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Abstract 
 

A new methodology is presented that corrects gravity data for lateral changes in 

overburden thickness through the creation of a bedrock topography (BedTopo) map. The 

methodology results in a Bouguer anomaly map where bathymetry, overburden thickness, 

and bedrock are reduced to a reference datum. This methodology applies to airborne, 

ground, and gravity gradiometry surveying. Also presented is a working methodology for 

inverting helicopter transient electromagnetic (HTEM) survey data to resolve the 

overburden-bedrock contact using discrete layered-earth modelling in a highland terrain 

for the purpose of creating a BedTopo map. 

 

A study site with a glacial overburden within the Nechako Plateau of British 

Colombia, Canada is used as a case study. AeroTEM III HTEM survey data is inverted 

using BC Wells water well data, which provides ground-truth to guide inversion. Water 

well inversions show that the HTEM methodology can estimate the depth of bedrock 

with an sRMS % error of 61% of the total thickness indicated by the water wells. The 

HTEM methodology was found to be inaccurate in areas where 3D topography effects 

are prominent and over areas where a conductive anomaly is hosted within the bedrock.  

 

AeroTEM III HTEM survey data is inverted in order to create a BedTopo map. 

AIRGrav gravity data is reduced using digital elevation model, BedTopo, and bathymetry 

data in order to create a BedTopo corrected Bouguer anomaly map of the study site. 

Inversion results of the study site used 4- and 5- layer models with results showing that 

overburden varies in thickness from 0 to 265 m, with an average of 35 m, and an inverted 
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resistivity that ranges from 3 to ~680 Ω•m. Bedrock resistivity ranged from 0.5 to over 

10,000 Ω•m. An analysis and comparison of Bouguer anomaly maps with and without a 

BedTopo correction was conducted. Results show that variations in overburden thickness 

that are < 30 m may not be detectable by an airborne gravimeter system due to GPS 

noise, and that overburden thickness variations >100 m, which create anomalies larger 

than 3 mGal, if not considered may contribute to interpretation errors on a Bouguer 

anomaly map.  
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1.0 Introduction 
 
1.1 Statement of the Problem 
 

Many prospective areas for mineral exploration in Canada, such as the interior 

plateau of British Columbia and the Ontario Clay Belt, are covered by a thick overburden 

that was deposited during and since the end of the Wisconsin glaciation (c. 25–10 ka) 

(Stumpf et al. 2000). The overburden conceals large areas of bedrock which has 

complicated mineral exploration efforts. This specific problem exists in the Interior 

Plateau of British Columbia (Levson and Giles 1997, Mihalynuk 2007, Enkin et al. 2008, 

Enkin 2014).  

 

The overburden not only masks geological information, it also reduces the 

reliability of potential-field geophysical methods by concealing changes in bedrock 

topography, defined here as variations in elevation of the bedrock surface immediately 

beneath the unconsolidated sediment which makes up the overburden. While bedrock 

topography often imitates the features expressed by surface topography (a.k.a. the 

classical definition of topography), it can vary independently, for example, when features 

such as basins and river beds are covered by sediment. With respect to the gravity 

method, hidden changes in bedrock topography can create anomalies of the same size and 

magnitude as those associated with mineral deposits and may be mistaken for them (Chen 

and Macnae 1997, Caron et al. 2013). For instance, a reduction in overburden thickness 

can create an anomaly of a similar magnitude to that of a sulphide mineral body, see 

Figure 1.1 A and B, 
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Traditionally, a Bouguer anomaly map is produced by reducing the observed 

gravity data by applying instrumental drift (𝑔𝐼) , Earth tides (𝑔𝑇), latitude (𝑔𝐿), free-air 

(𝑔𝐹𝐴), Bouguer (𝑔𝐵𝑜𝑢𝑔), Eötvös (𝑔𝐸), and terrain (𝑔𝑇𝑒𝑟) corrections, see equation 1.1 

(Nabighian et al. 2005, Reynolds 2011). Topographic effects are taken into account by 

approximating topography and applying a Bouguer correction to account for it. The 

Bullard corrections (Bullard 1936, Nabighian et al. 2005) breaks the Bouguer correction 

down into 3 components that each correct for a different effect of topography. The 

Bullard A correction uses an infinite horizontal slab to approximate topography, see 

Figure 1.2. The Bullard B correction includes the effect of the curvature of the Earth, see 

Figure 1.3. The Bullard C correction uses a digital elevation model (DEM), which is 

often combined with bathymetry data, to determine the attraction of gravity due to terrain 

and water within 170 km of the measurement station. The Bullard corrections are based 

on the assumption that the terrain has a homogenous density and can be modelled as 

bedrock to the depth of the geoid except in areas where bathymetry data is available, see 

Figure 1.4. For some surveys, a datum is adopted as reference for gravity corrections in 

lieu of the geoid. 

 

Equation 1.1 

𝐺𝐵𝑜𝑢𝑔𝑢𝑒𝑟 𝐴𝑛𝑜𝑚𝑎𝑙𝑦 =  𝐺𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − ∆𝑔𝐼 ± ∆𝑔𝑇 ± ∆𝑔𝐿 + ∆𝑔𝐹𝐴 − ∆𝑔𝐵𝑜𝑢𝑔 ± ∆𝑔𝐸 ±  ∆𝑔𝑇𝑒𝑟 

 

In this thesis, in addition to the Bullard A, B, and C corrections, I am proposing a 

new correction where overburden thickness data can be used, similar to bathymetry data, 

to correct for the lower density contribution of the overburden, see Figure 1.5. The 
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application of this new correction will provide more reliable gravity data where 

overburden effects have been removed so that gravity anomalies can be more reliably 

related to deeper bedrock sources. Since one of the by-products of this method is the 

creation of a bedrock topography map, I will refer to the new correction as the “bedrock 

topography” (BedTopo) correction (Caron et al. 2015).  

 

The main objectives discussed in this thesis in relation to bedrock topography are: 

• Under what situations is the new bedrock topography correction applicable? 

• What are the strengths and weaknesses of the new bedrock topography 

correction? 

 

 While this thesis will be discussing the application of the BedTopo correction to 

airborne gravity data, the BedTopo correction is also applicable to gravity gradiometry 

and ground gravity surveying.  

 

The BedTopo correction is based on near-surface layered-earth inversion of 

airborne transient electromagnetic (TEM) data to resolve the thickness of the overburden. 

Airborne TEM systems are most often employed for their ability to efficiently survey 

large areas quickly and non-invasively. Airborne TEM systems were initially 

developed for the purpose of mineral exploration (Palacky and West 1991). 

Airborne systems such as the MegaTEM and GeoTEM are designed with a large 

transmitter which is empowered with a strong current of several hundred amperes, 
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achieving high magnetic moments with a typical range of 500,000-2,000,000 Am2, in 

order to induce an EM response deep within the bedrock (Reynolds 2011). These 

systems are typically able to achieve a penetration depth of several hundred meters, 

depending on the geology, using low base frequencies of around 12.5-90 Hz 

(Reynolds 2011). The off-time gates used to record the EM response induced by 

these systems are configured to record late-times sensitive to causative bodies 

located in the bedrock and are not designed to record the early-time response which 

is sensitive to overburden effects.  

 

More recently, airborne TEM systems have been designed for ground water 

exploration, such as the Tempest and SkyTEM systems, where they provide 

hydrogeological information to a depth of a few hundred meters, and have the 

capability to identify buried Quaternary valleys (Fitterman and Stewart 1986, 

Auken et al. 2008, Abraham et al. 2012). These systems have a relatively smaller 

transmitter, through which a weaker current flows in order to produce a magnetic 

moment that typically ranges from 50,000-500,000 Am2. This in turn leads to a 

lower turn-off time which permits the capture of early-time data to better resolve 

near-surface features. 

 

This project will also explore the feasibility of using helicopter transient 

electromagnetic (HTEM) survey systems to measure overburden thickness.  

The main objectives discussed are: 
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• Can an HTEM system designed for mineral exploration measure overburden 

thickness? 

• What features should an airborne TEM system have for this particular 

application?  

 

 A study site in British Columbia, Canada, that has glacially-derived overburden 

and publicly available AIRGrav airborne gravity and AeroTEM III HTEM survey data 

will be used to demonstrate the BedTopo methodology, the BedTopo correction, and 

compare the differences between Bouguer gravity anomaly and first vertical derivative 

(FVD) Bouguer gravity anomaly maps both with and without the BedTopo correction.  

 

1.2 Structure of the thesis 
 
 This thesis will begin by introducing the study site, see Chapter 2. It will progress 

by introducing some preliminary forward modelling which addresses the capability of the 

purpose-built HTEM system for detecting the overburden-bedrock interface, see Chapter 

3. The methods section, see Chapter 4, covers the various HTEM inversion 

methodologies as well as ground water calibrated inversion results. It also covers the 

Bouguer and BedTopo correction methodologies as well as a discussion of how the 

terrain was modelled with respect to lake water, overburden, and bedrock. The results of 

the HTEM inversions are presented and then discussed, see Chapter 5, followed by the 

BedTopo correction results, an analysis, and then discussion. Conclusions can be found 

in Chapter 6.  
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Figure 1.1: Comparison of modelled overburden thickness and sulphide mineral 
body gravity anomalies.  
A) The contribution to the acceleration of gravity created from a 60 m reduction in 
overburden thickness is similar in amplitude to that created by a sulphide mineral body, 
with dimensions 200 m x 200 m. B) The anomaly created from a 200 m thick overburden  
is roughly equivalent to the inverse contribution of a sulphide ore body, 200 m x 350 m. 
C) Comparison of anomalies created by a silty-sand overburden of density 1.8 g/cm3 
with thickness of 25, 50, and 100 m. Densities estimated using Table 2.2. Models created 
using GMSys.  
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Figure 1.2: Diagram of Bullard A gravity correction 
The Bullard A correction is a poor approximation for rough topography. It assumes that 
the ground is composed of bedrock with an average density ρbed, and height h. It does not 
distinguish between changes in density or topography. It is calculated at a series of points 
located up to a distance of 170 km from the station.  
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Figure 1.3: Diagram of Bullard B gravity correction 
The Bullard B correction takes into account the curvature of the Earth by correcting for 
the extra gravity pull created by the rock between the Bullard A slab and the datum, 
shown in yellow. As for the Bullard A correction, it assumes only a single density ρbed. It 
is also calculated up to a distance of 170 km from the station. 
 
 
 
 
  

 
20 

 



 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.4: Diagram of Bullard C gravity correction 
The Bullard C correction uses DEM information to estimate topography and calculate the 
shape of the ground. It assumes that the terrain can be modelled using an average density 
ρbed. It can correct for the height of a water column hw of density ρw provided that 
bathymetry data is available. 
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Figure 1.5:  Diagram of proposed BedTopo gravity correction 
The BedTopo correction relies on the additional information provided by overburden 
thickness data. This sketch shows the thickness of the overburden hovb above the bedrock 
enabling the modelling of the overburden using an average density ρovb. The lower mass 
of the overburden, relative to bedrock, can now be corrected for both above and below 
the datum. The bedrock contact with both water and with unconsolidated sediment is now 
mapped, showing the bedrock topography.  
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2.0 Study site  
2.1 Study site selection 
 

The study site was selected based on the following general criteria: (1) availability 

of coincident airborne gravity and EM data; (2) presence of an overburden with lateral 

variations in thickness; (3) availability of ancillary geological information such as 

borehole data, technical reports, water well data, etc.  

 

Most EM systems created pre-2000 were configured to measure signal from large 

bedrock conductors and were not designed with the sensitivity required to measure the 

response of the overburden. A great majority of publicly available EM data was acquired 

using these older systems. In most cases, data acquired with newer systems, built post-

2000, did not coincide with available gravity data. The Quest-West and the Quest surveys 

commissioned by Geoscience BC are amongst the few publicly available data sets where 

data from relatively recent HTEM systems were gathered, which coincide with data 

gathered from anairborne gravimeter survey. The Quest-West site, see Figure 2.1, was 

surveyed separately by helicopter using the Sander Geophysics (SGL) AIRGrav airborne 

gravity system and the Aeroquest AeroTEM III HTEM system as part of the Quest West 

survey commissioned by Geosciences BC (Meyer and Bates 2008, GeoScience BC 2008, 

Aeroquest Limited 2009). The location of the flight lines for each survey do not generally 

coincide although both surveys do cover the same area. See Table 2.1 for the 

specifications for these two surveys. The adjacent Quest survey also has data from a 

relatively new HTEM system, the VTEM system, which coincides with an airborne 

gravity data set. Of the Quest-West and Quest surveys that have available HTEM and 
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gravity data sets, the Quest-West survey with the AeroTEM III system is thought to have 

a slightly higher resolution in the near-surface compared to the VTEM system, as the first 

off-time window occurs 24 µs earlier (Geotech Limited 2007, Aeroquest Limited 2009).  

 

The following is a list of additional selection criteria that were considered in order to 

select a study site within the Quest West survey:  

1. The Z channel, that is, the vertical component of the HTEM data has a strong 

response. 

 A strong response is characterized as 5 or more channels measuring a 

smooth decay-curve response, which shows a low amount of variation 

from noise, where the 5th channel has a reading above 10 nT/s. The 

number of channels provides the minimum number of readings required to 

adequately reproduce the decaying response of the signal. This was taken 

as an indication that overburden, or surficial geology, has enough 

conductivity to enable a successful inversion.  

 

2. The Z channel has a low noise level. 

 Indicated by a smooth decay response of the secondary field plotted by 

several off-time channels, and where the noise level is below 10 nT/s.  

 

3. The X channel, that is, the longitudinal horizontal component of the HTEM data 

is low amplitude and consistent. 
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 The X channel is sensitive to changes in conductivity in direction of the 

flight line of the helicopter, variations in this channel may indicate 

changing geological contacts or 3D geologic structures that may not be 

accurately modelled using a layered-earth model. Good data is 

characterized by the preferred absence of high frequency anomalies or 

variations in the data which may lead to a successful inversion using a 

layered-earth model (Newman et al. 1987, Spies and Frischknecht 1991).  

 

2.2 Quest West survey 
 

The system parameters and survey specifications for the Quest West survey are 

listed in table 2.1. The airborne gravity survey was flown East-West with a 2 km traverse 

line spacing and South-East to North-West with a 17 km control line spacing, at a drape 

altitude of 200 m above ground (Meyer and Bates 2008). The HTEM survey flight lines 

were oriented East-West and flown with 4 km traverse line spacing. No control lines 

were flown (Aeroquest Limited 2009). 

 

Within the area covered by the Quest West survey, the best block of suitable EM 

line data along consecutive lines was chosen. An 81 x 47 km study site was selected, (see 

Figure 2.2), that encompasses the eastern half of Francois Lake. 

 

2.2.1 Study site 
 

The study site (see Figures 2.1, and 2.2) is located in the Nechako Plateau of the 

Interior Plateau in British Columbia, Canada (situated at 53°58`N, 125°34`W). The 
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plateau has a high mineral potential but exploration efforts have been hampered by a 

thick overburden that covers 90-95 % of the bedrock (Levson and Giles 1997, Mate and 

Levson 2001, Andrews et al. 2011). The area has seen a large amount of porphyry mining 

activity including the Blackdome gold mine (closed), the Gibraltar copper-molybdenum 

mine (open), and the Endako molybdenum mine (closed).   

 
Prominent terrain features within the study site include Francois Lake, Tchsinkut 

Lake, Uncha Mountain, and an area indicated as Highlands, which is primarily a large 

forest. The digital elevation map (DEM) shown in Figure 2.2 shows the topography of the 

study site and the bathymetry of the major lakes in the area. Topography across the study 

site is rugged with nearly 1000 m difference in elevation from basin to mountain top. 

Features of the terrain include drumlins, mountains, ridges, hills, lakes, rivers, volcanic 

necks, and highlands. The slopes within topography of the lower elevation areas, shown 

in green, falls under the gentle slope category in the terrain classification system for 

British Columbia (Howes and Kenk 1997) (Figure 2.3), which is defined as a slope that 

does not typically exceed 15°. The ridges can be described as hummock with slopes that 

are generally between 15°-35° (Howes and Kenk 1997). The Highlands area is also an 

elevated and rugged terrain with many slopes classified as gentle to moderately steep. 

Figure 2.3 shows the rugged nature of the terrain across the study site. Steep slopes can 

be used to easily identify rock features in the map such as Uncha Mountain and volcanic 

necks. 
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2.3 Geology 
 

Surficial mapping data within the study site is sparse and of low resolution as few 

geological and no geophysical surveys, other than the Quest West survey, have been 

conducted. Figure 2.4 is a map compiling the available surficial geological information. 

As the information is of varying quality and resolution there are often contradictions 

between features in a data set that has a higher spatial resolution compared to features in 

a lower resolution (1:250,000 scale) map. This occurs most often in areas that are marked 

as till veneer (defined as ≤ 1 m of till overlying bedrock by Howes and Kenk (1997)), 

which coincides with locations of public and private active gravel pits used as a source of 

aggregate for road construction, and also with areas identified to have glaciolacustrine or 

glaciofluvial deposits, both of which indicate an overburden thicker than 1 m.  

 

2.3.1 Overburden geology 
 

Overburden geology is complex and includes: colluvium, aeolian, fluvial, and 

lacustrine deposits. Post-glaciation sedimentation from glaciers and proglacial rivers and 

lakes from the Wisconsin-Fraser glaciation deposited till, glaciofluvial, and 

glaciolacustrine material (Plouffe 1997; Stumpf et al. 2000). Sediment type includes: 

clay, silt, sand, gravel, and till, and any mixture of the five. The most common type of 

sediment in the study site is wet silty-sand (Plouffe and Levson 2001).  

 

2.3.2 Bedrock geology 
 

Bedrock geology is shown in Figure 2.5. Volcanic and plutonic igneous rocks are 

the most common with some sedimentary and occasional metamorphic rocks. The 
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volcanic rocks are predominantly rhyolite (light pink) and andesite (dark pink) of the 

Ootsa Lake and Endako Formations, deposited between 23.3 – 56.5 Ma, with minor 

dacite (grey-pink), deposited 65-97 Ma (Grainger and Anderson 1999). Also common is 

the andesite-tuff (yellow) of the Kalsalka group, deposited 65-97 Ma.  

 

 The plutonic rocks are mostly granite and granodiorite of the Francois Lake suite with 

minor diorite that range in age from 35-173 Ma. The 65-178 Ma sedimentary rocks are 

primarily conglomerates with different sub-types that include carbonate and wacke 

(shown in green) of the Kalsaka and Bowser Lake groups. The most abundant 

metamorphic rock is a weathered meta-diorite to foliated gneiss from the Stern Creek 

Plutonic suite that has an age of 208-223 Ma and can be found in the upper northern 

section of the study site (Massey et al. 2005). All ages are for rock formations and were 

taken from Cui et al. (2015). 

 

2.4 Ground truth 
 
 Ground truth is used to identify data sets that provide an exact measurement of the 

location of the bedrock hidden beneath overburden. Ground truth within the study site is 

sparse and largely unavailable. There are no geotechnical boreholes within the study site, 

although 3 boreholes are situated within 6 km of the study site, see Figure 2.1. Water 

wells data is also available both within the study site, the larger Quest West survey area, 

and the region. 

 

 

 
28 

 



2.4.1 Water wells 
 

Water well information from the WELLS database (British Columbia 2015) 

provides some information concerning the thickness of the overburden. There are 

problems with this dataset: (1) the water wells are unevenly distributed throughout the 

study site, see Figure 2.6; (2) the wells are primarily located in valleys near settlements 

and are therefore not representative of the entire survey site; (3) the WELLS database 

contains some errors, most notably where a bedrock depth of 0 m is assigned to wells that 

have not been drilled to the bedrock and to wells with missing water table information; 

(4) the lithological records that indicate sediment or rock type are unreliable (Andrews et 

al. 2011); (5) the collar elevation of the well was georeferenced to the shuttle RADAR 

telemetry mission (SRTM) elevation data, as the WELLS database does not identify the 

collar elevation of each well and only identifies the location of the well by latitude and 

longitude. SRTM DEM maps typically have a vertical elevation error of ±16 m (Jarvis et 

al. 2004). 

 

There are, however, three components of the WELLS database that are considered 

reliable and were used as information: the technical reports for each well include (1) the 

measured depth of each well, and (2) the depth to bedrock if the well intercepted bedrock, 

and (3) the depth to the water table. The depth of the overburden-bedrock contact 

provides ground truth at a specific location that can aid in EM inversions. For wells that 

did not intercept the overburden-bedrock contact, the data provides minimum estimates 

of overburden thickness.  
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Data from 134 water wells within the study site were used as an indication of 

overburden thickness, see Figure 5.3.3. The overburden thickness ranges from 0-122 m. 

In addition, 12 water wells (5 within the study site and 7 from the larger Quest West 

survey), were used to provide ground truth for HTEM inversion calibration. The location 

of these water wells are shown in Figure 2.1, with the details and inversion results for 

each specified in Appendix I.  

 

The BC Wells dataset was also used to indicate the depth of the water table within 

the study site. The water table is highly variable within the study site with a range in 

depth of 0-67 m, a median of 12 m, an average of 15 m, and a standard deviation of 13 m. 

Unfortunately since the dataset is sparsely distributed. When plotted the data only 

indicates that the depth to the water table is highly variable and likely controlled by 

topography. HTEM inversions will therefore be conducted over a variety of water 

saturated and unsaturated overburden sediment and bedrock. Water saturated sediment 

and rock is known to have a higher conductivity than its unsaturated counterpart (Telford 

et al. 1990). See Figure 2.2 for water well measured water table levels.  

 

2.4.2 Geotechnical boreholes 
 

Three Geological Survey of Canada geotechnical boreholes described in Open 

File 2610 (Killeen et al. 1995) were drilled in the 1980’s within the Quest West survey 

area, see Figure 2.1. Each borehole was drilled on the Equity Silver mining property but 

share the same coordinates. Unfortunately the precise location of these boreholes is 

unknown. The boreholes are GSC-BC-HO-ES series with identification numbers; 86250, 
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86246, and 86264, and these provide in-situ geophysical logs of density, resistivity, and 

magnetic susceptibility for the various lithologies encountered in each hole (Appendix 

III). The geophysical measurements of the in-situ rock properties from these boreholes 

were used along with published data to create table 2.2 which shows the density and 

resistivities of different rock and sediment types within the Nechako Plateau, and in 

general.  

 

2.5 Physical properties of the overburden and bedrock 
 

Glacial scouring of the bedrock is widespread throughout glacial terrains. The 

process often leaves striation marks on the bedrock, which have been observed in the 

study site trending east-west (Stumpf et al. 2000). This process is known to erode and 

remove soft rock and debris, thus leaving behind a smooth hard bedrock surface. It also 

results in large disparities in density and resistivity values between bedrock and overlying 

unconsolidated overburden that can be exploited using geophysical methods to map the 

contact between the two. Published resistivities from the Nechako Plateau, see table 2.2, 

show a contrast between rock and sediment that can vary by several orders of magnitude, 

where the range of resistivity for sediment is 1 to 360 Ω·m, while the range for volcanic 

rock is 37-23,000 Ω·m. The density contrast is smaller; sediment can have a density that 

ranges from 1.60-2.24 g/cm3, depending on water content, and volcanic bedrock has a 

density range of 2.16-3.20 g/cm3. 
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2.6 Glacial history 
 

The glacial history of the Nechako Plateau is complex (Stumpf et al. 2000), 

particularly with respect to glacier ice-flow, which is thought to have occurred during 

three distinct phases that saw a reversal in ice-flow direction within the study site. 

Piedmont glaciers advanced from the coastal Hazelton Mountains to the west in an 

easterly direction towards the Nechako Plateau, controlled by topography. It then met 

Piedmont glaciers that were advancing from the north and from the Rocky Mountains to 

the east. They combined to form the Cordilleran ice sheet with a surface that was over 

2500 m above average sea level (asl) in elevation. Within the study site, the glacier 

advanced westward over the Coastal Mountains, as when it had become thick enough to 

be uninhibited by topography. When the glacial maximum ended and glacier retreat 

began, large parts of the Nechako Plateau to the north and east of the study site are 

thought to have been covered briefly by a proglacial lake and/or river that deposited well-

sorted sand, silt, and minor clay sediment forming a glaciolacustrine overburden with 

repeating progression and regression sequences. The maximum elevation of these 

deposits are thought to be approximately 770 m asl north of the study site (Plouffe 1997), 

890 m south of the study site, and 975 m south-east of the study site (Huscroft and 

Plouffe 1999, Plouffe and Levson 2001, Mate and Levson 2001), see the contour lines in 

Figure 2.4. The Cordilleran ice sheet over Francois Lake is thought to have drained east 

to the Frasier River and then south, and also westward through the Coastal Mountains 

into the Kitimat Trough or the Gardner Canal (Stumpf et al. 2000). 

  

 
32 

 



 
 
 
Table 2.1: Airborne gravity and electromagnetic survey and system specifications. 
Specifications are from the 2008 Quest West survey (Tx: transmitter; Rx: receiver) 

Sander Geophysics AIRGrav Survey Specifications 
Line Spacing: 2 km, east-west direction Nominal velocity: 46 m/s 
Altimeter: Riegl LMS-Q140-80 (laser), 
King KRA-10A (radar)     

SGL AIRGrav G2-7 System Specifications 
Nominal altitude 200 m Sampling frequency 128 Hz 
Component X, Y, Z Survey component Z 
Noise: σ1= 0.08 mGal using a 70 s line filter (Elieff and 
Ferguson 2008, Sander et al. 2015)   

        
AeroTEM III Helicopter Electromagnetic Survey Specifications 

Line spacing: 4 km, east-west direction  Methods: HTEM 
Nominal velocity: 21 m/s   Aeromagnetic 
Magnetometer: Geometrics G-823A caesium vapour 
Radar altimeter : Terra TRA 3500/TRI-30   

AeroTEM III System Specifications 
Nominal EM bird 
altitude 30 m Transmitter  
Cable length 53 m Type Horizontal Loop 
Rx-Tx position Fixed Peak moment 183,131 NIA 

In-loop Receivers Peak current 455 A 
Rx components Z, X Turns 5 
Off-time channels 17 Radius 5 m 
1st off-time channel 74.9 µs Tx area 78.54 m2 
1st channel width 27.7 µs Base period 11.2 ms 
On-time 1.7 ms Base frequency 90 Hz 
Off-time 3.9 ms Waveform Triangle 
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Figure 2.1: Digital Elevation Map (DEM) of Quest West survey area 
DEM of Quest West survey area within the Nechako Plateau of British Columbia, Canada. Map shows locations of water wells 
(purple circles) used for calibration of HTEM inversions and the location of the GSC Equity Silver geotechnical boreholes 
(grey star). Study site is outlined by the blue dashed box. Geometric coordinates in NAD83. 
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Figure 2.2: Digital Elevation Map (DEM) with bathymetry of the study site 
DEM of the study site in the Nechako Plateau of British Columbia, Canada. Black rectangle denotes boundary lines for gravity 
maps. BC Wells water table data is also shown. Some bathymetry data is not available for many of the smaller lakes in the 
study site. DEM was created by combining SRTM data from CGIAR-CSI (Jarvis et al. 2008), bathymetry surveys (British 
Columbia 2014), and HTEM survey telemetry data (Aeroquest Limited 2009). Map cell size is 100 m. UTM 10N, NAD 83.   
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Figure 2.3: Map of calculated slope of the terrain of the study site   
Slopes are calculated from 90m resolution SRTM data using the spatial analyst tool in ArcMap. BC terrain class terms plain, 
gently, moderate, and moderately steep are from Howes and Kenk (1997). Letters with dotted-lines outline features that are 
discussed in section 5.5 and later.  
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Figure 2.4: Compiled surficial geology map of the study site  
Sediment layer denotes areas of Quaternary-aged sediment cover (Massey et al. 2005). The 770 m asl (above sea level) grey contour line 
outlines glaciolacustrine strandlines observed in the north and east (Plouffe and Levson 2001). The 890 m asl black contour line outlines 
glaciolacustrine deposits near Ootsa Lake (Mate and Levson 2001). Location of bedrock outcrops, till veneer, and gravel pits used for 
aggregate are indicated (Plouffe 1998a, Plouffe 1998b, MacIntyre and Struik 1999, Plouffe and Mate 2001, Plouffe and Levson 2001, 
Ferbey 2014, Arnold and Ferbey 2016). Red layer denotes glaciolacustrine or glaciofluvial cover sediment (Plouffe and Mate 2001, 
Plouffe and Levson 2001, Mate and Levson 2001).  
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Figure 2.5:  Bedrock geology map of survey site 
Minimum ages of bedrock units are shown in units of millions of years (Ma). Map has been simplified from Cui et al. (2015). 
White bold letters indicating dotted-circles outline features that are discussed in section 5.5 and later. 
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Figure 2.6:  DEM map showing the distribution of vetted water wells 
BC WELLS distribution is poor throughout the study site. Only the water wells that were vetted following section 2.4.1 are 
mapped. Wells with a black cross were not drilled to bedrock and represent an indication of minimum overburden thickness. 
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Table 2.2: Physical properties of sediment and rock 
Both the frequency electromagnetic (FEM) and TEM surveys were ground-based. 
Surveys conducted within the Nechako Plateau are indicated. GSC Equity Silver 
boreholes represent in-situ measurements. The arithmetic average is shown for some 
bedrock types. 
 

Sources Soil Type Bedrock Type 

Resistivity [Ω•m] Clay Sand Till Volcanic 
rock 

Sandstone 
[S]  

Limestone 
[L] 

Tuff 

FEM: Abitibi, ON:  
Palacky, 1991 30-60 120-360 90-155 3000-10000 

[crystalline] - - 

TDEM: S.Nechako, BC 68-157 1500-10000 
[volcanic] - - 

Nechako: Kushnir et al. 
2012 - - - 37-23000             

Avg = 4445 - - 

Forward Model: Auken 
1995 10-30 100 

(aquifer) - - - - 

GSC Equity Silver 
boreholes - - - 122-1284             

Avg = 495 - 0.01-1030                 
Avg = 308 

Telford et.al 1990 1-100 - - 1900-1.3x106 [S] 1-6.4x108     
[L] 50-1x107 2000-1x105 

Density [g/cm3] Clay Sand Till Volcanic 
rock   Tuff 

Telford et.al 1990 1.6-2.6 1.7-2.3   2.35-2.8 - - 

Balco et.al 2005 2.01 2.13 2.24 - - - 
Nechako: Kushnir et al. 

2012 - - - 2.16-2.90           
Avg = 2.50 - - 

GSC Equity Silver 
boreholes - - - 2.5-3.2            

Avg = 2.89 - 0.36-4.1            
Avg = 2.88 
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3.0 HTEM overburden inversion modelling 
3.1 HTEM system capability 
 

The following physical characteristics of HTEM systems, based on the measurement 

on the derivative of secondary magnetic field (measured with a coil), are generally 

accepted:   

1. The off-time response of the secondary field can only be sampled after the 

primary field strength has decayed to zero, at the conclusion of the turn-off time.  

 

2. The earlier the measurement of the secondary magnetic field is made, the closer to 

the surface of the area that is being sampled. Conversely, the later the 

measurement of the secondary magnetic field, the deeper the area being sampled 

is until the depth of investigation (DOI), the estimated maximum depth the system 

can make a reliable measurement, is reached (Nabighian 1979).  

 

3. The smaller the window of time being sampled, the higher the resolution of each 

measurement, but this can lead to a lower number of stacked responses which 

could result in a lower signal to noise ratio.  

 

4. A higher amplitude current in the Tx results in a longer turn-off time. This is a 

function of the physics governing electron flow through a conductor.  
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5. Conductive anomalies have a moderate amplitude initial response with a long 

decay time, while resistive anomalies have a high amplitude initial response with 

a short decay time.  

 

 Most HTEM systems have been designed for the detection of deep ore bodies. 

Can they be used to measure the secondary field response of the overburden? To answer 

this question several of the characteristics of HTEM systems listed above were re-

examined. Forward modelling and inversion were conducted using discrete layered earth 

models with 2, 3 and 4 layers designed to approximate a glaciolacustrine overburden that 

overlies resistive crystalline bedrock. The purpose is to identify specific system 

parameters that an HTEM system should have in order to measure the secondary field 

response originating within the overburden and to develop an initial methodology that 

can be used to invert survey data to indicate the overburden-bedrock contract. This is 

largely borrowed from Caron et al. (2013). 

 

3.2 HTEM system design 
 
 Basic HTEM system physical characteristics used in forward modelling are shown 

in Figure 3.1. The system is a single-turn in-loop system where the transmitter and the 

receiver are in a horizontal plane, where the receiver is offset and slightly raised from the 

transmitter. The transmitter emits a square waveform (Figure 3.2) to maximize the 

response of the overburden (Lui 1998). The system is designed to be suspended 30m 

below the helicopter in order to reduce helicopter-generated EM interference and increase 

subsurface response.  
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3.3 Optimizing system parameters 
 
 Two parameters were investigated through forward modelling in order to optimize 

the response of the shallow subsurface: transmitter moment and maximum duty time. For 

simplicity, an in-loop concentric transmitter-receiver geometry has been assumed for 

modelling. Modelling was done using AirBeo of the P223F EM open source code suite 

developed by the Commonwealth Scientific and Industrial Research Organization 

(CSIRO). AirBeo computes and inverts EM responses for 1D layered-earth models 

(Raiche 2007, Raiche et al. 2008, Chen and Raiche 1998). See Section 4.2.3 for more 

information on inversion software.  

 

The transmitter moment was chosen by examining the forward modelled 

responses obtained using AirBeo over a suite of models based on the geology of the 

Abitibi mining region. The Abitibi was chosen is it was the site of previous research on 

measuring overburden thickness by inverting frequency electromagnetic (FEM) data 

(Palacky and Stephens 1990). Several moments were modelled corresponding to currents 

of 60 A, 100 A, and 200 A which correspond to magnetic moments of 9,200 Am2, 15,400 

Am2, and 30,800 Am2. Since the overburden-bedrock interface is the primary target of 

the EM system, and since the overburden information is found in the early time response, 

the transmitter turn-off time must be kept as short as possible. A large current induces a 

strong response that is desirable, but causes a long turn-off time that overshadows the 

early time response. On the other hand, a small current induces a weak response. A 

current of 100 A was chosen as a compromise. For instance the SkyTEM system has a 
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turn-off time estimated to be about 4 µs for a 30 A single-turn in-loop transmitter with a 

moment of 14,700 Am2 (Sorensen and Auken 2004). The actual turn-off time of the 

system is a function of the physical characteristics of the transmitter. It is not known at 

present and will need to be measured experimentally, although it is estimated to be less 

than 10 µs. 

 

 Optimization of the maximum duty time, see Figure 3.3, was conducted in order to 

achieve a balance between target response and signal repetition. Studies have shown that 

by increasing the maximum duty time of the transmitted waveform a higher amplitude 

response can be obtained from a conductive body (Becker et al. 1984). Conversely, if the 

target is not as conductive as an ore body, such as lacustrine clay, then the EM system 

does not require a large maximum duty time. The objective then is to increase the 

response of the target while maintaining a high repetition of soundings to increase the 

signal to noise ratio through stacking over the sampling distance.  

 

 Responses were calculated using AirBeo for a square 100 A waveform with 

maximum duty times of 0, 0.5, 1.0, and 2.0 ms and a simple starting model composed of 

a 20 m thick horizontal layer over a resistive half-space. The response was calculated 

over a range of overburden resistivities from 5 Ω•m to 500 Ω•m. Figure 3.3 shows that 

the maximum duty times of 0.5, 1.0 and 2.0 ms correspond to very similar decay curves, 

typically half a decade stronger that those associated with a 0 ms maximum duty time. 

The optimal choice is therefore 0.5 ms which energizes thoroughly the overburden while 

allowing for a higher sounding frequency (higher spatial resolution). For example, an on-
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time of 0.8 ms (a ramp-up time of 0.3 ms followed by a duty time of 0.5 ms) and an off-

time of 3 ms corresponds to a sounding frequency of 250 Hz. A higher sounding 

frequency will not only lead to a higher signal to noise ratio through stacking, but will 

also provide increased versatility by alternating this transmitter waveform with other 

signals optimized for a deeper and/or more conductive target. This is the approach 

implemented in the SKYTEM system (e.g. Sorensen and Auken 2004).  

 

 Acquisition will be conducted at the maximum sample rate allowed by the receiver 

(2 µs) during the transmitter off-time for a period of about 3 ms to ensure a complete 

capture of the overburden response. The sampled data can then be averaged into 

logarithmic gates to increase the signal to noise ratio.  

 

3.4 Overburden detectability study    
 
 The next step in the study involved modelling the response of the HTEM system 

under development and inverting the results to check if the system could resolve 

overburden thickness and intra-overburden layering. The study was first performed with 

noise-free data, followed by data with different levels of Gaussian noise. 

 

  The scenarios (see Figure 4.4.1 A) investigated included 2-layer, 3-layer, and 4-

layer geological models. All of the models assumed that the glaciolacustrine sediment 

was deposited horizontally. The resistivities and thicknesses used (see Figure 4.4.1 A) are 

based on the results of surveys conducted by the Geological Survey of Canada (GSC) 

near the town of Val Gagné, Ontario, in the Abitibi mining region. Ground-based 
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horizontal-loop EM results conducted over boreholes during the surveys determined that 

the clay, sand, and till have an average resistivity of 47.3 ± 6.7 Ω•m, 251 ± 70 Ω•m, and 

123 ± 35 Ω•m, respectively (Palacky 1992). Lab tests of samples collected from nearby 

boreholes returned slightly different values for clay at 28.4 ± 9.8 Ω•m and till at 83.1 ± 

26.8 Ω•m (Palacky and Stephens 1990). The resistivity of the bedrock was kept constant 

at 10,000 Ω•m in accordance with results published by Palacky and Stephens (1990) who 

showed that crystalline bedrock resistivity is typically >10,000 Ω•m, high enough to 

make any contribution from the basement to the response negligible.  

 

3.5 Noise-free modelling 
 
 Noise-free forward modelling and inversion of the HTEM system was conducted 

where forward models of a layered earth model were created and inverted to reproduce 

the original layered earth model, were conducted using AirBeo, see Figure 3.4. The 

objective is to see if the HTEM system is able to resolve the layered earth model created 

from forward modelling by inverting the result. The process begins with the simplest 2-

layer case using a starting model composed of 2-layers where the first layer has a 

thickness of 5 m and a resistivity of 45 Ω•m, the halfspace has a resistivity of 10,000 

Ω•m. The inversion returns thickness h1 and resistivity ρ1 of the shallowest layer. The 

goodness of fit is expressed as the root mean square of the symmetric mean absolute 

percentage error (sRMS). If this parameter is less than 0.1 %, indicative of a good fit, 

then the process continues to the inversion of a 3-layer case where the starting model has 

a thickness h1 and resistivity ρ1 for its first layer adopted from the previous 2-layer 

inversion. The second layer h2 has constraints of a thickness of 5-40 m, and a loose 
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constraint on the resistivity of 100-300 Ω•m. In the event that the 3-layer inversion has a 

RMS% below 0.1%, a 4-layer inversion is conducted using a starting model that features 

a first layer thickness h1 and resistivity ρ1. Loose constraints on h2, ρ2 and ρ3 are 5-40 m, 

200-300 Ω•m, and 100-200 Ω•m respectively. The h3 constraints are identical to h2. 

Constraints were selected to coincide with an estimated average resistivity for a clay soil 

(45 Ω•m) where more conductive clays were situated near the surface and less 

conductive sands, gravel, and till were situated near the bedrock contact. , thickness of 

sediment layers within overburden, and total estimated overburden thicknesses.  

 

3.6 Modelling with synthetic noise 
 
 Forward modelling and inversion of noisy data were also conducted using AirBeo. 

Different sources of noise were added to the EM responses following the method outlined 

in Auken et al. (2008) which models the effect of different sources of noise as they affect 

the early, middle, and late decay measurements. Gaussian white noise with a mean of 0 

and a standard deviation of 1, with a range of -1 to 1 nV/m2, was added to model sferic 

sources of noise. A db/dt (nV/m2) uniform noise of 2% was added to model instrument 

and other non-specified sources of noise along with an additional term that models radio 

transmitter noise and other background sources of noise (Auken et al. 2008).  

 

 The inversion methodology is the same as outlined for the noise-free inversion. A 

typical RMS % is now approximately less than 1% for a 2-layer case, 1.5% for a 3-layer 

case, and 1.5-2.3% for a 4-layer case. Several examples are shown in Figure 3.5 where 

the largest discrepancy between the model and the inversion occurs in the far-right 4-
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layer case. The RMS % match is 2.28, which results in a difference of 4.4 m in the 

overall overburden thickness. This is a 7.4 % mismatch between the inversion and the 

model.  

 

 A transmitter current of 60 A would provide better resolution in the near-surface (< 

5 m), by collecting data at an earlier time, but would also result in a larger loss of data 

from sources of noise, while a 200 A current would result in a loss of resolution in the 

near-surface but provide better results with regard to deeper responses.  

 

 A transmitter current of 100 A and maximum duty time of 0.5 ms have been found 

to be a good compromise between generating enough energy to probe the complete 

thickness of the overburden while allowing very early time responses to be recorded and 

providing a high sounding frequency.  

 

3.7 Summary 
 
 The EM responses of a hypothetical HTEM system with these characteristics have 

been modelled and inverted with and without noise to evaluate its capability to detect the 

overall overburden thickness and the presence of layers of clay, sand and till within the 

overburden. For simple 1D models that include up to 4 layers, results have shown that the 

system is able to measure the thickness of a glaciolacustrine overburden to within 10% of 

the thickness with noise added. In addition a transmitter current of 100 A with a 15,400 

Am2 moment and maximum duty time of 0.5 ms have been found to be a good 

compromise between generating enough energy to probe the complete thickness of the 
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overburden while allowing very early time responses to be recorded while providing a 

high frequency of soundings.  
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Figure 3.1: Concept drawing of HTEM system used for modelling.  
The transmitter is a single-turn 7 m radius loop with a 100 A current for a magnetic 
moment of 15,400 A/m2. The transmitter is designed to hang beneath the helicopter 
at the end of a 30 m long cable. The receiver location has not been finalized yet. It is 
shown here offset and slightly elevated from the transmitter. Figure from Caron et 
al. 2013.
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Figure 3.2: HTEM transmitter waveform  
Waveform shows the ramp-up, maximum duty time, and turn-off times. Exact turn-off time is undetermined. Figure from Caron et al. 
2013.  
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Figure 3.3: Comparison of HTEM response with max duty time and current 
Comparison between off-time responses for a transmitteer loop current of 100 A and different maximum duty times: 0 ms (dotted 
dashed lines), 0.5 ms (solid lines), 1.0 ms (dashed lines), and 2.0 ms (dotted lines). A simple model featuring a 20 m thick horizontal 
overburden layer over a highly resistive (104 Ω•m) half-space was analyzed. Plotted are the results for overburden resistivities of 5 
(orange), 50 (blue) and 500 (purple) Ω•m. Red line indicates modelled noise level for the system.  
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Figure 3.4: Inversion of noise-free data for 2-4 layer models.  
Layered earth models are shown as layered columns which add up to a total overburden thickness shown on the right-axis, the bedrock 
halfspace is not shown. Overburden thickness inversion results by model are indicated by colour where blue, green, and red indicate a 
2-, 3-, and 4-layer result, respectively. Inversion goodness of fit error is indicated by the the plotted coloured lines and correspond to 
the sRMS % error shown on the left-axis, a lower value is better. Figure shows that while starting models with multiple layers are able 
to invert the geological models, the inversions with best results (lowest sRMS) are from the starting models with the same number of 
layers as the geological model.. Half-space representing the bedrock is not shown. An sRMS% below 0.1 (black solid line) is 
considered a good fit. The inversion result, total depth to bedrock, is the number above each column. Inversions are a perfect match 
except for the far right 4-layer case (off by 0.3 m from 55 m), and the 4-layer inversion of the right-most 3-layer case (off by 0.5 m 
from 50 m).  
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Figure 3.5: Inversion of noisy data for 2-4 layer models 
Figure shows various layered earth models and shown adjacent to their respective overburden thickness inversion results. The 
halfspace representing the bedrock is not shown. Despite noise added to the responses, the inversions are still able to identify the 
thickness and conductivity of individual layers as well as the overall depth to the bedrock. 
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4.0 Methods 
 
 The methodology applied for HTEM inversion was refined several times during 

this project as barriers were addressed with new strategies. These strategies are; water 

well calibrated inversions in section 4.2, two-layer inversions in section 4.3, multi-

layer inversions in section 4.4, multi-layer resistivity reversal inversions in section 

4.5, and Resistivity structure inversions in section 4.6. HTEM methodology is then 

followed by terrain map processing, in section 4.7, followed by qualitative overburden 

thickness analysis, in section 4.8, and gravity processing for Bouguer corrections in 

section 4.9. A simplified flow-diagram of the methodology is shown in Figure 4.0.1. 

 

4.1 Initial assumptions  
 
 Geological models are required for forward modelling and inversion of the 

HTEM data and for correction of the gravity data; they are related to the near-surface 

density and resistivity of the sediment and rocks, as well as to their distribution within the 

subsurface. The assumptions adopted for this research are listed below. 

 

1. The near-surface geology can be approximated using a layered earth model for 

both HTEM inversion and gravity data correction. 

 The layered earth model is not a new concept. Layering of sediment was 

first introduced by the principle of original horizontality (Steno 1667). 

While Steno’s initial observations were based on outcrops, layering is 

common in overburden, particularly lacustrine overburden, where 

sediment falls through a water column to end up on the lake bottom. While 
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currents or other processes can disrupt or modify this layered structure, in 

general a layered earth model can approximate overburden created 

through sedimentation. Bedrock occurring beneath overburden can be 

regarded as an additional layer, layers, or a half-space depending on the 

nature and goal of the project. A layered earth model has the additional 

advantage of being a model that requires relatively simple calculations as 

each layer is considered a horizontal plane where resistivity only varies 

along the Z component, across each layer of the model.  

 From an electromagnetic (EM) perspective, the layered earth model 

accounts for the preference for electrical currents to flow along horizontal 

layers as opposed to vertically through them. This anisotropic effect can 

occur within the overburden, bedrock, and even within a water column if 

layers exist such as a fresh water to brine contact. The layered-earth model 

is not specifically configured to model this anisotropic effect, but the 

difference in conductivity between each layer within the model is an 

approximation.  

 The layered earth model is less critical with regard to the gravity method 

as gravity is not influenced by anisotropic ordering within rock or 

sedimentary units. In addition, the distribution of rock and sediment can 

generally be described as increasing in density with depth, which 

simplifies modelling. Rock and sediment units of differing bulk densities 

contribute directly towards the amplitude of the local gravity anomaly.  
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2. A 2-layer earth model is sufficient to approximate near-surface geology for 

HTEM inversion at different stations along line in the Nechako Plateau.  

 This assumption is to be tested as part of this research as it is desirable to 

create quick and simple inversion methodology starting with the simplest 

2-layer model, which can then be modified with more layers if required.  

 

3. Resistivity increases with depth. 

 Table 2.2 shows published resistivity values measured from EM surveys, 

boreholes, and assays. The data shows that unconsolidated sediment tends 

to have a lower resistivity than crystalline or volcanic bedrock when 

measured at low resolutions (i.e. where resistivity is averaged in the 

response). Higher resolution borehole and laboratory essay results suggest 

that some bedrock resistivity values span a large range that can overlap the 

range of values assigned to sediment. The general assumption that 

resistivity increases with depth is therefore valid, however it warrants 

some attention to ensure that it remains valid throughout the study site, 

such as in areas where tuff is located.  

i. The level of the water table throughout the study site could be a 

complication for this initial assumption. Well water data from the 

BC Wells dataset indicate that the depth to the water table is highly 

variable within the study site with a range of 0-67 m, see Section 

2.4.1. HTEM inversions are therefore conducted over both 

saturated and unsaturated overburden and bedrock, depending on 
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the station. A water-saturated overburden or bedrock, with 

dissolved ions, may have a lower measured resistivity than its 

unsaturated counterpart.  

 

4. There exists a large density and resistivity contrast between the overburden and 

the bedrock.  

 This assumption is supported by the data presented in Table 2.2. Care 

must be taken to ensure that it remains valid in areas where volcanic rock 

is present due to the overlap in resistivity values between volcanic rock 

and sediment, and where tuff is present due to the overlap of its density 

and resistivity with corresponding values for sediment. 

 

4.1.2 Overburden resistivity modelling 

Resistivity modelling of the near-surface was conducted using a 2-layer Earth 

model of various overburden and bedrock responses as measured from a purpose-built 

overburden sounding HTEM system. Physical properties of overburden and bedrock from 

various sources are presented in Table 2.2. The methodology and findings of these 

models are detailed in Caron et al. (2013), see chapter 3. This paper identified a possible 

strategy for the successful inversion of the overburden-bedrock contact through forward-

modelling using simple layered-earth models and careful constraints. The strategy starts 

with a basic 2-layer model, where the first layer represents the overburden and the second 

layer represents the bedrock as a half-space. The results of that inversion are then used to 

finely tune the resistivity or thickness of the starting models for slightly more complex 3-
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layer, and then 4-layers inversions, see Figure 4.1.1. The result identifies the number of 

layers that best characterises the overburden, while seemingly providing the most likely 

solution using a layered earth model.  

 

When the results of the forward modelling were applied to field data from the 

study site, it was found that the variations in both measured noise and geology were 

sufficient to render the methodology described in Caron et al. (2013) ineffective, as 

multiple realistic solutions, each with an symmetric root-mean square (sRMS) error 

below 10%, were obtained when following it regardless of the number of layers within 

the model. The resistivity model required updating to fit the volcanic Resistivity structure 

present within the study site.  

 

4.2 Calibrated HTEM inversions 
 
 There are a few limited sources of ground truth with regard to overburden 

thickness within the study site and within the Quest West survey area. Water wells, 

outcrops, and lake bathymetry provide information on the resistivity and structure of the 

near-surface that can be exploited to aid in inverting EM data.  

 

4.2.1 Water well calibrated inversions 

 Twelve water wells from the BC WELLS database were used to calibrate the 

HTEM response within the Nechako Plateau. These wells were chosen according to 3 

criteria: (1) well depth (> 20 m), (2) location within 400 m of a Quest West HTEM line, 

and (3) intersection with the bedrock. Five wells within the study site and 7 wells within 
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the greater Quest West survey area were sufficiently close to an HTEM line to aid in 

inversion, see Figure 2.1. Published geographic information system (GIS) geological data 

from the survey site was compared to the bedrock at each well to ensure that similar 

properties are described, such as bedrock composition, elevation, and terrain type such as 

valley, basin, or ridge. The inversion results for these water wells, along with the 

geological information for each well location, are provided in Appendix I. 

 

Inversions were conducted at the HTEM station nearest to the water well using 

layered-earth models of 2-, 3-, 4-, and 5-layers, shown in Figure 4.2.1. An elastic bedrock 

constraint with a range of 1500-5000 Ω•m was applied to starting models with 4-layers 

and less, the 5-layer model was inverted without the use of constraints. Inversion results 

using calibration water well A1-3 as an example is shown in Figure 4.2.2. The figure 

shows a plot of the decay of the secondary magnetic field determined by inversion of the 

observed secondary field response for each of the starting models presented in Figure 

4.2.1. Also shown is the goodness of fit sRMS % error, explained in Section 4.2.7, 

between each inverted result with the observed secondary field response where a lower 

value indicates better matching decay curves. Trial and error inversions were conducted 

for stations that would not invert in order to determine a match, and for stations where the 

inversion results could be improved. The stations that would not invert were assumed to 

have a geology that could not be approximated using a layered-earth model. Results for 

each well are presented in Appendix I. 
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4.2.2 Inversions over water bodies  

There are a few areas where portions of an HTEM line passes over a water body 

within the study site, such as along line 7400 (L7400) which passes over Francois Lake. 

Several of these stations were inverted through trial and error using measured lake water 

resistivity and bathymetry measurements as a guide. Although these stations inverted 

with an sRMS error of < 10%, none of the inversions match lake resistivity or bathymetry 

data. Inversion results showed that the lake appeared as a resistive feature where the 

resistivity range of the first layer for all trials is 234-698 Ω•m. Laboratory assays of 

water from Francois Lake, taken in February 1997, determined that the average resistivity 

of Francois Lake water is 114-119 Ω·m (Westenhofer et al. 2000). Inverted thicknesses 

of the first layer, which ranged from 11-22 m, also did not correspond to mapped 

bathymetry depths of Francois Lake, which is 120 m deep on average in that area. The 

discrepancy between the laboratory assays and the inversion results could be due to many 

factors including inversion model type (layered earth as opposed to a modelled lake 

basin), lake sediment resistivity, and a change in lake water chemistry. Fortunately lake 

bathymetry maps are available in the region (British Columbia 2014) removing the need 

to determine lake depth using HTEM inversion.  

 

4.2.3 Inversion software 

HTEM inversion relied on the combined use of two programs: AirBeo, part of the 

P233F CSIRO suite of electromagnetic forward modelling and inversion programs 

developed by the Commonwealth Scientific and Industrial Research Organization 

(CSIRO), and Maxwell, developed by ElectroMagnetic Imaging Technology (EMIT). 

 
61 

 



HTEM System for Mapping Overburden Thickness 

Maxwell was used as the graphical user interface to facilitate HTEM data management 

and inversion using AirBeo. AirBeo is an open-source full-physics discrete EM 

modelling and inversion program that can forward model and invert a TEM response 

using 1-dimensional layered-earth models (Raiche 2007, Raiche et al. 2008). Discrete-

layer inversions are known to be an accurate method at inverting HTEM data to produce 

a representative model of the subsurface (Hodges 2003). The P233F suite was chosen for 

investigations on the design of an HTEM system capable of measuring overburden 

thickness, see Chapter 3, because it does not apply a quasi-static approximation, which is 

valid for modelling TEM systems recording the secondary response of the 

electromagnetic field at a frequency lower than 50 000 Hz (Ward and Hohmann, 1988). 

This is not expected to affect results due to the choice of the Quest West survey with the 

AeroTEM III system designed to use lower frequencies for mineral exploration. 

 

The software was configured for inversion by specifying the characteristics of the 

AeroTEM III system: transmitter magnetic moment, waveform, peak current, off-time 

windows, and turn-off time (see Table 2.1 and Figure 4.2.3). As the exact value of the 

peak current and its associated turn-off time are influenced by the conductivity on the 

ground (Fitterman and Anderson 1987), both of these values are updated specifically for 

each line being inverted using the values recorded during surveying for the corresponding 

line available from the Quest West database. The HTEM receiver is not normalized and 

is configured as a db/dt receiver with the units of nanoTeslas per second (nT/s). During 

inversion, Maxwell was programmed with a data floor of 10 nT/s, which means that the 

inversion will not take into account any off-time windows after the response falls below 
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10 nT/s. AirBeo was programmed with a maximum of 90 iterations, after which the 

inversion algorithm stops refining the model to match the observed data.  

 

4.2.4 Other software 

The results of each inversion were exported as comma separated values (csv) 

files, to be imported into Excel where they were converted into space delimited formatted 

text (prn) files. The prn files reorganized the data into columns, where each column is 

separated by a set number of spaces. This format is essentially an xyz file format that is 

organized the same way as a prn file, but lacks a header that needs to be manually created 

to be imported successfully. This step permitted the data to be imported into proprietary 

Sander Geophysics Limited (SGL) software for gravity processing. Imported information 

includes UTM coordinates, inverted resistivity of each layer, inverted thickness of each 

layer, total overburden thickness, and sRMS % error between the model and the observed 

data.  

 

ArcMap, developed by ESRI, was used as the GIS software for map and data 

visualization, map interpolation, and data interpretation.  

 

4.2.5 Depth of investigation 

The depth of investigation (DOI) is the depth below which inversion results are 

no longer reliable (Oldenburg and Li 1999, Christiansen et al. 2010). Aeroquest Limited 

estimated the average depth of investigation for the AeroTEM III system within the 

Quest West study using the cumulative conductance rules to be within roughly 300 m 
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(Aeroquest Limited 2008). Using the DOI equation of a planar wave (Ward and Hoffman 

1988), see equation 4.1, a DOI of 446 m is obtained after 2.5 ms of off-time over a 

halfspace with a resistivity of 50 Ω•m. The DOI is a rough estimate as it does not take 

into account the transmitter moment, transmitter geometry, or local sources of noise 

(Christiansen et al. 2010), so all inverted thicknesses were clipped to a maximum depth 

of 450 m. Any inversion that returned a layer interpreted as overburden, or as any of the 

two layers describing the overburden-bedrock contact, which has an inverted thickness 

that goes beyond that depth was discarded. If the layer in question is interpreted as 

bedrock and is beneath another layer already interpreted as bedrock, then the layer in 

question is cut to a depth of 450 m. It should be noted that this step was unnecessary for 

Resistivity structure inversions.  

 

Equation 4.1 
𝑍𝑑 = �

2𝑡
𝜇𝜎

 

𝑍𝑑

= �
2(0.0025 𝑠)

0.02 𝑆𝑚−1 (4 𝜋 × 10−7 𝐻𝑚−1) 

𝑍𝑑 = 446 𝑚 

 

where Zd is the DOI (m), t is time (s), σ is the conductivity (Sm-1), and µ is magnetic 

permeability (Hm-1). The magnetic permeability of free space is used in the example, 

equation 4.1, above. 
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4.2.6 Transmitter noise 

 Several HTEM lines within the survey site suffered from transmitter noise that 

was measured by the receiver during the first, and on occasion the second, off-time 

channels. This noise may be due to a longer than expected turn-off time of the 

transmitter, where the transmitter has a decaying remnant voltage that is strong enough to 

generate a magnetic field that is then measured by the receiver while it is measuring the 

secondary field response of the subsurface. The resulting magnetic field decay measured 

by the receiver no longer follows an exponential decay-curve as the first, and sometimes 

second, channel has a higher than expected amplitude due to the addition of the decaying 

remnant of the primary field. The presence of noise may adversely influence the inverted 

results and will result in a higher sRMS % error between the observed data and the 

inverted result. The HTEM lines that are affected are L7380 and 7450, as well as small 

portions of 7400 and 7410. 

 

4.2.7 Indication of best match 

 AirBeo provides the use of symmetric root-mean square (sRMS) percent as the 

primary means of evaluating the degree of error, or goodness of fit, between the inverted 

response and the observed response of the secondary EM field (Raiche 2007). The sRMS 

is a value that shows the root mean square (RMS), see Equation 4.2, deviation of the 

symmetric mean absolute percentage error (SMAPE), see Equation 4.3, between the 

discrepancy of point decay values given by the observed and inverted modelled response 

at each channel plotting the decay of the secondary EM field. A smaller sRMS % error 

shows a closer match between the inverted model response and the observed response of 
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the secondary field. Unfortunately a low sRMS % error does not necessarily indicate that 

the inverted model result is an accurate representation of subsurface geology as multiple 

geological models could have similar secondary field decay responses which can be 

indistinguishable to the HTEM system due to design, or due to noise. This concept is well 

illustrated by comparing the inverted results in Appendix I, see Figures A1.4-A1.6, and 

A1.9 for the best examples.  

 

Equation 4.2: Symmetric root mean square (sRMS)  

𝑠𝑅𝑀𝑆 =
�∑ � |𝑀 −𝐷|

(|𝑀| + |𝐷|) ÷ 2�
2

𝑛

𝑛
 

 
Equation 4.3: Root mean square (RMS)  

𝑅𝑀𝑆 = �∑ 𝑥2𝑛

𝑛
 

 
Equation 4.4: Symmetric mean absolute percentage error (SMAPE)  

𝑆𝑀𝐴𝑃𝐸 =  
|𝑀 −𝐷|

(|𝑀| + |𝐷|) ÷ 2
 

 
Where M represents the inverted model value, D represents the observed secondary field 

decay value, n is the number of data channels being summed, and x is a set of n values.  
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4.3 HTEM 2-layer inversions 
 

This project is concerned with developing a methodology that could one day be 

applied within the exploration industry. Therefore, a simple model that can accurately 

and quickly describe the geology in the study site is preferable to a more complex model. 

The first series of successful inversions that were applied to survey data, from the Quest 

West survey dataset, were conducted using a 2 layer earth model. This section contains 

significant material from the SEG extended abstract Caron et al. (2015), which was 

written and published as a component of this research.  

 

Various configurations of a 2-layer model were attempted through trial and error 

to invert for overburden thickness. First layer thickness ranging from 5-100 m were 

attempted along with modelled overburden resistivities ranging from 10-500 Ω•m, over a 

halfspace modelled with a resistivity ranging from 1000-10,000 Ω•m. An unconstrained 

two layer initial model composed of  5 m thick overburden with a resistivity of 100 Ω•m 

and half-space bedrock with a resistivity of 2000 Ω•m with a 0.5 elastic constraints of 

1500-3000 Ω•m, see Figure 4.1.1, was selected for inversions based on the acheivment of 

producing consistent results between adjacent inverted stations along HTEM line 7420. 

The elastic constraint works by limiting the degree of change of the parameter suggested 

by the inversion so that the inversion result does not drift too far from the starting model 

(Electromagnetic Imaging Technology 2010). Resistivities were chosen based on 

published reports, see Table 2.2.  
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Once the EM data is inverted, the results are checked for inconsistencies. To be 

considered valid, results were required meet the following criteria: (1) symmetric root-

mean-square (sRMS) < 10%, and (2) smoothly varying resistivities and depths between 

adjacent stations. Inconsistent data was discarded. A few lines also showed some minor 

transmitter interference that primarily affected the 1st channel, and on occasion the 2nd 

channel as well. These channels were removed for inversion in order to better match the 

observed HTEM decay and model curves for that station. As this method was applied 

throughout the study site, some large areas did not fit the 2-layer model and would not 

successfully invert with an sRMS of 10% or lower.  

 

4.4 Multi-layer inversions 
 
 The failure of the 2-layer inversion in some areas of the map was initially 

addressed by adding layers. The resistivity starting model was updated to include 3 and 4 

layers, see Figure 4.4.1 A. Constraints to the resistivity of the half-space, which 

represents the bedrock, were softened and configured with soft elastic boundaries that 

provided an elastic bedrock resistivity range of 1500-5000 Ω·m, as resistivities ≥ 5000 

Ω·m had a negligible effect on the results through forward modelling. The lower 

boundary of 1500 Ω·m was based on published TDEM survey results conducted within 

the Nechako Plateau, shown in Table 2.2. The overburden was modelled with the same 

starting resistivity as outlined in Caron et al. (2015). The overburden was left 

unconstrained, leaving only the resistivity ascribed in the starting model as a guide to the 

inversion algorithm within AirBeo. This strategy was adopted so that the results of each 

inversion are guided by constraints associated with the bedrock while allowing a wide 
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range of overburden solutions that preserve the independence of each station. This 

provides an additional indication of inversion accuracy through the correlation of 

inversion results between independently inverted stations. Inversion throughout the study 

site progressed with the following strategy: 

 

A 2-layer inversion is conducted first 

I. If the sRMS ≤ 10 %, then the inversion is assumed to be good.  

II. If the sRMS is between 10-11%, then the results are verified against adjacent 

stations. If the result is close to that of adjacent stations then it is kept.  

III. If the sRMS > 11%, then the inversion is assumed to be a mismatch, and trial and 

error 3-layer and 4-layer models are attempted.  

a. If the sRMS > 11% for both the 3-layer and 4-layer models then the 

station is assumed to have a response that is incompatible with a layered 

earth model. The station will not be used and estimates will be computed 

in place by interpolation from adjacent stations 

 

Following this strategy, there still remained a few areas that did not invert using 

any of the layered earth models shown in Figure 4.4.1 A.  

 

4.5 Multi-layer resistivity reversal inversions 
 

HTEM stations that failed to invert using the 2-layer and multi-layer inversions 

were inverted through trial and error using various different configurations of the layered 

earth model, see Figure 4.4.1 B. For some of these sites, a more complex starting model 
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was required for the overburden. The original resistivity model assumed that resistivity 

increased with depth in the subsurface. While this assumption was valid in most areas, it 

does not always reflect the depositional nature of sediment. The glacier went through 

several periods of progression and regression during which sediment was deposited in a 

progressive sequence of till, sand, and then clay. The sequence would then be deposited 

in reverse order during glacier regression. This could conceivably lead to resistivity 

reversals within the overburden that are significant enough to affect inversion results. The 

starting models were updated to take into account these resistivity reversals within the 

overburden. Additional updates regarding starting resistivities within the overburden 

were also made. It was determined through trial and error, guided by inversion results 

with a lower sRMS % error, that a starting first layer resistivity of 20 Ω•m worked better 

for multi-layer models, and a starting resistivity of 500 Ω•m worked well for modelling 

resistivity reversals.  

 

4.6 Resistivity structure inversions 
 
 Resistivity structure inversions are based on the results from the HTEM inversion 

calibration using water wells, see Appendix I. The methodology was applied by inverting 

an HTEM station every 50 m with each of the starting models shown in Figure 4.6.1, 

where each starting model describes a slightly different resistivity with depth distribution. 

The 5-layer model was chosen for its success at inverting water well stations and was 

chosen as the principle inversion model for this reason. The 4-layer model was chosen as 

a strategy to invert in those areas where the overburden is better described as a single 

layer overlying more resistive bedrock. The 4-LR2 model was added to invert the areas 

 
70 

 



HTEM System for Mapping Overburden Thickness 

where there is no large measured disparity in resistivity contrast between the bedrock and 

the overburden, which is thought to be one of the situations where neither the 5-layer or 

the 4-layer model are able to invert the data successfully 

 

  If the HTEM line being inverted was identified to have the 1st or 2nd channel 

contaminated by the transmitter turn-off, then the entire line is inverted once again with 

those channels removed. It is then assumed that the inversion result with the lowest 

sRMS % error, compared with all inversions for that station including all of the starting 

models, both with channels and with transmitter contaminated channels removed, 

provides the most accurate inversion result. For this, a program was written in Matlab 

that compares the inversion results for each HTEM station run by each forward model 

and chooses the inversion result with the lowest sRMS % error. The inversion results are 

therefore composed of inversions that can have 4 or 5 layers, or can be missing one or 

two channels due to transmitter contamination, depending on the sRMS % error. 

 

 In order to determine the thickness of the overburden, an additional interpretive 

step is required. Two of the starting models included two layers within the overburden, 

these are the green layers in the 4 LR2 and the 5-layer models, see Figure 4.6.1. The 

inversion result may assign one of those overburden layers a resistivity that may be better 

associated with bedrock, or a layer that was assigned as bedrock may have a similar 

resistivity to overburden. In addition the 4 LR2 model does not have a 500 Ω•m layer 

which was observed to be successful when inverting for the overburden-bedrock contact, 

see Section 5.4.2. The removal of this layer permitted the successful inversion for some 
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stations where inclusion of the 500 Ω•m layer was unsuccessful.  

 

Water well calibrated inversions, in Appendix 1, show that on occasion the 

bedrock can have a resistivity that is well within the range attributed to sediment, such as 

the limestone bedrock identified in Figure A1-5 and the corresponding 5 LR-2 inversion 

which was inverted using a model without a 500 Ω•m bedrock layer. For these inversions 

the overburden and bedrock become indistinguishable as either can have a resistivity of 

175 or 250 Ω•m. An interpretation must therefore be made, based on the resistivity of the 

layer, to determine which layer represents the overburden and which represents the 

bedrock. It was made by observing the resistivity of the 2nd layer, for both 4-, and 5-

layer starting models, and assigning all resistivities greater than 160 Ω•m to bedrock. 

This interpretation was made by comparing the inverted HTEM results with water well 

calibrated inversions in Appendix I, and by comparing the HTEM response with the 

DEM and surficial geology information within the study site. Figure 4.6.2 shows the 

location of each HTEM station where this interpretation was made. The locations mainly 

correspond to areas of rocky terrain, such as Uncha Mountain, with mapped outcrops, and 

with deep bodies of water such as Francois Lake and Tchesinkut Lake to the north. 

Where the inversions correspond to rocky terrain, a thicker interpreted overburden of 

more than 1 layer is unlikely, especially in areas that correspond to till veneer or with 

bedrock outcrops, as many of these areas do as shown in Figure 4.6.2.  
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It is also important to note that none of the resistivity reversal inversions were 

discarded or clipped due to exceeding the 450 m DOI for any layer interpreted as 

overburden or as part of the overburden-bedrock contact, see Section 4.2.5.  

 

4.7 Terrain map processing 
 
 Two separate sources of digital terrain data were used to model the terrain. The 

first source is the Quest West AeroTEM III survey dataset, containing data gathered 

using a high resolution TRI-3500 radar altimeter, see Table 2.1, at a nominal altitude of 

30 m above terrain. The survey covers the study site with an East-West flight line spacing 

of 4 km. The TRI-3500 altimeter has an accuracy of ± 1.5 m at a 30 m altitude and was 

flown with an along line sampling rate of 3 m (FreeFlight Systems 2009). The second 

source of digital terrain data was obtained from the CGIAR Consortium for Spatial 

Information (CGIAR-CSI) which is gathered by the Shuttle Radar Telemetry Mission 

(SRTM). The data has a lateral resolution of 90 m and an expected vertical elevation 

error of ±16 m (Jarvis et al. 2004, Tighe and Chamberlain 2009) and a measured absolute 

vertical error on the most reliable estimates to be  ±5 m (Rosen et al. 2003, Sun et al. 

2003, Tighe and Chamberlain 2009). While the HTEM system measures altitude more 

accurately, the spatial resolution is too low to create a suitable DEM of the study site. The 

SRTM data, on the other hand, has a large vertical error. The solution was to use the 

HTEM data for inversion and then to apply the scalar quantity of overburden thickness to 

the SRTM data set. Without this strategy, a direct combination of two georeferenced 

grids, the DEM created from the SRTM data and the bedrock topography grid created by 

the HTEM-DEM referenced inversion results, produced errors where the bedrock had a 

 
73 

 



HTEM System for Mapping Overburden Thickness 

higher elevation than the surface modelled by the DEM, even when overburden was 

present. 

 

4.7.1 Bathymetry 

 Bathymetry within the study site was obtained from the British Columbia (BC) 

Ministry of the Environment. The BC Government commissioned a series of lake 

bathymetry surveys in the 1950’s and published the technical reports online. In order to 

use this data, the information was digitized and georeferenced using Esri ArcGIS (Figure 

4.7.1). Bathymetry data is available for: Francois Lake, Tchesinkut Lake, Ansus Lake, 

Borel Lake, Binta Lake, Mollice Lake, and Uncha Lake. After the bathymetry was 

digitized, each lake was added to a single map that presented the lake bathymetry for the 

survey site based on a 100 m grid. The map includes all of the lakes within the study site 

that have a bathymetry greater than 10 m; all other cells on the map were set to zero. A 

copy of the map was then created with the cell size reduced to a lower resolution of 1000 

m in order to match the cell size from the overburden thickness map created from HTEM 

inversion. The 1000 m cell size, which is a quarter of the 4 km line spacing, provides an 

acceptable level of resolution with a low amount of spatial aliasing errors (Reeves 2005). 

Final maps were registered to the NAD83 datum. 

 

4.7.2 Bedrock topography (BedTopo) 

The bedrock topography was not measured directly with respect to elevation; 

instead it was determined through HTEM inversion which returned the resistivity of the 

overburden, the thickness of the overburden, and the resistivity of the bedrock, see Figure 
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4.0 and 4.7.2 for a summary of the methodology followed to create a BedTopo DEM. 

Bedrock topography was calculated by subtracting the thickness of the overburden from 

the DEM. In a separate stream, bathymetry data was integrated with overburden thickness 

in order to model the bedrock topography as it exists beneath lakes as well as beneath the 

overburden. This approach assumes that the inverted thickness of the overburden can 

exceed the depth of a lake, and so there exists areas in the study site where a lake bottom 

intersects bedrock and other areas where it intersects overburden.  

 

4.8 Overburden thickness analysis 
 

The overburden thickness map created from HTEM inversion was interpolated 

using cosine distance weighted average over a 1000 m cell size, which corresponds to the 

4 km line spacing and means that only 14 flight lines pass through the survey site, see 

Figure 2.2. As an objective of this project is to create a methodology that can measure the 

thickness of overburden and use it to correct the overburden effect in gravity data, a 

determination of the accuracy of the HTEM inversion is required. Boreholes are typically 

used for ground truth, but as there are only 3 boreholes and a handful of water wells that 

are poorly distributed within the study area, see Figure 2.6, alternative sources of ground 

truth were sought, such as bedrock outcrops, mapped areas with glaciofluvial and 

glaciolacustrine sediment or till veneer, and aggregate gravel pits, see section 2.4 and 

Figures 2.4 and 2.6, while these sources provide a qualitative estimation of overburden 

thickness, none of these sources can provide a quantitative measurement of ground truth, 

and there are none within the study site other than those provided by the water wells. 

Another technique used to provide an indication of ground truth is satellite image 
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processing from Google Earth images. Satellite images were used to identify terrain 

features that could be used as an indication of sediment thickness. The following 

assumptions were made: 

 

1. Angular features occurring in hilly areas, mountains, and near cliffs are an 

indication of bedrock outcrops and may indicate areas where overburden is 

thin.  

2. Rounded features in low-lying areas, such as basins and valleys, may indicate 

areas where overburden is thick. 

 

4.9 Bouguer corrections 
 

In order to correct for gravity effects due to the presence of a basin or a body of 

water, the density and thickness of the causative body must first be determined. The 

gravitational contribution of a body can be estimated using equation 4.1.  

 

Equation 4.1   𝛿𝐺𝑏 = 2𝜋𝐺𝜌ℎ = 0.04192𝜌ℎ 

 

where δGb is the gravitational constant 6.67*10-11 m3/(kg s2), p is density in g/cm3, and h 

is the height of the terrain with respect to the WGS84 datum in meters. 

 

To reduce the gravity data, the Bullard methodology is a useful approach as it 

neatly separates the different types of terrain and Bouguer corrections. An overview of 

the Bullard method and gravity corrections can be found in Bullard (1936), Nowell 
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(1999), and Hinze et al. (2005). In order to apply a Bullard C correction to gravity data, 

see Figure 1.4, the geology within the survey site must be modelled using a single 

density. This step is even more critical when applying the suggested BedTopo correction, 

see Figure 1.5. Caron et al. (2013), see section 3.4, adopted the geological characteristics 

that are typical of the Abitibi mining province spanning Ontario and Quebec, Canada, 

which include a glacially-derived overburden composed primarily of clays, sand, and till 

that may repeat in sequence depending on the nature of the transgression and regression 

of the Laurentide ice sheet at the time of deposition. The bedrock is typically either 

igneous or metamorphic with little to no saprolite alteration (Palacky and Stephens 1990), 

and has been glacially scoured. Considering that the same glacial processes affected both 

the Abitibi Belt and the Nechako Plateau, there exists large differences in density and 

resistivity values between the overburden, bedrock, and water bodies as described in 

section 2.5 and Table 2.2.  

 

4.9.1 Density modelling 

  The density of the near-subsurface in the study site was modelled with a simple 

three layer model where each layer represents a different medium: water, overburden, or 

bedrock. Applying average values for bedrock and overburden provides us with a 

conceptual layered earth model of near-surface density shown in Figure 4.9.1. An 

average bedrock density of 2.65 g/cm3 is used, along with an estimated water-saturated 

overburden composed of sandy-silt with a density of 1.8 g/cm3. A density of 1.0 g/cm3 

was used for fresh lake water.  
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 In order to correct the gravity data, the conceptual model must be portrayed in 

terms of a software algorithm, see Figure 4.9.1. The layers can be regarded as 

superimposed half-spaces, each configured with a density that is added when occupying 

the same space. Since the density of all layers being considered is greater than 1 g/cm3, 

which is the modelled density of fresh water, this density can be assigned to each layer, 

according to Figure 4.9.1. This is represented by the red border that outlines the water, 

overburden, and bedrock layers in Figure 4.9.1. Overburden, on the other hand, is 

modelled with a density of 1.8 g/cm3, which corresponds to the density of wet silty-sand, 

the most common sediment type in the region (Plouffe and Levson 2001). Overburden 

thickness information inverted from HTEM data can be used to isolate the overburden 

layer from the bedrock and an overburden-specific correction can be applied equal to the 

difference between the modelled density of overburden and water, 0.8 g/cm3. This area is 

shown by the horizontal pattern fill in Figure 4.9.1. The remaining density difference, 

0.85 g/cm3, can then be applied to all areas where no water or overburden exists. This is 

shown by the area filled with a brown colour in Figure 4.9.1. The program model itself is 

created through the manipulation of SRTM DEM data, shown in Figure 2.1, with lake 

bathymetry data, and overburden thickness information obtained from HTEM inversion.  

 

4.9.2 Gravity processing methodology 

AIRGrav survey data gathered from the Quest West gravity survey, see Table 2.1, 

was downloaded from the BC Geosciences website as a xyz file that contained various 

fully-processed and levelled gravity channels from each flight line, and that includes the 

Bouguer anomaly, free-air anomaly, isostatic corrected, GPS, DEM, altimeter, and other 

 
78 

 



HTEM System for Mapping Overburden Thickness 

parameters. As the gravity data was already processed and levelled, this section will 

focus on the steps followed to perform a BedTopo correction to this data, as illustrated in 

Figure 4.9.2.  

 

The first step involves integrating data sets that are required to apply a Bouguer 

correction to gravity data. The BC Geosciences xyz gravity data was imported into 

proprietary SGL software for processing along with the DEM map, the DEM with 

bathymetry map, and the BedTopo map, see Figure 4.9.2. SGL performs a Bouguer-

equivalent correction that incorporates all the Bullard corrections A, B and C in one step. 

The method employs a 3D mesh of prisms created from the information provided in the 

topography, bathymetry, and BedTopo maps. Bouguer corrections are then calculated at 

each gravity station, by calculating the attraction of gravity, using information provided 

by each prism within the 3D mesh. Regional corrections are made up to a distance of 160 

km, and Earth’s curvature is modelled by a spherical approximation produced by the 

prisms within the 3D mesh, see Figure 4.9.1.  

 

On single profile data, GPS noise on the airborne gravity data is reduced by low 

pass filtering. The wavelength of the filter is chosen based on a trade-off between desired 

wavelength resolution and acceptable noise levels, where the amplitude of the GPS noise 

increases exponentially at shorter wavelengths (Elieff and Ferguson 2008). For multiple 

survey lines, noise can be reduced further by low pass filtering of gridded data that 

effectively stacks common signal from adjacent lines and cancels out random noise. The 

correction is applied to the data in the form of a new line channel.  
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A low pass filter was applied to 2 Hz data rate profiles of the full Bouguer 

corrected gravity with the terrain corrections applied for two reasons (1) to reduce the 

along-line sampling rate from 50 m to an average reading every 1 km to avoid anti-

aliasing effects creating from a difference in resolution in direction compared to another 

in 2D map with a large cell size, and (2) to reduce the amount of residual high frequency 

GPS noise common to airborne gravity data. GPS noise appears in a profile view of 

unfiltered gravity data as a rapidly oscillating signal, see the green line in Figure 4.9.3. 

The filter applied has a mid-point with a full wavelength of 56 seconds and a cosine taper 

from 100% pass at 84 seconds to 0% pass at 42 seconds. At the average survey speed of 

the helicopter employed on the survey, this is equivalent to a low pass filter with a 2576 

m midpoint. The data is gridded to create a Bouguer anomaly grid, which is inspected for 

quality control. Various low-pass cosine tapered filters are then applied to the gridded 

Bouguer gravity data, see Figure 4.9.4. For the purposes of this study, a low-pass filter 

with a mid-point of 4 km was selected, with a cosine taper from 100% pass at 6 km to 0% 

pass at 3 km, see Figure 4.9.4 C. Filtering the grid in this way further reduces random 

residual noise whilst enhancing common geological signal from adjacent lines, and 

removes aliasing effects that result from sub-sampling perpendicular to survey lines with 

data only every 2 km as compared to the higher resolution data along lines that is visible 

as ripples in the grid along the survey lines.Figure 4.9.4 A and B show a portion of this 

effect where higher frequencies along line create ripples that reveal the flight line itself.  

The effect is removed with the applied 3000-6000 m filter in Figure 4.9.4 C.  
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It should be noted that in this project the 3D mesh that was created for Bouguer 

corrections is at minimum 8 km larger than each map edge. This is influenced by the size 

of the BedTopo map which was created through HTEM inversion. The final step of the 

Bouguer correction process is to trim the map along each border by 8 km to remove 

processing artefacts, known as ringing, which were created when the gravity data was 

filtered.  

 

The BedTopo Bouguer anomaly map and its corresponding FVD map were then 

created using minimum curvature interpolation (Briggs 1974) with a cell size of 500 m, 

which corresponds to a quarter of the width between survey lines, see Table 2.1. A cell 

size which is a quarter of the line spacing provides an acceptable level of resolution with 

a low amount of spatial aliasing errors (Reeves 2005). These maps and the ones created 

using the conventional Bullard method, where overburden thickness is not corrected, will 

be contrasted to evaluate the performance of the BedTopo methodology, see results 

chapter.  
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Figure 4.0.1: Simplified diagram of the BedTopo correction methodology. 
Diagram shows the basic steps followed to perform a BedTopo correction to gravity data.  
HTEM related methodologies are covered in sections 4.1 to 4.6. Terrain map processing 
is covered in sections 4.7 and 4.8, and gravity processing methodology is covered in 
section 4.9.  
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Figure 4.1.1: Resistivity model and starting models  
Models were adapted for inverting Quest West survey HTEM data within the study site 
using layered earth models. The resistivity of the bedrock was updated from the Abitibi 
model to the Nechako model. Overburden resistivities were kept the same as no apriori 
information indicated otherwise.   
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Figure 4.2.1: Water well inversion starting models 
Each model is composed of an overburden overlying bedrock. The 3- and 5- layer models 
model the overburden as having two distinct layers, while the 4- and 5-layer models 
model two layers in the bedrock. The three models, 2-, 3-, and 4-layer models, were 
chosen from the 2-layer, multi-layer, and resistivity reversal inversion attempts in order 
to determine the accuracy of inversions within the study site by using water wells as 
ground truth. The 5-layer model was discovered through trial and error inversions in 
order to find a model with a lower sRMS % error and an overburden thickness that 
matches the water well. Inversion results for each water well used for calibration can be 
found in Appendix 1.  
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Figure 4.2.2: Plot of HTEM observed secondary magnetic field inversion results  
Figure shows inversion results for the HTEM station presented in Appendix I Figure A1-3. Curves indicate the plotted decay of the 
observed secondary magnetic field (black line) and the inverted model responses for the layered earth starting models shown in Figure 
4.2.1. Illustrated is the difference in decay curves between the models and the observed response. Overburden thickness is indicated to 
be 47 m, The 5-layer model has the best accuracy while the 4-layer model has the lowest sRMS % error for this station. 
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Figure 4.2.3: AeroTEM III waveform and off-time channels used for inversion.  
The AeroTEM III waveform, shown by the blue line, is triangle-shaped and reaches its 
peak current after 0.85 ms, with a turn-off time that typically ends 1.7-1.8 ms after time 
zero. Peak current typically ranges from 450-460 A within the survey site. The off-time 
gate locations and starting times are shown by each short coloured horizontal bar. The 
starting time for one corresponds to the ending time of the previous gate. The first gate 
starts 80 µs after the turn-off time.  
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Figure 4.4.1: Volcanic resistivity starting models with resistivity reversals 
Models were updated when trial and error inversions detected resistivity reversals within 
the overburden. Overburden resistivities for the starting model were also updated. 
Resistivities for the 4-layer starting model were updated to reflect a resistivity reversal 
within the overburden located between the 1st and 3rd layers, where the 2nd layer was 
assigned a resistivity of 500 Ω•m. The 30 Ω•m for the first layer of the 3-layer model was 
also replaced in favor of 20 Ω•m.
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Figure 4.6.1: Resistivity structure inversion starting models 
These three starting models each displays a slightly different resistivity change with 
increasing depth. The green layers are modelled as overburden while the blue and purple 
layers are modelled as bedrock. The orange layer represents either bedrock or sediment 
depending on interpretation of the results.  
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Figure 4.6.2: Locations of >160 Ω•m bedrock interpretation 
Black dots represent HTEM stations where the inverted 2nd layer has a resistivity of < 160 Ω•m. These stations correspond to 
more conductive areas, such as sediment. White dots represent HTEM stations where the second layer has a resistivity >160 
Ω•m. These stations correspond to resistive areas, such as bedrock outcrops and deep lakes. White dots inverted from the 
stations over Francois Lake and Tchesinkut Lake, in lines 7380 and 7400, were omitted when gridding the overburden 
thickness map. 
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Figure 4.7.1: Bathymetry data digitization and georeferencing 
Data-flow diagram outlines the steps followed to digitize and georeference lake 
bathymetry surveys, using ArcGIS.  
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Figure 4.7.2: Map manipulation steps followed to create Bedrock topography map 
A: Simple cross section of an overburden-bedrock model. The overburden-bedrock 
contact is shown for reference, as the HTEM inversion only provides an estimate of 
overburden thickness and not the elevation of the bedrock surface, it needs to be 
calculated. B: The result after lake bathymetry is subtracted from overburden thickness, 
creating OVB residual. Depending on the depth of the lake and the thickness of the 
overburden, the lake bottom may extend into bedrock or be situated within the 
overburden. C: Processing to isolate the spatial extent of the elevation of the lake bottom 
as it protrudes into the bedrock. It is identified as + residual. D: Isolation of the area, + 
residual, of the lake bottom in the bedrock. E: The + residual is added back to the 
overburden + lake bathymetry as a layer called OVB Bathy, in order to isolate the 
bedrock contact. F: OVB Bathy is subtracted from the DEM, thereby creating the 
BedTopo map registered to the NAD83 datum.  
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Figure 4.9.1: Program level gravity modelling 
The conceptual model shows how the geology within the survey site is modelled by 
classifying water, overburden, and bedrock as individual layers. Each layer is described 
by a finite upper elevation that represents the surface of the layer and has an infinite 
depth. The densities of each layer add up to the density value of the halfspace, see bottom 
panel, which is 2.65 g/cm3. The program level gravity model shows how the conceptual 
model is programmed and manipulated into software for processing.
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Figure 4.9.2: Gravity processing methodology 
Data-flow diagram of the steps followed to apply a BedTopo Bouguer-equivalent correction to gravity data to create the 
BedTopo Bouguer anomaly and the FVD BedTopo Bouguer anomaly maps.  
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Figure 4.9.3: Low-pass cosine filter applied to line data. 
The high frequency GPS noise apparent in the 920 m filtered data, shown by the green line, is high amplitude and has a 
wavelength of 1-2 km. This noise is removed by applying an along line cosine low-pass filter. A filter length of 2576 m, 56 
seconds, was chosen. The filter attenuated GPS high frequency noise while retaining some mid-frequency gravity features.  
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Figure 4.9.4: Low-pass cosine wavelength filter applied to gravity grids. 
In this case the high frequencies are considered noise from a host of various sources, such as GPS. All grids have been 
previously filtered with a low-pass 56 second line filter. A) No grid filtering; the individual survey lines are visible. B) 2250-
4500 m transitional band cut-off. C) Selected grid filter, a 3000-6000 m transitional band cut-off. Survey lines are no longer 
visible. D) 4500-9000 m transitional band cut-off.
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5.0 Results & Discussion 
 

This chapter presents the results of the progressively more sophisticated inversions of 

HTEM data applied herein. It starts with information garnered from preliminary studies 

described in Caron et al. 2015 and goes on to explore the results of several inversion strategies. 

The chapter continues by presenting results for the overburden correction of gravity data and 

compares those results using Bouguer anomaly maps. Discussion of the results is presented 

following the results in each section.  

 

5.1 Two-layer inversions 
 
 The first inversion of HTEM data from the study site was performed along line 7420 

using a simple two-layer strategy (see Figure 5.1.1 and Section 4.3) with the first layer 

interpreted as overburden overlying a bedrock halfspace. Results show that the bedrock 

resistivity is uniform, at 2000 Ω•m, along line 7420, and that the overburden resistivity varies 

smoothly within a 33-138 Ω•m range. They also show that the overburden thickness along this 

line ranges from 30 to ~300 m, and does so within a distance of 1 km. Also shown are short-

wavelength, ~100 m wide, irregularities along the bedrock contact that vary by as much as 100 m 

in thickness. While some of these features could be real, most are thought to be a result of the 

inversion sampling rate of 50 m, which roughly corresponds to every 15th HTEM station, and a 

result of the inversion inconsistency between stations due to the largely unconstrained inversion 

methodology. 
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The rest of the survey site was inverted using the same 2-layer layered earth model. The 

overburden is found to vary in thickness from 3 m to over 450 m with a mean of 119 m. Its 

resistivity ranges from 2 to 455 Ω•m with a median of 47 Ω•m and a mean of 56 Ω•m. The 

resistivity of the bedrock has a range of 1000-8980 Ω•m with a mean of 1941 Ω•m. These results 

are consistent with the findings from a previous two-layer ground TEM survey conducted in the 

southern Nechako Plateau that found conductive overburden overlying resistive bedrock with a 

thick overburden (Best et al. 1997). In the 1997 study, the interpreted range in overburden 

thickness was 30-120 m. The overburden resistivity ranged from 68-157 Ω•m, and the bedrock 

resistivity ranged from 8000-10,000 Ω•m (Best et al. 1997).  

 

 While the inversion returned soil and bedrock resistivities similar to published data, see 

Table 2.2, the 2-layer inversion strategy employed to create Figure 5.1.1 was unable to invert 

large portions of the study site with a sRMS % error of 10% or less. Inversions conducted using 

water wells as ground truth also show that 2-layer inversions often overestimate the thickness of 

the overburden, see AppendixAppendix I.  

  

5.2 Multi-layer inversions 
 

Many stations for which 2-layer inversions failed were successfully inverted using 3- and 

4- layer models with sRMS % errors of < 10%, see Section 4.4 for the methodology. These 

models were built with the assumption that resistivity increases with depth, see Figure 4.4.1. 

While many stations inverted successfully using the multi-layer method, there are many gaps in 

the map shown in Figure 5.2.1. These gaps represent HTEM stations that would not invert with 
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an sRMS % error below 10% using any of the starting models. The Figure suffers from poor data 

coverage, indicated by the spaces between HTEM stations along line.  

 

There are two overburden thickness features in Figure 5.2.1 that stand out, a linear high 

that runs north-south on the western side of the map, and a moderately extensive, roughly 

rectangular high, extending east-west in the central portion of the eastern side. When inversion 

was successful, the results were consistent along line in some cases but highly variable in others. 

The area that showed the highest amount of variability was found to be primarily limited to a 

ridge along line 7420 on the western side of the map. This is indicated by the high variability in 

red and yellow dots on Figure 5.2.1. Areas that showed consistent results were primarily located 

in areas where overburden thickness is known to be thin, such as till veneer. These areas are 

indicated by the green dots. Inversions conducted using water wells as ground truth showed that 

3-layer inversions may also return a result where the thickness of the overburden is 

overestimated, see Appendix I.  

 

5.3 Resistivity reversals 
 

Trial and error inversions for HTEM stations in areas where multi-layer inversions failed 

showed that successful results could be obtained if a resistivity reversal was modelled within the 

overburden (see Figure 4.4.1 B and Section 4.5). This strategy resulted in enough inversions that 

provided sufficient spatial coverage, which is one data point every 1 km along line, to allow 

interpolation of an overburden thickness map with a 1 km cell size resolution. This map shows 

the following trends (see Figure 5.3.1): the overburden is thicker than 100 m in a broad zone 

extending from the northwest corner of the area to the southeastward to the central portion of the 
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southern margin, and within an elongate oval area immediately south of the east end of Francois 

Lake., It is thinner than 30 m in the middle of the area south of the lake and in the northeast and 

southwest corners of the study site. While inversion results appear to be related to geological 

features, such as where thin overburden coincides with Uncha Mountain and the Highlands, the 

data includes 2- and 3-layer inversions which have been shown by water well calibrated 

inversions to over-estimate overburden thickness. This may have led to an overestimation in 

overburden thickness in some of these areas as several large estimations in overburden thickness 

may skew the average interpreted overburden thickness within a 1 km2 map cell. 

 

Multi-layer inversions were also tested to resolve the scenario where there is no 

overburden overlying bedrock. These inversions had a first layer resistivity of 500 Ω•m followed 

by a less resistive layer of 100 Ω•m over a 1000 Ω•m halfspace. While these inversions proved 

to provide a good sRMS fit to the observed data, the sRMS % error was rarely improved over the 

4-layer model shown in Figure 4.4.1 B. While these models seemed to work in areas of flat 

bedrock outcrops with till veneer, such as in the highlands of the study site, they were unable to 

resolve any amount of overburden, even in areas where overburden was known to exist, while 

the 4-layer model, in Figure 4.4.1 B, was able to resolve thickness as small as 5 m within the 

highlands while also being able to resolve areas where overburden is known to exist, such as 

between Uncha Lake and Mollice Lake, see Figure 2.2 for lake location and Figure 5.3.3 for 

surficial geology information.  

 

5.3.1 Overburden thickness and surficial geology 
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The surficial geology overlaid on the DEM map, shown in Figure 5.3.2, can be compared 

to a map of surficial geology overlaid on the overburden thickness map shown in Figure 5.3.3. 

The DEM map, Figure 5.3.2, shows many areas where the surficial geology information 

correlates with topographical features, such as where topographic highs are covered by till 

veneer and bedrock outcrops. Indications of sediment also correlate with many areas of thick 

overburden such as where some glaciofluvial deposits are mapped, and where sediment is 

mapped in most low elevation areas. On the overburden thickness map, see Figure 5.3.3, surficial 

geology features do not correlate as well with inversion results. This is most easily seen by 

comparing Feature A to Uncha Mountain. Both features were mapped to be mostly bare rock 

with some till veneer, however while Uncha Mountain is inverted to have thin overburden, 

Feature A is inverted to have an overburden thickness of approximately 230 m. A similar but 

opposite observation can be made over areas where HTEM inversion interpreted thin overburden 

but where geological data indicates glaciofluvial or glaciolacustrine sediment, such as in the 

northeast corner of the map. In this area however plotted BC water wells show that the depth to 

bedrock is variable but often shallow.  

 

Although the overburden thickness map shows trends that correlate with topographical 

features on the DEM map, the surficial geology information was considered to be unsupportive 

of the inversion results in several areas. This disagreement is caused by several unrelated factors 

such as map resolution, where point measurements are averaged over large distances 

(overburden thickness map has a 1 km cell size), and HTEM system limitations in detecting the 

minimum thickness of overburden. The overburden thickness map in Figure 5.3.3, however, 
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present results of inversions with the smallest number of layers and would be the quickest to 

compute in operational conditions.  

 

5.4 HTEM inversion calibration using water wells 
 
 Water well records within the greater Quest West survey area were used to calibrate 

HTEM inversions, see Sections 2.4.1 and 4.2.1. Of the 12 wells that were used, 10 provided 

calibration information while the remaining 2 did not generate models that provided an sRMS  

error < 10%. The inversion records for these wells can be found in Appendix I. The inversion 

records lists the location of the well, the HTEM station used for inversion, and the horizontal 

distance and difference in elevation between the well and the HTEM station. The record also 

displays the water well record in graphical form, the starting resistivity models used for 

inversion, the results of each inversion, and any special notes that identify issues that may have 

influenced inversion. The results of each inversion can be compared visually and by using the 

sRMS % error value listed above each inversion. As the water well can be situated up to 400 m 

away from the HTEM station and at a different elevation, the inverted thickness of the 

overburden is assumed to be accurate if it is reasonably close to the depth to bedrock measured 

from the water well. A reasonable value is within 70 % of the overburden thickness indicated by 

the water well.  

 

Comparisons between the Figures in Appendix 1 show that the simpler 2- and 3-layer 

models largely overestimated the thickness of the overburden in 9 of 13 wells. The 2-layer only 

returned an accurate result in 3 of 13 wells while the 3-layer model only returned accurate results 

in 2 of the 13. Neither of these models returned an inversion result with a sRMS % error lower 
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than that obtained for the 4- or 5-layer models for any of the calibration stations, so even the best 

results from these models were disregarded in favour of the 4- or 5- layer inversion results.  

 

Comparisons with water well data also show that the 5-layer model was the most 

successful at inverting the largest number of EM stations with a competitive sRMS match 

relative to the other models. Both the 4- and 5-layer models correctly determine the overburden 

thickness to within 80% in 4 of 11 wells with an additional 3 records within 70% of the total 

thickness. This corresponds to an sRMS % error of 54% for 5-layer inversions, and 55% for 4-

layer inversion. When the 4- and 5-layer models are considered together, where the lowest sRMS 

% error determined the selected model for that station, out of the 11 wells that were successfully 

inverted the overburden thickness was within 80% in 4 wells, with an additional 2 wells being 

within 70% of the total overburden thickness, which corresponds to an sRMS % error of 61%. 

Unfortunately the calibration results in Figure 5.4.1 and Appendix 1 also show that the 5-layer 

model inversion result could have a lower sRMS % error than the 4-layer model inversion result 

even in the situation where the 4-layer model was more accurate at determining the depth to 

bedrock where the 5-layer model was not, see Appendix I, figures A1-2, A1-7, and A1-10. This 

creates the situation where an inversion with the incorrect determination of overburden thickness 

is chosen in lieu of the correct inversion due to the lower sRMS % error. Unfortunately there is 

little else to assist in selecting the best inversion result other than by choosing the one with the 

lowest sRMS % error with a plausible geological model. It should be noted that the sRMS % 

error calculations include inversions where the overburden is known to be incorrect, such as over 

Feature A, and so does not represent a best estimate of inversion accuracy.  
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Inversions also show that overburden typically has a resistivity that ranges from 5-150 

Ω•m, with an average of 50 Ω•m. Bedrock has a resistivity that ranges from 5 to over 5000 

Ω•m. Of note however is that the first identifiable layer of bedrock beneath overburden, for the 

4- and 5-layer models (4LR, 5LR), has a resistivity that ranges from 445-878 Ω•m with an 

average of 505 Ω•m. This provides a useful tool for identifying the first layer of bedrock as it 

occurs beneath overburden, should it hold true for all inversions. It may also be an artifact of the 

inversion models, shown at the bottom of each Figure, where the primarily sRMS selected 4- and 

5-layer models are configured with a 500 Ω•m layer beneath a more conductive overburden. 

While such a layer tended to result in a successful determination of the overburden-bedrock 

contact, it may be artificially interpreting a more resistive layer in order to better match the 

observed decay of the secondary magnetic field.  

 

5.4.1 Resistivity structure within the layered earth model 

The calibration with the water well data shows that in order to get the best inversion 

result, the layered earth model should be a crude approximation to the actual Resistivity structure 

of the subsurface controlled by geology. The sRMS % error can then be used to discriminate 

between geologic models as the best result can most often be identified by the lowest sRMS % 

error value, see Appendix I. The Appendix 1 Figures show that different overburden thickness 

results are obtained through inversion depending on the number of layers and Resistivity 

structure within the model, where fewer layers in the model often results in a large over-

estimation in the thickness of the overburden. 
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Using the water well results shown in Figure 5.4.2 as an example, when the number of 

layers in the model is increased from 2-, to 5-layers, the resistivity-depth profile of the model 

gains the ability to better model resistivity changes with depth. When the starting model is a 

better approximation to the resistivity-depth profile of the surficial geology, it leads to a lower 

sRMS % error. As the resistivity-depth structure of the surficial geology is unknown, the chance 

of a successful and accurate inversion may be increased if multiple models are used for 

inversion, where each model describes a different but general trend in resistivity-depth of the 

subsurface. This can be seen by the layers representing overburden for the 4-layer and 5-layer 

models, in Appendix Figures A1-1 to A1-4, A1-7, A1-8, A1-10, and A1-11,  which show that 

inversion results for overburden thickness are improved when the overburden and/or bedrock is 

modelled as 2 or more distinct layers . This is also supported by the success of the 5 LR-2 

inversion, see Figure 5.4.3, where a 5-layer model succeeded in inverting the thickness of the 

overburden if the bedrock was interpreted to have a resistivity of greater than 170 Ω•m. The 5 

LR-2 inversion was also able to successfully discriminate between sediment types that match the 

water well record of silty-gravel and glacial till, as well as between sandstone and what is most 

likely granodiorite bedrock from the Endako batholith of the Francois Lake suite. Granodiorite is 

often reported to have a resistivity of well over 1500 Ω•m, see table 2.2.  

 

5.4.2 Discrimination between overburden and bedrock resistivity 

 A visual comparison of the calibration inversions also show that a discrimination based 

on resistivity is required to distinguish overburden from bedrock. Figure 5.4.3 shows that the 

bedrock can have a resistivity as low as 174 Ω•m from HTEM inversions, while Figure A1.1 
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shows that the overburden can have a resistivity as low as 140 Ω•m. Both of these valyes are in 

support of the 160 Ω•m choice of a bedrock cut-off for the 2nd layer, see Section 4.6.  

 

It should be noted that Appendix I shows that the resistivity of the bedrock determined 

from inversion could be as low as 0.5 Ω•m. This low resistivity value is supported by the 3 

geotechnical boreholes drilled near the study site that show the in-situ measured resistivity of 

different bedrock units, see Figure 5.4.4 and Appendix II. The associated GSC report attributes 

these low resistance values to conductive minerals such as sulphides, oxides, and graphite. In the 

case that these minerals are absent or less abundant, the low resistances are attributed to porosity, 

degree of fracturing, and pore water salinity and saturation (Killeen et al. 1995). It is likely that 

bedrock with a lower resistivity exists within the survey site that is indistinguishable from 

overburden and vice versa, such as a porous limestone and tuff, see table 2.2. Unfortunately, 

there is no published information concerning the resistivity of surficial sediment for the study 

site or within the Nechako Plateau. 

 

5.4.3 Water well calibration inversion results by starting model  

The 2-layer starting model, which is the 2-layer inversion strategy presented in Section 

4.3, was able to invert for overburden thickness however it was not able to do so with consistent 

results and often greatly overestimated the thickness. Despite being the simplest model it was 

ineffective at inverting stations, having inverted only 6 out of the 13 water wells used for HTEM 

calibration. With respect to accuracy, the 2-layer starting model has an sRMS error of 104%, the 

lowest accuracy of any of the attempted starting models.  
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The 3-layer model was only a slight improvement over the 2-layer model but suffered 

from the same inconsistency with great overestimations of overburden thickness. Like the 2-

layer model it was only able to invert 6 out of the 13 water well calibration stations, and has an 

inversion accuracy sRMS % error of 94%. Both the 2- and 3-layer models also suffer from the 

occasional habit of returning an inversion result that exceeds the depth of investigation of the 

HTEM system. 

 

The 4-layer and 5-layer models were found to be a significant improvement over the 2- 

and 3-layer models. Both models were able to invert 11 of 13 water well calibration stations and 

have similar levels of accuracy with 54.7% for the 4-layer model and 54.3% for the 5-layer 

model. All of the inversion models performed more accurate inversions, with better sRMS % 

error values, over flat terrain where overburden was known to exist. Accuracy was calculated 

with respect to the inverted overburden thickness compared to the water well measured 

thickness, results from inversions that exceeded the DOI of the HTEM system were omitted from 

the calculation. Results are based on the water well inversions presented in Appendix I. See 

Table 5.4.5 for comparison. 

 

5.5 Resistivity structure inversions  
 
 Inversion using the Resistivity structure inversion method, see Section 4.6, progressed 

with a higher degree of success than the 2-layer, multi-layer, and resistivity reversal inversion 

strategies. A comparison of Figures 4.6.2 and 5.5.1 with Figures 5.2.1 and 5.3.1 shows that the 

successful Resistivity structure inversion stations are more numerous along line and cover a 

greater portion of each HTEM line than the resistivity reversal strategy. Gaps along line are also 
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smaller and there are fewer gaps. This provides a better along-line sampling of the study site and 

a more accurate averaging of the data within the 1 km2 cell size of the map. In addition, the 

accuracy of results are supported by the HTEM inversion calibration using water wells, as the 

same 5-layer model was used to perform the Resistivity structure inversions. The sRMS % error 

of the Resistivity structure inversions is also lower, with a median of 3.9 % and an average of 

4.4%, compared to the resistivity reversal inversions, which have a median and an average over 

6%.   

 

An analysis of Resistivity structure inversion results by station shows that the overburden 

varied in thickness from 0-265 m with an average of 38 m. The first layer of overburden has a 

range in resistivity of 3-680 Ω•m, with an average of 46 Ω•m. This range includes all 

successfully inverted HTEM stations where the overburden was determined to be at least 5 m 

thick, which includes 11048 stations out of 11177 or 98.8 % of successful inversion results. 

Resistivities for inversions where the thickness was determined to be less than 5 m were found to 

have resistivities less than 3 Ω•m, down to 0.02 Ω•m, and as high as 775.6 Ω•m, and are 

considered to be unreliable due to the small thicknesses of the layer relative to the low resolution 

- long EM wavelenths involved. Bedrock resistivities have a range of 0.5 Ω•m to >10,000 Ω•m, 

most likely due to the large variation in volcanic bedrock resistivities, which in some locations 

include tuff (see Figure 2.5). This range is supported by the bedrock resistivity histogram shown 

in Figure 5.4.4.  When the inversion data set is gridded and averaged over a 1 km cell-size, 

overburden has a thickness range of 15-60 m with an average of 36.5 m, see Figure 5.5.2.  
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5.5.1 Overburden thickness comparison 

 Figure 5.5.2 shows an overburden thickness map created from the Resistivity structure 

inversions and overlaid with surficial geology data. This map can be compared to the overburden 

thickness map created from the resistivity reversal inversions, see Figure 5.3.3. The trends in 

overburden thickness between the two maps are similar, where areas of thick and thin 

overburden are collocated in most cases. Areas of mapped gravel pits are also in agreement with 

inverted overburden thickness. There are a few discrepancies between the maps, where mapped 

outcrops, till veneer, and glaciolacustrine sediment does not seem to match overburden 

thickness. The largest difference between each map is the thickness of the overburden where the 

Resistivity structure inversions in Figure 5.5.2 show an overburden which is about ¼ the 

thickness as that shown in Figure 5.3.3. The point measurements of overburden thickness 

measured at each water well are in disagreement with the inverted overburden thicknesses shown 

in both maps, however the HTEM data is averaged over a 1 km2 cell size, and the disparity is 

smaller in the Resistivity structure inversions of Figure 5.5.2. 

 

The difference between the water well measurements and the 1 km cell size-averaged 

overburden thickness values shown in Figure 5.5.2 could be due to topographic and overburden 

thickness changes that are occurring on a scale too small to be resolved with a 1 km cell size. 

The study site has a topography that varies rapidly over small distances, as indicated in Figure 

2.3. While the slopes are classified as gentle, they are widespread throughout the study site and 

indicate a topography that changes rapidly within a distance of 100 m. The overburden thickness 

results from both the resistivity reversal and the Resistivity structure inversions could also be 
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overestimated due to 3D topography effects surrounding HTEM stations that are situated on or 

near a slope, see Section 5.5.2 (Newman et al. 1987, Auken 1995).  

 

5.5.2 Overburden thickness compared to satellite images 

When the Resistivity structure overburden thickness map is superimposed on a Google 

Earth satellite photo of the study site, shown in Figure 5.5.3, two additional observations can be 

made with regard to inversion results. The relationship between terrain structures and overburden 

thickness is shown, where thin (blue coloured) overburden coincides with the angular features of 

a ridge or mountain, such as Uncha Mountain in the upper left of the figure, and where thick 

overburden (yellow to red) coincides with flatter terrain, such as the rolling plains around Molice 

and Uncha lakes. All trends are general, due to the large spacing between HTEM lines that can 

miss major terrain features, such as the volcanic neck on the left edge of Figure 5.5.3.  

 

Feature A is an anomaly that seems to contradict the overburden thickness versus terrain 

trend. The satellite photo, see Figure 5.5.3 shows a rocky ridge (red colour) covered in white 

scars (that appear pink in the Figure due to the transparency overlay) from logging activity, see 

Figure 5.5.4 for a closer look.  

 

Inversion results from HTEM line 7420 over Feature A shows the overburden thickness to be 

highly variable, ranging from 10-180 m in thickness. These results are somewhat less plausible 

due to the rocky appearance of the ridge. When these stations are plotted on a satellite image 

using Google Earth, they reveal that thick overburden is limited to areas where the HTEM 

stations are located on the side of a steep slope, see Figure 5.5.4. This suggests that the inversion 

 
109 

 



 

results in this area could be affected by 3D topography effects that are not well modelled by a 

layered earth model. Feature A was therefore partially created as a result of 3D topographical 

effects on many stations that led to an overestimation of overburden thickness. This error was 

propagated and averaged through interpolation with stations from another HTEM line 4 km 

away. A more suitable model that accommodates station specific changes in terrain and geologic 

structure should be used in areas of steep slopes in order to provide a more accurate inversion of 

overburden thickness. 

 

5.5.3 Inversion analysis 

As the inversions were mostly conducted without constraints and because more than one 

starting model was used, a quick analysis of the inversion results is in order; specifically to see if 

the results from station to station are comparable, and if the results between starting models are 

comparable. The overburden thickness inversion results for each starting model are plotted in 

Figure 5.5.5, and as a profile of HTEM line 7420 in Figure 5.5.6. The map shows that the survey 

area is inverted primarily using the 4-layer and5-layer starting models, and that the model chosen 

does not seem to be influenced by topography or by bedrock geology (compare with Figure 2.5). 

Figure 5.5.6 shows that adjacent stations for inversions conducted with the same model are in 

good agreement, and that inversions conducted using different starting models are comparable. 

There also exist several individual outliers, identified within the black dashed circle, as well as 

several groups of outliers. Individual outliers can show a large deviation from the average, while 

groups of outliers seem to occur within 20 m of each other, see the two green dashed oval shapes 

in Figure 5.5.6. This difference may be due to the choice of using a 160 Ω•m cut-off to identify 

the bedrock in the 2nd layer of the inversion results, and due to 3D effects from the rocky terrain. 
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The groups of outliers could also be due to local changes in terrain, overburden thickness, or 

water table as each group of outlier is made up of both the 4- and 5-layer starting forward 

models. In this particular area the resistivity of the 2nd layer is variable with a range of 71-1500 

Ω•m. A cosine distance weighted average was used for interpolation, and has the effect of 

averaging the data within a 1 km cell size, chosen due to the 4 km HTEM line spacing. As the 

reduction in resolution is large, the outliers were left to be averaged into the 1 km2 cell data as 

the contribution from a single outlier is greatly reduced over a distance of 1 km. The contribution 

of outliers are further reduced in processing of airborne gravity data acquired on wide spaced 

survey lines which is insensitive to high frequency effects.  

 

Figure 5.5.6 also shows an average response for till veneer, or where the bedrock is 

resistive and near surface. From UTM X coordinates 32.70 to 33.55 and again from 34.25 to 

34.80, which coincides with till veneer and mapped bedrock outcrops, the inverted overburden 

thickness distribution for all starting models ranges from 3-10 m. This suggests that the near-

surface resolution is within this envelope over rocky terrain, depending on the overall 

conductance of the bedrock. The presence of the group of outliers which has overburden 

thickness in the range of 20-30 m, from UTM X coordinates 32.70 to 33.55, could be due to local 

changes in terrain that are not visible at the resolution provided by SRTM data, geologic surveys, 

or statellite photos.  

 

Inversion results for a profile of line 7420 over Feature A, which showed a disagreement 

with satellite imagery regarding its rocky nature, is shown in Figure 5.5.7. The Figure shows an 

increase in scattering and an increase in outliers when the terrain changes from rolling hills to 
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rocky peaks on each side of Feature A, where 3D effects are common and where the layered 

earth model is less suitable for modelling. 3D effects may have contributed to inversion 

overburden thickness estimation errors throughout the study site. Over Feature A along line 7420 

the X-component showed variations in amplitude from -114 to 160 nT/s. The entire line had a 

range of -208 to 614 nT/s with an average of 2.6 nT/s and a standard deviation of 31 nT/s. It 

should be noted however that the same large estimate of overburden thickness did not occur over 

Uncha Mountain, that in this area the inversions found thin to no overburden. While 3D effects 

may have plagued inversions throughout the study site there is another factor at play over 

Feature A.  

 

5.5.4 Augmenting overburden thickness map with ancillary data 

 The surficial geology data shown in Figure 5.5.2 could be used to augment the 

overburden thickness map by constraining the areas with bedrock outcrops and till veneer to 0 m 

and 1 m in thickness, respectively, however the process can be complex due to the different ways 

the data was gathered (along line versus a random point data set). There are also other data sets 

less commonly applied that may also be added to augment an overburden thickness map, such as 

infrared remote sensing. Augmenting the overburden thickness map to improve resolution and 

accuracy of the inverted discrete layered earth HTEM data with ancillary data is suggested for 

future work and is further discussed in Section 6.4. 

 

 

 

5.6 Bouguer gravity corrections 
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 This section will compare Bouguer anomaly maps created using the method, called 

Standard Bouguer outlined in Section 4.9.2, with one created using the same process but which 

incorporates overburden thickness data for a BedTopo correction, which will be referred to as 

BedTopo Bouguer. The Bouguer corrections are applied to Quest West gravity data (Standard 

Data), and use Resistivity structure inversion overburden thickness results. These maps will be 

compared both with and without a bathymetry correction in order to better isolate the effect of 

the BedTopo correction. The first vertical derivative (FVD) which is used to delineate geological 

structures based on density will also be compared. 

 

5.6.1 Bouguer anomaly profile comparison 

 A profile view of HTEM line 7420 shows the effect of the overburden correction on 

Bouguer anomaly data, see Figure 5.6.1. The Figure shows topography, bedrock topography, 

Bouguer anomaly, and the Bouguer BedTopo anomaly. The difference between the topography 

and the bedrock topography curves is the interpreted overburden thickness. The most notable 

trend on the Figure is the difference in gravity intensity between the Standard Bouguer and the 

BedTopo Bouguer curves. This difference represents the modelled gravity contribution of 

overburden thickness. Other than an average 7 mGal static shift, the difference in the shape of 

the curves is little. Most changes in overburden thickness did not result in any significant 

changes between the two Bouguer anomaly profiles, and is only visible as a static shift between 

the Standard Bouguer and the BedTopo Bouguer profiles. This is a result of 1 km grid cell size 

for overburden thickness which has the effect of filtering out the high frequency variations in 

overburden thickness inverted from the HTEM data.   
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5.6.2 Bouguer anomaly map comparison without bathymetry 

A comparison of the Standard Bouguer and the BedTopo Bouguer maps, without a 

bathymetry correction, can be seen in Figure 5.6.2. The largest difference between the two 

figures is an 8 mGal static shift increase in intensity on the BedTopo Bouguer anomaly map, 

which is due to the presence of less dense overburden in place of bedrock. Otherwise the two 

figures are nearly identical to each other with only minor changes in intensity near Features B, C, 

and E. This suggests that an overburden correction performed using 1 km grid averaged data is 

of insufficient resolution to adequately portray any changes that are a result of overburden 

thickness variations on a 500 m grid Bouguer anomaly map. It could alternatively suggest that 

most changes in overburden thickness are too small andcreate gravity anomalies that are too low 

in intensity to be visible on a Bouguer Anomaly map.  

 

A comparison of the first-vertical derivative (FVD) of the Bouguer anomaly maps 

without the bathymetry correction may reveal more detail, see Figure 5.6.3. Anomalies 

associated with Features B, C, D, and E display small differences on the maps. Other small 

differences can be seen in the shape and size of small anomalies in the middle of the map. Of 

particular interest are the two linear trends merging into the anomaly at Feature B, shown in the 

dotted black circle in Figure 5.6.3A. In Figure 5.6.3B these linear trends were removed by the 

BedTopo correction, showing that the anomaly at feature B is more circular. Feature D has 

changed, the anomaly is now more prominant over the faulting that created a geologic window in 

that area to expose older bedrock, see Figure 2.5. The boudinage-look of Feature E has also been 

reduced, where 6 individual anomalies have been transformed into a high ridge with two 

anomalous peaks. Feature E is a by-product of not applying a bathymetry correction to the data, 
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as Francois Lake in this map is interpreted as bedrock, and so more gravity is reduced in that 

area creating a gravity high above Francois Lake that mirrors the shape of the lake. An 

overburden correction partially corrects this feature, which suggests that overburden thickness 

contributes to this feature. Since an overburden correction is similar to a bathymetry correction it 

results in a lower gravity reduction than if the overburden was modelled as bedrock. This 

suggests that some of the peaks in Feature E were created due to a change in overburden 

thickness. 

 

5.6.3 Bouguer anomaly map comparison with bathymetry 

A comparison between the Standard Bouguer and the BedTopo Bouguer anomaly maps 

after bathymetry correction is shown in Figure 5.6.4. The largest difference between maps is a 

small 2 mGal shift in gravity intensity which can be attributed to the difference in overburden 

thickness. The difference in amplitude of the static shift here, compared to Figure 5.6.2 (2 mGal 

vs 8 mGal) is most likely due to the application of the bathymetry correction which has a larger 

overall correction effect on gravity intensity due to the size of the correction (there is a much 

larger difference in density between water and bedrock than between overburden and bedrock), 

and due to the relatively large area of the lake compared to overburden thickness in the 

immediate surrounding area. No other differences are detectable between the two maps in Figure 

5.6.4. This also supports the theory that an overburden correction performed with HTEM data of 

low spatial resolution is not detailed enough to illustrate most changes in gravity intensity due to 

overburden thickness variations on a Bouguer anomaly map.  
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 A comparison of the first-vertical derivative (FVD) of the Bouguer anomaly maps with 

bathymetry correction is shown in Figure 5.6.5. There are not as many differences between these 

two FVD maps as most anomalies have similar shapes and intensities. Only very small 

differences can be seen near Features B, C, E, and F. None of these differences are large enough 

to influence map interpretation. The largest difference between both maps can be seen around 

Feature F, which is largely due to the bathymetry correction. Here the FVD Standard Bouguer 

map does a better job at correcting the north trending gravity high anomaly directly to the north 

and south of Feature F, and mostly restores the anomaly as a single feature within the white 

circle at Feature F. On the BedTopo FVD Bouguer map, the anomaly is mostly restored but it 

seems that the overburden correction in this area is incorrect. This is most likely due to an 

overestimation of overburden thickness in this area, which led to a larger correction of gravity 

than necessary. Since this same feature was not completely corrected on the FVD Standard 

Bouguer map, the bathymetry data in this area may also be inaccurate, or the geologic feature 

that created the north trending gravity high anomaly has been partially eroded during lake 

formation.  

 

5.6.4 Comparisons between Bouguer anomaly and their FVD maps 

 There are some features that are interesting to compare between maps of Bouguer 

anomaly and their FVD equivalent. Feature A for instance is a rocky ridge, interpreted from 

satellite photos, where the HTEM inversion was affected by a conductive anomaly hosted in the 

bedrock as well as from 3D effects resulting from measurements being taken on the slope of a 

ridge. These combined to contribute to an overestimation of the thickness of the overburden. 

When this excess overburden thickness was corrected for, it resulted in no visible change in the 
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shape of the anomaly in either the Bouguer anomaly maps, or in their respective FVD’s, compare 

anomalies in the area of Feature A across Figures 5.6.2-5.6.5. If the overburden thickness is 

drastically increased from the Resistivity structure inversion of ~50 m to ~230 m result from the 

resistivity reversal inversion, with the overburden thickness and bathymetry corrections applied, 

the anomaly still remains unchanged, see Figure 5.7.1. This suggests that the gravity high 

anomaly is hosted in the bedrock as even large changes in overburden thickness have little effect 

on this anomaly. The conductivity may be due to a specific conductive bedrock unit, a change in 

composition of the bedrock, or an intrusion.  

 

5.7 Bouguer results calculated from resistivity reversal inversion 
 

Minor differences are observed between the resistivity reversal Bouguer anomaly maps 

with bathymetry corrections applied, compare Figures 5.7.1 A and 5.6.4. The average gravity 

intensity throughout the map in Figure 5.7.1 has increased relative to the Standard Bouguer map 

and the BedTopo Bouguer map. This is due to the larger amount of interpreted overburden 

thickness, See Figure 5.3.1, which when corrected for results in a smaller terrain correction of 

the observed gravity data due to the lower density of overburden compared to bedrock. Minor 

differences can also be seen between the maps in the vicinity of Features B, D, and F. Of these, 

Features B and D show an expected increase in gravity intensity due to the interpretation of a 

thicker overburden. Feature F however shows the opposite trend where the gravity intensity is 

reduced despite an increase in overburden thickness.  

 

Minor differences can also be seen between the FVD maps near Features B, C, D, E and 

F. Of these features, only B and F show any significant difference, see Figures 5.7.1 B and 5.6.5. 
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Feature F shows that the gravity intensity is changing negatively, shown by the blue low (Figure 

5.7.1 B). This low is due to thick overburden, within the black-dashed circles above and below 

Feature F in Figure 5.3.3, interpreted through HTEM inversion on the banks of Francois Lake 

immediately to the north and south of the lake at Feature F. The gravity highs to the north and 

south of Feature F, shown in red in Figure 5.7.1 B within the black-dashed circles, shows that 

gravity intensity has a stronger high relative to the other FVD maps. This is because these areas 

were identified, through HTEM resistivity reversal inversions, as overburden with an average 

thickness of 200 m, as shown in Figure 5.3.3. When an overburden density is applied down to a 

depth of 200 m as part of the correction of the observed gravity data, it will result in a smaller 

gravity correction than the standard data Bouguer correction, as less gravity will be subtracted 

from the observed data than would have been had the area been interpreted as bedrock. This is 

due to the average density of overburden, which this study has estimated to be 1.8 g/cm3 which is 

0.85 g/cm3 less dense than 2.65 g/cm3 bedrock. Surficial surveys indicate that the overburden is 

thin, from the presence of till veneer and a water well with a bedrock contact at a depth of 21 m, 

see Feature F on Figure 5.3.3. Therefore the gravity data was over-corrected resulting in excess 

gravity intensity. Within Feature F Francois Lake has a depth of 180 m, from bathymetry data, 

and the water was assigned a density of 1 g/cm3. The mass of water in this area has been 

adequately corrected for. However since the both sides of the lake have a larger gravity intensity, 

due to the over-correction, than the lake itself, the FVD map will show a trough between these 

two highs once the 2 km separated gravity lines are interpolated. This effect is minimized with a 

thinner interpreted overburden, see Figure 5.6.5 B. Such features are useful in identifying 

problems in accuracy  relating tothe determination of overburden thickness through inversion. In 

this case, the low was created due to the conductive north-south trending anomaly, which 
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connects Features A and F, hosted within the bedrock, which led to an over-estimation in the 

thickness of the overburden, see Figure 5.5.2 and Section 5.5.2.  

 

5.8 Resolution of overburden thickness 
 
 A problem regarding the HTEM resolution of overburden thickness was highlighted in 

section 5.5.3 and was found to have influenced gravity correction results, presented in section 

5.6. The 4 km line spacing between HTEM lines means that the data should be gridded with cell 

size no smaller than around 1 km (typically 1/4 to 1/5 the line spacing is employed) so as to 

reasonably interpolate the data between lines when using a minimum curvature algorithm. 

Unfortunately this limitation complicates the determination of how large a change in overburden 

thickness needs to be (in depth and in area) in order to be visible, and in order to influence 

interpretation, on a Bouguer anomaly map. 

  

5.8.1 Gravity anomalies created from variations in overburden thickness 

 A comparison of Feature B on the Bouguer anomaly and FVD maps corrected using 

resistivity reversal inversions and Resistivity structure inversions provides some information on 

how large a lateral change in overburden thickness is required to affect a Bouguer anomaly map 

generated from data flown by an airborne gravity survey with 2 km line spacing. Feature B is a 

circular ridge composed of rhyolite within the Endako Formation of the Nechako Plateau Group, 

see Figure 2.5, that was dated at 23.3-56.5 Ma (Massey et al. 2005). A comparison between  the 

extent of this rhyolite unit, see Figure 2.5, and the mapped conductivity response that correlates 

to areas of thicker overburden, see Figures 5.3.3 and 5.5.2, shows that this rhyolite unit is not 

related to any resistivity features. It is covered by till veneer and has 3 mapped bedrock outcrops 
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(Arnold and Ferbey 2016). The resistivity reversal inversion, see Figure 5.3.3, indicates that 

Feature B lies within an area having an overburden thickness of 200-210 m. The Resistivity 

structure inversions, however, interpreted Feature B to have a thickness of 30-39 m.  

 

 The Bouguer anomaly maps from the Resistivity structure inversions, without bathymetry 

corrected, see Figure 5.6.2 shows that when feature B is corrected for an overburden ~ 35 m 

thick, that a slight change is visible where a north-trending linear anomaly disappears from 

Figure A to be replaced by a west-trending anomaly in Figure B. When a bathymetry correction 

is applied, see Figure 5.6.4, the north-trending anomaly reappears along with an even smaller 

west-trending anomaly. This suggests that a change in overburden thickness of ~ 35 m is 

sufficient to be visible on a Bouguer anomaly map, but it is unlikely that such a small anomaly 

could affect map interpretation. This is supported by comparing Feature B on the FVD maps in 

Figures 5.6.3 and 5.6.5 which together show that a BedTopo correction has little effect on 

Feature B. Figure 5.7.1 B shows that an increase in overburden thickness to 200 m modifies the 

anomaly by 7 mGal on the Bouguer anomaly map, and by 16 Eötvös on the FVD map. At this 

point, the anomaly could negatively affect geological interpretation. This suggests that a change 

in overburden thickness needs to be on the order of 100 m in order to generate an anomaly, with 

an amplitude of roughly 3.5 mGal that is visible on a Bouguer anomaly map. This finding is 

supported by the overburden gravity anomalies modelled in Figures 1.1 B, and C which show 

that anomalies are on the order of 2-3 mGal for overburden thickness changes that are larger than 

100 m.  
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5.8.2 Overburden gravity anomalies at higher resolution 

 Previous sections showed that only large changes in overburden (thickness > 100m) 

would be visible on a Bouguer anomaly map due to the use of a 1 km cell size for processing the 

DEM, overburden thickness, and bathymetry maps for gravity correction. If the data was 

processed assuming a cell size of 100 m, higher resolution changes in overburden thickness can 

be compared between the Standard and BedTopo Bouguer anomalies in profile view. Figure 

5.8.1 shows a profile comparison along line 7420 (L7420) of Bouguer anomalies calculated 

using terrain maps with a 1 km cell size, from Figure 5.6.1, and with Bouguer anomalies 

calculated with a 100 m cell size. The Figure shows the increase in resolution for the DEM 

(green line) and the 100 m BedTopo profile (grey line) contrasted with the 1 km cell size 

BedTopo profile (dotted orange line). Also compared are the 30 s, 40 s, and 56 s low-pass cosine 

filters applied to filter out higher frequency GPS noise, where the difference between the 100 m 

Standard BA 30 s and the 100 m Bedtopo BA 30 s is the BedTopo corrected effect of overburden 

thickness. The high frequency oscillations affecting the 100 m BedTopo 30 s Bouguer anomaly 

and the 100 m 30 s Standard Bouguer anomaly profiles are created mostly from GPS noise due 

to positioning error. Minor differences between these two profiles are due to changes in 

overburden thickness. Applications of along-line filters, as described in Section 4.9.2, are 

designed to remove GPS noise using a low-pass cosine filter. These two gravity profiles were 

filtered with a 1380 m, 30 s, low-pass cosine filter in order to isolate the contribution of 

overburden to the gravity signal.  

 

 Figure 5.8.1 shows that corrections for changes in overburden thickness result in only 

minor differences between the 100 m BedTopo 30 s and 100 m Standard 30 s Bouguer anomaly 
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profiles. These minor differences resemble static shifts in the data as opposed to individual 

anomalies, such as those modelled in Figure 1.1. Furthermore, the gravitational contribution of 

the overburden is much less than the amplitude of GPS noise and is filtered and removed by the 

same low-pass line filters applied to remove GPS noise. This can be seen by the application of 

the 40 s, 1840 m low-pass filter shown by the black-dotted line, which shows many of the 

smaller wavelength features to be completely removed from the data, such as the gravity low 

anomaly at X-coordinate 35.4 m, shown by the blue and fuchsia lines. By the time the 56 s line-

filter is applied along with the grid interpolation with a larger cell-sized, high frequency changes 

within the overburden have been averaged over a larger area and reduced in amplitude and 

resembles a static shift in the gravity data. A static shift in data is a minor error and may not 

interfere with the interpretation of a single feature such as a bedrock hosted gravity anomaly.  

 

5.8.3 Overburden density 

 Table 2.2 shows a sediment density range of 1.6-2.6 g/cm3 depending on clast size and 

water content. Since the overburden is composed of sequences of sediment that change in clast 

size, the density of the overburden can vary depending on location and clast assortment. While 

the range in density is large, the range in average density may not be, and the discrepancy in 

density due to a change in sediment content within the overburden may not be significant enough 

to be visible on a Bouguer anomaly map, depending on map resolution and line spacing. This is 

supported by Figure 1.1 C, which shows that a change in density of 0.85 g/cm3 with the 

dimensions 25 m by 200 m, see blue curve in Figure 1.1 C, results in a change of less than 1 

mGal on a Bouguer anomaly map. Smaller variations in density created from changes in 

sediment density, within that 25-30 m of overburden thickness, would only have a small effect 
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on the total gravity contribution of the overburden. A doubling in the thickness of overburden 

from 25 m to 50 m, see Figure 1.1 C, only results in a 0.5 mGal increase in gravity intensity. 

Changes in sediment type within the 25 m column of sediment, following the values in table 1.2, 

will not have as large of an effect on the amplitude of gravity as doubling the amount of 

sediment from 25 to 50 m. Since a 1 mGal change in gravity intensity is not visible in the 

Bouguer anomaly maps in Figure 5.6.2 or 5.6.4, density differences within the overburden from 

changes in sediment type would have to cover a larger area with a greater thickness, or have a 

much larger density discrepancy, in order to be visible on a Bouguer anomaly map.  

 

5.9 Gravimeter noise-floor 
 

The SGL AIRGrav system is capable of rendering gravity data with noise levels as low as 

0.2 mGal for half-wavelengths as low as 700 m. To achieve this, low pass filtering is applied to 

gridded data so as to stack common signal from adjacent lines and cancel out random noise. The 

tighter the survey line spacing is, the less filtering is required to achieve equivalent degrees of 

noise reduction, or alternatively the noise can be reduced for the same degree of filtering (Sander 

et al. 2003). For example, halving the line spacing results in a reduction of noise by a factor of 

√2 if the filter length is not changed. For a single profile of airborne gravity data that does not 

benefit from this process, noise levels are only reduced by low pass filters applied to the single 

profile only, with no noise cancellation applied. Under these circumstances, a 56 second low 

pass filter equivalent to 2576 m for an aircraft travelling at 46 m/s, see Table 2.1 (M. Bates, 

SGL, personal communication) typically results in data with a standard deviation of 0.537 mGal 

from a pre-established ground truth average. Two-standard deviations of noise, ~ 1 mGal, is 

roughly equal to the modelled change in gravity intensity for a change in bedrock topography or 
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overburden thickness, see Figures 1.1 A and C. There is therefore a limit on the resolution of 

airborne gravimeter systems at detecting changes in overburden thickness that is a function of the 

area, thickness, and density contrast between the overburden and the bedrock. For instance from 

Figure 1.1 A and C, the AIRGrav system with a 56 s filter applied should be able to resolve 

changes in overburden thickness that are approximately 30 m or larger. This reduces the 

resolution requirement for a BedTopo correction of gravity data, as gravitational acceleration 

contributions from near-surface variations in overburden thicknesses, approximately 30 m or 

less, may be obscured by GPS noise. This is supported by results presented in Section 5.8 which 

show that an overburden thickness change of 35 m is barely visible on a Bouguer anomaly map.  

 

 Due to the resolution limitations of airborne gravimeters to changes in overburden 

thickness, TEM systems that are not typically considered for overburden thickness corrections 

may have an application in areas where lateral changes in overburden thickness exceed 30 m and 

where the size of the basin is small enough to create an anomaly as opposed to a static shift in the 

gravity data. For instance a method to invert for the conductivity-thickness of the overburden 

using MegaTEM survey data inverted using a 2-layer model combined with measured 

conductance from geotechnical boreholes and applying cokriging to estimate the thickness of the 

overburden from the conductivity-thickness was found to be accurate with a RMS of 10 m 

(Chouteau et al. 2013). This provides an application for the MegaTEM system to be used as a 

dataset for the generation of an overburden thickness map for BedTopo gravity corrections, so 

long as GPS noise remains a limitation for airborne gravimeters.  
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Figure 5.1.1: HTEM line 7240 overburden thickness cross-section 
Resistivity-thickness profile created from an unconstrained 2-layer layered-earth inversion of 1D HTEM data. Overburden (in green) 
is overlying bedrock (in yellow). Overburden resistivity varies smoothly from sounding to sounding. Bedrock resistivities in this area 
are uniform. 
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Figure 5.2.1: HTEM overburden thickness map from multi-layer inversion 
Thicker overburden is shown as red, orange, and yellow. HTEM lines shown as dashes where individual HTEM station inversion 
results are shown as quantified coloured dots. Figure is based on 2-, 3-, and 4-layer inversions, see Section 3.5.2. Circles indicate 
HTEM stations that inverted successfully, gaps indicate areas where inversion was not successful using the models in Figure 4.4.1 A. 
Interpolation was done using standard semivariogram spherical kriging. Meters deep indicates the thickness of the overburden layer 
from the surface. 
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Figure 5.3.1: HTEM overburden thickness map from inversions including resistivity reversals 
Thicker overburden is shown by red, orange, yellow. Figure is based on inversion models shown in Figure 4.4.1 B, see Section 4.5. 
Triangles indicate HTEM stations that inverted successfully; colour indicates the inverted thickness of the overburden in meters. 
Missing stations, shown by the gaps between triangles where the black hashed line runs, indicate areas where HTEM stations did not 
invert successfully.  
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Figure 5.3.2: Surficial 
geology overlaid on DEM 
map 
Map indicates the location of 
bedrock outcrops and till 
veneer. Private and public 
gravel pits have also been 
marked with pink triangles, 
which indicate areas where 
sand-, gravel-, and pebble-
sized sediment have been 
sorted and deposited 
(Matheson et al. 1996). The 
sediment layer map is a 
1:250,000 scale map made of 
polygons that indicate the 
locations of unconsolidated 
Quaternary sediments within 
the study site (Massey et al. 
2005). The highlighted red 
areas mark where glaciofluvial 
and glaciolacustrine sediments 
were observed and mapped by 
geologists (Plouffe and Mate 
2001, Plouffe and Levson 
2001, Mate and Levson 2001). 
White letters indicate features 
of interest for Bouguer 
correction analysis. Contour 
lines indicate estimated highest 
elevation and extent of fluvial 
and lacustrine glacial sediment 
based on published surveys. 
See Figure 2.1 for source data.   
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Figure 5.3.3: Surficial geology overlaid on overburden thickness map 
HTEM overburden thickness map, generated from results of inversions including resistivity reversals, compared to DEM overburden 
thickness indicators and water well records. Wells marked with a cross did not contact bedrock. Contour lines indicate estimated 
highest elevation and extent of fluvial and lacustrine glacial sediment based on published surveys. See Figure 2.1 for source data. 
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Figure 4.5.1: Figure shows inversion results obtained near water wells. Inversions were conducted using starting models shown in 
Figure 4.2.1, only 4- and 5-layer results are shown. sRMS % error for each inversion, is indicated in the graph at the top, a lower value 
is better. Water well stations where the inversion result from the starting model with the lowest sRMS is chosen and where the result is 
within 70% or 80% of the known overburden thickness is indicated. 
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Location information UTM NAD83 N9 
Flight line station 
X: 638416.95 Y: 6044179  Z: 628 m 
Distance from well: 62 m 
 
Wells water station Tag ID # 53217 
X: 638386 Y: 6044125  Z: 620 m 
Depth to bedrock: 71.6 m 
 
well to HTEM elevation difference: 8 m 

Geology information 
Bedrock: Andesite to dacite volcanic with 
welded tuff 
Surficial: unknown 
 
Well water record: 
Overburden: glacial clay and till 
Bedrock: no comment 

 
Figure 5.4.2: BC Wells and HTEM inversion record, Block C2, line 6261, BC Wells Tag ID 
# 53217  
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Location information UTM NAD83 N10 
Flight line 7402 station  
X: 372339.49 Y: 5988009.61  Z: 797 m 
Distance from well: 291 m 
 
Wells water station 
X: 372341 Y: 5988301  Z: 789 m 
Depth to bedrock: 18.3 m 
 
well to HTEM elevation difference: 8 m 

Geology information 
Bedrock: aphanitic basalt 
Surficial: unknown 
 
Well water record: 
Overburden: silty gravel, glacial till 
Bedrock: white sandstone 

 
Figure 5.4.3: BC Wells and HTEM inversion record 
Record is from Block D Flight Line: 7402 BC Wells Tag ID #
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Figure 5.4.4 Bedrock resistivity histogram 
Histogram depicts the occurrences of bedrock resistivity layers measured in-situ from 3 geotechnical boreholes within the 
Nechako Plateau, British Columbia. Bedrock resistivities were measured to have an average of 595.5 Ω•m. Data compiled 
from the GSC geotechnical boreholes, see Appendix II.
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Table 5.4.5: Water well calibration inversion results by starting model 
Table shows comparison of inversion success and accuracy between starting models used for 
Water well calibration. The resistivity structure inversion methodology applied the lowest sRMS 
solution among all models tested. Best accuracy for all models shows the accuracy for the best 
case scenario which chooses the most accurate inversion result regardless of sRMS % error for 
that inversion. See Section 5.4 for details. Data is based on inversion results presented in 
Appendix I. A lower sRMS % error shows higher accuracy and more consistent results. 

 
 

Starting Model Inversion 
Success 

Accuracy     
(sRMS % error) 

2-layer 6 of 13 104 
3-layer 5 of 13 94 
4-layer 11of 13 55 
5-layer 11 of 13 54 

Lowest sRMS solution 11 of 13 61 
Best accuracy of all models 11 of 13 29 
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Figure 5.5.1: HTEM Overburden thickness map from Resistivity structure inversions 
HTEM overburden thickness map, generated from Resistivity structure inversions, compared to individual inversions of 
overburden thickness from HTEM stations. Map extents are adjusted to smaller survey size. Note that the graduated colours for 
the map and the inversions are different but similar as the map values have been averaged over the 1 km cell size of the map.  
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Figure 5.5.2: Surficial geology overlaid on overburden thickness map 
HTEM overburden thickness map, generated from Resistivity structure inversions, compared to DEM overburden thickness 
indicators and water well records. Wells marked with a cross did not contact bedrock. Contour lines indicate estimated highest 
elevation and extent of fluvial and lacustrine glacial sediment based on published surveys. See Figure 2.1 for source data.  
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Figure 5.5.3: HTEM overburden thickness map overlaid on a Google Earth satellite image with an east-facing 
perspective 
Perspective shows the center of the study site. Flight line separation is 4km. Thin (blue) overburden corresponds to angular 
features (Uncha Mountain) with high relief while thicker overburden (yellow and red) corresponds to smooth features such as a 
plain or basin. HTEM stations are shown along flight line as coloured dots. Satellite image from Google (Google 2016). 
Vertical exaggeration is 3.  
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Figure 5.5.4: Line L7420 on satellite image with overburden thickness map 
East facing perspective showing HTEM line 7420 and the inversion results of the stations along line. Stations can be seen to be 
situated on a south facing slope of an east-west striking ridge. (Google 2016) 
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Figure 5.5.5: Location of HTEM inversion starting models by type 
Figure shows that the survey area is inverted primarily using the 5-layer and 4-layer starting models, and that these models 
show a random distribution that is unrelated to topography. The 4LR2 model was only found to be useful on the eastern 
portion of L7420. Gaps represent areas that did not result in a successful inversion using any of the starting models.   
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Figure 5.5.6: Inversion results by starting model for a portion of HTEM line 7420 
Figure shows the agreement between adjacent HTEM stations for same, and for different starting models. HTEM stations are 
50m apart. Overburden thickness indicators are plotted on the graph to illustrate accuracy. Red line represents the grid 
averaging that occurs when the data is averaged over a 1 km cell size. Outliers are indicated by dashed circle. Starting models 
for the 5 layer, 4 layer, and 4 LR can be found in Figure 4.6.1. Topography is plotted on the right-axis. 
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Figure 5.5.7: Inversion results by starting model for HTEM line 7420 
Figure shows the scattering that occurred over Feature A. Scattering is reduced over flatter terrain between Feature A and 
Uncha Mountain and over Uncha Mountain. Red line represents the grid averaging that occurs when the data is averaged over 
a 1 km cell size. HTEM stations are 50m apart. Topography is plotted on the right-axis.  
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Figure 5.6.1: Comparison of Bouguer anomaly (BA) profiles for HTEM line 7420 
Figure shows the along line variations in Bouguer anomaly (BA) intensities for the Standard Data and BedTopo corrections. 
Figure also shows the difference in elevation between topography (determined from SRTM data) and bedrock topography 
(determined from BedTopo map). The difference between these two lines is the HTEM inverted overburden thickness. All data 
is averaged to a 1 km grid cell size. Bathymetry is corrected. 
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Figure 5.6.2:  Bouguer 
gravity anomaly map 
comparison 
Maps show a 
comparison of 
anomalies created from 
a Bouguer correction 
done without, Figure A, 
and with, Figure B, an 
overburden correction. 
Bathymetry was not 
corrected. Maps were 
interpolated using 
minimum curvature 
with a cell size of 
500m. 
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Figure 5.6.3:  Bullard 
FVD Bouguer 
anomaly map of the 
study site.  
FVD maps show a 
comparison of 
anomalies created from 
a Bouguer correction 
done without, Figure A, 
and with, Figure B, an 
overburden correction. 
Bathymetry was not 
corrected. Maps were 
interpolated using 
minimum curvature 
with a cell size of 
500m. 
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Figure 5.6.4:  Bouguer 
gravity anomaly map 
comparison with 
bathymetry corrected 
Maps show a 
comparison of 
anomalies created from 
a Bouguer correction 
done without, Figure A, 
and with, Figure B, an 
overburden correction. 
Bathymetry was 
corrected. Maps were 
interpolated using 
minimum curvature 
with a cell size of 
500m.  
 

 
145 

 



 

 
Figure 5.6.5:  Bullard 
FVD Bouguer 
anomaly map of the 
study site with 
bathymetry 
corrected.  
FVD maps show a 
comparison of 
anomalies created from 
a Bouguer correction 
done without, Figure 
A, and with, Figure B, 
an overburden 
correction. Bathymetry 
was corrected. Maps 
were interpolated using 
minimum curvature 
with a cell size of 
500m. 
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Figure 5.7.1:  
Resistivity reversal 
overburden corrected 
Bouguer anomaly and 
FVD maps of the 
study site with 
bathymetry 
correction applied.  
Maps were corrected 
using overburden 
thickness determined 
from the resistivity 
reversal inversions. 
Figure shows the effect 
of a largely over-
estimated overburden 
thickness on a Bouguer 
anomaly map and its 
FVD when compared 
with Figures 5.6.2-
5.6.5. Maps were 
interpolated using 
minimum curvature 
with a cell size of 
500m. 
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Figure 5.8.1: Comparison of Bouguer anomaly (BA) profiles for HTEM L7420 created using 100m DEM maps.  
Figure shows the effect of higher resolution maps on BedTopo corrections. Overburden thickness changes shown by the difference 
between the BedTopo 100 m (grey line) and the DEM 100 m (green line) can be seen to affect gravity data, shown by the difference 
between the 100 m BedTopo BA (blue line), and the 100 m Standard BA (fuchsia line). The 56 s filer is was applied unless otherwise 
stated. Filters applied during gravity processing act to filter out overburden-hosted anomalies, shown by the 100 m BedTopo BA 40s 
(black dashed line). 
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6.0 Conclusion 
 

A novel methodology for correcting gravity data due to variations in overburden 

thickness is presented. The terrain correction is applied as a map layer where DEM, 

bathymetry, and overburden thickness measurements are used to create three maps that 

are able to correct for the contribution of gravity from bedrock, a water body, and 

overburden layer down to the GEOID or the datum.  

 

 Also presented is a working methodology for inverting HTEM data to resolve the 

overburden-bedrock contact using discrete layered-earth models in a highland terrain 

with volcanogenic bedrock overlain by a glacial-derived overburden, using Nechako 

Plateau, British Columbia, as a case study. 

 

6.1 HTEM inversion summary 
 

Forward modelling results for a purpose-built HTEM system are presented which 

show that the system should be designed with a square waveform, with a maximum duty 

time of at least 0.5 s. It also shows that such a system can resolve the overburden using a 

transmitter current of 100 A, giving a magnetic moment of 15,400 Am2, with an as short 

of a turn-off time as possible, see Section 3.3.  

 

Inversion results conducted using an HTEM system designed for mineral 

exploration are presented, showing that these systems can also resolve overburden 

thickness. Layered-earth inversion results were mixed. While the resistivity reversal 

methodology was the most successful inversion method applied it suffered from 3D 
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topography effects and a conductive bedrock unit that led to an overestimation of 

overburden thickness for a large portion of the south-west area of the study site, see 

Section 5.5 and 5.6. This over-estimation error was propagated large distances due to line 

filtering and interpolation over the 4 km between HTEM lines.  

 

An analysis of Resistivity structure inversion results by station shows that the 

overburden varied in thickness from 0-265 m with an average of 38 m. The first layer of 

overburden has a range in resistivity of 3-680 Ω•m, with an average of 46 Ω•m, and the 

bedrock has resistivities with a range of 0.5 Ω•m to >10,000 Ω•m. 

 

6.1.1 Water well calibration summary 

 Water well calibration inversions, presented in Appendix I, showed that 2- and 3-

layer earth models may over-estimate the thickness of the overburden, while maintaining 

an sRMS error below 5%. Also shown is that 4- and 5-layer models are often more 

accurate at determining overburden thickness provided that the Resistivity structure of 

the model approximates that of the subsurface stratigraphy and therefore the response. 

This is most likely due to the additional layer modelled as overburden, as water well 

inversions show a clear difference in resistivity between layers interpreted as overburden 

and between layers interpreted as bedrock. Starting models that share a similar 

conductance and geological structure with an overburden and bedrock, but have a slightly 

different resistivity-depth profile, will vary in degree of success and accuracy when used 

at different locations. Inversion success and accuracy may be increased if a series of 

starting models were used for inversion, as opposed to a single model, where each model 
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is tailored to different topographical features, such as a slope, while exploring different 

conductivity-depth profiles. However due to the non-unique nature of the inversion 

solutions, this method may only reduce the number of inaccurate inversions and will not 

prevent their occurrence. This is supported by the water well calibrations which showed 

that the result with the lowest sRMS % error did not always have the most accurate 

inversion result. The result with the lowest sRMS error was found to be within 80% of 

the total overburden thickness indicated by the water wells in only 4 out of 11 successful 

inversions, but returned a result within 70% of the total overburden thickness in 7 out of 

11 inversions. This corresponds to a 61% sRMS error when the HTEM station with the 

lowest sRMS is chosen.  

 

6.2 BedTopo Bouguer correction summary 
 
 While the BedTopo Bouguer anomaly and the Standard Bouguer anomaly maps 

with bathymetry corrected are near identical except for a static shift in gravity intensity, 

see Figure 5.6.4, the FVD maps show some differences in anomalies at Features F and B. 

An analysis of the Standard Bouguer and BedTopo Bouguer anomalies along line showed 

that when local changes in overburden thickness are corrected, the effect acts as a static 

shift in the amplitude of the gravity signal, due to the use of low frequency-pass cosine 

filters applied during gravity processing in order to remove GPS noise from the gravity 

signal.   

 

Comparison of the applied BedTopo corrections across all maps showed that there 

is a limit on the resolution of airborne gravimeters at detecting changes in overburden 
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thickness which is determined primarily by GPS noise. Within the study site, overburden 

thickness changes smaller than 30 m, with 1 mGal amplitude, may be indistinguishable 

from GPS noise, and are removed by low-pass filters along with the noise. Overburden 

thickness changes that are 100 m in size and larger, producing a gravity anomaly with an 

amplitude greater than 3 mGal, are visible and could lead to interpretation problems on a 

Bouguer anomaly map if the survey target was associated with a small amplitude 

anomaly. Such an anomaly can be created from a 200 m x 350 m sulphide mineral body 

that is located at a depth of 50 m beneath bedrock, see Figure 1.1 B. Should 50 m of 

overburden be situated over the mineral body, the gravity signal it generates would 

decrease by 1 mGal. If the anomaly is buried deeper, its signature could become obscured 

by changes in overburden thickness.  

 

6.3 BedTopo correction application 
 

For exploration, a BedTopo gravity correction may only be a concern for high 

resolution airborne gravity surveys that have a line spacing of 200 m or less, and for 

survey areas known to be dotted with basins that are >100 m deep. There are also 

applications for gravity gradiometry and ground gravity survey corrections, as these 

applications are higher resolution and have a strategy to reduce GPS noise, or are not 

affected by GPS noise. 

 

Errors in the determination of overburden thickness will only generate misleading 

anomalies on a Bouguer anomaly map in the event that the overburden is greatly over-

estimated. Such errors are a product of the long wavelength filters applied to gravity data 
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in order to remove GPS noise. High frequency errors in overburden thickness are filtered 

out of the gravity data along with the GPS noise. Under-estimated changes in overburden 

thickness are thought to be less of a problem as the change in overburden needs to be at 

least 30 m in size to be visible on a Bouguer anomaly map. Local changes in overburden 

thickness occurring at greater depths below the surface also need to be a larger increase 

than 30 m in order to be detectable. Therefore any under-estimated changes in 

overburden thickness will result in a marginal improvement of the BedTopo Bouguer 

anomaly map over the Standard Bouguer anomaly map.  

 

HTEM inversion to determine overburden thickness has several practical 

applications that go beyond gravity data correction. The creation of a bedrock topography 

map may aid in civil and regional planning for infrastructure and resource development.  

 

6.4 Future work 
 
 This project raises some suggestions for future research, other than the HTEM 

inversion strategy outlined in Section 6.1.1. During bathymetry modelling, the lake 

bottom was modelled to reside in bedrock or overburden depending on the interpolation 

of overburden thickness. This led to errors that are visible in the FVD BedTopo Bouguer 

anomaly map, see Feature F in Figure 5.6.5 B. There may be a more suitable method for 

modelling lake bottom sediment that does not contribute to correction errors.  

 

Infrared remote sensing has been applied successfully to map vegetation cover 

and shallow sediment thickness (Kustas and Anderson 2009). A method to integrate 
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remote sensing data with SRTM and surficial geology data to provide a more accurate 

estimate of vegetation cover and shallow sediment thickness would also be of benefit.  

 

  HTEM inversion provides an indication of maximum overburden thickness, water 

wells provide an indication of maximum and minimum overburden thickness, and 

outcrops and till veneer provide an indication of minimum overburden thicknesses, 

however they are also more easily observed. This higher number of minimum thickness 

measurements versus actual measurements of overburden thickness could introduce bias 

in an interpolated map of overburden thickness (Liang et al. 2014). While there is a new 

interpolation method that can account for, model, and interpolate outcrops in a data set to 

create a more realistic overburden thickness map (Liang et al. 2014), there is as of yet no 

method to incorporate this information with topography and drainage patterns which is 

known to control the location, assortment, and yield of sediment erosion and related 

deposits (Mitasova et al. 1996, Jain and Das 2010).  

 

 Above all this study determined that GPS noise is a major limiting factor in 

applying a BedTopo correction to gravity data. Research into both improving the 

accuracy of airborne GPS and correcting for position to reduce GPS noise during gravity 

surveying will only increase the need for a BedTopo correction of this higher resolution 

gravity data.  
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Appendix I 
 

Appendix I contains water well calibrated inversions conducted at various BC 

Water wells that are within 400 m of an HTEM line, see Section 4.2.1. Each record 

contains water well location and HTEM station location information as well as the water 

well record and inversions conducted on the HTEM data nearest to that specific well. 

Some records show inversions conducted with stations removed. Specific notes about 

each well are also indicated in red. For an explanation of sRMS use for the inversion 

results, see Section 4.2.7. Results and discussion from these inversions are discussed in 

Section 5.4. 

 

  

 
163 

 



 

 
Location information UTM NAD83 N10 
Flight line station 
X: 413946.66 Y: 5983977.19  Z: 767 m 
Distance from well: 206 m 
 
Wells water station 
X: 413929 Y: 5983771  Z: 773 m 
Depth to bedrock: 29 m 
 
well to HTEM elevation difference: -6 m 

Geology information 
Bedrock: rhyolite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, till, sand 
Bedrock: unknown 
Note: 
- Tx max current missreported 

 
Figure A1-1: BC Wells #52118 and HTEM inversion record  
Record is from Block E Flight Line: 8410 BC Wells Tag ID # 52118 
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Location information UTM NAD83 N10 
Flight line station 
X: 413946.66 Y: 5983977.19  Z: 767 m 
Distance from well: 206 m 
 
Wells water station 
X: 413929 Y: 5983771  Z: 773 m 
Depth to bedrock: 29 m 
 
well to HTEM elevation difference: -6 m 

Geology information 
Bedrock: rhyolite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, till, sand 
Bedrock: unknown 
Note: 
- Ch1 has Tx noise, removed for inversion 
- Tx max current missreported 

 
Figure A1-2: BC Wells #52118 Record 2 and HTEM inversion record  
Record is from Block E Flight Line: 8410, record 2 BC Wells Tag ID # 52118. First off-
time recording channel, channel 1, was removed due to Tx noise for inversion. Record is 
from the same well as previous record, see Figure A1-1, which has no channels removed.   
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Location information UTM NAD83 N10 
Flight line station 
X: 403619.37 Y: 5984021.10  Z: 670 m 
Distance from well: 53 m 
 
Wells water station 
X: 403599 Y: 5984071  Z: 671 m 
Depth to bedrock: 46.6 m 
 
well to HTEM elevation difference: -1 m 
HTEM-well bedrock % error: 29% 

Geology information 
Bedrock: basalt-andesite 
Surficial: Quaternary overburden 
 
Well water record: 
Overburden: silt, sand, gravel, till  
Bedrock: unknown 

 
Figure A1-3: BC Wells #89421 and HTEM inversion record 
Record is from Block E Flight Line: 8410 BC Wells Tag ID # 89421 
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Location information UTM NAD83 N9 
Flight line station 
X: 681188.30 Y: 6040005.32  Z: 759 m 
Distance from well: 76 m 
 
Wells water station 
X: 681188 Y: 6040081  Z: 756 m 
Depth to bedrock: 65.5 m 
 
well to HTEM elevation difference: 3 m 
HTEM-well bedrock % error: 15 

Geology information 
Bedrock: aphanitic basalt 
Surficial: unknown 
 
Well water record: 
Overburden: glacial clay and gravel 
Bedrock: limestone 

 
Figure A1-4 BC Wells #56613 and HTEM inversion record 
Record is from Block C2 Flight Line: 6270 BC Wells Tag ID # 56613 
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Location information UTM NAD83 N10 
Flight line 7402 station  
X: 372339.49 Y: 5988009.61  Z: 797 m 
Distance from well: 291 m 
 
Wells water station 
X: 372341 Y: 5988301  Z: 789 m 
Depth to bedrock: 18.3 m 
 
well to HTEM elevation difference: 8 m 

Geology information 
Bedrock: aphanitic basalt 
Surficial: unknown 
 
Well water record: 
Overburden: silty gravel, glacial till 
Bedrock: white sandstone 

 
Figure A1-5 BC Wells #47086 and HTEM inversion record 
Record is from Block D Flight Line: 7402 BC Wells Tag ID # 47086 
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Location information UTM NAD83 N9 
Flight line station 
X: 638416.95 Y: 6044179  Z: 628 m 
Distance from well: 62 m 
 
Wells water station 
X: 638386 Y: 6044125  Z: 620 m 
Depth to bedrock: 71.6 m 
 
well to HTEM elevation difference: 8 m 

Geology information 
Bedrock: Andesite to dacite volcanic with 
welded tuff 
Surficial: unknown 
 
Well water record: 
Overburden: glacial clay and till 
Bedrock: no comment 

 
Figure A1-6 BC Wells #53217 and HTEM inversion record 
Record is from Block C2 Flight Line: 6261 BC Wells Tag ID # 53217 
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Location information UTM NAD83 N9 
Flight line station 
X: 684183.11 Y: 5968045.22  Z: 906 m 
Distance from well: 386 m 
 
Wells water station 
X: 684184 Y: 5968432  Z: 924 m 
Depth to bedrock: 28.3 m 
 
well to HTEM elevation difference: -18 m 

Geology information 
Bedrock: rhyolite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, gravel, sand 
Bedrock: unknown 

 
 
Figure A1-7 BC Wells #73420 and HTEM inversion record 
Record is from Block C2 Flight Line: 6450 BC Wells Tag ID # 73420 
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Location information UTM NAD83 N9 
Flight line station 
X: 310952.26 Y: 5983963.56  Z: 926 m 
Distance from well: 44 m 
 
Wells water station 
X: 310952 Y: 5984008  Z: 925 m 
Depth to bedrock: 20.1 m 
 
well to HTEM elevation difference: 1 m 

Geology information 
Bedrock: basalt-andesite 
Surficial: Quaternary overburden 
 
Well water record: 
Overburden: clay  
Bedrock: shale 

 
 
 
Figure A1-8 BC Wells #12622 and HTEM inversion record 
Record is from Block D Flight Line: 7410 BC Wells Tag ID # 12622 
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Location information UTM NAD83 N10 
Flight line station 
X: 317867.00 Y: 5988354.00  Z: 818 m 
Distance from well: 111 m 
 
Wells water station 
X: 317897 Y: 5988249  Z: 825 m 
Depth to bedrock: 27.4 m 
 
well to HTEM elevation difference: -7 m 

Geology information 
Bedrock: rhyolite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, till, silt, sand 
Bedrock: unknown 
 
Note: 
- Ch1 has Tx noise, removed for inversion 

 
Figure A1-9 BC Wells #56720 and HTEM inversion record 
Record is from Block D Flight Line: 7400 BC Wells Tag ID # 56720 
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Figure A1-10 BC Wells #56711 and HTEM inversion record 
Record is from Block D Flight Line: 7390, BC Wells Tag ID # 56711 

  

Location information UTM NAD83 N10 
Flight line station 
X: 312866.51 Y: 5993724.07  Z: 718 m 
Distance from well: 145 m 
 
Wells water station 
X: 312909 Y: 5993856  Z: 718 m 
Depth to bedrock: 29 m 
 
well to HTEM elevation difference: 0 m 

Geology information 
Bedrock: sandstone 
Surficial: unknown 
 
Well water record: 
Overburden: clay,  
Bedrock: unknown 
Note: 
- Ch1 has Tx noise, removed for inversion 
- HTEM stations over water (Francois 
Lake) 
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Location information UTM NAD83 N10 
Flight line station 
X: 318084.38 Y: 6015989.18  Z: 723 m 
Distance from well: 135 m 

 
Wells water station 
X: 318084 Y: 6015998  Z: 721 m 
Depth to bedrock: 17.7 m 
 
well to HTEM elevation difference: 2 m 

Geology information 
Bedrock: andesite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, gravel  
Bedrock: shale 
Note: 
 
 

 
Figure A1-11 BC Wells #20998 and HTEM inversion record 
Record is from Block D Flight Line: 7333, BC Wells Tag ID # 20998 
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Location information UTM NAD83 N9 
Flight line station 
X: 641620 Y: 6047339  Z: 630 m 
Distance from well: 135 m 

 
Wells water station 
X: 641620 Y: 6015998  Z: 631 m 
Depth to bedrock: 89.9 m 
 
well to HTEM elevation difference: 1 m 

Geology information 
Bedrock: basalt with minor andesite 
Surficial: unknown 
 
Well water record: 
Overburden: till 
Bedrock: unknown (grey) 
Note: 
Unsuccessful inversion 
 

 
 
Figure A1-12 BC Wells #43637 and HTEM inversion record 
Record is from Block C2 Flight Line: 6250, BC Wells Tag ID # 43637 
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Location information UTM NAD83 N9 
Flight line station 
X: 320777 Y: 5995896  Z: 764 m 
Distance from well: 84 m 

 
Wells water station 
X: 320780 Y: 5995812   Z: 755 m 
Depth to bedrock: 51.8 m 
 
well to HTEM elevation difference: -9 m 

Geology information 
Bedrock: rhyolite 
Surficial: unknown 
 
Well water record: 
Overburden: clay, sand 
Bedrock: unknown 
Note: 
Unsuccessful inversion 
 

 
Figure A1-13 BC Wells #56968 and HTEM inversion record 
Record is from Block D Flight Line: 7380, BC Wells Tag ID # 56968. 
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Appendix II 
 

Appendix II contains GSC borehole records from three Equity Silver geotechnical boreholes, see Section 2.4.2. Figures of the 

resistivity logs for each well are presented below. Spreadsheet data from these wells were used to create the bedrock resistivity 

histogram shown in Figure 5.4.4. This data can be obtained from Natural Resources Canada under Open File 2610 (Killeen et 

al.1995), and from the Rock Property Database System (RPDS) which is a collaboration between Geoscience BC, Mira Geoscience, 

the Geological Survey of Canada, and CAMIRO (Mira 2008).  
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Figure A2-1 GSC Equity Silver Borehole 86264 
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Figure A2-2 GSC Equity Silver Borehole 86246 
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Figure A2-3 GSC Equity Silver Borehole 86250 
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