Simulated magnetometer height (z) At a constant 75m above a flat topography. 

Model voxel dimensions 25m in x,y,z -axes. 5m z-axis resolution is not used due to 

this resolution isn’t needed for uniformly varied ore body 

depths.  

Topography Topography is kept at a constant elevation of 1600m. 

Survey line sampling density 1 sample per 6.5m (same as observed magnetometry data). 
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3.3.2 Gravity forward modelling model setup 

To run a gravity forward model, the following model parameters are required to be set up. 

These parameters are described, per objective, Table 7 and Table 8. 

Table 7 – Objective 1; gravity forward modelling models  
Survey parameter Type Specification 

Simulated gravimeter height (z) Same as observed gravimeter height (nominally at 35m above 

the topography, but varies in reality). 

Model voxel dimensions 25m in x,y, -axes and 5m in the z-axis. 

Topography Digital elevation model  

Survey line sampling density 1 sample per 4.0m (same as observed gravimetry data). 

 

Table 8 – Objective 2; gravity forward modelling parameters 
Survey parameter Type Specification 

Simulated gravimeter height (z) At a constant 35m above the flat topography. 

Model voxel dimensions 25m in x,y,z -axes. 5m z-axis resolution is not used due to this 

resolution not required for uniformly varied ore body depths.  

Topography The topography is kept at a constant elevation of 1600m. 

Survey line sampling density 1 sample per 4.0m (same as observed gravimetry data). 
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3.3.3 Objective 1  

Given Zone 5-8’s extensive drill hole exploration history, drill hole observations have been 

interpolated to create a 3D geological model built in Leapfrog Geo (v3.1.1) by Benoit Masse 

geo., Raglan Mine. Four major rock units are present in this model; ultramafic, basalts, gabbro, 

and sediments. This geological model has the densest drill hole spacing over and through the 

meandering ultramafic (UM) unit. Additionally, a surface geology map is integrated with the 3D 

geological model using GIF Tools (UBC-GIF 2016). To fit the UBC-GIF input parameters, a 3D 

UBC-GIF-style mesh is imported into Leapfrog Geo (v3.1.1) and the 3D geology is discretised 

according to mesh voxel dimensions. This 3D voxel geomodel is saved as text file. Each voxel 

has a number representing its geological unit, and this number can be substituted with a number 

representing quantitative physical rock property. This process is summarized in the right hand 

side of the flowchart in Figure 8. Magnetic susceptibility and density values used in the forward 

model are summarized in Table 9. 

 

Only the magnetic observed data is processed in the flow chart in Figure 8. The gravity data 

underwent all processing by the contractor. Observed magnetic data undergoes: 1) a magnetic 

base station removal; 2) reduction to the pole (RTP); and 3) regional trend removal (per line). The 

observed magnetic data is used as a baseline for forward modelling the 3D petrophysical model.  

Adjustments to the magnetic susceptibility of the petrophysical model are made on an ad hoc 

basis.  This process yields constrained lower and upper bounds of magnetic susceptibility.  
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Figure 8 - Flow chart detailing the methodology for forward modelling and comparing that 
forward modelled data to observed magnetic and gravity data.  
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Table 9 – Summary of KT-10 measured magnetic susceptibility (SI), density, and density 
contrast values used in the 3D-geomodels in this study. 

Geological unit Magnetic Susceptibility 

(SI) 

Average density  

(g/cm3) 

Density contrast (Δρ)  

= average – minimum 

(g/cm3) 

Sediment 

 

1.00x10-3 2.80 

(minimum density) 

2.80 – 2.80 = 0  

Gabbro 

 

4.90 x10-4 2.84 2.84 – 2.80 = 0.04 

Basalt 

 

4.10 x10-4 2.94 2.94 – 2.80 = 0.14 

Ultramafic 1.00 x10-5 – 9.52 x10-1 N/A N/A 

Ultramafic 

(forward model) 

9.00 x10-2   

3.10 x10-1 

2.93 2.93 – 2.80 = 0.13 

Massive sulphide 1.00 x10-5– 8.00 x10-1 N/A N/A 

Massive sulphide 

(forward model) 

1.00 x10-2 

1.00 x10-1 

2.00 x10-1 

3.00 x10-1 

3.62 

3.78 

4.20 

3.62 – 2.93 = 0.69 

3.78 – 2.93 = 0.85  

4.20 – 2.93 = 1.27 
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3.3.4 Objective 2  

In order to characterize the resolvability of magmatic Ni-Cu-PGE sulphide targets, ore targets are 

forward modelled. These ore targets are modelled with dimensions varying from 50m – 250m in 

length (length varies by 50m increments), 25m and 50m in thickness, and 50m and 100m in 

width. Depths from 0m – 1000m are modelled, changing by 100m, per depth increment (see 

Figure 9). Physical property values are summarized in Table 10. 

Table 10 – Summary of ore body magnetic susceptibilities and density contrasts and 
background rock values 

 Ore body Background rock 

Magnetic Susceptibility (SI) 0.01, 0.1, 0.2, 0.3 0 

Density contrast (g/cm3) 0.69, 0.85, 1.27 0 

 

 

 

Figure 9 - Ore target forward modelling setup.  
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3.4 Results 

Using the measured petrophysical data (Table 9) each geological unit is individually magnetically 

forward modelled. Figure 10 depicts, in plan view, Zone 5-8 and the three survey lines examined 

in this chapter. Figure 11 depicts the geological cross-sections of the three survey lines. 

 

 

Figure 10 – Plan view of Zone 5-8 featuring the three cross-sections, C-C’, B-B’, A-A’. 
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Figure 11 – Cross-sections A-A’, B-B’, and C-C’.1 
  

                                                        
1	Two notes should be made: 1) The large sedimentary and basalt areas, to the South and North, respectively, are ambiguous and 
could contain other geological features. 2) The B-B’ line is simplified, such that, from 1500m eastwards (left) there is only basalt, 
which may not be the case, but no better information was available for this cross-section.		
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3.4.1 Objective 1 – Magnetic Results 

Magnetic forward modelling results are presented below for the three cross-sections (A-A’, B-B’, 

and C-C’). These forward modelling results are compared with observed data. All the forward 

modelling is done with MAGFOR3D V5.0 (UBC-GIF, 2013). 

 

Figure 12 – A-A’ cross-section. Comparison between magnetic observed data and forward 
modelled data for the UM (purple). Background (white) is 0 SI. 

 
Figure 12 to Figure 14 convey the forward modelled A-A’ cross-section. Figure 12 demonstrates 

that forward modelled ultramafic matches the observed magnetic data in signal amplitude and 

mostly in geometry. The forward modelled UM used a constant magnetic susceptibility of 0.09 

SI. There is most likely variability in the magnetic susceptibilities, microscopically, with varying 

amounts of iron oxide content within the ultramafic, this constant magnetic susceptibility appears 

to be representative macroscopically (along the cross-section). A regional trend removal (per line) 

was applied for the observed magnetic data with an adjustment of + 270 nT, for the entire line. 
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Figure 13 - A-A’ cross-section. Top: Forward modelled magnetic anomalies of all geological 
units and the observed magnetic data. Middle: Same as top, but with a log y-axis. 
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Figure 14 - A-A’ cross-section. Comparison between the observed airborne magnetic data 
and the full geological model signal forward modelled magnetic data.  
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Figure 13, compares each forward modelled lithological unit. It demonstrates that the remaining 

units: basalt, gabbro, and sediments, are all at least 1-2 orders of magnitude lower in magnetic 

susceptibility than the ultramafic. The top plot of Figure 13 demonstrates the magnitude 

difference in signal amplitudes. As the less magnetically susceptible units’ peak amplitudes aren’t 

discernable, the middle plot uses a log scale, for the y-axis, to illuminate the previously 

indiscernible peak amplitudes. From this it can be seen that there is a maximum impact of 7-20 

nT from the gabbro, basalt, and sediment units, compared to the maximum signal of more than 

1000 nT caused by the UM.  

 

Figure 14 also shows a few artifacts, which are intentionally left in the model for demonstration 

of how these features are modelled with 0.09 SI. These artifacts are of ultramafic features on the 

surface (25m thick) and ‘individual sub-surface ultramafic bodies’. The surface features appear as 

two anomalies, between 0-750m, but not in the observed magnetic data, which shows a much 

smaller anomaly.  
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Figure 15 - B-B’ cross-section. Comparison of the observed airborne magnetic data and the 
forward modelled magnetic data over UM (purple). Background (white) is 0 SI.  

 

Figure 15 to Figure 17 convey the forward modelled B-B’ cross-section. Figure 15 demonstrates 

that forward modelled ultramafic matches the observed magnetic data in signal amplitude and 

mostly in geometry. The forward modelled UM used a constant magnetic susceptibility of 0.31 

SI. A regional trend removal (per line) was applied for the observed magnetic data with an 

adjustment of + 350 nT, for the entire line. 
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Figure 16 - B-B’ cross-section. Top: Forward modelled magnetic anomalies of all geological 
units and the observed magnetic data. Middle: Same as top, but with a log y-axis.   
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Figure 17 - B-B’ cross-section. Comparison of the observed airborne magnetic data and the 
forward modelled magnetic data.  

 

Figure 16, compares each forward modelled lithological unit. It demonstrates, like with the A-A’ 

cross-section, that the remaining units; basalt, gabbro, and sediments, are all at least 1-2 factors of 

magnitude lower in the magnetic susceptibility than the ultramafic.  

 

Figure 17 demonstrates a few artifacts between 1000-1500m in the forward model. These two 

anomalies correspond to surficial UM features, which have a magnetic susceptibility of 0.31 SI. 

This demonstrates that some features are classified as UM (through the surface geology map) but 

should have a lower magnetically susceptibility value assigned to it.  
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Figure 18 - C-C’ cross-section. Comparison the observed airborne magnetic data and the 
forward modelled magnetic data. Background (white) is 0 SI.  

 

Figure 18 to Figure 20 convey the forward modelled C-C’ cross-section. Figure 18 demonstrates 

that forward modelled UM at constant 0.145 SI matches the observed signal amplitude, although 

the forward modelled signal wavelength is approximately twice the width of the observed 

anomaly. The surficial UM feature between 2500-3000m, modelled with a 25m depth can’t have 

any conclusions drawn, as this depth is not constrained by any geophysical or geological 

observations (other than surface geology). A regional trend removal (per line) was applied for the 

observed magnetic data with an adjustment of + 750 nT, for the entire line. 
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Figure 19 - C-C’ cross-section. Top: Forward modelled magnetic anomalies of all geological 
units and the observed magnetic data. Bottom: Same as top, but with a log y-axis. 

 

Figure 19 demonstrates the difference in magnitude of signal amplitudes of the different 

geological units. The UM magnetic signal amplitude is 100-1000x that of the gabbro, basalt, and 

sediments. Figure 20 shows the full geological model forward model for the C-C’ cross-section.  
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Figure 20 - C-C’ cross-section. Comparison between the observed airborne magnetic data 
and the forward modelled magnetic data.  
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3.4.2 Objective 1 – Magnetic Summary 

Magnetic forward modelling led to the establishment of an ultramafic magnetic susceptibility 

range of 0.09 – 0.31 SI. These values allowed the ultramafic magnetic signal amplitudes to match 

the observed data signal amplitudes, on a per line/cross-section basis. The signal geometry 

matches quite well, too. The other three geological units (gabbro/basalt/sediments) have magnetic 

signal amplitudes of ~10-30 nT. 

3.4.3 Objective 1 – Gravity Results 

Comparisons of the two survey lines (A-A’ and B-B’) of the vertical gravity (gz) and gravity 

gradients (Gzz, HGz, Gzy, Gzx) fields are made. Using density values collected from core 

samples, these values are input into the 3D geological model and forward modelled. All of the 

CGG data (gz, Gzz, HGz, Gzy, Gzx) presented below is Fourier 2.67 g/cm3. Where the 2.67 

g/cm3 is terrain correction density applied by the contractor CGG (2014). Vertical gravity and 

gravity gradient forward modelling is done with GRAVFOR3D v5.0 and GGFOR3D v6.0, 

respectively. 
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Figure 21-A-A’ cross-section observed gravity data (gz, Gzz, HGz, Gzx, Gzy).  

Top plot: gz, Gzz, HGz (left y-axis: GG/Eotvos; right y-axis gz/mGal).  

Bottom plot: HGz, Gzx, Gzy (left and right y-axis: GG/Eotvos). 

 

Figure 21 presents all of the gravity data (gz, Gzz, HGz, Gzx, Gzy) for the A-A’ cross-section.  

There is a gz low over sediments between 500-1000m, and a high over the relatively denser basalt 

(+0.14 g/cm3) between 1500-3500m. There is a relatively smaller gz high over UM and gabbro 

between 1000-1500m. Both Gzz and Gzy show 2 ‘sharp’ positive anomalies above the 

sediment/UM/gabbro interface (~40 Eotvos anomaly) between 1000-1500m. There are Gzx 

variations, perpendicular to the flight-line, between 1000-1500m where the geology changes from 

sediments to UM/gabbro and then to basalt (as seen on plan view map, Figure 10). 
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Figure 22- A-A’ cross-section full forward modelled gravity data (gz, Gzz, HGz, Gzx, Gzy). 
Top plot: gz, Gzz, HGz (left y-axis: GG/Eotvos; right y-axis gz/mGal). Bottom plot: HGz, 

Gzx, Gzy (left and right y-axis: GG/Eotvos).  

 

Figure 22 presents the forward modelled results (gz, Gzz, HGz, Gzx, Gzy) for the full geological 

model. There is a gz high, over the basalt area, and a low over the sediments, which corresponds 

with the observed data, but appears to be of less amplitude than the observed data. Gzz has 

positive anomalies (~30 Eotvos), and a smaller anomaly (~20 Eotvos). Gzy has two positive 

anomalies but of longer wavelengths than the observed data at the sedimentary/UM/gabbro/basalt 

interface between 1000-1500m (top plot). Gzx shows no trends. 
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Figure 23– A-A’ cross-section of the vertical gravity for observed and forward models of 
full geological model and the individual geological units.  

 

Figure 23 presents all of the observed and forward modelled gz data (including individually 

forward modelled geological units). There is a gz low associated with sediments and a high 

associated with the relatively denser basalt (0.14 g/cm3). However, the amplitude of observed gz 

data is ~1 mGal less than the full forward modelled gz. 
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Figure 24- A-A’ cross-section of the observed Gzz and forward models of full geological 
model and the individual geological units.  

 

Figure 24 shows an in depth view of Gzz comparing observed data to the forward modelled full 

and individual rock units. What can be seen from bottom plot is that UM unit is mainly 

contributing to the forward model Gzz high at the sedimentary/UM/gabbro/basalt transition zone. 

The second, relatively smaller peak, is from the second transition zone. 
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Figure 25- B-B’ cross-section all observed gravity data (gz, Gzz, HGz, Gzx, Gzy).  
Top plot: gz, Gzz, HGz (left y-axis: GG/Eotvos; right y-axis gz/mGal).  

Bottom plot: HGz, Gzx, Gzy (left and right y-axis: GG/Eotvos).  

 

Figure 25 presents all of the gravity data (gz, Gzz, HGz, Gzx, Gzy) for the B-B’ cross-section.  

There is a gz low above the sediments, 0-500m, and a high above the relatively denser basalt. 

There is a relatively smaller gz high above the UM and gabbro between 500-1250m (it appears to 

be above the noise window of > 0.1 mGal) (CGG, 2014). Gzz and Gzy peaks exist at the 

sedimentary/gabbro/UM/basalt interface at 500-1250m and again where units change from 

gabbro/UM to basalt at 1250-1750m. Gzz and Gzy anomalies between 2000-2500m, correspond 

to unexplained variations in the basalt. Between 250-500m there are Gzz and Gzx highs.  
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Figure 26– B-B’ cross-section full forward modelled gravity data (gz, Gzz, HGz, Gzx, Gzy). 
Top plot: gz, Gzz, HGz (left y-axis: GG/Eotvos; right y-axis gz/mGal). Bottom plot: HGz, 

Gzx, Gzy (left and right y-axis: GG/Eotvos).  

 

Figure 26 is of all the forward modelled gravity data (gz, Gzz, HGz, Gxz, Gzy). In the top plot the 

gz shows a relatively long wavelength high over the basalt from 1500m to 3500m. This basalt 

anomaly is an artificial result as this area is completely forced to be basalt. As with Figure 25, 

Gzz and Gzy peaks exist at the sedimentary/gabbro/UM/basalt interface at 500-1250m and again 

where units change from gabbro/UM to basalt at 1250-1750m. There appear to be Gzx variations 

from 500m to 750m, which don’t stand out in the observed data, whereas the forward model data 

doesn’t predict any peaks in from 250m to 500m.   
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Figure 27– B-B’ cross-section of gz observed and forward models of full geological model 
and individual geological units.  

 

Figure 27 is a summary of all observed and forward modelled gz data (including individually 

forward modelled geological units). The observed gz is lower in amplitude by ~2 mGal than the 

major gz high present in observed and the full forward modelled gz. This discrepancy was not 

adjusted by lowering the basalt density in the petrophysical density model.  The second gz high 

from 500m to 1000m has a smaller amplitude by ~1-1.5 mGal in the observed data. The UM unit 

is the main forward model source for the forward modelled gz signal high from 500m to 1000m.  
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Figure 28-B-B’ cross-section of observed Gzz and Gzz from forward model of full  
geological model and individual rock units.  

 

Figure 28 compares observed Gzz with Gzz for forward modelled full and individual rock units. 

Gzz full forward model has two peaks similar to the observed Gzz (although offset by 100-

200m). The forward model peaks have relatively lower anomaly amplitudes compared to the 

observed data. Observed Gzz also shows 2 anomalies from 1750m to 2500m indicating there are 

variations in the basalt.  
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3.4.4 Objective 1 – Gravity Summary 

From the gravity studies it has been established that vertical gravity (gz) lows are associated with 

sediments and gz highs with basalt (~1.2.5 mGal). The forward model shows this relationship, 

however, it has higher amplitudes for the gz highs over the basalt. Intermediate gz highs are 

related to the ultramafic, which the forward model doesn’t resolve well. Both observed and 

forward modelled Gzz and HGz anomalies occur over interfaces between rock units. 

3.4.5 Objective 1 – Surface Modelling Results 

Having investigated three cross-sections and developed an understanding of the contribution of 

each unit to the magnetic and gravity signals, a similar study will be conducted for surface 

geology via surface forward modelling. Where surface forward modelling is conducted to have a 

complete 2D plan view Zone 5-8 comparison of the contribution of surface geology to the 

magnetic and gravity signals. Forward modelled surface data is compared to the observed data. A 

25m thick surface geology model is forward modelled. For magnetic methods 3 UM magnetic 

susceptibilities (0.09, 0.145, 0.31 SI) are varied (other units are constant) and forward modelled 

and compared to observed residual magnetic data. For gravity methods constant densities (see 

Table 5) are used and compared with observed gz, Gzz and HGz.  

 

The ‘horse-shoe’ shape of Zone 5-8 can be seen in the top of the figure within Figure 29. The 

near surface zones manifest with a magnetic high of 3500 nT and eventually smear out in 

magnetic intensity as the UM dips northwards. From the second to top to the bottom figures 

within Figure 29, the magnetic forward models of a 25m deep surface are seen with maximum 

anomaly spreads of 450 nT for 0.09 SI; 700 nT for 0.145 SI; and 1600 nT for 0.31 nT. 
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Figure 29 – Plan view of magnetic observed data and 3 UM forward models. Top: 
Observed. Second from top: 0.09 SI. Second from bottom: 0.145 SI. Bottom: 0.31 SI.  
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Table 11 and Table 12 summarize the maximum magnetic anomaly amplitudes for the 3 

cross-sections, and for surface modelling and the observed magnetic residual, respectively. 

This comparison provides an overview of how each cross-sections’ magnetic amplitude 

compares to the surface anomaly. These comparisons provide insight how the surface data 

could impact the overall signal, with a magnetic susceptibility range of 0.09 SI to 0.31 SI. 

 

Since the UM unit is the major magnetic unit, it’s the main link between simulated and 

observed data. Smaller UM features south and north don’t appear to be as magnetic. These 

other UM features could be related to different flow events. Overall, surface modelling 

explains the 2D field in geometry, but not the magnitude of the signal.  

 

Table 11 – Summary of the 3 cross-sections’ respective magnetic susceptibilities and 
maximum magnetic signal amplitudes. 

Cross-section Magnetic Susceptibility (SI) Maximum signal amplitude (nT) 

A-A’ 0.09 1200 

B-B’ 0.31 3700 

C-C’ 0.145 2100 

 

Table 12 – Summary models’ maximum magnetic signal amplitudes. 
Model  Maximum signal amplitude (nT) 

Surface UM 0.09 SI 300 

Surface UM 0.145 SI 500 

Surface UM 0.31 SI 1000 

Observed residual field 3500 
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For the gravity and gravity gradient surface modelling, as with the magnetic surface modelling, 

the surface geological model extends 25m deep. The model assumes zero background density 

below the 25m. 

 

Figure 30 – Top: Observed Gzz. Bottom: Surface geology Gzz forward model.  

 

Figure 30 is a comparison of Gzz data, observed and forward modelled, respectively. The forward 

modelled data resembles the geological model more (as expected). The observed data shows areas 

of positive anomalous variation above 1500m and an area of similar positive anomalous 

amplitude from 1000m to1500m Northing and 1000m to 1500m Easting. Additionally, three areas 

going from relatively more dense gabbro or UM units to sediments show negative anomalies. 
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Figure 31 – Top: Observed GHz. Bottom: Surface geology HGz forward model.  

 

Figure 31 is a comparison of HGz data, observed and forward modelled, respectively. The 

forward modelled data resembles the geological model more. The observed data shows anomalies 

where the major unit changes appear, at 1000m Northing and 1000-1500m Easting, and 1500m 

Northing, and again at 2000m Northing. 
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Figure 32 – Top: Observed gz. Bottom: Surface geology gz forward model.  

 

Figure 32 is a comparison of gz data, observed and forward modelled, respectively. They show 

similarities in the relative gravity high from ~1500-3500m, and a gravity low from 0m to 1500m. 

The observed signal is approximately ~15 times larger than that of the forward model due to the 

density below 25m treated as zero. 
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3.4.6 Objective 1 – Surface Modelling Summary 

Surface modelling is able to show the geometry trends, which surface geology captures well, 

except for when major features exist underground (e.g. dipping ultramafic). In the case the 

dipping ultramafic, the forward surface models don’t show the ‘smearing’ out of the magnetic 

amplitude. The signal amplitudes for both gravity and magnetic methods are factors of magnitude 

larger for observed data compared to forward modelled data (due to the density below 25m 

treated as zero). 

3.4.7 Objective 2 – Magnetic Results 

Objective 2 is implemented to characterize the resolvability of ore bodies using petrophysical ore 

body data. Characterizing the resolvability is significant in order to know if an ore body of a 

certain volume, density contrast, and at a certain depth can be resolved. For this study magnetic 

and vertical gravity methods are simulated. In this scenario a resolvability matrix is defined as a 

2D matrix with depth (y-axis), ore body length (x-axis) and a signal amplitude in the 

corresponding 2D coordinate (i.e. x-axis, y-axis bin). For magnetic data, magnetic signal 

amplitude ranges are presented, and for gravity, resolvability is presented with respect to a 

gravimeter type and each respective gravimeter’s noise window.  

 

The resolvability matrices of ore bodies of magnetic susceptibilities from 0.01 SI to 0.3 SI are 

presented in Figure 33 to Figure 36. The magnetometer noise window is 0.5 nT (Geoterrex-

Dighem, 1999). 
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Figure 33 illustrates the resolvability matrices of the 0.01 SI ore model. Magnetic anomalies 

range from 1 – 45 nT. 0.01 SI Ore bodies generate a minimum signal amplitude of 1 nT up to a 

depth of 400m, and a minimum signal amplitude of 5 nT up to a depth of 100m. 

 

Figure 33 - Resolvability matrices for 0.01 SI ore bodies.  
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The Figure 34 illustrates the resolvability matrices of the 0.1 SI ore model. Magnetic anomalies 

range from 1 – 430 nT. 0.1 SI Ore bodies generate a minimum signal amplitude of 1 nT up to a 

depth of 1000m, and a minimum signal amplitude of 5 nT up to a depth of 500m. 

 

Figure 34 - Resolvability matrices for 0.1 SI ore bodies.  
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The Figure 35 illustrates the resolvability matrices of the 0.2 SI ore model. Magnetic anomalies 

range from 1 – 900 nT. 0.1 SI Ore bodies generate a minimum signal amplitude of 1 nT up to a 

depth of 1000m, and a minimum signal amplitude of 5 nT up to a depth of 600m. 

 

 

Figure 35 - Resolvability matrices for 0.2 SI ore bodies. 
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The Figure 36 illustrates the resolvability matrices of the 0.3 SI ore model. Magnetic anomalies 

range from 1 – 1300 nT. 0.1 SI Ore bodies generate a minimum signal amplitude of 1 nT up to a 

depth of 1000m, and a minimum signal amplitude of 5 nT up to a depth of 700m. 

 

Figure 36 - Resolvability matrices for 0.3 SI ore bodies.  
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This study illustrates if the signal amplitude would be distinguishable between an ultramafic and 

an ultramafic with an ore body within it. This is illustrated in Figure 37, where, for a 0.09 SI 

ultramafic body (purple) extending down from surface 200m (thickness), 300m length and 500m 

width, there is a magnetic anomaly of ~ 1013 nT. Modelling the same ultramafic with an ore 

body (pink) within it, at its bottom, of 0.30 SI, 50m thickness, 250m length and 100m width, has 

a magnetic anomaly of ~ 1116 nT. This leaves an ore body magnetic field of ~103 nT. Unless the 

ultramafic’s volume is completely known, along with depth, geometry and magnetic 

susceptibility, it would be unlikely to distinguish an ore body within it. 

  

 

Figure 37 – Ore body within ultramafic used in forward modelling. 
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3.4.8 Objective 2 – Magnetic Summary 

Objective 2, for magnetic methods, has the purpose to characterize the resolvability of ore bodies 

using magnetic susceptibility ore body data. The resolvability is established for ore bodies of 

various volumes, magnetic susceptibilities, and at numerous depths. An additional study 

demonstrated that an ore body would be unresolvable due to the overpowering magnetic signal of 

the ultramafic. 

3.4.9 Objective 2 – Gravity Results 

Results of gz forward modelling of ore bodies of density contrasts of 0.69 g/cm3, 0.85 g/cm3 and 

1.27 g/cm3, in the form of resolvability matrices, are presented in Figure 38 to Figure 40. These 

results show that generally the CGG airborne gz data (orange) would only be able to resolve 

surface ore bodies, except in a few cases reaching 100m depth resolvability. The ‘state of the 

practice’ CG-6 terrestrial gz (red) would be able to resolve up to 635m for a density contrast of 

0.69 g/cm3; 735m for a density contrast of 0.85 g/cm3; and up to 935m for a density contrast of 

1.27 g/cm3. The ‘state of the art’ iGrav super conducting gravimeter could resolve ore bodies up 

to a 1000m (study depth limit) in most scenarios. Table 13 summarizes the vertical gravity 

resolvability matrices. 

Table 13 – Summary of vertical gravity resolvability matrices 

Density 

contrast 

(g/cm3) 

Resolvable depth (m) Signal amplitude 

range 

(mGal) 

CGG 

(airborne)  

 

CG-6 

(terrestrial) 

 

iGrav 

(terrestrial) 

 

0.69 surface 635m 1000m 0.0010-0.5800 

0.85 surface 735m 1000m 0.0010-0.7130 

1.27 100m 935m 1000m 0.0010-1.0685 
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Figure 38 - Resolvability matrix for Δρ= 0.69 g/cm3 ore bodies. 
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Figure 39 - Resolvability matrix for Δρ= 0.85 g/cm3 ore bodies. 
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Figure 40 - Resolvability matrix for Δρ= 1.27 g/cm3 ore bodies. 

 

3.4.10 Objective 2 – Gravity Summary 

Objective 2, for vertical gravity, has the purpose to characterize the resolvability of ore bodies 

using density ore body data.  The resolvability is established for ore bodies of various volumes, 

density contrasts, and at numerous depths. Given the knowledge of vertical gravity signals from 

basalt/ultramafic/gabbro (0.5-2.5 mGal), and the maximum signal amplitude of an ore body (~1.1 

mGal), the majority of ore bodies would be unresolvable via vertical gravity surveying. 
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3.5 Forward modelling conclusions 

In this forward modelling chapter, two objectives were addressed: 1) Constrain and integrate 

petrophysical data via magnetic, vertical gravity, and gravity gradient signals of Zone 5-8. 

2) Characterize the resolvability of ore bodies using petrophysical ore body data. From these 

investigations the following results were concluded: 

 

The magnetic signal of the ultramafic is in the range of 1000-3700 nT and matches the geometry 

of the dipping ultramafic in the geological model. Heterogeneity in the unit is present with 

magnetic susceptibility ranging from 0.09 SI to 0.31 SI, with the maximum occurring at the hinge 

of the UM body (B-B’ cross-section, Figure 15). The ultramafic unit’s relatively high magnetic 

susceptibility values are due to magnetite. The gabbro, sediments, and basalt units have a minimal 

impact on the magnetic field, contributing approximately 7-30 nT, each, per cross-section. The 

impact of magnetic iron-sulphide (pyrrhotite) on the observed data, within the ultramafic unit, 

cannot be ruled out.  

 

Gravity studies show that gz lows are associated with sediments and gz highs with basalts (~1-2.5 

mGal). Intermediate gz highs appear over the ultramafic/gabbro (~0.7 mGal). Gravity gradient 

(Gzz and HGz) anomalies occur over interfaces between rock units. The cross-sections provide an 

example of how the forward model misses some details, which the observed data shows (e.g. 

intermediate gz high over ultramafic/gabbro).  
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For objective 2 a general remark for this approach is that there are many signals of other rocks 

that will be measured in a survey (for both gravity and magnetic surveys in this case). The target 

signal needs a combination of unquestionably large property and/or volume contrasts to give it 

anomalously high signal amplitude. Without any other sources of information, distinguishing 

these signals from desired target signals is unlikely. 

 

Overall, it is unlikely to resolve an ore body in the Raglan magnetic environment using magnetic 

methods. The signal amplitude caused by the ultramafic is much higher than that of the ore 

targets. The case study of an ore body within an ultramafic illustrated that the magnetic signal 

amplitude would increase, but the ore body would be undetectable unless the ultramafic and ore 

bodies were completely constrained (which would defeat the purpose of exploring for it). 

 

Similar to the conclusions for the magnetic resolvability, basalt/ultramafic/gabbro vertical gravity 

signal amplitude (0.5-2.5 mGal) are higher than that of most ore pods (maximum 1.1 mGal). This 

would make it unlikely to distinguish an ore body signal from background geological signals 

using vertical gravity methods. 
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Chapter 4 

Inversion modelling 

4.1 Introduction 

Inversion modelling is an optimization problem that solves for model parameters, as introduced in 

Chapter 2. In the geophysics context, each model parameter represents a specific physical rock 

property. As with forward modelling in Chapter 3, the subsurface is divided into a finite set of 3D 

cells, with each cell representing a specific physical property (in this study magnetic 

susceptibility or density contrast for magnetic and gravity gradient (GG) inversions). Given the 

challenge of non-uniqueness, each computed solution is one of infinitely many solutions that can 

solve the system of equations to a certain degree of error or misfit. In the pursuit of mitigating 

non-uniqueness, the methods employed in this study incorporate a priori geological, 

petrophysical, and geophysical knowledge. Cooperative inversion methods are employed via 

utilizing previous inversion results and reducing them to isosurfaces (petrophysically similar 

areas defined by a specific numerical range) to constrain inversion models of another geophysical 

data type (e.g. an isosurface from a magnetic inversion constraining a gravity inversion). 

Additionally, a surface geological map is translated into petrological data, providing a ‘true’ 

reference for the inversion models. The results in Chapter 4 are obtained with the inversion and 

forward modelling codes MAG3D v5.0 and GG3D v6.0. 

  



 

78 

 

4.2 Objectives 

The specific inversion objectives are:  

1. Run basic single parameter inversions (e.g. only magnetic or only gravity 

gradient). 

2.  Run cooperative inversions. 

4.3 Methodology 

Figure 41 illustrates Zone 5-8 and the two geophysical survey areas and the study area for the 

single parameter and cooperative inversions. Figure 42 and Figure 43 detail the methodologies to 

set up single parameter and cooperative inversions. Cooperative inversion constraints 

implemented in this chapter are described below. 

 

 

Figure 41– Survey areas for airborne magnetic (blue + red), airborne gravity (green + red), 
and the inversion (red). 
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Figure 42–Flow chart to setup for both gravity and magnetic inversions. 
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Figure 43 –Flowchart detailing how isosurfaces are created and implemented for inversions 
(in this case using the GG inversion result isosurface to constrain a magnetic inversion). 
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First single parameter inversions are run, e.g. only magnetic or gravity gradient inversions. For 

the magnetic inversion, an upper boundary of 0.31 SI used, as established in the forward 

modelling study as the maximum magnetic susceptibility. With a specific cut off, 3D isosurfaces 

are sought to constrain the ultramafic. For the magnetic isosurface, a cut off of 0.05 SI is used. 

This constrains the ultramafic well to a depth between 1000-1200m. For the gravity gradient 

inversion a cut off of 0 g/cm3 is used as it provides a more realistic ultramafic depth of ~1000m 

(compared to ~600m with a cut off of 0.03 g/cm3). Constant petrophysical values from the 

collected petrophysical data are applied to the isosurface. For the magnetic isosurface it was 

found constraints of 0.31 SI had a similar impact as the lower boundary of 0.09 SI. For gravity 

gradient isosurface 0.13 g/cm3 is used. These two isosurfaces, are used to constrain the opposite 

inversion type, e.g. magnetic cooperative inversion is constrained with a gravity gradient 

isosurface and vice versa.  

 

A second style of cooperative inversion uses a surface geology map as a reference model. The 

same ultramafic petrophysical values are used along values for the other three units (see Table 

14). The final cooperative inversion style uses a mixture of isosurface and surface geology 

constraints. 

 

Table 14 –Summary of magnetic susceptibility and density contrast values assigned to 
surface geology 

Geological unit Magnetic Susceptibility  
(SI) 

Density contrast (Δρ)  
(g/cm3) 

Sediment 
 

1.00x10-3 0  

Gabbro 
 

4.90 x10-4 0.04 

Basalt 
 

4.10 x10-4 0.14 

Ultramafic 
9.00 x10-2   
3.10 x10-1 

0.13 
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4.4 Results 

The model results run are summarized in Table 15. Inversion model results are viewable from 

Figure 45 to Figure 49. Note that a cutoff implies that any number below a cut off in a model is 

empty space for viewing purposes. 

Table 15 – Summary of the inversion models presented. 
Inversion 

type2 
Constraint Iteration 

# 
Physical property  

Range 
Isosurface 
lower cut 

off 

UM 
depth (m) 

Min Max 
GG3 Basic (single parameter) 1 -0.1 

g/cm3 
0.08 

g/cm3 
0 g/cm3 1010 

0.03 g/cm3 560 
Magnetic 

 
Basic (single parameter) 3  

 
0 SI 

0.315 SI  
 

0.05 SI 

1250 
224 1 SI N/A 

Magnetic Upper bound 0.31 SI  
8 

 
0.31 SI 

1000 
Regional correction 2000 

GG Isosurface 
magnetic  

UM 0.13 
g/cm3 

1 -0.1 
g/cm3 

0.08 
g/cm3 

0 g/cm3 910 
0.03 g/cm3 560 

 
Magnetic 

Isosurface 
GG  

UM 0.09 SI  
8 

 
0 SI 

 
0.31 SI 

 
0.05 SI 

850 

UM0.31 SI 750 
GG Surface geology  

1 
 

-0.1 
g/cm3 

 
0.08 

g/cm3 

0 g/cm3 1110 
0.03 g/cm3 610 

 
Magnetic 

Surface 
geology 

UM 0.09 SI  
8 

 
0 SI 

 
0.31 SI 

 
0.05 SI 

1000 

UM 0.31 SI 1050 
 

GG  
 

Surface geology 
+  

Isosurface magnetic UM 
0.13 g/cm3 

 
1 

 
-0.1 

g/cm3 

 
0.08 

g/cm3 

0 g/cm3 1260 
0.03 g/cm3 660 

 
 

Magnetic 
 

Surface 
geology  

+  
Isosurface 

GG  

UM 0.09 SI  
 

8 
 

 
 

0 SI 

 
 

0.31 SI 

 
 

0.05 SI 

850 

UM 0.31 SI 750 

 

  

                                                        
2 For GG inversions a constant error of 5 Eotvos is applied as per the error cited in the survey manual (CGG, 2014). For magnetic 
inversions a constant error of 10 nT is applied. 
3 All GG inversions hit the target misfit at 1st iteration. 
4 Target misfit reached at 22nd iteration.	
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Figure 44 displays magnetic inversion model misfit vs. inversion iteration number. Where model 

misfit is defined as: if each datum, di, contains errors that can be described as Gaussian with a 

standard deviation of εi, then a good measure of misfit between predictions and observed field 

data, ϕd is: 

 

        (17) 

 

where di
obs and di

pred are observed and predicted data, respectively, and N is the number of data.  

 

Model misfits in the figure below have the highest rate of decay until iteration 8-10. This decay 

corresponds to the most rapid reduction in misfit, as the model fits improve with each inversion 

iteration. This matches visual inspections of the models where it is noted that after iterations 8-14, 

the magnetic models don’t change significantly except for the inclusion of increasingly more 

artefacts (~0.05 SI) (see Figure 46). 

 

Figure 44– Magnetic inversion misfit vs. iteration for all types of magnetic inversions.  
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Figure 45– Basic magnetic inversion iteration #22: (Top) in Plan view; (Bottom) isosurface 
(lower bound cutoff of 0.05 SI). This inversion has an upper bound of 1 SI.  
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All the inversions are compared, split up by respective data type (e.g. magnetic and gravity 

gradient), and presented in the four figures below. 

 

Figure 46 compares magnetic and GG inversions (cut off =0.03 g/cm3). The single parameter 

magnetic inversions shows a geologically reasonable ultramafic model at surface and dipping to 

~1250m depth. The single parameter GG inversion also shows the UM to a depth of ~560m, 

although discontinuous laterally. The cooperative magnetic inversion with isosurface shows a 

divergence where the oblique component matches the magnetic inversion and the single 

parameter the semi-vertical GG inversion. The cooperative GG inversion with isosurface shows 

more lateral continuity. The cooperative magnetic surface geology inversion doesn’t impact the 

magnetic inversion significantly. The cooperative GG surface geology inversion causes relatively 

higher density areas to concentrate at surface and takes away areas of higher density at depth 

(compared to the previous two GG inversions types). The final cooperative magnetic inversion 

with both isosurface and surface geology resembles the isosurface inversion model, again 

highlighting that the surface geology doesn’t impact the magnetic inversion. The cooperative GG 

inversion with both isosurface and surface geology balances concentration of higher density areas 

at surface with areas below that at depth, and causes the ultramafic to be laterally continuous. 
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Figure 46– Comparing magnetic (cutoff =0.05 SI) and GG inversions (cut off =0.03 g/cm3). 
(from bottom to top): single parameter inversion; isosurface; surface geology; isosurface + 
surface geology.  
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Figure 47 compares GG inversion models with two minimum cut offs, 0 g/cm3 (density contrast 

of 0.10 g/cm3) and 0.03 g/cm3 (density contrast of 0.13 g/cm3). Overall the depths remain around 

the same level (~1000m and ~560m, for 0 g/cm3 and 0.03 g/cm3, respectively) and only increase 

for the final combined cooperative inversions (~1260m and ~660m, respectively). Additionally, 

overall, as expected, the 0 g/cm3 is more voluminous with higher density areas than the 0.03 

g/cm3. Specifically, the GG single parameter inversion cut off of 0 g/cm3 is laterally continuous. 

The isosurface is connected with the basalt at depth indicating the similar densities and thus 

ambiguities between the ultramafic and basalt. There is frequent surface basalt, too. The 0.03 

g/cm3 cut off is laterally discontinuous, with infrequent surface basalt. The GG cooperative 

isosurface inversion cut off of 0 g/cm3 is more voluminous for the ultramafic and basalts than the 

0.03 g/cm3. The GG cooperative surface geology inversion cut off of 0 g/cm3 is more populated at 

depth below the concentrated surface basalt, unlike cut off of 0.03 g/cm3. The final GG 

cooperative isosurface and surface geology inversion cut off 0 g/cm3 is more voluminous at depth 

than the 0.03 g/cm3 cut off. 
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Figure 47– Comparing GG inversions (cut off = (left) 0 g/cm3; (right) 0.03 g/cm3). From 
bottom to top: single parameter; isosurface; surface geology; isosurface + surface geology. 
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Figure 48 compares GG and magnetic inversions over the A-A’ cross-section. For both magnetic 

and GG inversions the ultramafic located in the same area. Magnetic isosurface makes the GG 

inversion more oblique (compared to basic and surface geology inversions). For the GG 

cooperative surface geology inversion the impact can be seen in the decrease in higher density 

area below the surface. This impact is mitigated by the isosurface in the GG cooperative inversion 

with surface geology and isosurface. For the magnetic cooperative inversion with isosurface, the 

diverging feature can be seen along with an increase in voluminous area of relatively higher 

magnetic susceptibility. This increase in volume seems to amplify when for the magnetic 

cooperative inversion with surface geology and isosurface. 

 
Figure 48–A-A’ cross section. Comparison of magnetic and GG inversions. From bottom to 
top: single parameter; isosurface; surface geology; isosurface + surface geology. 
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Figure 49 compares GG and magnetic inversions over the B-B’ cross-section. Magnetic and GG 

inversions have the ultramafic in the same area. All GG inversions show an interface between 

sediments and basalt (with potential ultramafic, due to density overlap). The GG cooperative 

isosurface inversion shows decreased density below the ultramafic. It appears that the inversion 

shifts more density to the ultramafic, which creates this polarity. The GG cooperative surface 

geology inversion shifts higher density areas from depth to surface. The GG cooperative 

inversion with isosurface and surface geology is a mixture of the above features. Magnetic 

inversions don’t vary much for this cross-section except for the cooperative inversions where 

there is an increase in depth and volume of higher magnetically susceptible areas. 

 
Figure 49– B-B’ cross section. Comparison of magnetic and GG inversions. From bottom to 
top: single parameter; isosurface; surface geology; isosurface + surface geology. 
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4.5 Inversion modelling conclusions 

The single parameter and cooperative inversions aimed to meet objectives 3 and 4:  

 

3. Run basic single parameter inversions (e.g. only magnetic or only gravity gradient).  

4. Run cooperative inversions.  

 

Objective 3 is met showing that the magnetic inversion is effective in outlining the relatively 

magnetic ultramafic unit to a depth ~1000-1250m with a cut off = 0.05 SI. The GG inversion is 

effective in outlining relatively less dense sediments, and relatively denser basalts, but struggles 

to distinguish the ultramafic and basalts at depths below 560-910m (cut off 0-0.3 g/cm3), as their 

densities overlap. Objective 4 is met through the cooperative inversion outcomes outlined next. 

The magnetic isosurface constraint on the gravity gradient cooperative inversion makes the 

ultramafic area more continuous. The surface geology constraint impacts the gravity gradient 

inversion by adding areas of relatively higher density to surface and reducing the density at depth. 

Combining a gravity gradient isosurface to a magnetic cooperative inversion leads to a diverging 

isosurface. The surface data minimally impacts the magnetic cooperative inversion. 

 

Overall, single parameter inversion modelling is able to position the relatively magnetic 

ultramafic and relatively higher and lower density rocks in geologically and geophysically logical 

locations. The cooperative approach appears to add robustness to the gravity gradient cooperative 

inversion with an isosurface. These results speak to the advantages of incorporating geophysical 

methods with clear property contrasts e.g. magnetic methods with ultramafic, and using these 

results to enhance geophysical methods, which, have more ambiguous results. This approach has 

promising applications in other zones. 
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Chapter 5 

Discussion 

This thesis is composed of numerous studies on forward, inversion, and cooperative inversion 

modelling. These three methods aim to meet the four objectives set. The results from these 

studies will be split into two sections: forward modelling, and inversion modelling.  

5.1  Forward modelling  

Forward modelling is undertaken to characterize the rock units in terms of their respective 

magnetic susceptibility and density values. There were two major objectives: 

 

 1. Constrain and integrate petrophysical data via magnetic, vertical gravity, and gravity    

 gradient signals of Zone 5-8.  

 2. Characterize the resolvability of ore bodies using petrophysical ore body data.  

 

Objective 1’s results lead to establishing an ultramafic ‘macro’ magnetic susceptibility range 

between 0.09-0.31 SI for the cross-sections A-A’ (0.31 SI), B-B’ (0.09 SI), and C-C’ (0.145 SI) 

(see Figure 12 to Figure 20). The geometry of the forward modelled magnetic signals matches the 

observed data, and comparing forward modelled signal amplitudes to the observed data leads to 

establishing this ultramafic magnetic susceptibility range. The other three geological units 

produce a magnetic signal which is a factor of ~102-103 nT smaller than the ultramafic.  

  



 

93 

 

Limitations for magnetic forward modelling do exist. Two limitations are discussed below: 

 

1. The MAG3D v5.0 code assumes susceptibilities are small enough (up to 0.01 SI) (Lelièvre & 

Oldenburg, 2006) that the effects of self-demagnetization can be neglected (UBC-GIF, 2013). 

When self-demagnetization takes effect, induced secondary fields reduce the total inducing field 

within the magnetically susceptible body, resulting in a weaker magnetization. The magnetically 

susceptible body’s magnetization direction rotates away from the inducting field (H0) towards the 

horizontal long axis (Clark & Emerson, 1999). Self-demagnetization also depends on shape, 

where if the inducing field is parallel to a thin cylindrical magnetically susceptible body, the 

impact of self-demagnetization will be minimal. An inducing field perpendicular to a sheet-like 

body produces strong self-demagnetization (Clark, 2000; Gidley, 1988). 

2. It should be noted that there are areas of the 3D geological model that are interpolated. The 

impact of this is unknown and has not been investigated. However, if an area of UM would be 

volumetrically larger or smaller, than in reality, this would impact the magnetic susceptibility.  

 

An exploration case study by Gidley (1988) demonstrates how self-demagnetization can 

negatively impact an exploration scenario. Due to not taking self-demagnetization into account, 

errors were made in interpreted dips, resulting in two drill holes, by CSR Ltd., missing the 

magnetic source. Once the problem of self-demagnetization was realized and included in the 

magnetic forward modelling, the subsequent holes were able to intercept the magnetic source. It 

should be noted that this scenario has strong self-demagnetization due to two factors: 1) sheet-like 

geometry and 2) relatively high bulk susceptibility (~6.3 SI) of the quartz-magnetite ironstones in 

the area (Clark, 2000).  
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For objective 2, the magnetic resolvability of ore bodies is modelled. Four different magnetically 

susceptible ore bodies (0.01-0.3 SI) of various volumes (50m – 250m in length; 25m and 50m in 

thickness; and 50m and 100m in width), and from depths ranging 0-1000m are modelled. These 

models are run with background rock of 0 SI. With the knowledge of the UM’s significantly 

larger volume, and larger than or similar magnetic susceptibility, compared to the ore bodies, 

makes resolving ore bodies unlikely in Raglan’s magnetic environment using magnetic methods. 

Identical limitations would exist as discussed for Objective 1 with self-demagnetization.  

 

Similar conclusions to this study are drawn in a study of komatiitic peridotite-hosted nickel-

sulphide in Widgiemooltha area, Western Australia (McCall, 1995). Although the sulphide ore is 

relatively magnetic, it is difficult to impossible to directly detect with magnetic methods due to 

the volumetrically larger and the highly magnetic hanging wall ultramafic rocks surrounding the 

ore (McCall, 1995).  

 

For gravity forward modelling objective 1 establishes that vertical gravity (gz) is effective in 

detecting the relatively lower density sediments and higher density basalts. Gzz and HGz are 

effective in detecting transition zones (across density contrasts), e.g. from sediments to 

UM/gabbro/basalt. Differences in observed and forward modelled data exist, e.g. for gz in A-A’ 

cross-section (see Figure 23), where signal amplitude of observed gz data is ~1 mGal less than the 

full forward modelled gz over what is believed to be predominantly basalt. Observed gz shows 

subtler or relatively smaller positive anomalies over the ultramafic, which the forward modelled 

gz does not convey. Improvements could be made to the study by increasing the sample sizes of 

each rock unit density. This would provide more robust input data for constraining forward and 

inversion models.  
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The gz study for Objective 2 show that ore bodies would likely be unresolvable given the 

established volume and density contrasts of the ore bodies relative to the gz signal amplitudes of 

gabbro, ultramafic, and basalt (0.5-2.5 mGal compared to and an ore body maximum of ~1.1 

mGal).  

 

An exploration case study that benefited from utilizing gravimetry was at Las Cruces deposit in 

the Iberian Pyrite Belt (McIntosh et al., 1999). Broad spaced gravity mapping of the block 

detected a wide high amplitude gravity anomaly. The defined anomaly was 3.5 by 2.5 km in 

extent, and had an amplitude ~2.5 mGal (McIntosh et al., 1999). The signal amplitude from Las 

Cruces is comparable to that of the basalts in Zone 5-8, and not the relatively small ore bodies. 

Thus, unless the ore bodies at Raglan are larger, such a methodology would unlikely be useful. 

5.2 Inversion modelling 

The objective of inversion modelling is to create 3D physical property models from 2D observed 

geophysical data. Cooperative techniques are employed to reduce the impact of non-uniqueness. 

The specific objectives are:  

 

 3. Run single parameter inversions, e.g. only magnetic or only gravity gradient. 

 4. Run cooperative inversions. 

 

The single parameter magnetic inversion shows that the UM unit stands out, and thus magnetic 

methods are effective in outlining this. Watts (1997) shows this, too. Constraining the upper 

bound by 0.31 SI (from the magnetic forward modelling study) allows the magnetic susceptibility 
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to be more distributed than with a higher upper bound (e.g. 1 SI). The cooperative magnetic 

inversion with the GG isosurface reference model results in two diverging units, one is oblique 

(similar to the basic magnetic inversion), whereas the other is semi-vertical (see Figure 46). The 

surface geology inversion only appears to make more of the ultramafic middle relatively 

magnetically susceptible (cross-section B-B’, see Figure 49), but overall, this constraint doesn’t 

appear to impact the inversion model in terms of geometry, size, or depth (compared to the basic 

magnetic inversion). This could indicate that in this scenario the magnetic data is quite effective 

in defining where it should exist at surface and at depth, in terms of magnetic and non-magnetic 

areas. It can be concluded that the surface geology constraint is also minimal on the magnetic 

cooperative inversion with the GG isosurface and surface geology. This cooperative inversion 

resembles the magnetic cooperative inversion with just the GG isosurface inversion (i.e. without 

surface geology). As discussed for magnetic forward modelling, self-demagnetization would also 

impact inversion modelling (as forward modelling is used to forward model the inversion model 

output to calculate misfit) (UBC-GIF, 2013). 

 

The single parameter gravity gradient inversion highlights relatively less dense sediments and the 

basalt with a distinct vertical interface (which somewhat vindicates the artificially constrained B-

B’ cross-section, see Figure 49). Cross-section A-A’ (see Figure 48) becomes ambiguous as the 

ultramafic and basalt overlap at depth, making interpretation at depth problematic. Choosing a 

cut-off of 0.03 g/cm3 is done as this represents a density contrast of 0.13 g/cm3, i.e. the difference 

between sediments and UM. This leads to an ultramafic depth of ~660m, compared to 1200m 

from borehole data (of which the geological reference cross-section are based off). The cutoff of 

0 g/cm3 leads to an interpreted UM depth of ~1010m. This cutoff is thus used for the GG 

isosurface for magnetic cooperative inversions. 
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At the 0.03 g/cm3 cutoff, the lateral discontinuity of the ultramafic is present for the basic gravity 

gradient inversion. Whereas, the GG cooperative inversion (magnetic isosurface) constraints the 

ultramafic, adding lateral continuity. Additionally, there appears to be a larger polarity (i.e. 

density contrast between sediments below the constrained UM and the northern basalts) than with 

the basic GG inversion and the GG cooperative inversion (surface geology). A unique feature 

also appears in cross-section A-A’ with a complete north-south connection of relatively denser 

features (see Figure 48). 

 

The inclusion of surface geology constrains areas mapped as basalt and UM (0.14 and 0.13 g/cm3, 

respectively). These surficial areas are relatively less dense in both the basic GG, and the GG 

magnetic isosurface inversions. The GG cooperative inversion with surface geology and magnetic 

isosurface inherits both the denser surface features from the surface geology reference model and 

the relatively more dense basaltic subsurface. 
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Chapter 6 

Conclusions 

The conclusions summarize the major findings with respect to their objectives. Four major 

objectives are set. In Chapter 3, the first two major forward modelling objectives are: 1) 

Constrain and integrate petrophysical data via magnetic, vertical gravity, and gravity gradient 

signals of Zone 5-8. 2) Characterize the resolvability of ore bodies using petrophysical ore body 

data. Chapter 4 investigates inversion and cooperative inversion modelling with objectives 3 and 

4: 3) Run single parameter inversions, e.g. only magnetic or only gravity gradient. 4) Run 

cooperative inversions. 

 

Forward modelling objective 1 establishes an ultramafic magnetic susceptibility range to a 

maximum of 0.31 SI. This value is used to constrain upper bounds of magnetic inversion models. 

For gravity studies, vertical gravity lows are associated with sediments and major gravity highs 

with basalts, and intermediate gravity highs over the UM. Also Gzz and HGz show transition 

zones. Objective 2 establishes the signal amplitudes for ore bodies of various volumes, physical 

property contrasts, and depths. However, the property contrasts and volumes of these ore bodies 

are too small for them to be detected.  

 

Objective 3 is met showing that the magnetic inversion is effective in outlining the relatively 

magnetic ultramafic unit to a depth ~1000-1250m with a cut off = 0.05 SI. The GG inversion is 

effective in outlining relatively less dense sediments, and relatively denser basalts, but struggles 

to distinguish the ultramafic and basalts at depths below 560-910m (cut off 0-0.3 g/cm3), as their 

densities overlap. Objective 4 is met through the cooperative inversion outcomes outlined next. 

The magnetic isosurface constraint on the gravity gradient cooperative inversion makes the 
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ultramafic area more continuous. The surface geology constraint impacts the gravity gradient 

inversion by adding areas of relatively higher density to surface and reducing the density at depth. 

Combining a gravity gradient isosurface to a magnetic cooperative inversion leads to a diverging 

geological model.. The surface data minimally impacts the magnetic cooperative inversion. 

 

Overall, forward modelling is able to approximate observed data, and single parameter inversion 

modelling is able to position the relatively magnetic ultramafic and relatively higher and lower 

density rocks in geologically and geophysically logical locations. The cooperative approach 

appears to add robustness to the gravity gradient cooperative inversion by using an independent 

inversion result, the isosurface, from the magnetic inversion. The combination of magnetic 

inversion results counteracts the constraints added by including the surface geology. The surface 

geology tends to change the inversion results mostly at the surface, but not at depth, but the 

addition of a magnetic isosurface constraints the inversion model across all depths. This results in 

more representative models compared to single parameter or single parameter plus one constraint. 

Adding constraints can also have adverse effects, as seen in the magnetic inversion constrained 

by the gravity gradient isosurface. Adding the surface geology as an additional constraint ensures 

that the GG isosurface constraint does not control the inverse model results, but is dampening the 

effects of unmatched constraints. These results speak to the advantages of incorporating 

geophysical methods with clear property contrasts e.g. magnetic methods with ultramafic, and 

using these results to enhance geophysical methods, which, have more ambiguous results. This 

approach has promising applications in other zones, where particular physical parameter contrasts 

exist. Even if those would not be well observed by one technique (e.g. gravimetry), another 

technique (e.g. electromagnetic methods) would be able to constrain the inverse model towards a 

more representative model compared to a single inversion model. The analysis performed here 
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must be carried out for each new site, in order to understand the advantages and limitations of 

performing cooperative inversions. 
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Appendices 

The following two sections contain raw numerical resolvability matrices for magnetic and vertical 

gravity methods from Chapter 3. 

6.1 Magnetic resolvability matrices  

 
Figure 50 - Resolvability matrix for 0.01 SI ore bodies 
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Figure 51 - Resolvability matrix for 0.1 SI ore bodies.  
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Figure 52 - Resolvability matrix for 0.2 SI ore bodies. 
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Figure 53 - Resolvability matrix for 0.3 SI ore bodies. 
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6.2 Raw gz resolvability matrices values  

 
Figure 54 - Resolvability matrix for Δρ= 0.69 g/cm3 ore bodies. 
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Figure 55 - Resolvability matrix for Δρ= 0.85 g/cm3 ore bodies. 
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Figure 56 - Resolvability matrix for Δρ= 1.27 g/cm3 ore bodies.  


