
 

 

 

 

 

AUTONOMOUS BATHYMETRIC AND MAGNETIC SURVEYING FOR CANADIAN LAKES 

 

by  

 

Mitchell Ronald Wootton 

 

 

A thesis submitted to the Department of Geological Sciences & Geological Engineering 

In conformity with the requirements for the degree of Master of Applied Science 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(May, 2020) 

Copyright © Mitchell Ronald Wootton, 2020  



MASc. Thesis – M. Wootton, Queen’s University 

ii 

Abstract 

Magnetic surveys are an important step in the process of mineral and archaeological exploration. Current 

magnetic surveying methods include mounting magnetometers to various survey platforms including 

inhabited airplanes, helicopters, all-terrain vehicles, boats, and backpacks for walking surveys. Recent 

developments in autonomous controls and remotely piloted systems have led to conducting magnetic 

surveys from remotely piloted aerial systems (RPAS). The use of these recently developed platforms has 

allowed the mineral exploration industry to reduce risk to pilots and operators of inhabited survey 

platforms and achieve reduced sensor to magnetic source separations while improving data resolution, 

or speed of data collection compared to previous survey vessels. In survey regions occupied by freshwater 

lakes (10% of Canada’s surface area), these aerial survey platforms are restricted by the water surface, 

limiting the achievable proximity to the ground/magnetic source body. The work completed in this thesis 

has led to the configuration of an autonomous surface vessel (ASV) equipped with a single frequency echo 

sounder and an Overhauser magnetometer for applications in marine magnetic and bathymetric 

surveying. This platform and developed operating procedure are capable of deploying a magnetometer 

only metres above the lakebed thus decreasing the sensor to magnetic source separation and improving 

magnetic body resolvability compared to pre-existing public magnetic data acquired across Canadian 

lakes. The survey vessel configuration was tested in three Canadian lakes (Lake Ontario, Surprise Lake – 

Thunder Bay, Ontario, and Opinicon Lake – South Frontenac, Ontario) by completing magnetic and 

bathymetric surveys for shallow sections of each lake. The surface area of each survey was less than 1 

square kilometre, with a maximum lake depth of 6.5 metres. Through interpretation of acquired data, 

localized magnetic anomalies on the order of 200nT have been identified and are suspected to indicate 

the presence of iron-rich geological units, and/or archaeological waste. The data acquired throughout 

these  case studies, combined with a regional investigation of over 877,000 Canadian lakes completed 
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throughout this research, has indicated that the configured ASV and operation procedure could serve as 

an effective and reliable survey platform for purposes of mineral and archaeological exploration in over 

68% of Canadian lakes. 
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Chapter 1 - Introduction 

The mineral exploration industry has adopted the use of autonomous surveying platforms to reduce field 

surveying costs and improve data coverage and resolution (Moore K. , 2017). Geophysical surveys are 

commonly conducted in gridded patterns to acquire geophysical information representative of the 

surveyed region, while identifying local scale features such as magnetic anomalies (Boyd & Isles, 2007). 

These data are commonly is processed and interpreted along-side ground truthing records and additional 

geophysical records to identify geological trends and subsurface structures (Sharma, 1987; Everett, 2013). 

This improved understanding of subsurface structures can lead to identification and extraction of 

economic ore (Camara & Guimarães, 2016). A common autonomous surveying platform used in the 

mineral exploration industry is a heavy lift unmanned aerial vehicle (UAV) or (remotely piloted aerial 

system – “RPAS”) (Barnard, 2007; Parvar et al. 2015; Cunningham et al. 2015). These platforms can be 

customized and outfitted with aerial photogrammetry equipment (Remondino et al. 2011), aerial Light 

Detection And Ranging (LiDAR) systems (Wallace et al. 2012), magnetometers (Tuck, 2019; Parvar, 2016; 

Cunningham, 2016), and other geophysical instruments (Colomina & Molina, 2014; Moudrý, et al., 2019). 

These devices serve as a useful tool in surveying large areas at a pace that is faster than a ground survey, 

while still delivering improved resolution from alternative inhabited aerial systems flown at higher 

elevations and faster surveying speeds (Jackisch, et al., 2019). The nature of a UAV requires that the 

platform surveys above the ground surface at a safe operable elevation, and where applicable, above 

water bodies. Magnetic surveying results are commonly improved with a reduced separation between 

the sensor and the magnetic source, this  means that the highest resolution would be achieved by 

surveying at the lowest altitude possible as shown in Figure 1 (Reeves, 2005). This figure shows theoretical 

total magnetic intensity values recorded via a high sensitivity magnetometer, displayed as a magnetic 

profile along several theoretical survey lines. Each survey line is completed with an adjusted 

magnetometer altitude above the surveyed surface (either treetop canopy or lakebed), passing over 
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magnetic source bodies. The magnetic anomalies are a result of the varying lakebed composition, 

containing theoretical vertical dykes of an iron-rich rockmass. 

 

Figure 1: Improved magnetic body resolvability as a result of reduced separation between the 
magnetometer and magnetic source body – modified from (Reeves, 2005) 

 

When a magnetic source body is submerged below the water surface, for example an unexploded 

explosive ordnance (UXO), sunken cargo ship, or a suspected banded iron formation at depth, the best 

resolution would be achieved by deploying the magnetometer metres above the lakebed or sunken 

artifact. This would reduce the separation between the magnetic source body and the magnetometer 

thus recording a more pronounced anomaly since the anomaly produced by a dipole varies according to 

the inverse cubed distance from the body (Breiner, 1999).  

The aerodynamic nature and permeable design of UAV surveying platforms restrict UAVs from conducting 

magnetic surveys below the surface of the water. For this reason, submerged magnetometer surveys 
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completed via marine surveying vessels are expected to assist in the discovery of economic ore or 

archaeological bodies contained within natural lakes (Boyce et al. 2003; Suttak et al. 2013). This 

submerged magnetometer configuration can be achieved by towing a magnetometer behind an 

autonomous surface vessel (ASV). By varying the tow cable length and vessel speed, the depth of the 

magnetometer can be adjusted, achieving reduced separation between the lakebed and the 

magnetometer. The height of the magnetometer above the lakebed can be measured using a pressure 

sensor and a known lake depth. To measure the depth of the lakebed and position the ASV for geospatial 

magnetic data acquisition, the ASV should be configured with an echo sounder and positioning device 

such as a real-time kinematic (RTK) positioning system rover station as shown in Figure 2 below. 

 

Figure 2: Autonomous marine magnetic and bathymetric survey platform configuration 

 

Bathymetric surveys are completed to develop a better understanding of a submerged surface, commonly 

a lakebed, by calculating the depth below the surface of the water using sonar devices such as a single 
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beam echo sounder (Levin et al. 2019). These surveys are completed by mounting the echo sounder to 

the hull of a vessel that navigates in a gridded pattern throughout the survey region, varying its path to 

avoid obstructions (Levec & Skinner, 2004). These lake depth readings are collected with three-

dimensional geospatial coordinates and can be interpolated similar to aerial magnetic data, to produce a 

map of the surveyed region (Pozza et al. 2004).  

Traditional bathymetric and magnetic surveying guidelines refer to the use of inhabited vessels and 

marine operators (Levec & Skinner, 2004; Plets et al. 2013; Hailwood & Kidd, 1990) with single beam echo 

sounders mounted to the vessel (Pozza et al. 2004), or with side scan sonar devices and magnetometers 

towed behind the vessel (Zafrir, et al., 2000; Boyce et al. 2003). These inhabited vessels have been the 

traditional surveying platform as they offer the required thrust and payload capacity to tow heavy sensors 

(Kirk, 2016), and navigate the waters via simple, manual input.  

Since the development of light weight, high accuracy magnetometers, including the magnetometer used 

throughout this study, it has been possible to integrate magnetometers onto ASVs. Kurowski et al. (2019) 

has shown that a large autonomous vessel, requiring a trailer and boat launch to deploy, is capable of 

housing side scan sonar devices along with high sensitivity magnetometers to successfully complete 

autonomous acquisition of magnetic and bathymetric data simultaneously. This vessel however is limited 

by its size and weight and can only be deployed in regions that offer a traditional boat launch. Hrvoic 

(2014) and Kirk (2016) have demonstrated that an autonomous underwater vehicle can be used to 

successfully acquire simultaneous magnetic and bathymetric data using an Overhauser total field 

magnetometer and side scan sonar. The aforementioned underwater platform was applied for various 

survey applications, including UXO detection relying on inertial navigation systems for vessel positioning 

when submerged, with no real-time base-station data connection.  



MASc. Thesis – M. Wootton, Queen’s University 

5 

The consistent connection to satellite positioning systems that is available with surface vessels makes the 

real-time geospatial accuracy of surface vessels superior to that of current autonomous underwater 

surveying vessels (Naeem et al. 2008). Few marine surface vessels have been developed that can acquire 

bathymetric and magnetic data simultaneously in near-shore marine surveys with near real-time data 

transmission and communication with a base-station. The platform designed throughout this research 

aims to fill this gap, offering a platform capable of improving the state of knowledge of Canadian lakes 

and identifying near surface marine magnetic targets that may have otherwise remained unresolved. 

There are over 877,000 lakes in Canada (Messager et al. 2016). Current public access to Canadian 

hydrographic databases includes the identification of hydro-features in CanVec series on a national scale 

(Natural Resources Canada, 2019) along with regional bathymetric data acquired via aerial LiDAR 

(Fisheries and Oceans Canada, 2020) and local scale multi-beam surveys with sparse data coverage 

(Fisheries and Oceans Canada, 2020). CanVec series data is comprised of 60 topographic features at 

varying scales, derived from the highest quality geospatial data across Canada and is presented in vector 

format (Natural Resources Canada, 2019). CanVec data related to hydrographic features include vector 

outlines for waterbodies, permanent snow and ice, waterfalls, other water obstacles and water flow 

direction indicators. For many small lakes (less than 10 km2) or lakes used primarily for recreation and 

residential purposes, access to publicly available, high resolution, digital bathymetric data is not available. 

Publicly available total magnetic intensity (measurement of local magnetic field intensity commonly 

measured in nT) data for Canadian lakes is limited to aerial survey datasets, with a first vertical derivative 

(rate of change of magnetic field in the vertical axis) (Hood, 1965) dataset developed with maximum 

resolution of 200 metres flown at an altitude of over 300 metres (Natural Resources Canada, 2020). With 

an increasing demand for innovative surveying techniques and desire to locate large, deep seated ore 

deposits and local archaeological artifacts, a reliable local scale bathymetric and magnetic autonomous 

surveying system would be a beneficial development in the mineral exploration and geoscience industry. 
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To draw any reliable interpretation from the magnetic data collected via the developed platform, the 

depth to the lakebed must be known, and can be measured simultaneously from the same platform given 

the use of a sonar device. The configuration of an ASV with the capabilities discussed above, and a 

suggested standard of practice for use of the system could prove to be a viable solution in improving the 

current state of knowledge related to Canadian lakes.  

The research conducted throughout this thesis involves the integration of sensors on an autonomous 

surveying platform that is specialized for autonomous marine magnetic surveys and simultaneous 

acquisition of bathymetric data. The intended operation of this platform has been tested and outlined 

throughout this thesis with analysis and discussion related to magnetic noise reduction, reliable survey 

operations and survey grid spacing for high density data acquisition. Additional applications for this 

configured system could include shoreline monitoring (Ferreira, et al., 2009; Bibuli, et al., 2014), tailings 

damn monitoring (McDonald, 2017), nautical chart updates (Seto & Crawford, 2015), emergency response 

(Murphy, et al., 2008) and archaeological surveys (Ødegård et al. 2016). 

 Thesis Objectives 

This thesis outlines the research completed to configure an ASV capable of acquiring bathymetric and 

total magnetic intensity data simultaneously in Canadian lakes. Specifically, three research objectives are 

identified:  

• Integrate geophysical sensors and positioning equipment onto an uninhabited marine surveying 

platform resulting in a configured platform capable of autonomously navigating and collecting 

bathymetric and magnetic data over a pre-defined survey region and path. 

• Identify efficient and effective magnetic and bathymetric field survey practices to be used for the 

designed survey platform in simultaneous magnetic and bathymetric surveys.  
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• Demonstrate that the configured surveying platform and surveying technique offers a feasible 

surveying solution for Canadian lakes and is capable of simultaneously recording magnetic and 

bathymetric data with magnetic anomaly resolvability comparable to that of alternative mobile 

magnetic surveying platforms used in mineral exploration and archaeology. 

 Thesis Outline 

The first chapter introduces the current methodology used to acquire bathymetric and magnetic data via 

inhabited vessels in Canadian lakes, and the challenges that could be overcome with the use of an 

autonomous surveying vessel for marine surveying applications. Chapter 2 gives background information 

on magnetometry principles including sensor functionality and basic survey considerations followed by a 

brief background on echo sounder sonar devices and bathymetric surveying basic principles. Chapter 3 

focuses on the hardware used throughout this research and the integration and configuration of the vessel 

for data collection fulfilling the first research objective. 

Chapter 4 discusses the key concepts of magnetic and bathymetric surveying as it relates to the use of the 

configured survey vessel. This chapter provides additional reasoning for the configuration of the survey 

vessel and a discussion of the field surveys completed according to the best practices outlined by the 

second objective. Chapter 5 discusses how the survey design considerations outlined in Chapter 4 can be 

used within a geospatial information system (GIS) to conduct national scale and local scale phase 1 site 

investigations for future marine geophysical surveys. This leads to the fulfillment of the third objective. 

Chapter 6 reviews the three case studies/field surveys completed to acquire magnetic and bathymetric 

data. The methodology used to acquire and process the data for all resultant total magnetic intensity and 

bathymetric map products are discussed throughout. Interpretation of the data is provided for all 

completed map products indicating potential causes for the identified local magnetic anomalies. The final 

chapter (Chapter 7) concludes the findings of this research and suggests topics for future work.   
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Chapter 2 - Background 

 Main Principles of Magnetometry and Magnetometers 

A magnetometer is a passive geophysical instrument used to measure the ambient magnetic field, or map 

disturbances/variations in the Earth’s magnetic field caused by the presence of magnetically susceptible 

materials or objects within the subsurface. This sensor is useful in identifying the location of magnetically 

susceptible materials (natural Earth material, or other magnetically susceptible bodies) indicated by an 

anomalous change in the recorded ambient magnetic field induced by the interaction of the Earth’s field 

with the magnetically susceptible body (Hinze et al. 2013). A magnetometer measures the total magnetic 

intensity observed at a given location and moment in time. The magnitude of the magnetic anomaly 

recorded can vary with the size of the body, the material of the body, the distance between the sensor 

and the target object (Tyagi et al. 1983), along with the orientation of the magnetometer as it passes over 

the target object. By limiting the controllable factors including the distance between the magnetometer 

and the target object, the magnetometer survey path and sensor orientation, it becomes possible to 

predict the size, shape, and depth of a submerged magnetically susceptible object (Peters, 1949). It is also 

possible to indicate a region of potential economic interest for ore extraction based on geological 

interpretations made from the structure, shape and geological trend indicated by magnetic anomalies 

(Verboom et al. 2015).  

Several different forms of mobile surveying magnetometers have been developed, each varying in size, 

cost, accuracy, sampling frequency and power consumption, making each form of magnetometer 

specialized for specific tasks. Magnetometers are often classified based on two broad categories, vector 

magnetometers and scalar magnetometers. Vector magnetometers are used to measure the magnetic 

flux density observed in a three-dimensional space in three orthogonal axes (Hovde et al. 2013), while 

scalar magnetometers are used to record the magnitude or intensity of the local magnetic field without a 
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specific direction or orientation (GEM Systems, 2015; Breiner, 1999). For the purposes of this research, an 

Overhauser magnetometer was used, which is classified as a scalar magnetometer and measures only the 

intensity of the magnetic field. The most commonly used form of vector magnetometer is the fluxgate 

magnetometer (Edelstein, 2007; Bono et al. 2003) which offers lower resolution than Overhauser 

magnetometers (Zhi et al. 2017; Tumanski, 2013; Hovde et al. 2013) and can introduce errors in magnetic 

readings when mounted to mobile platforms (Edelstein, 2007; Munschy et al. 2007; Gavazzi et al. 2019). 

For these reasons, this thesis focuses on the applications of scalar magnetometers in mobile survey 

applications.  

 Scalar Magnetometers 

Scalar magnetometers are used to record the magnitude of the local magnetic field without a specific 

direction or orientation (Breiner, 1999). Scalar magnetometers are commonly referred to as total field 

magnetometers and are considered favourable over vector magnetometers in applications involving 

mounting the sensor to a moving vehicle as they are not as susceptible to vibration induced noise 

(Edelstein, 2007). Total field magnetometers operate based on the premise that the splitting between 

electron spin energy levels or nuclear spin energy levels is directly related to the magnetic field in the area 

of the magnetometer (Edelstein, 2007). Total field magnetometers can be grouped into three major 

categories, proton precession magnetometers, Overhauser magnetometers and optically pumped 

magnetometers. 

 Proton Precession Magnetometers  

A proton precession magnetometer is a type of total field magnetometer that relies on the proportional 

relationship between the frequency of proton precession and the magnetic field (Edelstein, 2007; 

Tumanski, 2013). The spin of protons can be quantified by the Larmor precession equation (Larmor, 1897): 
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 �⃗⃗� =  𝛾�⃗�  (1) 

Where �⃗⃗�  represents the angular frequency of precession, 𝛾 represents the gyromagnetic constant, and �⃗�  

represents magnetic induction. Proton precession magnetometers consist of a capsule containing a 

proton dense liquid (kerosene or water) (Jankowski & Sucksdorff, 1996). A coil is wrapped around the fluid 

and a direct current is passed through this wire, generating an induced magnetic field. The protons within 

the fluid become polarized and align with the induced magnetic field. The direct current is then quickly 

shut off and the protons precess and realign to their previous state with the ambient magnetic field. The 

frequency of the precession is proportional to the magnitude of the local magnetic induction (Edelstein, 

2007; Larmor, 1897; GEM Systems, 2003). 

 Overhauser Magnetometers 

The magnetometer used throughout this research (discussed in more detail within Section 3.2) is an 

Overhauser magnetometer. Overhauser magnetometers measure the total magnetic field by measuring 

the frequency of a proton’s precession in fluid that is proportional to the magnetic field, like the concept 

used in proton precession magnetometers (Hrvoic I., 1989; Edelstein, 2007). The Overhauser 

magnetometer is unique as it relies on the addition of hydrogen atoms and a liquid containing free, 

unpaired electrons that are polarized by a radio frequency magnetic field (Hrvoic & Hollyer, 2003). The 

unbound electrons transfer energy to the hydrogen protons altering the spin of the protons and polarizing 

the liquid to a much greater extent than is seen in traditional proton precession magnetometers, thus 

increasing the signal strength, with very little power consumption (Hrvoic I. , 1989). The magnetic field 

intensity is then determined by measuring the proton precession frequency as it is proportional to the 

ambient magnetic field (Jankowski & Sucksdorff, 1996). 
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 Optically Pumped Magnetometers 

An optically pumped magnetometer is a scalar magnetometer that contains alkali metals including 

rubidium, cesium, or potassium. Potassium vapour optically pumped magnetometers operate by exposing 

potassium vapour to a light source of a very specific wavelength (Budker & Kimball, 2013; Hrvoic et al. 

2003) that polarizes the potassium atoms. By exposing the potassium atoms to this specific wavelength 

of light, the electrons in the potassium atom absorb energy and jump from a lower energy level to a higher 

energy level. The spontaneous decay of these electrons and the release of energy results in the lower 

energy level eventually becoming fully populated. The cell is then de-polarized using a lower wavelength 

radio frequency, bringing the electrons from the lower energy level back to the original energy level as 

shown in Figure 3 below (modified from (GEM Systems, 2015)).  

 

Figure 3: Optically pumped magnetometer electron energy level polarization/depolarization process 
(modified from (GEM Systems, 2015)) 

 

This energy needed to repopulate the low energy level in depolarization is dependent on the ambient 

magnetic field according to the Zeeman effect (Zeeman, 1948). According to the Zeeman effect, the 

direction of an electron spin axis relative to the ambient magnetic field vector can cause changes in the 

electron’s energy (Budker & Kimball, 2013; Smith, 1997). A radio frequency can be used to rotate the spin 

axis of an electron with respect to the ambient magnetic field, the radio frequency required to cause this 
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rotation in a changing magnetic field can be measured and the ambient magnetic field strength can be 

calculated. This effect means that optically pumped magnetometers must be positioned in 3-D space 

according to the orientation of Earth’s magnetic field lines to acquire magnetic readings. An optically 

pumped magnetometer will not collect any measurements unless it is positioned such than the sensor 

axis is oriented between 10 degrees and 80 degrees (or 100 degrees to 170 degrees) approximately from 

the Earth’s magnetic field lines in the area of the survey (Smith, 1997). All other orientations that result 

in no readings is often referred to as the “dead zone”, whereas the magnetometer is considered to have 

“lock” when collecting data outside of the dead zone. The optimal angle for the best data quality is 45 

degrees, between the sensor axis and the Earth’s magnetic field, with approximately a 30 to 35 degrees 

cone of freedom in which it is still possible to operate successfully (Walter et al. 2018; Smith, 1997). 

In marine magnetic surveys, the suspected magnetic target bodies might include items such as steel 

anchors, chains, cannon balls, UXOs, boat motors, metal boat hulls, iron-rich geological bodies and buried 

infrastructure including rebar, electrical cables and metal pipes (Zafrir, et al., 2000; Moore J. , 1995). The 

presence of these items can be indicated through a change in total magnetic intensity, referred to as a 

magnetic anomaly, recorded by the magnetometer. Field testing of the magnetometer completed 

throughout this research has indicated that anomalies greater than 15nT (in static magnetic environment) 

can be resolved within survey data acquired at a rate of 0.3 Hz on-board the configured autonomous 

survey platform. The targeted magnetic source bodies can produce magnetic anomalies of varying 

amplitudes from tens of nanotesla to hundreds of nanotesla depending on criteria discussed in Section 

2.2 below. All these expected marine magnetic bodies can be detected by the magnetometer given that 

the sensor is positioned as close to the magnetic body as possible. The small size, and complex/noisy 

magnetic signal recorded from shallow archaeological targets/magnetic bodies is what makes these 

targets difficult to locate in comparison to regional magnetic ore identified from aerial magnetic surveys 

(Breiner, 1999). By using a high sensitivity Overhauser magnetometer, submerged under water, surveying 
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only metres above the lakebed, the resolvability of these magnetic bodies is improved compared to 

surveys conducted above the surface of the water, or at high survey speeds greater than 5 metres per 

second (Reeves, 2005).  

 Typical Magnetic Intensity of Common Marine Magnetic Targets 

The inclination of the Earth’s magnetic field changes based on location, as seen in Figure 4 below. The 

value indicated on the red, blue, and green lines in this figure indicate the inclination of the magnetic field 

along the line, with respect to horizontal. Red lines indicate an angle in the downward direction, below 

horizontal, while blue lines indicate an angle in the upward direction, above horizontal, green represents 

horizontal. This figure indicates that the inclination of Earth’s magnetic field changes throughout Canada 

and cannot be assumed to remain constant between survey locations. 

 

Figure 4: North American section of the world magnetic model - Earth's magnetic field inclination 
(National Oceanic and Atmospheric Administration (NOAA), 2014) 
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The field recorded from a magnetometer at the same location can also change depending on moving 

magnetic objects, or over the same object at different depths or angles with respect to the natural field. 

Predicting the total magnetic intensity expected to be recorded by a magnetometer passing over a buried 

object is not a simple task. Numerous variables including the material, depth, surrounding materials, size, 

shape, orientation with respect to Earth’s ambient magnetic field, local field strength, and more can 

change the magnetic intensity recorded for similar objects (Camidge et al. 2010). Magnetic anomalies are 

discussed in literature as being ambiguous due to the infinite number of source possibilities that can 

produce one anomaly magnitude and structure (Mariita, 2007). 

To better prepare for field investigations, it is important to understand the expected range of total 

magnetic intensity values to be recorded throughout the survey, and an indication of what some 

anomalies may represent in the subsurface. To develop an understanding of the changes in magnetic 

intensity that may be recorded in the presence of known objects at known depths/separations from a 

magnetometer, a series of case studies were reviewed (Tyagi et al. 1983; Hrvoic D., 2014;  Breiner, 1999; 

Plets et al. 2013). The respective magnetic anomalies and objects used in these tests has been recorded 

below in Table 1. Note that the scenario developed in these case studies may not be re-created in future 

surveys and may result in varying records for similar materials. This table should act as a baseline to 

prepare for future surveys completed with the configured ASV in marine geophysical surveying 

applications, suggesting reasonable magnetic anomaly values for similar materials, and indicating 

suggested sensor to target separations. The orientation of the target bodies (such as steel barrels) with 

respect to the natural magnetic field has an effect on the total magnetic intensity. Note that the measured 

separation between the source body and the magnetometer includes the thickness of all overlaid 

sediment as well as open voids in the lakebed sediment or open water. 
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Table 1: Estimated order of magnitude of magnetic anomaly for common objects as seen in case studies 

Magnetic Object Separation Between Sensor 
and Object (m) 

Expected Anomaly Amplitude 

1 x steel drum (long axis of drum 
oriented vertically) 

~1.8 ~ 70 nT 
(Tyagi et al. 1983) 

1 x steel drum (long axis of drum 
oriented at inclined angle) 

~1.8  ~ 150 nT 
(Tyagi et al. 1983) 

3 x 55 gallon steel drums ~3.3  ~ 150 nT 
(Tyagi et al. 1983) 

1 x 30 gallon steel drum ~0.3  ~ 230 nT 
(Tyagi et al. 1983) 

Water supply pipeline (steel) ~3-6  200 to ~450 nT  
(Hrvoic D., 2014) 

Metal fence ~3  ~ 15 nT  
(Breiner, 1999) 

1016 kg automobile ~9  ~ 40 nT  
(Breiner, 1999) 

9 kg cannon ball 3 5 nT  
(Plets et al. 2013) 

100 kg anchor 6 5 nT  
(Plets et al. 2013) 

2032 kg cannon 27 5 nT  
(Plets et al.  2013) 

10,000 kg ship 46 5 nT  
(Plets et al. 2013) 

 

Figure 5 below outlines additional estimates for the order of magnitude of magnetic anomalies for 

common objects made of iron or steel. Note that the mass of the object detected may vary. To use this 

figure to estimate the magnitude of magnetic intensity seen for a varied mass, multiply the anomaly 

magnitude by the ratio of the desired weight divided by the weight listed for the object in the chart. Note 

that variations of +/- a factor of 2 to 5 may be recorded for similar materials compared to the estimate 

provided from Figure 5 below (Breiner, 1999).  

The estimated magnitude of magnetic anomalies produced from common steel or iron materials allows 

the surveyor to better prepare a survey. In a region with highly variable iron-rich geology, or scattered 

archaeological artifacts, one can develop an improved understanding of the separation between the 

source and the magnetometer that is required to detect the target material, if it can be detected at all in 
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the surrounding noisy region. Note that a ferromagnetic object is considered detectable if the 

magnetometer records an anomaly several times larger than the estimated resolution or sensitivity of the 

magnetometer and the noise level present in the surrounding survey data (Breiner, 1999). 

 

Figure 5: Magnetic anomaly order of magnitude estimation for common objects (Breiner, 1999) 

 

 Magnetometer Selection for Marine Data Acquisition 

Additional forms of magnetometers exist, offering various levels of sensitivity and accuracy. Figure 6 

depicts a simplified chart to rank the quality of the different forms of magnetometers that are currently 

available (Aleksandrov, 2010). 
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Figure 6: Sensitivity and accuracy rating of available magnetometers - modified from (Aleksandrov, 
2010) 

 

From this rating system shown above, it seems that potassium vapour optically pumped magnetometers 

are the best option, providing the highest absolute accuracy and sensitivity. However, when selecting a 

magnetometer for field data acquisition additional considerations must be made in addition to the 

required sensitivity and accuracy. These additional considerations may make an alternative type of 

magnetometer more favourable depending on the application. To effectively conduct a magnetic survey, 

the magnetometer must be moved across a survey area, often along the path of a grid while recording 

magnetic intensity values along with an associated sensor coordinate (Boyce et al. 2003). To transport the 
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magnetometer along this path in marine surveys, the magnetometer is traditionally towed behind a vessel 

at a distance large enough to reduce the magnetic disturbance generated from the moving metallic 

components on the vessel or any electronic devices (Kirk, 2016; Hrvoic D., 2015). To measure the position 

of the magnetometer at surface a Global Positioning System (GPS) can be used, however when positioning 

an object that is submerged below the surface of water, several adjustments must be made to accurately 

locate the sensor underwater during the survey. These positioning limitations and adjustments are 

discussed further in Chapter 3. 

For the purposes of marine magnetic surveys, it is important to minimize survey time and therefore labour 

expenses and power consumption, while maximizing data quality and resolution. To decrease survey 

duration, the speed at which a survey line is completed, must be increased. This increase in speed will 

reduce the data density if the sampling frequency of the magnetometer is not increased. In applications 

of archaeological artifact detection, it would be favourable to have a high data density to increase odds 

of resolving the location of small artifacts. Zafrir et al. (2000) conducted marine based magnetic surveys 

with a magnetometer sampling at 2 Hz, towed at a speed of 1.66 m/s to 2.22 m/s resulting in roughly one 

magnetic measurement every metre. The sampling rate of the magnetometer selected for each survey, 

and the intended target size must be considered when selecting a magnetometer, however these are not 

the highest priority considerations.  

To optimise the results of a magnetometry survey, the survey must be conducted in such a way that the 

magnetometer can acquire data throughout the entire duration of the survey. When using optically 

pumped magnetometers, the orientation of the sensor with respect to the natural magnetic field has a 

significant effect on the sensor’s ability to record magnetic readings (Smith, 1997) (see Section 2.2 for 

more information). The orientation required to take a successful reading varies according to the survey 

site location and Earth’s magnetic field inclination as seen above in Figure 4. 
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The inclination of the Earth’s magnetic field (Figure 4) is another component that must be considered 

when using optically pumped magnetometers for magnetic surveying (Smith, 1997; Walter et al. 2019). 

The orientation of the magnetic sensor relative to the magnetic field can result in no data readings if the 

sensor is not repositioned between survey sites that have a notable change in latitude. This issue is not 

seen with the use of Overhauser magnetometers (Hrvoic I. , 1989).  

In a gridded magnetic survey the survey vessel must move to the next grid line by either turning around 

and changing the heading of the survey line by 180 degrees, or moving horizontally, then proceeding to 

conduct the next survey line keeping the vessel pointing with the same heading while advancing in the 

opposite direction (Hovde et al. 2013). When using some magnetic surveying platforms, such as UAVs, 

that can maintain a constant heading while moving in any direction, the heading of the magnetometer 

does not need to change. In marine applications including towing a magnetometer behind an ASV or 

inhabited vessel, it may not be possible to fix the survey line heading direction due to the structural design 

of the towing mechanism and drag force experienced by the vessel and towfish. This change in heading 

orientation, often referred to in UAV magnetometry surveys as the yaw rotation, will alter the readings of 

the magnetometer since the pre-set angle between the inclination of the magnetic field and the sensor 

will change as the sensor rotates in the yaw plane about a central vertical axis. This can be adjusted by 

either orienting the magnetometer 90 degrees to the declination of the survey area and completing a 180 

degree turn at the end of each survey line therefore restoring the angle between the inclination of the 

magnetic field and the sensor to the pre-set angle, or by keeping the magnetometer at a constant heading. 

An alternative solution would be to utilize a magnetometer that can operate constantly regardless of the 

sensor orientation with respect to the Earth’s magnetic field, a sensor that has no dead zones. Overhauser 

magnetometers have the next highest sensitivity and absolute accuracy ratings following optically 

pumped magnetometers, and do not exhibit any dead zones (Hrvoic I., 1989).  
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The most common current marine magnetometry surveying technique uses on-board inhabited boats 

involves towing a submerged or floating magnetometer platform. Most boats are designed with a hull and 

propulsion configuration that is optimised for forward motion only, therefore require an intrinsic 180-

degree change in heading between each consecutive survey line. This logistical constraint may be the 

reason that most marine magnetometry surveys conducted in the past, as seen in (Arnold, 1996; Arnold 

& Clausen, 1975; Gross, et al., 2000; Hrvoic D. , 2014; Quinn et al. 2000) have been conducted using 

Overhauser or standard proton precession magnetometers. Other studies including (Mason & Raff, 1961) 

have used fluxgate magnetometers for marine surveys while others have used cesium vapour 

magnetometers (Tontini, et al., 2006). A successful potassium vapour optically pumped magnetometer 

survey has been conducted via a towed floating magnetometer platform (Zafrir, et al., 2000). The survey 

location used throughout this study was ideal for the optically pumped magnetometer orientation, as the 

magnetometer would be oriented 45 degrees to the magnetic field if it were mounted vertically and 

therefore could rotate about the vertical axis without impacting the magnetic lock (Zafrir, et al., 2000). 

To ensure that a marine based magnetic survey can be conducted with a submerged magnetometer at 

any location, regardless of magnetic inclination, it is suggested that the common, Overhauser 

magnetometer be used. The lack of dead zones with these sensors is favourable for marine applications, 

allowing for continuous data acquisition in all heading directions (Boyce et al. 2003).  

 Overview of Echo Sounder and Bathymetric Surveying 

Two common devices and approaches are currently used to measure the depth of natural water bodies, 

single beam echo sounders, and swath or multi beam bathymetric sensors (International Hydrographic 

Organization, 2011). Swath bathymetric sensors are devices that provided lake depth information at more 

than one point at a time, sensed by a wide (width is dependent on water depth and transducer 

configuration – can cover up to 179 degree swath (Norbit, 2015)) swath from a single acoustic depth 
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sounding instrument. A single beam echo sounder uses acoustic sounding principles to measure water 

depth at a small (often less than 8-degree swath angle) point below the sensor, recording depth along the 

track of the vessel. Swath based sensors increase data density while single beam echo sounders offer a 

less expensive alternative (Levin et al. 2019). This research will focus on the use of single beam echo 

sounders to acquire bathymetric data along a survey track, interpolating between the acquired points to 

develop a bathymetric map (Plets et al. 2013). 

Single beam echo sounders rely on acoustic wave propagation through water to determine the depth of 

the water below the transducer. The transducer emits a pulse of sound with a vertical trajectory while a 

timing device records the time of the pulse (Canadian Hydrographic Service, 2013). When the pulse of 

sound travels through the water and hits a solid surface, it will reflect toward the transducer (Levin et al. 

2019). The time is recorded when the transducer records the returned sound pulse. The difference 

between the return time and start time is referred to as the two-way travel time (TWTT), and can be used 

to calculate the distance that the sound travelled given the constant speed of sound in water - 1480 m/s 

to 1500m/s. The depth of the water can then be determined using the recorded two-way travel time and 

the equation below (Plets et al. 2013): 

 
𝑊𝑎𝑡𝑒𝑟 𝐷𝑒𝑝𝑡ℎ =

𝑇𝑊𝑇𝑇

2
∗ 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑤𝑎𝑡𝑒𝑟 

(2) 

To acquire high resolution, high accuracy bathymetric data, it is suggested that an echo sounder with a 

sound frequency between 12kHz (depth of 1500 metres) and 200 kHz (depth less than 100 metres) 

(International Hydrographic Organization, 2011) and a narrow beam (about 5 degrees) is used (Plets et 

al. 2013). The transducer should be mounted such that the emitted acoustic wave has a vertical 

trajectory to record the vertical water depth. The Seafloor Systems HydroLite™ - TM model, 200 kHz 

single frequency echo sounder matches these requirements and has been configured onto the survey 
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vessel used throughout this research. The configuration of the ASV and echo sounder for bathymetric 

data acquisition is discussed more in Chapter 3.  
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Chapter 3 - Instrumentation and Configuration 

The survey platform used throughout this research was configured by modifying an autonomous 

hydrographic surveying vessel. The ASV is modified from the EchoBoat™ vessel made by Seafloor Systems, 

an autonomous vehicle that is equipped with the hardware and software needed to operate via remote 

control or autonomously given a predefined survey grid. The vessel had to be modified and configured to 

house a magnetometer and echo sounder, along with all necessary data collection and transmission 

hardware, software and sub-metre accuracy positioning systems. The standard components of the 

EchoBoat™ are discussed below, followed by the process involved to modify the vessel and integrate all 

additional peripheral components (displayed in Figure 19 and Figure 20) needed for bathymetric and 

magnetic data acquisition and near real-time base-station communication. All major parts added to the 

vessel and required for successful integration of the bathymetric system, magnetic system, data 

collection/transmission system, and positioning system are listed below in Table 2. 

 

Table 2: Peripheral components integrated into the configured ASV 

Bathymetric 
System 

Magnetic System Data Collection System Positioning 
System 

HydroLite TM 
transducer 

Explorer magnetometer Raspberry Pi (2 or 3B+) U-Blox EVK-7P 
positioning 
system (antenna 
and receiver 
console)  
or 
Hemisphere S320 
(RTK) Global 
Navigation 
Satellite System 
(GNSS) (rover 
station on-board, 
base-station on 
land) 

Surveyor pole 
mount 

Water resistant cable 
opening in hull of vessel 

915 MHz radio frequency 
transmitter pair (one mounted on-
board vessel, one connected to 
base-station laptop) 

SonarMite 
data collection 
console 

Adjustable rotating cable 
spool mounted within hull 

Portable 5V power supply 

Watertight power supply 
and data transfer cables 

Data collection power switch 
(mounted to hull exterior) 

Data collection and transmission 
programs/scripts 

Data transfer cable connecting all 
sensors to the Raspberry Pi 
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 Autonomous Surface Vessel 

The vessel adapted to host the sensors and additional computer systems for marine magnetic and 

bathymetric surveys is shown below in Figure 7. 

 

Figure 7: Autonomous surface vessel (EchoBoat™) dimensions – modified from (Seafloor Systems, 2017) 

 

The vessel hull is made from high-density polyethylene (HDPE) capable of withstanding the impact of 

waves against the shallow V-shaped hull, and the occasional scrape along rocks. It is lightweight and 

designed to be lifted by two field crew members at a time via the two handles on either side. It is outfitted 

with two pre-installed differential thrusters mounted to the bottom of the hull. The associated receiver 

and transmitter pair, used to provide user input to operate the vessel remotely, is pre-installed within the 

interior. The vessel was operational via remote control input upon delivery but did not include the 

autonomous control module out of the box.  Each thruster is powered simultaneously to propel the vessel 

forward or reverse through water, and act in opposing directions to complete sharp turns. Additional 

cable connections including XT90 lithium polymer (LiPo) battery connection ports for peripheral sensor 

power and thruster power, auxiliary communication device adapters, and hard mounted power switches 

were built into the vessel. All other components and peripheral sensors were added as needed for the 

purposes of this research. Note that this vessel is commonly available with long-range communication 
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hardware, an on-board data logging computer (with Windows operating system) and can be customized 

to fit previously owned hardware and electrical connections. In this case, these features were not deemed 

necessary and were not provided, rather adaptations were made in-house as needed for the project. 

For the purposes of this research, the optional autonomous control module (“AutoNav™”) was installed 

in-house to enable autonomous control features. This hardware package is equipped with a manual 

override switch that allows the operator to immediately deactivate autonomous controls and provide user 

control. To provide user input while the autonomous control module hardware is installed, an additional 

remote (FrSky Taranis Q-X7) must be used. This remote connects with the transceiver pair installed within 

the autonomous control module and can be used to remotely arm the autonomous control module.  

The EchoBoat™ was originally designed for use in hydrographic surveying applications, operating at a slow 

cruising speed, and has ample thrust, capable of towing additional payloads and travelling up stream in 

slow currents. The specifications of the vessel used in this research may vary slightly from the original 

specifications since additional peripheral sensors and payloads have been added. The specifications of the 

vessel outlined below in Table 3 have been adapted from the user manual to reflect any observed 

differences from the operational specifications of the vessel used in this research. (Seafloor Systems, 

2017) 
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Table 3: ASV specifications modified from (Seafloor Systems, 2017) to include updated configuration 
specifications 

Vessel Characteristics Rating /Description 

Typical Survey Speed 1 m/s 

Top Speed 5 m/s 

Hull Length 168 cm 

Hull Width 79 cm 

Battery Endurance at Survey Speed 8 hours (using 14.8v, 16,000 mAh LiPo 
battery) 

Payload 34 kg 

Motor Power Supply 4 x 14.8V 16,000 mAh LiPo batteries 
note the internal electronic speed 
controllers (ESCs) are compatible with 
22.2V batteries.  
The following variation of the battery 
power supply was used for majority of this 
research: 
4 x 22.2V 10,000 mAh LiPo batteries 

Motor Type 2 x brushless motors 

Hull Material HDPE 

Steering Differential 

Empty Hull Weight 23 kg 

Remote Frequency 2.4 GHz 

Remote Range Rating 2 Km 

Experienced Remote Range 200m (Without range extension antenna) 

Max Thrust 11.2 lbf or 49.8 N per thruster 

Propeller cycle speed 3,800 RPM 

On-Board Data Collection System Raspberry Pi 2 or 3B+ 

Near real-time wireless data transmission 
range (as experienced in field survey) 

~ 300 metres 

Fully loaded draft depth ~30 cm 

 

Although the ASV was originally intended to be used with 14.8V (4 cell) LiPo batteries, it is compatible 

with 22.2V (6 cell) LiPo batteries. To operate safely without damaging the electronic speed controllers 

(ESC) or batteries, the ESCs needed to be reprogrammed to monitor and draw a balanced voltage from 6 

battery cells rather than the default 4 cell setting. This was a temporary solution used while the intended 

14.8V, 4 cell LiPo batteries were ordered. Thus, the 22.2V, 6 cell configuration was used until late August 

of 2019 (including all surveys outlined in Chapter 6), at which time the default 4 cell ESC configuration was 

restored. While operating with the 22.2V, 6 cell battery configuration, the survey duration was reduced 
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since these batteries had a lower capacity of 10,000 mAh as compared to the 8-hour rating given with the 

16,000 mAh batteries. The 22.2V batteries used had been poorly maintained resulting in physical 

expansion of each cell. It is common to see a reduced storage capacity with expanded LiPo battery cells. 

A survey was completed using these cells until the batteries had reached their minimum safe discharge 

level of 19.2V, the total duration of this survey was roughly 4 hours. The 14.8V batteries were not used in 

a survey exceeding 4 hours in duration and did not reach their minimum safe discharge level during a 

survey. Note that the internal autonomous control module (shown in Figure 8)  is powered through the 

same batteries as the vessel’s ESCs and motors. When surveying with the magnetometer, the autonomous 

control module was mounted in the bow of the boat to make space for the magnetometer tow cable 

spool.  

 

Figure 8: Autonomous control module installed within the ASV hull with the addition of the Raspberry Pi 
data collection and transmission system and U-Blox GPS receiver added and mounted in place during 
configuration 



MASc. Thesis – M. Wootton, Queen’s University 

28 

The integrated autonomous control module features a Pixhawk 2 flight controller with a “Cube” GPS 

module, and FrSky Telemetry transceiver paired with a corresponding FrSky Taranis Q-X7 Controller. The 

autonomous control system is a watertight module that has been outfitted with watertight electrical ports 

connecting the internal Pixhawk flight controller to the ESCs and brushless motors of the ASV. The 

autonomous control module requires a survey path to be defined and uploaded to internal storage prior 

to commencing the survey. The survey path and respective calculated motor controls are prepared pre-

survey on a base-station PC using the autonomous survey planning application – Mission Planner™.  

Mission Planner is an open source survey path planning application that allows the user to pre-program 

an autonomous vehicle path and behavior. The base-station PC must be connected to the autonomous 

control module via a USB radio frequency communication dongle. A series of waypoints with 3D 

coordinates and vehicle operational settings (including speed settings such as increase speed, idle, loiter, 

or path settings such as return to home, or restart survey) can be outlined by a user on the base-station 

PC. Using Google satellite imagery as a base map, the user can draw a polygon enclosing the intended 

survey region. Within this polygon, an automated mesh can be used to define the survey vessel path 

throughout the entire polygon. This meshing process requires the user to define the heading of the survey, 

along with the survey speed, line spacing, and cross-line density. Once the survey has been laid out with 

the appropriate mesh, waypoint locations are established, as shown in Figure 9, and a waypoint file can 

be generated. This file must be saved to the base-station PC and transferred to the flight controller 

onboard the autonomous control module via the wireless dongle connection. To confirm the waypoint 

file is loaded on the autonomous control module, the user must complete the “Read Waypoint” command 

and re-write the waypoint file.  
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Figure 9 shows the view from the base station laptop during an active survey in the Mission Planner™ 

application. The yellow lines indicate the planned survey grid, which has been developed to have specific 

line spacing and orientation as defined by the guidelines discussed in Section 4.3. A total survey line 

distance is displayed in the top left of the screen while the base map displays Google satellite imagery to 

show the surrounding area for obstacles (such as islands and peninsulas) and notable monuments.  

The ASV is prepared to operate autonomously as shown above, given a predefined survey path within, or 

beyond radio frequency range. While within radio range, the user can manually control the vessel with a 

manual override switch as well as monitor the boat activity in near real-time on the base-station laptop. 

Note that the autonomous control module’s internal GPS receiver and antenna can achieve a 3D fix when 

in a location with an open sky view, with an expected horizontal accuracy of ~ 1 metre (Denisyuk, 2019). 

Figure 9: Example of a complete Mission Planner™ waypoint file and active view of the survey base-station 
PC screen – the yellow and red vessel icon indicates the current vessel position, updated in near real-time as 
it navigates to each numbered waypoint 
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 Marine Magnetometer  

The Explorer magnetometer was loaned by Marine Magnetics for the purposes of this thesis for a testing 

period between January 2019 and August 2019. During this time, the magnetometer was used in lab and 

field testing to integrate the sensor with the ASV’s on-board power connections and test the data 

acquisition and storage systems that had been built as a custom addition to the survey vessel. In April of 

2019 in-water testing could begin due to increased lake water temperatures and reduced risk of lake ice 

collisions. This section outlines the specifications of the magnetometer used throughout this research.  

The magnetometer integrated onto the ASV (shown below in Figure 10) is an Overhauser, total field/scalar 

magnetometer. This magnetometer was submerged under water for all surveys and towed behind the 

survey platform as shown in Figure 2 to record local total magnetic intensity values. This magnetometer 

is capable of sampling from 0.3 Hz to 4 Hz adhering to common industry practice sampling frequencies 

(Plets et al. 2013) with a sensitivity rating of 0.02 nT, and no dead zones allowing for continuous data 

collection in any survey orientation (Hrvoic I. , 1989). The magnetometer weighs 3.8 kg out of water and 

1 kg in water, with a front-heavy weight distribution and a 3-fin tail to reduce orientation changes during 

surveys. The waterproof data transfer cable that is strong enough to act as a tow cable without additional 

reinforcements.  

 

Figure 10: Marine Magnetics Explorer magnetometer – 3.8 kg out of water, 1 kg in water, with weight 
distribution and fin configuration designed to maintain constant horizontal attitude when in motion – 
modified from (Marine Magnetics Corporation, n.d.) 
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In aerial magnetic surveying applications with omni directional UAV survey platforms, it is possible to 

orient optically pumped magnetometers in the necessary orientation with respect to the natural magnetic 

field of the survey region using a semi rigid suspension cable (Walter et al. 2019), then maintain this 

orientation by keeping a constant heading for all survey lines. In marine applications, navigable watercraft 

are designed to cut through the water and restrict horizontal motion with V shaped hulls. This design 

prevents the ASV from moving laterally through a fluid. For this reason, a gridded survey path cannot be 

completed while maintaining a constant heading, rather a 180 degree turn is likely to be executed 

between survey lines. To ensure that data can be recorded and with equal signal quality in all heading 

directions, an Overhauser magnetometer with no heading error or dead zones was selected.  

The magnetometer has been integrated into the ASV with a 50-metre tow cable. This cable simultaneously 

acts as a data transfer cable and towing cable. This waterproof 50-metre cable weighs 10.5 kg in water, 

or 29 kg in air (Marine Magnetics Corporation, n.d.). All additional specifications are outlined in Appendix 

A Section 1 or can be seen in the magnetometer’s operations manual (Marine Magnetics Corporation, 

2017).  

 Integrated Survey Platform  

To develop a complete survey platform, capable of simultaneously acquiring geospatial bathymetric and 

magnetic data autonomously, with near real-time data transfer to a base-station, a variety of components 

on the ASV were added and/or modified. A detailed explanation of all additions and adaptations is 

provided below.  

 Survey Vessel Integration - Magnetometer 

The magnetometer came supplied with a power isolation box that allows the magnetometer to be 

powered via a direct current (DC) power supply with a constant voltage supply of 24V from any battery 

with an output of 9 to 24 volts (Marine Magnetics Corporation, 2015). A waterproof adapter was 
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developed to connect an XT90 power connector from a LiPo battery to the Marine Magnetics power 

distribution box power input port as shown in Figure 11.  

 

Figure 11: Magnetometer power and data transfer cable connections including all components essential 
for data collection on-board the survey vessel 

 

A 6-cell, 22.2V LiPo battery was used to supply power to the magnetometer for all surveys. A single battery 

was used during all tests, in every scenario the magnetometer battery outlasted the batteries powering 

the survey vessel. It is estimated that the 22.2V, 10,000mAh batteries could safely power the 

magnetometer for 10 hours in ideal circumstances while constantly collecting data (requires 3-watts) 

given that a 6 cell LiPo battery can safely operate until each cell has a voltage of 3.2V or ~ 30 watts is 

consumed.   

The data transfer/tow cable must be connected directly to the power isolation box, which is mounted 

within the hull of the vessel. To enable the magnetometer to be towed at variable depths an adjustable 

Raspberry 
Pi data 
collector 

5V portable 
battery 
pack 

USB to 
RS232 
serial 
adapter 

Marine 
Magnetics 
waterproof 
data 
transfer 
cable 

Custom 
waterproof 
power 
cable 

Marine 
Magnetics 
power 
isolation 
box 

Marine Magnetics tow/data transfer cable 

22.2V, 
10,000 
mAh LiPo 
battery 
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tow cable mount was designed and integrated into the ASV such that the data collection system, power 

isolation box, and remainder of unused tow cable are all housed within the vessel hull. The blue data 

transmission/tow cable was fed through the center of the hull and out, into the water to connect to the 

magnetometer (submerged in the water below the vessel), as shown in Figure 12. To achieve a water 

resistant connection, the data transmission/tow cable was fed through a pipe connected to the bottom 

of the hull. This pipe extended above the water line within the hull of the vessel to ensure that the 

displacement of water would not cause water to flow up the tube and into the vessel hull. In the event of 

rapid splashing, small drops of water may enter through the open top of the tube, however all the 

surrounding electrical components near the tube were waterproof and were not damaged in any way 

during test surveys.  

The power isolation box must also be connected to the data collection system to establish a connection 

between the incoming data, and the data collection system while passing through the power isolation 

box. The data collection system often used with the Explorer magnetometer in inhabited tow vessel 

applications is a Windows PC running Marine Magnetics “BOB” software. A Windows PC was not a feasible 

solution for this small, mobile platform as a traditional laptop would not fit within the hull of the boat 

with the added equipment, nor would the laptop battery last long enough for a 6-hour survey. An 

alternative solution was developed using a Raspberry Pi and custom-made data collection scripts written 

in Python. The data collection process and data storage system are discussed in more detail below. 
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Figure 12: Water resistant adjustable magnetometer cable integration – the magnetometer is connected 
to the loose end of the blue data transmission/tow cable and positioned beneath the hull of the vessel 
submerged in the water 

 

 Magnetometer Data Storage and Transmission 

The magnetometer does not have an internal memory, rather all data is relayed through the bidirectional 

communication cable within the tow cable. Communication with the magnetometer is achieved via an 

RS232 serial communications port. This port can be connected to a computer using an RS232 serial port 

to USB adapter and the associated driver software. To send and receive data, the computer must be 

equipped with a serial communications program. The most common form of serial communication is 
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completed through a terminal program which allows the user to define the communication parameters 

and send and receive all communication through a specified port. 

The “BOB” software by Marine Magnetics was run on a laptop with a Windows operating system to 

configure and test the data transmission to/from the magnetometer, while a Raspberry Pi computer with 

a serial terminal program was used to collect data during field surveys. The data collection process was 

automated within the Raspberry Pi using a Python script specialized to read, organize, format and save all 

incoming data from the 50 metre magnetometer tow cable to a file saved in the internal memory of the 

Raspberry Pi. This script was developed to also transmit the received data through an outgoing serial port 

connection that would transmit the incoming magnetic data to a base-station via a 915 MHz radio 

frequency communication transceiver pair.  

As additional sensors were added to the vessel, additional serial communication ports were occupied and 

read from within the data logging Python script. All incoming and outgoing raw data could be acquired, 

saved, and transmitted within one Python script provided the port and communication parameters of 

each connected device were known and defined within the script. An example of the data collection 

process occurring on-board the Raspberry Pi during each survey is provided in Appendix A, Section 3.   

 Separation Distance Between Magnetometer and Tow Vessel 

A common problem with conducting magnetic surveys using motorized vehicles is that the vehicle 

contains electronic components and magnetic materials that may generate a source of magnetic noise 

that will disrupt the intended signal detection (Kirk, 2016). This issue exists with the use of inhabited fixed 

wing aerial vehicles, UAVs, inhabited vessels, and even small unmanned surface vessels. A common 

solution for this problem, used by many, is to mount the magnetometer at a distance from the sources of 

magnetic noise generated by the vehicle. Kirk (2016) discovered that a separation of two metres between 
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the Explorer magnetometer and the Iver2 AUV was a sufficient separation distance to survey without 

impacting the functionality and data quality of the magnetometer.  

For the purposes of this research the minimum required spacing between the vessel and the 

magnetometer that achieved a negligible level of magnetic noise detection needed to be identified to 

ensure the highest level of data clarity was achieved. Using the shortest tow length possible while 

maintaining negligible magnetic noise would allow the tow cable length to be minimized and decrease the 

minimum water depth required to survey with this vessel. To identify the minimum separation (referred 

to as “layback distance”) required to achieve negligible magnetic noise, a series of tests were conducted 

in laboratory and field settings. Note that the magnetic field strength detected from the operation of the 

vessel is much lower than that of inhabited vehicles with larger engines and electronic devices, resulting 

in a much smaller separation requirement. The sensitivity of the magnetometer used is also less than that 

of optically pumped magnetometers that are commonly used in aerial magnetic surveys, if an alternate 

magnetometer were configured with the vessel additional testing would be needed to identify the 

minimum separation required for that specific sensor. The following three tests were completed to 

identify the minimum layback (or “LB”) distance between the magnetometer and the tow vessel that were 

required to achieve this negligible noise level: 

1. The first test was conducted by preparing the magnetometer to sample with the auto tuning function 

activated, and a tuning value of 20,000nT in a region with a suspected total magnetic intensity (TMI) 

of ~53,500nT. The magnetometer was submerged in water in a location known to be free from 

magnetic materials such as culverts, cabling, or iron-rich rock masses. The magnetic field strength 

generated within each magnetic motor coil is directly proportionate to the current in the motor coils 

(Hughes & Drury, 2013). The minimum layback distance must consider the maximum magnetic field 

strength generated from the magnetic motors on the vessel, which occurs when the current is highest, 



MASc. Thesis – M. Wootton, Queen’s University 

37 

or when the motors are set to full throttle. For this reason, the layback testing was completed with 

the motors operating at full speed. 

By moving the vessel toward the stationary magnetometer, an increase in the measured total 

magnetic intensity in the area was suspected, thus indicating a detectable noise level induced by the 

vessel electronic systems and motors. It was suspected that the variation in the magnetic field may 

be difficult to resolve from the data, however, with the tuning value set to 20,000nT, it was suspected 

that these variations would result in a reading of 20,000nT or 0nT when the vessel is located close 

enough to the magnetometer to cause a level of noise to be detected. The layout of this test is shown 

below in Figure 13.   

 

Figure 13: Minimum required layback distance identification - test 1 setup 

 

While this test was completed, a measuring tape laid out along the shoreline, parallel to the path 

traversed by the vessel as it approached the magnetometer was used to identify the location of the 

vessel compared to the measuring tape and the updated separation distance between the back of the 

vessel and the front tow connection of the magnetometer. Meanwhile the live magnetic field data 

readings were monitored on a computer that was directly connected to the magnetometer. When a 

suspected reading of 20,000nT or 0nT was found, an updated separation measurement was recorded. 

The results from this test are displayed below in Figure 14.  
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Figure 14: Minimum required layback distance identification - test 1 results  

 

From these test results, it was concluded that a distance less than or equal to 1.5 metres between 

the stern of the vessel, and the front tow point of the magnetometer can result in a 

distinguishable source of magnetic noise recorded by the magnetometer while the vessel motors 

are operating at full power. To confirm these findings additional tests were completed.  

2. The second test was setup to act in reverse of the first test. In the second test, the tow vessel was 

to remain stationary while the magnetometer would be moved closer to the stern of the vessel 

along a linear motion path at a constant rate as shown in Figure 15. To improve accuracy of the 

measured distance between the vessel and the tow point of the magnetometer, a laser altimeter 

was used throughout the test. The laser altimeter was fastened to the stern of the boat, pointed 

at the chest of the field operator, who held the magnetometer submerged in the water behind 

the ASV, with the front tow connection in the same plane as their chest. The laser altimeter then 

effectively measured the distance between the stern of the boat and tow point of the 

Magnetometer 
readings 
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magnetometer. The laser altimeter distance reading was recorded (in metres) simultaneously 

with the measured total magnetic intensity (nT). 

 

Figure 15: Minimum required layback distance identification - test 2 setup 

 

The field team predicted that setting up the test in a region with an ambient magnetic field 

intensity of ~53,500nT, free of highly variable magnetic field sources or magnetic bodies, and an 

auto tuning value of 20,000nT, any source of noise recorded by the magnetometer would be a 

result of the tow vessel (while motors were running at full speed). The presence of a 

distinguishable noise level was theorized to create a reading of 20,000nT as was seen in test 1. All 

recorded data were saved in a single text file and plotted to view any changes in the total magnetic 

intensity reading and is shown below in Figure 16. 
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Figure 16: Minimum required layback distance identification - test 2 results 

 

From the second test results, it has been noted that an offset distance of 0.66 metres between 

the stern of the ASV and the tow connection point of the magnetometer can result in a 

distinguishable noise recording. Note that the magnetometer was moved closer to the ASV a total 

of 5 times throughout this total test, with the same setup, however only the second test resulted 

in a distinguishable noise level. This shows that the magnetometer may be able to automatically 

tune out (using the auto tune function) the recorded values in the presence of the weak field 

induced by the ASV and may not display magnetic noise in every scenario that the separation 

decreases below 0.66 metres.  

3. A third test was conducted in an environment with a variable magnetic field. During this test, the 

magnetometer was in a dry environment, rather than submerged in water like the previous tests. 

A total magnetic intensity reading of 55,000nT to 57,000nT was recorded in this site without the 

presence of the ASV. The test was prepared such that the magnetometer would remain stationary, 

Distance (m) between back of vessel and front of magnetometer 
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while the vessel would be slowly pushed toward the magnetometer with the motors on at full 

power. The magnetometer was configured with the auto tuning feature turned off and a forced 

tuning value of 56,000nT. The configuration for this test included the use of the laser altimeter as 

seen in test 2 and is shown below in Figure 17. 

 

Figure 17: Minimum required layback distance identification - test 3 (dry environment) setup 

 

The field team predicted that the total magnetic intensity reading would remain within the range 

of 55,000nT to 57,000nT until the vessel was brought close enough to the magnetometer to cause 

a change in recorded total magnetic intensity. The results of the third test were recorded using 

the Raspberry Pi data collection system and plotted as shown in Figure 18. 
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Figure 18: Minimum required layback distance identification - test 3 (dry environment) results 

 

The results from this third test show that a consistent reading below the expected range of total 

magnetic field values occurred while the magnetometer was within 0.61 metres of the stern of 

the vessel. Previous readings at a higher separation were recorded with values outside of the 

anticipated total magnetic intensity range, however these inconsistent occurrences could have 

been a result of the local variable magnetic field noise. The consistent readings outside of this 

range are assumed to have been a result of the nearby vessel as a source of magnetic noise.  

Among all three tests the maximum separation that resulted in recorded magnetic noise levels was a 

distance of ~1.5 metres between the stern of the vessel and the front tow connection of the 

magnetometer. A separation greater than 1.5 metres resulted in negligible magnetic noise readings. For 

this reason, all additional surveys were completed with a minimum separation of 2 metres.  

To ensure that noise levels do not increase throughout the survey, it is vital that the separation between 

the magnetometer and vessel does not decrease. This could happen due to a flexible tow cable and 

Distance (m) between back of vessel and front of magnetometer 
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momentum of the magnetometer moving freely through the water. In any case that the tow vessel 

abruptly changes direction, slows down, or stops, the magnetometer has the potential to approach the 

vessel while recording. To observe the behavior of the magnetometer under water during surveys, a 

waterproof camera was mounted to the bottom of the vessel, facing the magnetometer. Video footage 

shows that when the vessel slows down, changes directions, or stops, the magnetometer tends to descend 

due to the front-heavy design. This weight distribution ensures that tension remains in the tow cable 

consistently, rarely creating a separation less than the identified 1.5 metre threshold, provided that the 

turning radius is 2 metres or greater, survey speed is roughly 1m/s and a water depth is greater than 2 

metres. In shallow waters the tension may not be maintained as the magnetometer cannot continue to 

descend beyond the lakebed.  This concept must be considered when designing a survey and processing 

the acquired data.  

 Survey Vessel Integration – Differential Positioning Equipment 

All magnetic and bathymetric data collected during a survey must be recorded with corresponding 

coordinates to ensure that all datapoints can be geospatially located in processing and visualization. 

Although the autonomous control module has a built-in GPS module that is used to control the location 

of the vessel, a secondary, independent positioning system has been integrated into the survey platform 

to record the location of each recorded datapoint. Throughout this research two positioning systems were 

used. The Hemisphere S320 RTK GNSS equipment (loaned from Sumac Geomatics), referred to herein as 

the differential GPS equipment, was used for the survey completed in Surprise Lake, Ontario. All other 

surveys were completed with a single point positioning system.  

 Differential GPS Equipment Specifications 

The differential GPS equipment was used to develop improved horizontal positional accuracy for the 

collected geospatial data as compared to the positioning system used within the autonomous control 
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module with a maximum horizontal accuracy rating of 1 metre.  The rated specifications for the 

differential positioning system are outlined in Appendix A Section 2 or in the user manual (Hemisphere, 

2014). 

The receiver for the rover station of the differential positioning system is powered via an isolated battery 

power source consisting of two removable lithium ion batteries with a total capacity of 5.2 Ah and 7.2V. 

The use of batteries reduces the space occupied on the surveying platform however may require 

additional batteries to be swapped out during the survey depending on the duration of the survey and 

condition of the batteries. Since the base-station receiver remains stationary and is not limited by 

available space on shore, this receiver can be powered via an external power source with 9V to 20V DC 

(Hemisphere, 2014).  

 Differential Positioning Data Collection 

The differential positioning equipment is configured to record and save data directly to an internal Secure 

Digital (SD) memory card, transmit the data via Bluetooth to a data logging system, or transfer data using 

serial connection to a data logging system. The Bluetooth data transmission option was used for all 

surveys involving the differential positioning equipment and was received via a Hemisphere IronView 

CW400 Data Collector with built-in Bluetooth communication options. The data collector was prepared to 

record and save the corrected rover location once every second in Universal Transverse Mercator (UTM) 

coordinates. This data was later extracted from the data logger as a comma delimited text file.  

 Integrating the Differential Positioning System Onto the ASV 

The differential positioning equipment includes a base-station and rover-station. The base-station was 

setup on the shore in an area close (less than 200 metres) to the intended survey region to minimize the 

total baseline length, with a clear view of the sky. The antenna was connected to the receiver which was 

then mounted to a tripod. The tripod was adjusted using a bubble level to ensure the receiver was level 
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with the horizon, and the height of the antenna above the ground was measured and included in the initial 

calibration specifications. The base-station was powered via a car battery and remained stationary 

throughout the entire duration of the Surprise Lake survey. Sections 4.1 and 4.2 discuss the suggested 

setup process for base-stations in more detail.  

The antenna for the rover station was connected to the rover receiver, which was then mounted to a 

single surveyor’s pole. The pole was extended to a height of 135 cm to ensure that the rover station had 

a clear 360 degree view of the sky and was not interrupted by any other components on the ASV. The 

rover pole was then fastened to the middle of the vessel’s stern using the pre-installed surveyor pole 

mount on the vessel. This pole extended below the surface of the water and doubled as the mounting 

point for the echo sounder. Having this pole affixed to the center of the vessel offered the maximum 

vertical stability for the echo sounder transducer while the vessel rolled in any potential waves. (The 

integration of the echo sounder is discussed in more detail in Section 3.3.4.) Mounting off-center from 

the hull would have increased the vertical motion of the transducer in rolling waves thus developing an 

error in the water depth reading when the vessel and receiver were to rock in wave motion. The pole 

mount height was kept to a minimal while clearing the view of all other obstructions to reduce the error 

introduced in the recorded vessel location introduced by the motion of the rover-station while the vessel 

rocked in the waves.  

 Survey Vessel Integration – Single Point Positioning System 

The U-Blox EVK-7P is a single point positioning system used throughout the course of this research to 

identify the location of the tow vessel and calculate the location of the submerged magnetometer. 

 Single Point Positioning System Specifications 

The single point positioning system used throughout this research is an evaluation kit model. The U-Blox 

EVK-7P is compact, consisting of one antenna and a receiver unit with the largest dimension just over 10 
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cm. The device is equipped with an active GPS/Global Navigation Satellite System (GLONASS) antenna for 

precise point positioning (PPP) (U-Blox, 2017). The device has not been given an explicit horizontal 

positional accuracy rating, however, is stated to be equipped with precise point positioning systems 

supporting the U-Blox Neo-7P module. The Neo-7P modules are capable of achieving a horizontal 

positional accuracy of less than 1 metre using PPP, or 2.5 metres in autonomous positioning mode (U-

Blox, 2014). The U-Blox receiver can be configured to the user’s preferred data output format, sampling 

rate and mode using the U-Centre application developed by U-Blox on a Windows PC. Additional 

configuration settings are discussed below.  

 Single Point Positioning System Data Collection 

The single point positioning system can be powered through the same USB used to transfer data. Note 

that this device does not have an internal memory and must be connected to a computer with capabilities 

to read serial port communications and save the incoming data to develop a record of survey data. The 

U-Centre application allows for quick configuration, testing and data recording however is not a practical 

survey data collection solution for the ASV as the required Windows computer would not fit within the 

ASV hull. Any serial terminal program would be capable of retrieving the data once the device has been 

configured in the U-Centre application. 

To power the single point positioning system and retrieve incoming data, the receiver was connected to 

the same Raspberry Pi used to record the data from the magnetometer. The Raspberry Pi was powered 

via a portable battery pack with a 5V output. When the Raspberry Pi was connected to the battery pack, 

and the USB cable from the U-Blox receiver was connected to the Raspberry Pi, both devices would 

automatically receive a sufficient voltage to power themselves. Data acquisition would commence 

immediately on the U-Blox receiver; however, the surveyor would need to commence the associated data 

acquisition Python script to save this incoming data feed. Note this script is the same script used to retrieve 
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the data from the magnetometer, which includes commands to read from the USB port that the U-Blox 

receiver is connected to, along with the required baud rate setting of 9600 for this particular receiver.  

During surveys with the differential GPS equipment integration, the single point positioning system 

remained on-board actively recording updated positioning information as a secondary resource to ensure 

that the magnetic data was accompanied by location data with every reading. The differential GPS 

equipment would output to the mobile data logger via Bluetooth to synchronize with the integrated echo 

sounder data and was not configured to output to a second source, such as the on-board Raspberry Pi 

data collection center therefore could not be directly connected to the magnetometer data feed. The 

magnetometer and differential positioning data would need to be connected in post processing by 

synchronizing the Coordinated Universal Time (UTC) fields between the sensors. By configuring the single 

point positioning system to connect directly with the Raspberry Pi this configuration ensured geospatial 

magnetic data was acquired by allowing the sampling rate of the single point positioning system to match 

that of the magnetometer and directly connecting the data fields in a single file. This configuration also 

allowed the option to vary the sampling rate of the echo sounder and magnetometer which could result 

in improved bathymetric data resolution, as the echo sounder could sample much faster than the 

magnetometer.  

 Integrating the Single Point Positioning System Onto the ASV 

To integrate the single point positioning system onto the ASV, the receiver was mounted in the interior of 

the hull. The 3 metre antenna cable was routed through the hull lid opening and connected to the antenna 

which was mounted at the highest point of the ASV mast.  

The U-Centre application was used in early stages of this research to configure the receiver with the 

necessary parameters to record the location of the ASV. The configured parameters can be viewed in 

Table 4 below.  
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Table 4: Single point positioning receiver survey parameter configuration 

Parameter Selected Setting 

NMEA Sentence Structure GPGGA – Global Positioning Fix 

Baud Rate 9600 

Sampling Rate 1 Hz 

Time Source GPS Time 

SBAS Use SBAS Services (can achieve 2 metre horizontal 
accuracy) 

 

 Survey Vessel Integration – Echo Sounder 

Throughout this thesis, the HydroLite™ - TM model, from Seafloor Systems, was integrated into the survey 

platform for all bathymetric surveys. This echo sounder is a professional, 200 kHz single beam echo 

sounder kit with a 6 degree transducer beam width, offering bathymetric survey capabilities that meet 

the requirements for the U.S Army Tactical Dive teams. The echo sounder has a depth range of 0.3 to 75 

metres and was originally developed for use in hydrographic surveying applications (Seafloor Systems, 

2018). 

 Echo Sounder Bathymetric Data Collection 

The echo sounder includes a data processor that coverts raw signal transmission and reception times 

(TWTT) into depth measurements, however this module does not contain internal memory, for this reason 

a secondary data collection system is required. The echo sounder is capable of transferring data wirelessly 

through Bluetooth connection, or with a wired serial connection. Each of these data transfer techniques 

were used. A Bluetooth connection was used for the Surprise Lake survey that was conducted with the 

differential positioning equipment. The differential positioning equipment included the use of a mobile 

data logger, equipped with Bluetooth communication capabilities. To establish a direct connection 

between the recorded lake depth and the location of this reading, the echo sounder and RTK rover were 

paired with this data logger using Bluetooth connections. This setup allowed the RTK receiver and echo 
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sounder to synchronize data records while recording in a simplified and well-organized tab delimited text 

file, separate from the magnetometer data.  

Alternatively, the echo sounder could be monitored using Bluetooth from an iOS or Android mobile device 

with the SonarMite+ App (Seafloor Systems, 2017). This app was developed to connect to the echo 

sounder data processing module. The app enables a live view of the bathymetric readings and sensor 

location, along with additional operational status indicators. This app was used to test the echo sounder 

in lab settings, or in test surveys along the shoreline within 100 metres of the base-station (mobile iOS or 

Android device). All surveys completed without the use of the differential positioning system equipment 

involved the use of the single point positioning system. To connect the echosounder with the single point 

positioning system, the RS232 serial output port on the GPS receiver was used to make a wired connection 

to the input port of the echo sounder data processing module. This configuration would permit the use of 

the SonarMite+ App to monitor the depth and location wirelessly on an iOS or Android device. The 

SonarMite+ App enabled the user to download the recorded data, however the limited range of Bluetooth 

was not sufficient to develop a working base-station connection for surveys in which the vessel would 

surpass 200 metres separation from the base-station. For this reason, the on-board Raspberry Pi Data 

collection system was prepared to receive the lake depth data output from the echo sounder.  

Two Raspberry Pi modules were used for data collection, the Raspberry Pi 2, and Raspberry Pi 3B+ with 

the latter equipped with Bluetooth communication capabilities. The Bluetooth connection process was 

very similar to the connection with the RTK mobile data collector, however a Python script specifying the 

communication format and port baud rate (4800) was required to actively record the data incoming from 

the paired echosounder Bluetooth transmitter. This configuration was used most frequently throughout 

this research. A flowchart outlining the operations of this script can be seen in Appendix A Section 3. To 

develop a wired serial connection between the echo sounder and the Raspberry Pi, a waterproof 9-pin 

serial cable that was provided with the echo sounder was connected to the PC port of the echo sounder 
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data processing module, and the other end was connected to the auxiliary sensor port built into the ASV 

hull. In the interior of the ASV, the auxiliary sensor port was connected to a cable, also provided in the 

echo sounder surveying kit, that converted from a 9-pin connector to an RS232 serial port connection. 

Using a RS232 to USB converter, the final connection to the Raspberry Pi was established. A Python script 

was used to record the bathymetric data received from the associated USB port, while synchronizing the 

incoming GPS location data from a different USB port connected to the associated single point positioning 

system. This configuration resulted in a central data collection system, receiving data from the 

magnetometer, echo sounder, and single point positioning system consecutively, synchronizing sensor 

data to develop a geospatial dataset within the Raspberry Pi storage. 

 Integrating the Echo Sounder Onto the ASV 

The echosounder was used to collect all lake depth readings and has been integrated onto the ASV. In the 

center of the vessel stern there is a mount that accepts a cylindrical pipe with the same dimensions as a 

standard surveying pole, or the surveying pole included in the echo sounder surveying kit. This mount was 

used to secure the echo sounder to the vessel via the surveying pole provided. The top end of the pole 

was used in this research to mount the RTK rover receiver to, while the bottom of the pole was used to 

mount the echo sounder. To reduce sources of error or bathymetric noise, the pole was fastened such 

that the echo sounder transducer faced directly behind the vessel, parallel with the surface of the water, 

and roughly 1cm below the vessel’s motors (Levec & Skinner, 2004). The survey pole was positioned such 

that the top of the pole was higher than the highest point of the vessel assembly to achieve a 360 degree 

clear sky view for any GNSS antennas that may be attached here (Donahue et al. 2015). The cable 

connecting the echo sounder transducer and the data processing module was coiled and fastened to the 

mast of the ASV to reduce potential for snags during the survey.  
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 Survey Vessel Integration – Base-Station Communication Link 

An added benefit of using a surface vessel, as opposed to a submerged vessel, in geophysical surveying, is 

the added ability to relay all recorded information in near real-time to a base-station within the limits of 

the radio frequency transceiver pair, and antennas used. For this research, a wireless radio frequency 

connection was established between a base-station PC (with Windows operating system and a serial 

terminal program, or Python) and the Raspberry Pi that was on-board the survey vessel using a pair of 915 

MHz telemetry radios for Pixhawk Auto Pilot systems, made by 3DR. These receivers are rated for roughly 

1.5 km range at most (B&H Foto & Electronics Corporation, n.d.) and had never lost signal connection 

during any surveys performed throughout this research.  One transceiver was connected via micro-USB 

to USB cable to the on-board Raspberry Pi data collection system with the antenna mounted to the interior 

of the ASV, while the second transceiver was connected to the base-station laptop, and was mounted to 

the back of the laptop screen.  

To transmit the data, the Python script (summarized in a flowchart in Appendix A Section 3) running on 

the Raspberry Pi data collection system used to record all peripheral sensor data (including GPS, echo 

sounder and magnetometer) was adapted to include commands to write data to the corresponding port 

with the radio transceiver plugged in, along with the required 4800 baud rate setting. On the base-station 

a serial terminal program was used to establish connection to the COM port corresponding to the radio 

transceiver, and a baud rate of 4800 was set. Once the terminal was opened and activated, a live stream 

of data would be received on the base-station computer. This data stream was previewed along with the 

active Mission Planner™ application to simultaneously monitor vessel controls and information from the 

autonomous control module.  

The final electronic configuration of all hardware components used to complete autonomous bathymetric 

and magnetic surveys on-board the ASV is shown below in Figure 19 & Figure 20.  Figure 19 illustrates the 
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hardware components at the base-station used to develop a radio communication link between the ASV 

and a base-station laptop. Before a survey starts the base-station laptop is used to define the survey path, 

which then is output from the base-station, and sent wirelessly to the autonomous control module on-

board the ASV. During a survey, the base-station acts solely as a data viewer, only receiving incoming data 

from the ASV including information from the autonomous control module and all magnetic and 

bathymetric values recorded via the on-board data collection system. Two radio connections are 

established to separate the data from the data collection system (shown in red) and the autonomous 

control system (shown in blue). The hardware used on-board the ASV and at the other end of the 

communication link with the base-station is indicated in Figure 20. 

 

Figure 19: Base-station hardware components used to configure survey parameters pre-survey, and 
receive and display magnetometer and vessel telemetry during a survey (not to scale) 
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Figure 20: On-board ASV hardware components – telemetry, data storage, sensors, and system power 
(not to scale) 

 

 Survey Vessel Launch and Retrieval 

The survey vessel has been configured such that it can be launched from land with all internal electronic 

components running and ready to survey before entering the water. The vessel is prepared to survey 

when the operator powers the remote and the vessel via the rear power switches, and by turning the 

power on to the Raspberry Pi data collection system via the button mounted to the back of the vessel. 

The operator can begin the data logging process by connecting the base-station laptop to the on-board 

ethernet cable, then manually starting the data collection script (note that any parameters on the 

magnetometer must be changed at this point if necessary). The ethernet cable can be disconnected from 

the base-station once the data collection script has begun. The survey path can be manually uploaded to 

the autonomous control module via wireless radio frequency connection with the base-station laptop. 

The magnetometer can be placed in the water while the vessel remains on the mobile launching platform 
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(shown in Figure 21 below) and the vessel can be pushed lightly off the launching platform to float in the 

water. At no point should the operator need to open the hull of the vessel to gain access to power switches 

or to start the data collection process. This ensures the vessel always remains watertight, preventing 

water from entering through the top hull opening. The operator can switch the vessel into autonomous 

operation and allow the vessel to complete the survey with an attentive supervisor nearby.  

 

Figure 21: Survey vessel prepared for launch, on custom mobile launching platform – Lake Ontario, 
Kingston Yacht Club, June 4th, 2019 

 

The vessel can be retrieved by manually driving the vessel onto the submerged launching platform. Once 

secure, the operator can turn off the vessel power, remote power, and Raspberry Pi power, all recorded 
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data will be saved automatically. The magnetometer can then be retrieved from the water, and either 

disconnected from the tow cable for safe storage or secured to the vessel for temporary transport.  
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Chapter 4 - Autonomous Magnetic and Bathymetric Survey Design 

Before commencing an autonomous survey, or a manually controlled survey using the configured ASV, it 

is necessary that a survey plan be completed. The survey plan should include information related to the 

equipment used in the survey, the expected target (including size, depth, and potential magnetic anomaly 

amplitude), desired resolution, sampling frequency, and survey line spacing. This section outlines major 

concepts and processes that should be followed to improve the quality of bathymetric and magnetic data 

acquired with the configured survey vessel.  

 Magnetic Base-Station Setup 

Magnetic base-stations are stationary devices used to record changes in the local magnetic field intensity 

throughout the duration of a survey. Monitoring these changes can be useful in reducing sources of error 

in the acquired mobile data and can be used to develop residual magnetic intensity maps for improved 

interpretations (Breiner, 1999; Reeves, 2005; Vallée, et al., 2006; Telford et al. 1990). By setting up the 

local magnetic base-station, an idea of the local field strength can be determined and thus adjustments 

to the magnetometer tuning value can be made to match the local ambient field value in the survey region 

as discussed in Section 3.3.1.2. An approximate model of the ambient magnetic field values for a given 

location on Earth can be seen in the world magnetic model modified from (National Oceanic and 

Atmopsheric Administration (NOAA), 2019) shown in Figure 22. The magnetic model displayed in this 

figure suggests that the regions surveyed throughout this research, including Surprise Lake and Lake 

Ontario, may have a difference in ambient magnetic field intensity on the order of 2,500nT. This change 

in ambient magnetic field intensity should be accounted for in survey preparation, adjusting the tuning 

value of the magnetometer as needed. An on-site magnetic base-station can confirm the correct tuning 

value to be used in the local survey region. 
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Figure 22: North American section of world magnetic model, indicating the modelled values of Earth's 
ambient magnetic field intensity based on location, modified from (National Oceanic and Atmopsheric 
Administration (NOAA), 2019) 

 

A magnetic base-station is intended to measure the ambient magnetic field intensity, for this reason, the 

base-station should be setup in a location that will be free from magnetic disturbances, including passing 

survey vessels, or field personnel, as well as varying magnetic fields created by local electric infrastructure, 

or passing public vehicles (Breiner, 1999). It is suggested to maintain a minimum spacing of 100 metres 

between the base-station and a road and 200 to 500 metres from powerlines (GEM Systems, 2015). The 
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measured natural field should also be representative of the total survey region; therefore, the base-

station should not be positioned above or near a known iron-rich rock mass (suggested minimum 100 

metres away) (Telford et al. 1990). To remove the device from these sources of magnetic noise, the base-

station must be setup outside of the survey region so as to avoid the survey vessel but should remain 

close enough (no more than 50 km away for large surveys regions) (Sharma, 1987) to the surveyed region 

to remain representative of the region.  

Similar to the mobile magnetometer, the base-station must record location information, identifying the 

location of the base-station magnetometer, and providing a reference time stamp in UTC format from the 

positioning system (used to compare base-station and rover data at the same point in time), while also 

providing useful information related to the positioning system’s antenna sky view and visible GNSS 

satellites. While setting up the magnetic base-station, it is important to ensure that the GPS antenna is 

connected before commencing data collection, and that the GPS antenna is in a region with a clear sky 

view, with no obstructions within 30 metres of the receiver that are taller than the height of the antenna 

(Henning, 2011). Obstructions might include buildings, trees, cliffs, electrical poles, signs and/or vehicles. 

An example of a magnetic base station setup similar to that used throughout this research with a data 

logger, Overhauser magnetometer and GPS antenna, in an open space, away from obstructions, is shown 

below in Figure 23. 
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Figure 23: GSM-19 Overhauser magnetometer base station setup in open field, free from magnetic and 
satellite communication obstructions – modified from (GEM Systems, 2015) 

 

The position of the magnetometer base-station is approximated based on the pseudorange between the 

receiver and GNSS satellites in view (Saka et al. 2004). The pseudorange is calculated based on the 

difference in time between the transmitted satellite code (with a time stamp) (Henning, 2011) and the 

time the signal arrives at the receiver. The difference in time is multiplied by the speed of light, and is used 

to estimate the pseudorange, not accounting for time errors or additional atmospheric or multipath errors 

(Seeber, 2003). This calculation process assumes a straight line path between the satellite and the receiver 

(Bullock S. R., 2017). If the signal does not travel in a straight line, rather bounces off obstructions (referred 

to as multipath error) near the receiver, the signal arrival time is delayed, and the distance between the 

satellite and the receiver is exaggerated, introducing additional sources of error in positioning (Kaplan & 

Hegarty, 2006). The calculated distance between the receiver and satellite can be improved by examining 

the wavelength of the signals, carrier phase measurements examine the wavelength of the L1 (1575.42 

MHz, 19 cm wavelength) and L2 (1227.60 MHz, 24 cm wavelength) (Seeber, 2003; Henning, 2011) 
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frequency. The GPS receiver can record the partial wavelength of the recorded L1 and L2 signals at the 

time the receiver locks onto the satellite, however the whole number of wavelengths transmitted before 

the recorded partial wavelength is unknown or “ambiguous”. To accurately calculate the distance 

between the satellite and the receiver, the whole number of cycles must be identified in a process referred 

to as ambiguity resolution. Multipath error can reduce the validity of the ambiguity resolution, and 

therefore all attempts must be made to mitigate this error, including positioning the receiver away from 

obstructions that are taller than the height of the receiver when possible. This concept must be considered 

when setting up any stationary positioning device, such as a real time kinematic positioning system base-

station, discussed in more detail in Section 4.2 below, or a magnetometer base station with an integrated 

GPS receiver/antenna.  

There are many different makes and models of magnetic base-stations, however they all have the same 

basic components, a positioning system receiver, a data collection system, and the magnetic sensor (in 

this case, an Overhauser base-station magnetometer – GSM-19 by Gem Systems, used in the survey 

outlined within Section 6.5). Regardless of the make and model it is suggested that at least the magnetic 

sensor and GPS antenna be mounted off the ground (magnetic sensor at least 1 metre off the ground to 

avoid near-surface magnetic effects (Mariita, 2007; Geometrics Inc., 2015), with a safe separation distance 

(refer to user manual of device) between the magnetometer and the positioning system and data 

collection system. 

 RTK Base-Station Setup 

For surveys that require centimetre level locational accuracy, it is suggested that a differential GPS (DGPS) 

system such as an RTK system is used. This section outlines the basic principles behind setting up an RTK 

base-station for centimetre level accuracy. An RTK base-station is meant to be setup in a stationary 

location while the rover station operates continuously within the maximum allowable baseline length 
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(note that the range experienced in the field may differ as a result of variable terrain between the two 

stations), typically the smaller the baseline (less than 10 km) (Natural Resources Canada, 2015), the better 

accuracy. Note that a baseline refers to the straight line distance between the rover and base-station, and 

is considered “large” if greater than 100 km (Petrovski, 2014). For this reason, it is recommended that the 

base-station be setup near the survey location, with an elevation mask (or “cut-off angle”) between 10 

and 15 degrees (ensure the receiver is levelled to the horizon to ensure this elevation mask is applied 

effectively) to limit the use of satellites closer to the horizon, with an increased signal travel distance 

through the atmosphere, introducing increased atmospheric errors. In the event that a known Canadian 

Base Network (CBN) control point is near the survey region within the base line limit (<10 km for cm level 

accuracy) (Natural Resources Canada, 2015), the base-station can be setup on this control point. Note 

that establishing a new station can prove to be more reliable than a previous control point with a poor 

sky view. 

The following steps should be taken to improve the accuracy of the calculated base-station position 

(Natural Resources Canada, 2015): 

• Ensure the base station is located in a stable location with minimal potential for multipath 

error (as described above in Section 4.1), has been levelled using a bubble level, and the 

height of the receiver above the ground is recorded and input into the data collection 

module as necessary. 

• Data collection settings should be configured to collect and save raw observations for post 

processing via the Canadian Spatial Reference System Precise Point Positioning (CSRS-

PPP) or other software to verify the location of the base station. 

• Ensure a minimum of 7 GNSS satellites are being tracked (Royal Institution of Chartered 

Surveyors (RICS), 2010). If needed, adjust the position of the base-station, and review the 
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sky plot for the location of interest using a GNSS survey planning tool to predict the best 

time to track more than 7 satellites. 

• Ensure the base-station is within 10 km of the intended survey region, if the survey region 

spans beyond this distance, and is to be surveyed in multiple days, ensure the base-station 

is moved along the shore and is reconfigured to remain within 10 km of the survey region 

(European Global Navigation Satellite Systems Agency (EGSA), 2019).  

o Most survey regions greater than this 10 km marine surveying baseline threshold 

are recommended to be completed with alternative surveying vessels aside from 

the configured ASV as this platform may become impractical at this scale due to 

time and financial budgets.  

For surveys that will be completed within less than 2 hours, it may be advantageous to start recording the 

location of the RTK base-station prior to commencing the survey. The accuracy of the base-station location 

increases with time. The longer the base-station device remains stationary and acquiring data, the better 

the ambiguity solutions are, along with mitigated multipath errors, resulting in an improved base-station 

coordinate accuracy (Seeber, 2003; Kaplan & Hegarty, 2006). The survey completed throughout this 

research using the differential positioning RTK equipment on-board the survey vessel was started after 

the RTK base-station had been stationary and collecting data for approximately 30 minutes, offering 

sufficient base-station accuracy (sub metre) for the purposes of this test survey. To achieve improved 

base-station horizontal accuracy on the centimetre level, a minimum 12 hour stationary sampling duration 

is suggested (Natural Resources Canada, 2015).  

Once the base-station is setup, the rover station can be configured. Before mounting the rover station to 

the vessel, the rover should be used to collect the elevation of the lake shoreline according to the 

configured datum/vertical reference frame – note that the official Canadian vertical reference frame is 

the Canadian Geodetic Vertical Datum 2013 (CGVD2013) (Natural Resources Canada, 2015). Elevations 
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recorded in terms of CGVD2013 are stated as orthometric heights (indicated by “H” in Figure 24) - an 

elevation above a geoid model. The geoid model used in CGVD2013 is the Canadian Gravimetric Geoid 

model of 2013 (CGG2013a) which indicates the difference in elevation relative to the Geodetic Reference 

System of 1980 (GRS80) ellipsoid (indicated by “N” in Figure 24). 

 

Figure 24: Ellipsoidal height (h) recorded by a GNSS antenna on-board a marine vessel, relative to 
orthometric height (H) and geoid height (N) (not to scale) – modified from (European Global Navigation 
Satellite Systems Agency (EGSA), 2019) 

 

Throughout this research, lake depth records were recorded as a depth relative to, or beneath the surface 

of the water at a given horizontal position calculated by the single beam echo sounder, with the 

transducer as the reference elevation. In applications with the differential positioning system, rather than 

stating the depth relative to the surface of the water, the data collection system output the ellipsoidal 

height (see Figure 24 above) (Moritz & Hofmann-Wellenhof, 2006) of the lakebed given an ellipsoid model 

(in this case World Geodetic System 1984 (WGS84)) (International Hydrographic Organization, 2008; Zhou 

et al. 2008) defined by the user. The rover station can be used to acquire the ellipsoidal height of the 

water level (above the WGS84 ellipsoid) at the start of the survey. The ellipsoidal elevation of the water 

surface along shore was used throughout this research to calculate the depth of the lake (in metres below 
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the water surface) in post processing by calculating the difference between every recorded lakebed 

elevation and the recorded water level elevation.  

 Survey Line Spacing Guidelines 

When conducting a survey with simultaneous acquisition of magnetic and bathymetric data, the survey 

spacing should be limited by the sensor (echo sounder or magnetometer) and the associated target size, 

and depth, that will require the densest data acquisition spacing. This approach will ensure the minimum 

requirement for all datasets is achieved. Note that not all surveys are intended for the same target, or 

application, therefore they will require varying resolutions. Survey line spacing should be planned based 

on the expected bathymetric and magnetic signals as discussed in Section 2.2.  

 Survey Line Spacing Considerations for Magnetic Targets 

The most common method of acquiring magnetic data covering a 2D surface area is to record magnetic 

readings at a constant sampling rate throughout a gridded survey path consisting of primary parallel 

traverses with equal spacing between traverses. Primary traverses are often accompanied by 

perpendicular tie lines with a suggested spacing of ten times the traverse spacing (Agocs, 1955; Slattery 

& Andriashek, 2012; Reeves, 2005). The spacing of the traverses is often dependent on the desired 

resolution of the survey, often based on the expected size and anomaly of buried targets. Note that the 

separation between the magnetometer and the target discussed in Section 2.2 is a distance in 3-D space. 

This means that an object that may be detectable from 5 metres away, may be entirely missed with survey 

lines spaced at 10 metres that do no pass directly over the unknown location of the buried target. The 

sampling rate and the speed of the survey vessel along the survey line must also be adjusted to ensure 

that readings are recorded in intervals much less than the minimum distance required to resolve the 

target. A traverse that passes directly over a target with a vehicle travelling at 5 metres per second, 

sampling every 3 seconds, may not identify a target that requires a maximum 5 metre separation from 
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the magnetometer. For this reason, the target material, size, and depth are the main factors that need to 

be considered when determining the survey line spacing. Additional considerations including the vessel 

operational limitations including fuel/battery capacity, terrain related obstacles, and time/budget 

constraints may alter the survey spacing.  

Plets et al. (2013) has used a rough outline of expected archaeological targets in marine magnetic 

surveying to suggest the maximum magnetic survey line spacing as outlined below: 

• Large area, unknown potential for magnetic body detection – 30 m to 50 m spacing & 

perpendicular cross lines at 1 to 10 times the traverse spacing 

• Large potential for shipwreck site or many unidentifiable anomalies, or known location of large 

magnetic anomaly – maximum spacing of 15 metres & cross line spacing at maximum of 5 times 

the traverse spacing 

o The use of cross lines or tie lines allows for additional data acquisition, as well as a point 

to calculate diurnal variation corrections (Camidge et al. 2010; Reeves, 2005) 

• In all cases, when possible, the magnetometer should be within 6 metres of the lakebed 

• For archaeological surveys data should be acquired along line with a sampling rate of 4Hz at a 

maximum survey speed of 4 knots or 2 metres per second (equivalent to roughly 2 readings per 

metre) 

o In the case of simultaneous data acquisition from multiple sensors, the sensor that 

requires the slowest survey speed will set the maximum survey speed limitation  

These same principles can be applied to geological and mineral exploration surveys, in the event that the 

survey region contains a known contact between an iron-rich unit and a contrasting geological unit with 

no ferromagnetic material, the width of the iron-rich unit, and estimated depth of this unit can be used 

to plan the survey line spacing. To ensure the target geological body is observed in more than one survey 
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line, the orientation of the survey should be conducted perpendicular to the long axis of the target body 

(or geological trend if unknown) with a maximum line spacing less than half the expected width of the 

rock mass. As shown in (Walter et al. 2020), aerial helicopter based magnetic surveys were able to identify 

the presence of an iron-rich body with a survey line spacing of 100 metres at an elevation of 85 metres, 

however improved resolvability and resolution was achieved with reduced elevation of 30 metres and 

survey line spacing of 25 metres. These survey line spacings align with the suggested guidelines in (Plets 

et al. 2013), which can be adapted to meet the desired survey resolution and project demands while 

balancing budget and survey time. A simplified example indicating the effects of survey line spacing on 

magnetic body detection is shown below in Figure 25 and discussed in detail within (Reeves, 2005). 

 

Figure 25: Effects of magnetic survey line spacing on magnetic body resolvability, improved resolvability 
as a result of dense survey line spacing 

 

 Survey Line Spacing Considerations for Bathymetric Targets 

While conducting bathymetric surveys, survey line spacing can be determined in the same manner as 

magnetic survey line spacing. The survey line spacing should be determined by the intention of the survey, 
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and the size of the target while considering time and budget constraints. The International Hydrographic 

Organization (IHO) has outlined a set of bathymetric data quality guidelines to meet hydrographic 

surveying standards, which are dependent on the goal of the survey (Bouwmeester & Heemink, 1993) and 

are outlined in (International Hydrographic Organization, 2008). Most of these standards are listed 

according to the use of wide swath side scan sonar devices, in which the entire lakebed must be recorded, 

however class 1b of these guidelines indicates that areas of water shallower than 100 metres can be 

surveyed with single beam echo sounders with a recommended maximum survey line spacing equal to 3 

times the average depth, or 25 metres, whichever is greater (International Hydrographic Organization, 

2008; Mills, 1998).  

Levec & Skinner (2004) outline bathymetric surveying guidelines in Ontario, including the survey structure 

and survey line spacing. These guidelines suggest that a bathymetric survey of a lake be completed in two 

components – shoreline surveys, and open water/cross lake transects. The shoreline survey is intended 

to be completed in two parts, the first at a constant lake depth of 1 metre, followed by a second survey 

at a depth of approximately 25 metres. The 25 metre portion of the shoreline survey is not necessary in 

the event that the average lake depth is less than 25 metres. This data is intended to develop a safe 

operational buffer zone, preventing collision in shallow waters, however with the reduced draft on the 

configured ASV compared to alternative inhabited marine vessels, the 25 metre depth shoreline survey is 

not as important, while 1 metre depth shoreline surveys can be completed with less risk of collision. 

During the case studies completed throughout this research (discussed in more detail in Chapter 6), the 

survey vessel successfully navigated waters with a depth of less than 1 metre, indicating that the 25 and 

1 metre buffer zones are not necessary to prevent collisions with this ASV. Note that a 2 metre buffer 

zone survey can instead be used with the ASV to indicate the magnetic survey region in which the 

magnetometer may come in contact with the lakebed on turns. Avoiding these regions or noting these 
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regions shallower than 2 metres for future processing notes may reduce magnetic surface noise (Mariita, 

2007; Geometrics Inc., 2015). 

The second component of the bathymetric survey is the open water transect. This portion of the survey 

divides the open water regions into straight, parallel survey lines that span the whole width of the lake. 

For inhabited vessel surveys it is recommended that the heading of these lines is maintained along either 

the North/South orientation, or East/West orientation to reduce error in human navigation (Levec & 

Skinner, 2004). With the addition of autonomous controls, this can be adapted to better suit the demands 

of the survey, including magnetic data acquisition. The survey line orientation is discussed in more detail 

in Section 4.3.3 below. The open water transects may vary slightly from the original intended heading to 

avoid obstacles such as islands or previously determined shallow areas, however the vessel should return 

to the original orientation, and survey line spacing as soon as the obstacle has been passed. The spacing 

between these open water transects should be primarily dependent on the surface area of the water body 

while considering a compromise between data accuracy, financial and time constraints. The suggested 

survey spacing, based on surface area is outlined in Table 5 below. Note that all surveys completed 

throughout this research covered less than 1 square kilometre, however, to improve data density, survey 

line spacing as small as 10 metres was used. 

 

Table 5: Survey line spacing guidelines based on lake surface area (Levec & Skinner, 2004) – intended for 
total lake surveys, not intended for use in local, target specific survey preparation  

Area of Survey Region (km2) Transect Spacing (m) 

<2 50 

2 to 10 75 

> 10 100 
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A combination of these two survey line spacing guidelines (bathymetric and magnetic) should be 

considered when planning future surveys with the configured autonomous surveying platform. An effort 

should be made to reduce survey line spacing when the time and financial constraints allow so, to improve 

data resolution, while including the addition of cross lines at a spacing up to 10 times the primary open 

water transect spacing to verify bathymetric and magnetic readings and increase total data coverage. This 

adapted survey design will lend itself well to the simultaneous acquisition of bathymetric and magnetic 

data. 

 Simultaneous Bathymetric and Magnetic Survey Line Spacing and Orientation 

Based on the surveying guidelines reviewed above, it is apparent that magnetic and bathymetric surveys 

should be designed on a case by case scenario, dependent on the intention of the survey. For the 

applications of this research, an additional component must be considered to optimize simultaneous 

magnetic and bathymetric data acquisition, adjusting the above mentioned guidelines based on the more 

stringent sensor – echo sounder, or magnetometer. In the event that the survey is completed with the 

intention of identifying objects buried in the lake sediment or deeper within the subsurface, the 

magnetometer will produce the best results, and therefore should be considered the limiting factor for 

survey design, with the echo sounder accompanying for additional data clarity and interpretation 

processes. In the event the survey is to be conducted with the intention of identifying archaeological 

artifacts resting on the lakebed, the echo sounder should be considered the more stringent sensor, 

provided the archaeological artifact intended to be detected can be recorded on the magnetometer 

(according to the predictions stated in Section 2.2 above) at the proposed bathymetric survey spacing. It 

is good practice to identify the extent of the survey region and identify regions that the vessel cannot 

operate within. This can be achieved through completing bathymetric surveys parallel with the shoreline, 

which can be accompanied by a magnetometer to identify any potential sources of magnetic noise 

induced by local buried or submerged infrastructure connecting to the shoreline of the lake.  
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The orientation of evenly spaced, parallel survey lines should be determined based on the predicted 

orientation of the target long axis. If the orientation of the long axis of the target is known, then the survey 

should be conducted perpendicular to this orientation (Waswa et al. 2015). For those objects that must 

be detected solely via the magnetometer as they are buried below the lakebed surface, the survey 

orientation might not run perpendicular to the shoreline or the assumed lake depth contour line 

orientation, this is still favourable as it will result in improved magnetic interpretations as shown in Figure 

26.  

 

Figure 26: Preferred magnetic survey line orientation - perpendicular to long axis of magnetic target 

 

By surveying perpendicular to the long axis of the target, there is less of a chance that the target will be 

missed between survey lines. This concept works well when the suspected target is an iron-rich geological 

contact (Geological Survey of Canada, 1991; Waswa et al. 2015). In this scenario, regional or local aerial 

magnetic data or geological maps can be used to identify the potential geological trend in the area. Given 

the known geological trend of the area, the preferred orientation of geological magnetic surveys, 

Magnetic Survey Path 

Magnetic Target Long 
Axis 
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perpendicular to geological trend, can be identified, planned, and programmed into the autonomous 

control module to reduce the potential of missing the exact location of the desired geological contact.  

 Total Lake Magnetic and Bathymetric Survey - Surface Area Divisions 

Once the survey orientation, line spacing, and cross line spacing has been determined with considerations 

for time and financial constraints, the final survey design can be laid out onto the lake of interest. At this 

phase of the planning process additional adjustments must be made using satellite imagery and local maps 

to avoid islands in the lake or shoreline obstructions. Throughout the case studies completed in this 

research, all survey path development and planning was completed within mission planning software 

which relied on Google satellite imagery as a base map. Google satellite imagery can offer a resolution of 

less than 2.5 metres for roughly twenty percent of land on Earth, with a focus on regions of dense 

population. Imagery at this scale offers the ability to identify significant changes in land cover regions 

(such as the transition between open water and shoreline), the locations of roads, houses and other 

similar scaled objects, however this scale of data is not always available for the desired survey location 

(Potere, 2008; Yu & Gong, 2012). For regions that this high resolution satellite imagery is not available, 

including remote lakes, resolution on the scale of 30 metres can be achieved with satellite imagery from 

resources including Landsat satellite imagery as discussed within (Gong et al, 2013) for land cover 

investigations.  To identify the location of submerged infrastructure including pipelines and power lines, 

local infrastructure maps, or nautical charts may offer more information than satellite imagery.  

While using the autonomous control module on-board the configured ASV, the survey path can be drawn 

or automatically generated in a mission planning software based on input survey parameters including 

spacing, orientation and cross line spacing. An advantageous feature of mission planning software is the 

automatic calculation of the total survey line distance. With a known survey distance and vessel speed, 

the estimated total time to complete the survey can be calculated. For survey regions exceeding 1 square 
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kilometre (see Section 5.1 and 0 for additional discussion on survey size and survey duration), it is likely 

that the survey duration will exceed the available daylight time in a single day when surveying with the 

ASV at 1m/s. For this reason, it is suggested to divide the survey region into sections that can be completed 

within one day (roughly 3 to 5 square kilometres in a vessel travelling at roughly 4 meters per second, or 

roughly 1 square kilometre at 1 m/s) similar to the divisions indicated in the example provided in Figure 

27 below. Note that cross lines should be completed within the space covered in one day, and to ensure 

data points are not missed, it would be advantageous to record the location of the previously acquired 

data in a format that can be reviewed prior to beginning the survey on the next field visit day.  

 

Figure 27: Lake bathymetric survey design example including survey divisions identifying regions that can 
be surveyed in one day via an inhabited vessel at a speed of approximately 4 metres per second (Levec & 
Skinner, 2004)  

UTM 
Northing 

UTM 
Easting 



MASc. Thesis – M. Wootton, Queen’s University 

73 

Chapter 5 - Development of Interactive Phase 1 Bathymetric and 

Magnetic Survey Site Investigation Method 

 Phase 1 Bathymetric and Magnetic Survey Site Investigation Method Introduction 

The autonomous survey vessel configured throughout this research offers the added potential to survey 

waters that have previously been difficult to access in remote locations, as well as access shallow (less 

than 1 metre in depth) or contaminated waters. The small size and slow speed of the ASV (relative to 

inhabited vessels) make this vessel ideal for dense data coverage (greater than 1 total magnetic intensity 

reading for every 5 metres) in these regions. These same features however, make the ASV impractical 

from a time and financial perspective to operate in surveys greater than 5 square kilometres (See  Section 

0) or in areas with wind speeds greater than 15km/h or wave heights greater than 50 cm (as identified 

through experimental testing). In the event that a survey region greater than 5 square kilometres is 

planned to be surveyed, and the data does not need to be acquired in shallow waters or with high data 

density, then a faster vessel (compared to the 1m/s ASV) may reduce time and financial costs for the 

survey. To assess the applications of the configured ASV across Canada, an interactive survey design and 

phase 1 site investigation (Fookes, 1967; Fookes, 1997; Look, 2014) method was developed consisting of 

nationwide and local scale public datasets related to lake access, bathymetric/topographic data and 

geological/geophysical data, accumulated into an interactive GIS environment. The development of this 

method, as well as its applications and resultant findings are discussed throughout this section.  
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 Phase 1 Bathymetric and Magnetic Survey Site Investigation Method – National Scale 

Datasets 

Before commencing any magnetic or bathymetric survey, it is suggested that every field team completes 

a preliminary phase 1 site investigation of the intended survey region. During this desktop study, field 

teams may wish to identify information related to the survey site including the following topics: 

• Location of lake 

• Road access to lake 

• Potential boat launch sites 

• Local lake ice presence 

• Estimated lake depth 

• Previous recordings of local magnetic bodies  

• Regional geology 

• Total size of lake – perimeter and surface area 

• Local land use 

• Regional topography 

• Regional ground cover 

• Local infrastructure 

• Location of nearby protected lands and aboriginal lands 

All this information can be investigated from a phase 1 site investigation in Canada, with variations in 

resolution and data quality/coverage between each province and territory. To accumulate and visualize 

all this data, ArcMap by Esri was used.  

The Global HydroLabs group, part of the Department of Geography at McGill University has developed a 

database including information related to all global lakes with a surface area greater than ten hectares 
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(0.1 km2) (Messager & Lehner, 2016). This dataset has been imported into ArcMap and clipped to the 

spatial extent of the Canadian political border. All lakes that lie entirely within this extent have been 

included in future national scale analysis done throughout this research. Within this shapefile, each lake 

is accompanied by a series of attributes providing additional detail about the lake including, but not 

limited to the following topics: 

• Lake name 

• Location and extent of lake 

• Lake surface area (square kilometres) 

• Shoreline length (kilometres) 

• Average lake depth (estimated based on a ratio of calculate lake volume and lake surface area) 

A full list of attributes included within the dataset are outlined in (Messager & Lehner, 2016).  

There are over 877,000 lakes identified within this dataset located within Canada, accounting for a total 

lake surface area of 1,079,952 km2 which is approximately 10 percent of Canada’s surface area. The spatial 

distribution of these lakes is shown below in Figure 28. 
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Figure 28: Spatial distribution of lakes in Canada greater than 0.1 square kilometre in surface area, as 
identified by the Global HydroLabs group HydroLAKES dataset 

 

As discussed in Section 5.1, the ASV is not suited to survey all lakes. A large lake with high winds and wave 

heights greater than 0.5 metres, or a large survey region with low data density requirements, may be a 

job better suited for inhabited vessels. Inhabited vessels can survey at a faster pace and reduce survey 

time while potentially compromising data density and resolution compared to uninhabited or 

autonomous vessel surveys (Zafrir, et al., 2000; Pozza et al. 2004; Boyce et al. 2003). To identify which 

lakes in Canada may be suitable for the use of the ASV a comparison between the recommended survey 

speed of inhabited vessels (15km/h or ~4.17m/s) (Plets et al. 2013; Levec & Skinner, 2004), and the survey 

speed of the configured ASV (1m/s) was completed to identify the estimated surface area that could be 

surveyed in one 10 hour day with the ASV. Levec & Skinner (2004) suggest that a 10-hour survey 

completed by an inhabited vessel at a speed of 15km/h or ~4.17m/s should cover a surface area of 5 

square kilometres. Using the ratio between the inhabited vessel speed, and the ASV speed, this would 
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mean that the ASV could cover just over 1 square kilometre per day. Using the lake survey spacing 

(discussed in more detail in Section 4.3) outlined within (Levec & Skinner, 2004), and the survey speed of 

1 m/s, all lakes identified within the HydroLAKES dataset were assessed and a survey duration was 

calculated for each lake with a known surface area. Fifty hours of operation was considered the maximum 

survey duration in which use of the ASV can be considered efficient, compared to completing the same 

survey via an inhabited vessel within one ~11-hour day at a faster pace. From this investigation, it was 

identified that over 68% of Canadian lakes (identified within the HydroLAKES dataset) can be surveyed by 

the ASV in less than 50 hours. This upper limit does not mean that the lakes with a survey duration greater 

than 50 hours can only be surveyed via inhabited vessel, it is only intended to consider time and financial 

budgets when preparing site survey plans. A map of the lakes that can be surveyed within 50 hours or less 

via the configured ASV are indicated in Figure 29 below. Note that the density of lakes across Canada 

makes these results difficult to see at a nation-wide scale, so a subset of the national dataset (northern 

Ontario) is displayed below in Figure 29.  
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Figure 29: Estimated ASV lake survey duration in hours for Canadian lakes that can be surveyed via the 
configured ASV in less than 50 hours - a view of a subset of northern Ontario lakes within a greater national 
coverage dataset map 

 

To identify all the Canadian lakes that are accessible via public access roads, the Canadian roads network 

polyline file from (Statistics Canada, 2018) was imported into ArcMap. To identify what lakes are within 

100 metres of a road, the ArcMap “Buffer” tool was used to set a buffer of 100 metres around the 

Canadian road network data as shown in Figure 30 below.  
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Figure 30: Lakes with road access (road within 100 metres of shore) vs lakes with no road access - 2km 
South of Dryden, Ontario. 

 

All lakes that intersected the buffer zone were recorded and saved as a new shapefile shown below in 

Figure 31. 
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Figure 31: Canadian lakes within 100 metres of a public road 

 

Approximately 2% of all Canadian lakes were identified to be within 100 metres of a Canadian public road, 

leaving over 859,300 lakes without direct road access. The ASV platform may be best suited to access 

these remote lakes during a time in which there is no lake ice, and wave heights are less than 0.5 metres.  

ArcMap was used to estimate the optimal time of the year to survey all lakes within Canada according to 

the earliest month of the year predicted to have no lake ice. By surveying right after the lake ice melts the 

ASV will have fewer obstacles to avoid, while reducing vegetation induced noise in bathymetric data 

(Levec & Skinner, 2004; Kasvi et al. 2019; Zabilansky et al. 2002). To predict the first annual ice free month 

of Canadian lakes, a series of over 9600 records from lake ice monitoring stations across Canada were 

used (Canadian Cryospheric Information Network, 2017). These records indicate the first month with ice 

per year, as well as the first month per year that all ice had melted in the lake. Since these stations are 

not established at every lake in Canada, an inverse distance weighting interpolation estimate was 
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calculated based on the point data recorded at each station. The resultant interpolated map indicating 

the optimal survey month across Canada is displayed below in Figure 32.  

 

Figure 32: Canadian interpolated first annual ice-free month map 

 

The point data shown above in Figure 32 indicates the location of the lake ice monitoring station. The 

coloured background raster data is the interpolated ice-free month. This raster dataset can be used to 

extract the value of the raster at the center point of each lake within Canada. By extracting this 

information, a new searchable data table was developed, and each lake could be visualized based on the 

ideal month to survey. This new lake specific visualisation of the optimal survey month can be seen below 

in Figure 33. Note that this process was completed for all lakes in Canada, however to visualize the data 
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in this context, the area displayed in the figure is reduced to show the variety in the data at a smaller, 

regional scale – Ontario.  

 

Figure 33: Canadian lakes - first annual ice-free month and optimal survey period 

 

The configured survey vessel includes an echo sounder that is rated for an operational depth of up to 75 

metres and requires a minimum depth of roughly 30 cm. Although some surveys may be completed for 

the purpose of developing the first bathymetric map of the surveyed area, it is important to identify if the 

vessel can be operated safely within the survey area, and if the configured sensors are capable of 

effectively measuring the depth of the lake. For this reason, the average depth of Canadian lakes, 

calculated by McGill University HydroLabs using a geostatistical model considering the surrounding land 

topography and estimated lake volume, (described in detail in (Messager et al. 2016)) was assessed to 

develop a national map of estimated average lake depths for reference in future survey planning projects. 
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A small section of the resultant national map is shown below in Figure 34 highlighting the range of lake 

depths present within the Canadian lakes dataset.  

 

Figure 34: Estimated average lake depth of Canadian lakes - regional view surrounding Kamloops, British 
Columbia, Canada 

 

Geology within a survey region can vary rapidly at the local scale; however, a national dataset of 

geophysical information can offer some additional information useful in the identification of interesting 

survey regions, and regional geological trends. Using geophysical data derived from aerial magnetic and 

gravimetric surveying across all of Canada can assist in identifying regional geological trends, and 

preferred survey orientation, perpendicular to that trend (Geological Survey of Canada, 1991; Waswa et 

al. 2015). First vertical derivative gravity and magnetic datasets offer improved resolvability of potential 

heavy metal and ferromagnetic materials in the subsurface, compared to raw magnetic and gravimetric 

aerial records (Mira Geoscience Ltd., 2013; Isles & Rankin, 2013). This first vertical derivative data was 

acquired from the Government of Canada, open data resources in the form of two raster datasets; a 200 

metre resolution first vertical derivative magnetic national dataset, and a 2 kilometre resolution gravity 

first vertical derivative dataset (Natural Resources Canada, 2020). These datasets have been imported 
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into ArcMap (shown below in Figure 35 and Figure 36 respectively) for visualization and future use in 

magnetic survey orientation planning.  

 

Figure 35: National magnetic first vertical derivative geophysical dataset with 200 metre resolution used 
to identify regional magnetic trends for magnetic survey orientation planning – visualization of dataset 
from (Natural Resources Canada, 2020) 
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Figure 36: National gravity first vertical derivative geophysical dataset with 2 kilometre resolution used to 
identify regional gravity trends and suspected geological trends for magnetic survey orientation planning 
- visualization of dataset from (Natural Resources Canada, 2020) 

 

Examining regions in Figure 35 and Figure 36 that include a continuous colour (indicating similar values) 

one can identify patterns, and linear features in the magnetic and gravity data that can be used to develop 

an understanding of the subsurface geology and structures (Tschirhart, et al., 2020; Araffa, et al., 2018; 

Bischke et al. 1990; Kane et al. 1972). Depending on the scale of the project and intended target, a local 

scale dataset may offer an improved understanding of the subsurface. A subset of the national datasets 

shown in Figure 35 and Figure 36 above has been presented for the province of Ontario in Figure 37 and 

Figure 38 respectively.  
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Figure 37: National magnetic first vertical derivative geophysical dataset with 200 metre resolution 
presented for the province of Ontario, used to identify regional gravity trends and suspected geological 
trends for magnetic survey orientation planning - visualization of dataset from (Natural Resources Canada, 
2020) 
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Figure 38: National gravity first vertical derivative geophysical dataset with 2 kilometre resolution 
presented for the province of Ontario, used to identify regional gravity trends and suspected geological 
trends for magnetic survey orientation planning - visualization of dataset from (Natural Resources Canada, 
2020) 

 

The regional data displayed in Figure 35 through Figure 38 was used throughout this research, and is only 

meant to be used in future works as a preliminary approximation when planning a magnetic survey, 

however, once a definitive survey site is determined, a local scale phase 1 site investigation may offer 

additional information. These national datasets can be reviewed at the local survey scale, however, may 

not provide the resolution required. For this reason, additional datasets and data visualisations have been 

prepared to assist in a local scale survey site investigation using the interactive survey design method 

developed using ArcMap throughout this research. The local scale investigation is discussed in more detail 

below.  
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 Phase 1 Bathymetric and Magnetic Survey Site Investigation Method – Local Survey 

Scale Datasets 

Accumulated local scale data sets related road access, regional geology, land use and 

topography/bathymetry to name a few, have been accumulated in ArcMap as a local scale phase 1 site 

investigation method which was used to investigate two survey locations used throughout this research 

– Surprise Lake, Thunder Bay, Ontario and Opinicon Lake, South Frontenac, Ontario. The concepts used to 

conduct a phase 1 site investigation of these sites can be applied to any lake identified within the Canadian 

lake database outlined in the previous section, however the available public data, data quality and data 

coverage may vary for alternate lake survey sites. This section discusses the tools and databases that have 

been used to develop an interactive survey planning method at a local scale for the survey sites listed 

above.  

The local scale site investigation completed for Thunder Bay’s Surprise Lake, was focused on identifying 

an accessible launch location with public road access, free from any residential property, aboriginal lands, 

or nature reserves. The local forest inventory and land use databases for the Thunder Bay region offered 

enough information to identify shoreline access that would allow public access to the water. The Canadian 

roads network buffer creation process discussed above in Section 0 was used to identify regions that lie 

within 50 metres of a public road. A selection based on location was used to identify regions within the 

road buffer that intersect the shoreline of Surprise Lake to identify potential launch sites. These potential 

launch sites were overlaid onto the local land use information to identify public lands and develop a map 

indicating the preferred launch locations that could be used to begin the survey, as shown in Figure 39. 
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Figure 39: Surprise Lake potential ASV launch site map (Ontario Ministry of Natural Resources, 2009) 

 

The size of the survey region (less than 100 metres wide) compared to the local and regional available 

geophysical datasets (resolution of 200m or 2km) in the Surprise Lake region did not warrant the use of 

geophysical data to determine expected local geological trends. This was not the case when investigating 

geophysical data in the region of Opinicon Lake. 

An investigation of the regional magnetic and gravimetric data in the Opinicon Lake region assisted in 

identifying the regional geological and magnetic trend which lead to the identification of the preferred 

survey orientation, discussed in more detail in Section 6.4. Local land use information for the region 

surrounding Opinicon Lake was more difficult to acquire at a small scale, compared to the information 

available surrounding Surprise Lake. ArcMap served as a valuable tool in identifying potential launch 

locations based on the proximity to local roads as defined by the Canadian roads network dataset. A buffer 

of 100 metres was developed to identify shoreline within 100 metres of the road. All shoreline intersecting 

this buffer was selected and saved as a new layer shown below in Figure 40 as the yellow shaded areas. 
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Figure 40: Opinicon Lake potential launch sites 

 

The use of the information produced in the above map, reduced the number of potential launch sites 

examined, thus reducing the time that would have been required to conduct site investigations to select 

the preferred launch site. Queen’s University Biological Station (QUBS) owns property along the shoreline 

of Opinicon Lake that lies within the identified potential launch locations, indicated by the red “launch” 

arrow. For this reason, this launch site was selected and served as a suitable launch location for the survey 

vessel. A flowchart outlining a suggested methodology for using this survey design and phase 1 site 

investigation method to develop the most effective autonomous magnetic and bathymetric survey design 

is shown below in Figure 41. 
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Figure 41: Suggested workflow for use of bathymetric and magnetic survey design and phase 1 site 
investigation method 
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Although this interactive phase 1 site investigation method was only used to plan two site surveys 

throughout this research, it has the potential to assist in the planning process for all lakes identified within 

the national lake dataset, including those suited for use of inhabited vessels and/or the autonomous 

survey vessel. This method can be used at both a regional and local scale, potentially assisting large scale 

watershed data acquisition projects, or site-specific investigations such as mine tailings monitoring 

projects in shallow water, wet tailings, or large scale bathymetric surveys for lakes within a mineral 

exploration site. The datasets used within this survey planning process can be expanded to include the 

data acquired from completed surveys and can act as a platform to process and visualize the acquired 

geospatial data as discussed in Chapter 6. 
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Chapter 6 – Bathymetric and Magnetic Field Survey Results 

The configured survey vessel was tested in three different lakes within Ontario, Canada namely Lake 

Ontario, Opinicon Lake (South Frontenac), and Surprise Lake (North of Thunder Bay). The surveys 

completed within each lake, along with the visualized results are discussed in this chapter.  

 Magnetometer Location Data Processing Techniques 

Using either the single point or differential positioning systems, autonomous surveys have been 

conducted while simultaneously recording location data, magnetic data, and bathymetric data on-board 

the ASV. These datasets were combined to locate the point at which each total magnetic intensity reading 

was acquired, and the associated lake depth at each recorded location. Since the magnetometer is 

continuously submerged below the surface of the water, the position of the magnetometer cannot be 

determined directly from an internal positioning device that relies on radio frequency communications. 

Instead, the absolute location of the magnetometer is calculated using the relative location from the 

survey vessel, which has a known absolute location. 

To calculate the location of the magnetometer it is assumed that the magnetometer will travel along a 

path similar to that of the tow vessel. With a known previous vessel location and current vessel location, 

bearing of the vessel can be calculated. This bearing is assumed to also be the bearing of the 

magnetometer during autonomous gridded surveys. Using the known tow cable length as the horizontal 

offset between the location of the on-board positioning system antenna and the magnetometer, the 

distance between the vessel location and magnetometer location can be calculated. This assumes that 

the tow cable length is roughly equal to the horizontal offset when the vessel is travelling in a straight line, 

at a constant speed of 1m/s based on video observations from in-water testing. The magnetometer 

location can then be calculated as the point along the current vessel bearing that is behind the current 

vessel’s location at a distance equal to the measured horizontal offset, otherwise referred to as layback 
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distance. In the case of a 2 metre cable, the location of the magnetometer is calculated to be 2 metres 

behind the tow vessel, along the previous survey bearing. To calculate this absolute location, the offset 

distance must be converted from metres to the corresponding units used to calculate the absolute 

location of the vessel. In this case, decimal degrees was the final unit used to pinpoint the magnetometer 

location. The calculations involved throughout this process are discussed below. All calculated values are 

represented in a diagram of a theoretical survey location in Figure 42. 

1. Calculate the current vessel bearing assuming a spherical Earth model using the following 

equation (Teunissen & Montenbruck, 2017) 

 𝜃 =  𝑎𝑡𝑎𝑛2( 𝑠𝑖𝑛 𝛥𝜆 ⋅  𝑐𝑜𝑠 𝜑2 , 𝑐𝑜𝑠 𝜑1  ⋅  𝑠𝑖𝑛 𝜑2  −  𝑠𝑖𝑛 𝜑1  ⋅  𝑐𝑜𝑠 𝜑2  ⋅  𝑐𝑜𝑠 𝛥𝜆 ) (3) 

Where: 

𝜑 = latitude of vessel (subscript indicates first or second location) 

𝜆 = longitude of vessel (subscript indicates first or second location) (𝛥 indicates the difference in 

the given coordinate, calculated by subtracting coordinate 1 from coordinate 2) 

𝜃 = bearing (radians) (clockwise from north = positive)  

2. Calculate the angular distance equivalent for the horizontal offset distance (length of tow cable) 

a. Assume Earth radius (R) of 6378137.0 metres (Hofmann-Wellenhof et al. 2008) or 

calculate radius of Earth at given latitude using the following equation for WGS84 

ellipsoidal Earth radius:   

 

R = √(
(𝑎2 ∗ cos(𝜑))2 + (𝑏2 ∗ sin(𝜑))2

(𝑎 ∗ cos(𝜑))2 + (𝑏 ∗ sin(𝜑))2
) 

(4) 

Where:  

• 𝑎  represents WGS84 ellipsoidal Earth model semi-major axis = 6378137.0 metres 



MASc. Thesis – M. Wootton, Queen’s University 

95 

• 𝑏 represents WGS84 ellipsoidal Earth model semi-minor axis = 6356752.3142 

metres 

(Snyder, 1987; World Meteorological Organization (WMO), 2011; International Civil Aviation 

Organization, 2002) 

b. Calculate angular distance equivalent to tow cable length or layback distance (as defined 

in Chapter 3) given in metres 

 
𝐴𝑛𝑔𝐷𝑖𝑠𝑡 =

𝐿𝑎𝑦𝑏𝑎𝑐𝑘 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑅
 

(5) 

3. Calculate the latitude of the magnetometer given offset and bearing from original location on a 

great circle with the following equation: 

 𝜑2  =  𝑎𝑠𝑖𝑛( 𝑠𝑖𝑛 𝜑1  ⋅  𝑐𝑜𝑠 𝛿 +  𝑐𝑜𝑠 𝜑1  ⋅  𝑠𝑖𝑛 𝛿 ⋅  𝑐𝑜𝑠 𝜃 ) 
 

(6) 

4. Calculate the longitude of the magnetometer given offset and bearing from original location on a 

great circle with the following equation: 

 𝜆2  =  𝜆1  +  𝑎𝑡𝑎𝑛2( 𝑠𝑖𝑛 𝜃 ⋅  𝑠𝑖𝑛 𝛿 ⋅  𝑐𝑜𝑠 𝜑1, 𝑐𝑜𝑠 𝛿 −  𝑠𝑖𝑛 𝜑1  ⋅  𝑠𝑖𝑛 𝜑2 ) (7) 

Where: 

𝜑 = latitude (subscript indicates first or second location) 

𝜆 = longitude (subscript indicates first or second location) 

𝜃 = bearing (radians) (clockwise from north = +) 

𝛿 = angular distance 
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Figure 42: Diagram of theoretical field survey outlining the use of all values calculated throughout 
equations 3 through 7 (not to scale) 

 

The final location calculated from the process outlined above (or described in a flowchart in Appendix A 

Section 4) results in an improved estimate for the magnetometer location compared to the assumption 

that the magnetometer and boat are at the same location. When using a tow cable that is 50 metres in 

length, assuming the location of the magnetometer is equal to the vessel location could result in 

misalignment of anomalies produced by a submerged linear body, resulting in false survey interpretations. 

To improve survey interpretations, and accurately identify the location of magnetically susceptible 

targets, the position of the magnetometer should be calculated. The final calculated result delivers a level 

of accuracy similar to that of the original single point positioning system horizontal accuracy used to locate 

the original vessel location when applied to calculations with less than 100 metre layback distances, as is 

the case in this application (Clynch, 2002). 
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 Magnetic Data Processing Techniques 

In marine magnetic surveying, additional sources of magnetic noise are introduced, compared to 

alternative aerial, or ground based magnetic surveying. These sources of noise, and the anticipated 

magnetic anomaly amplitude generated from common archaeological targets in marine settings are 

discussed in (Camidge et al. 2010). Lilley et al. (2004) has identified that a floating magnetometer may 

experience magnetic noise on the order of 5 nT induced by ocean waves and swells, while Plets et al. 

(2013) and Wessex Archaeology (2006a) suggest that anomalies with amplitude of less than 5 nT are likely 

not of significant interest in archaeological surveying. From these observations Camidge et al. (2010) 

suggests that a minimum resolvability of 5 nT is a conservative level of magnetic resolvability to aim for in 

practical marine archeology magnetic surveying data, while 2 nT resolvability in nearly noise free data is 

a practical level of resolvability to aspire for in marine archeological magnetic surveying data.  

The aeromagnetic surveying industry has specified a more stringent noise level limitations for all magnetic 

datasets to be considered compliant with industry standards. In 2014 a report published by Natural 

Resources Canada regarding aeromagnetic surveys outlined that noise levels must remain within the 

maximum noise envelope of 0.1nT, as calculated by a fourth difference calculation (Coyle et al. 2014), to 

fit within aerial magnetic surveying industry standards. The fourth difference formula is stated as:  

 

4𝑡ℎ 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 =  √[
𝑋−2 − 4𝑋−1 + 6𝑋0 − 4𝑋1 + 𝑋2

16
]
2

 (8) 

Let 𝑋0 represents the data point being tested, while 𝑋−2, 𝑋−1, 𝑋1 and 𝑋2 represent the data points 

recorded before and after the data point in question. (Coyle et al. 2014; Walter et al. 2018) 

To process the magnetic data acquired via the developed autonomous surface vessel surveying platform, 

a combination of analytical tools was used. Processing was completed to ensure all readings from the 
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magnetometer that were outside the recommended quality threshold (defined by the magnetometer 

manufacturer’s user manual) were not used in the production of the final magnetic map. 

All data points that did not fit within these quality limitations (Signal strength > 80, measurement time > 

900ms and signal quality > 85) were removed from the final dataset. An additional analysis of fourth 

difference values was conducted to identify irregularities in the data. The magnetometer used in this 

research was tested and proved capable of acquiring data at a sampling rate of 4Hz, with a calculated 

fourth difference of less than 0.1 nT, however in practice, this data quality was only achieved during one 

short survey less than 20 minutes in duration before data transmission and data loss errors were 

introduced. Additional testing of the magnetometer configured with both the BOB software and 

Raspberry Pi data collection system in lab and field testing indicated that these data transmission errors 

were consistent in all tested configurations when operating at 4Hz. These errors however became 

negligible when surveying at a sampling rate of 1Hz or 0.3 Hz. To ensure the remainder of surveys were 

conducted without the loss of data throughout the survey, subsequent surveys (discussed below) were 

completed with a sampling rate of 1 Hz or 0.3 Hz without data transmission concerns. These sampling 

rates achieved a maximum along track data spacing of approximately 3 meters with a vessel traveling at 

1m/s. Sampling at 1Hz or less also offers the maximum sensitivity for the magnetometer and was viewed 

as an added advantage of the reduced sampling rate (Camidge et al. 2010; Marine Magnetics Corporation, 

2015). 

The fourth difference calculation for field surveys was commonly greater than the aeromagnetic industry 

standard, however still served as a useful tool in identifying outliers within the survey dataset. Additional 

processing procedures involved the removal of data points that had a fourth difference value that 

exceeded the survey’s average fourth difference range as shown in Appendix A Section 4. The fourth 

difference range used to filter the data for each survey was determined in a case by case scenario for each 

survey, identifying and removing the outliers as discussed in more detail below.  
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 Lake Ontario Magnetic and Bathymetric Survey Results 

The surveys discussed below were completed within the St. Lawrence River and Lake Ontario transition 

point along the Kingston shoreline and were conducted for the purposes of testing the magnetometer 

integration with the ASV. Additional sensors including the differential positioning equipment, and the 

echo sounder were integrated in later surveys.  

The southern border of Queen’s University Main Campus, in Kingston, Ontario, Canada, is located across 

the street from the junction of the St. Lawrence River and Lake Ontario waterfront at Breakwater Park. 

From this point forward the waterway along the Kingston shoreline will be referred to as Lake Ontario, 

rather than the St. Lawrence River.  Lake Ontario served as a sufficient lake to conduct preliminary testing 

for all phases of this research. Several locations along the northern shore of Lake Ontario, between 

76°30’0”W and 76°29’20”W were used to launch the survey vessel into Lake Ontario, with the primary 

launch location at Richardson Beach, Kingston, Ontario, Canada as shown in Figure 43 and Figure 44 

below. 

The Kingston, Lake Ontario shoreline is often busy with pedestrians while the water is often occupied by 

motorists in watercraft ranging from jet skis and small kayaks, to large tour ferries, limiting the safe 

operable region and introducing sources of magnetic noise along the waterfront. Due to the common 

watercraft traffic, all surveys conducted within Lake Ontario were kept within 200 metres from the 

shoreline in an attempt to reduce risk associated with passing vessels and their respective waves while 

limiting magnetic noise levels.  

Richardson Beach, shown in Figure 43, located on the western edge of the Kingston Yacht Club, has a 

gradual sloping shoreline made from large pebbles against the land. The exact genetic makeup of these 

pebbles is unknown; however, the Richardson Beach shoreline is free from any visible pipes, cables, or 

other potential sources of magnetic noise. The underlying bedrock geology in the region consists mainly 
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of limestone and is not suspected to cause any noticeable magnetic variations in the surveyed region 

(Kingston et al. 1985). The eastern edge of the beach was thought to  contain old anchors, sunken vessels 

(Moore 1995; Richards & Seeb, 2013), or other iron-rich remains that have been washed westward with 

the common water flow direction in the region, from objects dropped overboard at the Kingston Yacht 

Club. This site was selected for the rather calm magnetic environment, with potential to identify 

submerged metallic bodies that were suspected to be resolvable with magnetic anomaly magnitudes 

greater than 50nT based on the predictions outlined in Section 2.2. 

 

Figure 43: Main Lake Ontario magnetic and bathymetric surveying region, Richardson Beach, Kingston, 
Ontario, West of Kingston Yacht Club with suspected submerged iron-rich bodies 
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Figure 44: Lake Ontario magnetometer layback calculation/testing region, Breakwater Park, Kingston, 
Ontario, with suspected stable magnetic environment 

 

Two notable survey campaigns were completed along the Lake Ontario shoreline at Richardson Beach, 

Kingston. The first survey conducted at Lake Ontario was completed with the ASV, controlled manually, 

with the single point positioning system, and the magnetometer integrated as discussed in Section 3.3. 

The survey was conducted in two parts, with the purpose of identifying that the vessel and magnetometer 

integration can be used to record similar raw total magnetic intensity results in overlapping survey 

regions. The two portions of the survey were conducted in slightly different regions, with a region of 

overlap, and were completed on May 30th, 2019, and June 12th, 2019, with similar conditions – low boat 

traffic and wave height less than 50cm.  

These surveys were completed by manually controlling the vessel from the shore using the remote 

control. Survey lines were selected with an attempt to maintain parallel lines at a regular spacing interval 
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that were oriented perpendicular to the shoreline. Additional cross lines (perpendicular to primary survey 

lines) were completed to validate the main traverse lines, creating tie points throughout the survey.  

All data acquired throughout these surveys were collected via the on-board data collection system and 

reviewed for visualization on an external computer at a later time. The processing of data from the 

Richardson Beach May 30th and June 12th surveys is discussed below, with the raw total magnetic intensity 

values plotted according to their spatial distribution in Figure 45 below and in profile view in Figure 46.   

 

Figure 45: Overlapping geospatial total magnetic intensity data from May 30th, 2019 and June 12th, 2019 
magnetic surveys of Richardson Beach, Kingston, Ontario 
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Figure 46: May 30th and June 12th Richardson Beach magnetic survey raw data, with similar total 
magnetic intensity values in overlapping surveyed regions 

 

The two surveys were not completed within the same day, however the setup remained very similar, and 

was able to record similar total magnetic intensity values in the same location (indicated by similar 

colouring of data points from both surveys adjacent to one another in Figure 45, and total magnetic 

intensity values occurring between 59,400nT and 60200nT in Figure 46). The total range of magnetic 

intensity within this region was also similar in each of the two surveys. Both survey datasets also exhibit 

a general increasing trend in total magnetic intensity toward the east of the survey region. Overall, these 

two surveys indicate that this configuration and survey technique could produce reliable total magnetic 

intensity survey data. This configuration was since adapted to include the echo sounder and autonomous 

control system having identified that the magnetometer integration was successful.  
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An interpolated total magnetic intensity map for each independent survey of the Richardson Beach shore 

has been produced using inverse distance weighting interpolation. The resultant maps from May 30th, 

2019 (left) and June 12th, 2019 (right) are displayed below in Figure 47. 

 

Figure 47: May 30th, 2019 (left) and June 12th, 2019 (right) interpolated total magnetic intensity map - 
Richardson Beach, Kingston, Ontario 

 

From these two surveys, a gradual increase in total magnetic intensity occurs moving from northwest to 

southeast, increasing in lake depth. This increase in total magnetic intensity corresponds with the location 

of large marine vessels and other metal infrastructure as part of the Kingston Yacht Club as well as the  

nearby location of a submerged cable that connects Wolfe Island and the Kingston mainland (Minister of 

Fisheries and Oceans Canada, 1990) as shown in Appendix A Section 5 (Navionics Inc., 2020). This cable is 
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suspected to be an active electrical cable, and therefore would generate an induced magnetic field 

southeast of the region surveyed in Figure 47 above.  

 Opinicon Lake Surveys 

Opinicon Lake was surveyed in two different regions, northwest of Eight Acre Island, as well as northeast 

of Eight Acre Island shown below in Figure 48 . The northwest survey was conducted in an attempt to 

identify a skarn deposit and minor iron formation suspected to be found within the region. The northeast 

survey was conducted to examine the autonomous control system, echo sounder and complete vessel 

configuration using the single point positioning system.  

 

Figure 48: Opinicon Lake location map (South Frontenac), North of Kingston, Ontario 

Eight Acre 
Island 
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Opinicon Lake is located North of Kingston, in the United Counties of Leeds and Grenville, South Frontenac 

township as shown in Figure 48. Access to the lake was provided through the Queen’s University Biological 

Station. QUBS had open dock space that allowed the survey vessel to be deployed safely near the area of 

interest. The lake is part of the Cataraqui Region Conservation Authority (CRCA) and has been studied 

previously in several biological studies. A report published by the CRCA describes the lake to have a surface 

area of 785 hectares, max depth of 10.7 metres, average depth of 2.50 metres, and total shoreline length 

of 57.0 km (Cataraqui Region Conservation Authority, 2017). 

The geology in the Opinicon Lake region has been assessed based on a regional study from the Ontario 

Geological Survey (2018). Opinicon Lake, specifically the point of interest surveyed northwest of Eight 

Acre Island, sits on the triple point of three geological units shown in Figure 49. Within these three units, 

the area is said to contain a skarn deposit, as well as minor iron formations (Ontario Geological Survey, 

2018). National first vertical derivative magnetic data (200m resolution) (Natural Resources Canada, 2020) 

and first vertical derivative gravimetric data (2km resolution) (Natural Resources Canada, 2020) have been 

reviewed at a local scale for this region (shown in Figure 50 and Figure 51 respectively) to identify any 

potential regions with suspected magnetic bodies and the regional magnetic and geological trend.  
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Figure 49: Opinicon Lake bedrock geology (Ontario Geological Survey, 2018). 

 

Eight Acre 
Island 
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From this regional geology dataset, it was suspected that the northern shore of Eight Acre Island would 

be an ideal location to conduct a magnetic survey in attempt to identify the geological contact region, and 

locate local magnetic anomalies as a result of the suspected skarn and minor iron formation deposits, or 

metallic human waste such as dock anchors or boat anchors. 

 

Figure 50: Opinicon Lake magnetic first vertical derivative (Natural Resources Canada, 2020) 

 

The first vertical derivative magnetic data in the Opinicon Lake region (shown above) was used to identify 

the regional magnetic NE-SW trend and identified the logical perpendicular survey orientation (NW-SE) 

for the regions that were surveyed. 
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Figure 51: Opinicon Lake gravity first vertical derivative – data from (Natural Resources Canada, 2020) 

 

The gravimetric data in the region had a scale of 2 kilometres compared to a survey region of less than 1 

kilometre in width. Due to the difference in scale, this information was only used to identify regional 

properties including the finding that the Opinicon Lake region exhibits a variable gravity signature, with a 

potential high-density body East of the survey region. This suspected body may be associated with a 

metallic body and was noted for future reference in the event that the magnetic surveys indicated an 

increase in total magnetic intensity values moving toward the eastern end of the surveyed regions.  
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Students from Queen’s University, and members of QUBS, have completed a bathymetric survey of 

Opinicon Lake in 2018, roughly one year prior to the date research was conducted at Opinicon Lake for 

use in this thesis. This bathymetric survey was conducted using a HydroBall® with a single beam echo 

sounder (Queen's University Biological Station, 2018). The metadata for the bathymetric raster data 

product (shown below in Figure 52) summarized a general processing approach however did not explain 

the specifics used in processing. To reduce uncertainty due to interpolation from the previous bathymetric 

survey in 2018, and lakebed changes over time, an updated bathymetric survey was completed with the 

configured ASV and echo sounder while simultaneously conducting magnetic surveys in the region.  

 

Figure 52: 2018 Opinicon Lake HydroBall® bathymetric data visualized data from (Queen's University 
Biological Station, 2018) 
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The northwest perimeter of Eight Acre Island, in Opinicon Lake was surveyed on July 9th, 2019. This survey 

was completed with the magnetometer sampling at a frequency of 1Hz while using the single point 

positioning system and was controlled manually via remote control navigation with operators following 

the vessel from a distance in a canoe. During this survey winds were low, with minimal waves, aside from 

those created by passing vessels. During the survey, one vessel came within 100 metres of the survey 

vessel, however the location of this interaction was noted, and had been removed from the data in post 

processing. 

The survey was conducted with an effort to maintain survey lines with an orientation perpendicular to the 

regional magnetic trend (NE-SW) while maintaining equal spacing between survey lines.  The results from 

this survey are discussed below, along with the magnetic data processing involved to develop a final 

magnetic map product for the survey extent. All magnetic and locational data throughout this survey was 

acquired using a mobile tablet with a Windows operating system. The Marine Magnetics BOB software 

was used for data acquisition and all data was post processed according to the process outlined in Section 

6.2  above. Figure 53 below illustrates the total magnetic intensity values recorded throughout the survey, 

in chronological order.  
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Figure 53: Opinicon Lake - Eight Acre Island northwest perimeter total magnetic intensity 

 

An overall range of total magnetic intensity from 51,750 nT to 53,400nT was observed through the survey 

region. All data points that fell outside the quality standards outlined in the magnetometer operations 

manual that have been removed in the following map products are indicated in red. An example of an 

evaluation of magnetic intensity fourth difference values and signal quality values used to remove these 

outlier data points can be seen below in Figure 54 for the Eight Acre Island northwest perimeter survey 

data. Every data point that has been removed had a value that was outside of the preferred values (see 

(Marine Magnetics Corporation, 2015) for a complete list of data quality indicators) in one of the following 

categories: sampling time, signal quality, signal strength, fourth difference, or gradient error indication. 
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Figure 54: Opinicon Lake - Eight Acre Island northwest perimeter magnetic data processing example – 
evaluation of signal quality and fourth difference values 

 

The processing strategy above successfully removed all data points with a signal quality value less than 

95, and a fourth difference value greater than 10nT. Note that these data attributes shown in the figure 

above were accompanied by additional data quality indicators (sampling time, signal strength and 

gradient error) to remove all outliers and develop the final processed dataset.  A local total magnetic 

intensity map was developed using an inverse distance weighting interpolation to fill in the regions 

between survey lines and data points. This interpolation method was used to maintain the fundamental 

concept that measured magnetic intensity is dependant on the distance between the sensor and the 

source. The final total magnetic intensity map can be observed in Figure 55 below.  
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Figure 55: Opinicon Lake - Eight Acre Island northwest perimeter total magnetic intensity map product 

 

This total magnetic intensity map was then overlaid onto the regional geology map to assist in geological 

interpretation. The previously discussed geological contact triple point, along with the measured magnetic 

intensity overlay can be seen in Figure 56 below.  
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Figure 56: Opinicon Lake - Eight Acre Island northwest perimeter magnetic and geological map product 

 

From an investigation of the measured total magnetic intensity, and the regional geology map, it is 

theorized that the northern region of this study may have been the location of a skarn deposit hosting 

iron-rich minerals, indicated by the increasing magnetic intensity toward the North, and the estimated 

regional geology. The minor iron formation deposit is estimated to occur in localized and sporadic deposits 
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South of the survey region. Any localized anomalies observed in the recorded magnetic intensity values 

may have been a result of this minor iron formation or submerged human metallic waste.  

The surveyed region northeast of Eight Acre Island, Opinicon Lake, was surveyed on August 25th, 2019 

after several adjustments had been made to the autonomous survey vessel. The survey vessel was 

equipped with the echosounder and autonomous control module at this point and was used to acquire 

bathymetric data simultaneously with the magnetometer. The weather on this day was similar to that of 

the July 9th survey discussed above, wind levels were low, with wave height at a minimal, close to no waves 

aside from those made by passing vessels. No motorized vessels were within 100 metres of the survey 

vessel throughout the entire survey. Field personnel followed the survey vessel from a distance in a canoe 

to monitor the vessel progress and review incoming near-real time radio data transmission. The survey 

was completed using a predefined survey grid, sampling every 3 seconds for magnetic and bathymetric 

data, and all data was located geographically using the single point positioning system. The magnetometer 

was located geographically according to the method outlined in Section 6.1 above.  

The survey path was designed to maintain constant line spacing and included 3 tie lines. The survey region 

was selected to be in open water away from any potential low lying trees along shore or fallen debris that 

would damage the propellers to ensure the full survey could be completed. The survey region (indicated 

in red in Figure 57 was also noted to show signs of varying water depths which was expected to be a 

suitable setting to test the behavior of the autonomous control systems and echo sounder integration. All 

data was acquired using the on-board Raspberry Pi data acquisition system and was retrieved at the end 

of the survey for post-processing. 
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Figure 57: Opinicon Lake - Eight Acre Island northeast shoreline HydroBall® bathymetric map product 2018 
– visualized data from (Queen's University Biological Station, 2018) 

 

The magnetometer location throughout this survey, calculated with a known tow cable length of 2 metres, 

is shown in Figure 58.  
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Figure 58: Opinicon Lake - Eight Acre Island northeast shoreline survey grid and magnetometer location 

 

All acquired magnetic data was processed using MATLAB as outlined in Section 6.2 above. The removal of 

outliers or values outside the preferable data quality range is shown below in Figure 59. 

 

Figure 59: Opinicon Lake - Eight Acre Island northeast shoreline magnetic data processing - fourth 
difference and signal quality outlier removal 

Metres 
North from 

Origin 

Metres East from Origin 
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In the survey northeast of Eight Acre Island, the first 375 data points within the dataset were removed as 

this data was acquired while the vessel was stationary at the dock and was not included in the final map 

production. This survey produced high quality readings with continuous signal quality and fourth 

difference values within the favourable data quality indicator ranges. Only the retained total magnetic 

intensity values, shown in black in Figure 60, were used to develop the total magnetic intensity map 

product.  

 

Figure 60: Opinicon Lake - Eight Acre Island northeast shoreline processed total magnetic intensity data 

 

The processed total magnetic intensity values for this survey were included in an inverse distance 

weighting interpolation calculation to develop the resultant total magnetic intensity map product shown 

in Figure 61 below. The inverse distance weighting interpolation method was used since measured 

magnetic intensity is inversely dependent on the distance between the sensor and the source.  
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Figure 61: Opinicon Lake - Eight Acre Island northeast shoreline total magnetic intensity map product 

 

The increasing total magnetic intensity observed as the vessel moved from West to East is theorized to be 

a result of the underlying geology, and minor iron formation presence or a gentle slope in the lakebed 

depth, with decreasing depth from West to East, causing the underlying geology to gradually become 

closer to the magnetometer that is at a constant depth below the water surface. The localized anomaly 

toward the southern edge of the survey, along the middle of the survey region is suspected to be the 

result of human metallic waste. To ensure that the magnetic data is not misinterpreted, it is important to 
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review the local bathymetry. Any changes in lake depth may result in total magnetic intensity changes as 

a result of the varying separation between the sensor and the lakebed sediments and/or underlying 

bedrock formation.  

The bathymetric processing technique used for this survey relies on the identification and removal of data 

points that were recorded outside the optimal battery voltage of more than 10.3 volts as defined by the 

HydroLite™ operations manual (Seafloor Systems, 2017). The echo sounder used in this research also 

records a confidence interval that has a maximum value of 100. This value was observed and to identify 

and remove any values under 70 as an additional precaution. By calculating a fourth difference value, and 

setting a maximum cutoff limit of 0.5 metres, all confidence levels below 70 were effectively removed. An 

additional manual investigation of the data was completed to identify that sporadic depth outliers 

occurred throughout the dataset creating depth readings greater than 6.5 meters, while a rather uniform 

lakebed surface could be identified with a higher density of data points between a depth of 6.2 and 6.5 

metres across the whole dataset. The removal of all erroneous points or outliers is shown below in Figure 

62, while the uniform lakebed surface can be identified by the black points above the collection of red 

points at the bottom of the depth profile.  
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Figure 62: Opinicon Lake - Eight Acre Island northeast shoreline bathymetric data processing 

 

Since the echo sounder measures a small area of the lakebed to collect bathymetric data, it is common 

practice to monitor the attitude of an echo sounder used in bathymetric surveying (International 

Hydrographic Organization, 2011). The echo sounder measures the most accurate depth when the 

attitude of the boat is such that the transducer is vertical. Error in the depth measurement can be caused 

by several situations, including the roll and pitch of the transducer. According to the International 

Hydrographic Organization (IHO), if the angle of either roll or pitch is greater than half the transducer 

beam width, the attitude of the sensor contributes to the error in the depth measurement (International 

Hydrographic Organization, 2011). With a beam width of 6 degrees, all roll or pitch values with a 

magnitude greater than 3 degrees would introduce error. This limitation was tested in data processing 

using the inertial measurement unit (IMU) data recorded from the autonomous control module. It was 

identified that only 54 IMU recordings were collected with a roll or pitch that would contribute to the 

error, while over 1400 fourth difference values were above the defined maximum threshold of 0.5 metres. 
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Since the fourth difference filter provided a more stringent processing method compared to processing 

the bathymetry using the IMU attitude variations, the fourth difference data processing approach was 

implemented for this survey data. The remaining lake depth measurements were used to develop an 

inverse distance weighted interpolation for the lake depth between the acquired data points. The 

resultant bathymetric map product is shown below in Figure 63.  

 

Figure 63: Opinicon Lake - Eight Acre Island northeast shoreline bathymetric map product 
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The lakebed depth decreases along the same orientation that the total magnetic intensity values 

increased. This suggests that the change in magnetic intensity may have been partially induced by the 

decreased separation between the sensor and the lakebed, however it is unlikely that lake depth variation 

of less than 1 metre is the only reason for a change in total magnetic intensity on the order of 200nT. It is 

suspected that the total magnetic relief in the region is caused by a combination of local changes in 

geology and increasing elevation of the underlying bedrock.  

The lake depth product created from bathymetric data acquired in 2019 in Figure 63 was saved as a raster 

file along with the bathymetric data recorded in 2018, shown in Figure 57 above. The difference between 

these two raster datasets was calculated to identify any similarities or differences between the two years 

of data. The difference between the two bathymetric datasets, subtracting values recorded in 2018, from 

values recorded in 2019, is shown below in Figure 64.  
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Figure 64: Opinicon Lake - Eight Acre Island northeastern shoreline change in recorded lakebed depth 
calculated from 2019-2018 

 

The comparison of bathymetric data recorded in 2018 and 2019 indicates a difference in lake depth of 

about 2.6 metres that may be a result of data collection errors in either dataset, or differences in sampling 
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rates and interpolation techniques between the two datasets. An alternative interpretation could suggest 

that the lakebed sediment has moved and been redistributed throughout the region. To verify the lake 

depth in the surveyed region, autonomous bathymetric surveys should involve repeating the predefined 

survey grid to acquire and compare bathymetric data from multiple passes over the survey region, or 

continue to use tie lines surveyed perpendicular to the primary survey lines to verify data at cross points. 

This change between the two datasets suggests that the lakebed can change drastically over the course 

of one year and suggests that bathymetric surveys should continue to be completed simultaneously with 

all magnetic surveys.  

 Surprise Lake Survey 

The Surprise Lake survey was completed in one visit on August 21st, 2019. This survey was conducted with 

the integration of both the single point positioning system and a differential positioning system as well as 

a magnetic base-station on shore. This survey was completed during an internship visit in Thunder Bay 

with Sumac Geomatics and was completed to examine the survey vessel configuration while integrated 

with the differential positioning system and autonomous control module. The vessel configuration used 

throughout this survey is shown below in Figure 65. The survey path was designed to maintain parallel 

survey lines, while adapting to the curvature of the shoreline and completing equally spaced tie lines.  
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Figure 65: Configured survey vessel in Surprise Lake, outfitted with both single point and differential 
positioning systems, echo sounder, autonomous control module, and magnetometer (bottom centre of 
figure) beside the mobile launching platform (bottom left) – magnetic base-station and positioning system 
base-station (not pictured) are located along the shoreline, behind the photographer 

 

Surprise Lake is located roughly 20 kilometres North of central Thunder Bay, in the town of Gorham, 

Ontario, as shown below in Figure 66. 
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Figure 66: Surprise lake location map, North of Thunder Bay, Ontario 

 

Several residential properties occupy the southern shore of Surprise Lake, with the surrounding land used 

for forestry applications, or classified as crown land. The lake is bordered by two roads providing public 

access to a boat launch located at the North end of the lake. A detailed land use map is shown above in 

Figure 39. The location of the survey is outlined with a thin gridded pattern within the water body in Figure 

39, indicating the intended survey path. This survey was completed in calm waters with little to no wind 

or vertical wave motion.  

Total magnetic intensity data was acquired at a sampling frequency of 0.3 Hz and recorded via the on-

board Raspberry Pi data logging system, while bathymetric data was acquired simultaneously and 
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recorded via the mobile Bluetooth field data collector. The resultant magnetic data text file was saved to 

internal memory and was monitored via radio connection to the base-station computer, while the 

bathymetric data was saved to the data collector memory to be viewed at the end of the survey.  

Total magnetic intensity values were processed with the same methodology as is discussed above in 

Section 6.1 and 6.2, removing outliers and data points recorded in unfavorable conditions. The removal 

of erroneous data points can be seen below in Figure 67. 

 

Figure 67: Surprise Lake magnetic data processing – investigating reading quality using signal quality and 
fourth difference 

 

The results from this processing indicate that this survey was completed within a relatively stable 

magnetic environment, with a total range of less than 500nT and an indication of an anomalous magnetic 

body near the location of data point 500. This same region displays a fourth difference value much larger 

than the majority of the survey which has been processed to remove these outlier fourth difference values 

and identify the validity of these data records. The signal recorded surrounding data point 500, is not a 

continuous signal, for this reason this location should be revisited to verify the presence of a magnetic 
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body. The remaining processed total magnetic intensity values were saved and exported as a text file. 

These final values can be seen below in Figure 68.  

 

Figure 68: Surprise Lake total magnetic intensity 

 

The final processed total magnetic intensity values were used to develop a total magnetic intensity map 

for the surveyed region with spaces between survey lines filled using an inverse distance weighting 

interpolation. This interpolation method was used to maintain the principle that magnetic intensity 

measured by a sensor is dependent on the separation from the sensor and magnetic source. The resultant 

local magnetic intensity map product can be seen in Figure 69.  
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Figure 69: Total magnetic intensity map product - Surprise Lake 2019 

 

The average value of the recorded total magnetic intensity measurements (56,150 nT) from the base 

station was used to produce a residual magnetic intensity map for the survey region. The average local 

total magnetic intensity value was subtracted from the values produced in the total magnetic intensity 
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map to develop the residual magnetic intensity map product shown in Figure 70. This process produced a 

similar result to total magnetic intensity map since the average base station total magnetic intensity value 

was similar to the median of the total magnetic intensity values recorded by the mobile magnetometer 

throughout the survey. 

 

Figure 70: Surprise Lake residual magnetic intensity map product 
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The local geological and geophysical data in the Surprise Lake region indicates no change in first vertical 

derivative magnetic data or geological units for over 4 kilometres. The surveyed region within Surprise 

Lake is less than 200 metres wide.  The difference in the scale of these datasets resulted in the local 

geology and geophysical datasets being considered insufficient to be used at this survey location and were 

not used to interpret subsurface geology in the region. A local site investigation conducted by the field 

team, accompanied by these produced magnetic maps suggests that the northeast and western edge of 

the survey region indicate magnetic anomalies on the scale of 200 nT as a result of local infrastructure 

such as drainage culverts, water pipes, or electrical wires near the lake bottom, or alternative human 

metallic waste. Additional gradual changes in magnetic intensity may be a result of varying sensor height 

over a sediment covered lakebed as seen in bathymetric data processing.  

A fourth difference calculation was used to complete bathymetric processing for the survey data acquired 

at Surprise Lake. Additional IMU processing proved to be less productive than the fourth difference 

approach as the vessel was relatively stable throughout the survey, while the fourth difference value 

changed more rapidly. A fourth difference maximum threshold of 0.5 metres was used to identify outliers 

in the recorded bathymetric data. The bathymetric data processing can be seen below in Figure 71.  
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Figure 71: Surprise Lake bathymetry processing - removal of outliers via fourth difference investigation 

 

The remaining depth readings recorded during this survey have been saved and imported into ArcMap to 

produce a bathymetric map product for the surveyed region. To estimate the depth of the lake between 

the surveyed points, an inverse distance weighting interpolation was calculated to produce the final map 

product displayed in Figure 72 below. 
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Figure 72: Bathymetric map product - Surprise Lake 2019 

 

A gradual lakebed slope from West to East can be identified (transition from white to black), which was 

expected to result in a decrease in total magnetic intensity along the eastern shoreline, however this is 

not the case, rather the eastern shoreline has a slight increase in total magnetic intensity oriented parallel 

with the road. For this reason, it is suspected that metal infrastructure contained within the road 

construction or other infrastructure may have caused this slight increase in total magnetic intensity along 

the eastern shoreline.  
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Chapter 7 - Conclusions and Future Work 

 Conclusions 

Throughout this research an autonomous surface vessel was adapted and configured to simultaneously 

acquire bathymetric and magnetic data for applications related to marine archaeology, mineral 

exploration, hydrography and mine tailings monitoring, to name a few. This research reviewed current 

available public geological, geophysical, and bathymetric data to identify gaps in Canadian public data that 

could be filled by the use of an ASV. An additional investigation was completed to identify the potential 

national applications for the configured survey vessel and the development of an interactive survey 

planning tool using publicly available datasets. Through the completion of this work and site survey case 

studies conducted within, the research objectives have been met, producing a functional autonomous 

survey vessel capable of producing similar total magnetic intensity results between multiple surveys in an 

overlapping survey region, accessible lakes while being adaptable for applications in lakes considered 

inaccessible or unfavorable to be surveyed via inhabited vessels. 

The uninhabited marine surveying platform configured throughout this research has been integrated with 

the geophysical sensors and electronic components necessary to acquire simultaneous magnetic and 

bathymetric data while navigating waterways autonomously, thus fulfilling the first research objective. 

This configuration process included the sensors, on-board computational hardware, communication 

hardware, base-station setup, and integration of all components required for the successful operation of 

the geophysical surveying vessel. The configured vessel can be launched by a team of two field personnel 

in remote lakes or accessible water bodies with a water depth greater than 30 cm. The vessel can operate 

autonomously using a preplanned survey, prepared in autonomous mission planning software using GNSS 

positioning equipment, or controlled remotely from an operator within ~200 metre radio reception range. 

All acquired data from the peripheral sensors (including echo sounder, positioning system, and 
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magnetometer) were recorded on an internal data collection system hosted on a Raspberry Pi computer 

and transmitted in near real-time to the base-station wireless radio receiver. The positioning system 

integration can include the use of RTK, centimetre level accuracy positioning systems to meet the 

locational accuracy requirements for hydrographic surveying, or an alternative cost effective solution – 

the single point positioning system with metre scale accuracy.  

The echo sounder used throughout this research is a single frequency echo sounder, capable of measuring 

water depths up to 75 metres. The magnetometer used throughout this research is an Overhauser 

magnetometer, previously used in industry for marine archaeological and mineral exploration 

applications. The magnetometer is rated to collect data at a rate of up to 4Hz and was used throughout 

this research at a sampling frequency of 1Hz and 0.3Hz at a survey speed of 1 m/s providing the data 

density recommended for marine magnetic surveys with unknown targets. To achieve negligible vehicle 

induced magnetic noise, the magnetometer can be towed behind the ASV at a distance of 2 meters via 

the waterproof data transmission/tow cable. The magnetometer tow cable has been integrated into the 

ASV with an adjustable cable spool, capable of changing the length of the tow cable and altering the depth 

of the magnetometer at the beginning of each survey, allowing surveys to be completed with a 

magnetometer only meters above the lakebed. This configuration can improve magnetic resolvability 

compared to magnetic data acquired from alternative aerial surveying platforms.  

Field planning and survey application guidelines have been defined throughout this research to effectively 

and efficiently conduct magnetic and bathymetric surveys simultaneously via the configured ASV, thus 

fulfilling the second research goal. These guidelines were developed to plan the survey traverse spacing 

and tie line spacing based on the purpose and target of the survey, while considering current industry 

procedures. While integrating magnetic and bathymetric surveying equipment, it is important to use the 

sensor (magnetometer or echo sounder) requiring the highest density data coverage to set the minimum 
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survey spacing requirements for the intended survey. All survey spacings discussed are meant to serve as 

a guideline and should be adapted to the intended target and resolution demanded by the application.  

Magnetic targets and their respective anomaly can be ambiguous, the recorded anomaly is dependent on 

many factors including magnetic body orientation, size, shape, distance from the target and material. The 

recorded anomaly and associated spacing between the detected body and magnetometer for several case 

studies has been demonstrated. This summary is meant to act as an estimate of the order of magnitude 

to expect in a magnetic anomaly, and reasonable distance from the body that would allow a 

magnetometer to detect the example target. With this information, adaptations to the survey line spacing 

to better suit the demands of the survey can be made.  

National and local scale datasets visualized in GIS were used to assist in developing a lake survey plan via 

a phase 1 site investigation. This planning process relies heavily on the guidelines developed to calculate 

the best suited survey line spacing. Once the survey line spacing is defined, the total survey duration can 

be calculated. A suggested survey line spacing has been determined for over 877,000 lakes across Canada 

based on the survey region surface area line spacing guidelines. It is recommended that the configured 

ASV operate at a speed of 1 m/s, conducting open water traverses in parallel lines, after completing a 

survey of the region parallel to the shoreline at a depth of 2 metres. The spacing of the open water 

traverses can be defined by the surface area of the surveyed region (maximum of 50 metres for survey 

areas less than 2 km2) or adapted to smaller spacing to resolve targets of a known size, with a long axis 

that is smaller than the suggested spacing derived from surface area. Assuming a spacing derived by 

surface area suggestions, and a fixed survey speed (1m/s), the total estimated survey duration has been 

calculated for all identified Canadian lakes, or roughly 10 percent of Canada’s surface area. The results of 

this investigation were used to identify that the configured ASV can serve as an effective magnetic and 

bathymetric surveying platform in over 68% of lakes across Canada, accounting for lakes that can be 

surveyed by the ASV in less than 50 hours, or approximately 5 days, including those in remote locations, 
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that are inaccessible by road. The remaining lakes within Canada have a surface area greater than 5 km2 

and could be surveyed via inhabited vessels at a faster surveying speed to reduce survey times compared 

to the application of the ASV. These remaining lakes, or portions of these lakes can be surveyed via the 

ASV provided wave heights are less than 50cm, the surveyed region is free from lake ice and ample time 

is allowed to complete the survey.  

Publicly available data related to local lake ice freeze and thaw cycles has been used in this research to 

conduct a nationwide investigation of Canadian lakes to identify the most appropriate month to conduct 

bathymetric and magnetic surveys of ice free lakes. A detailed analysis of the surrounding land use, 

existing geophysical data (magnetic and gravimetric first vertical derivatives), estimated lake depth, 

regional topography, road access, regional geology and aboriginal lands can be completed at a local scale 

for any and all identified lakes across Canada. This research has developed a tool consisting of all 

aforementioned publicly available datasets accumulated into an interactive map that can be used to 

conduct preliminary phase 1 site investigations of Canadian lakes and process recently acquired field data 

for improved data interpretation and survey planning.  

This survey design tool has been used to plan case studies completed throughout this research. The 

configured geophysical survey platform has been deployed in in three separate case studies: namely 

Surprise Lake (Thunder Bay), Opinicon Lake (South Frontenac), and Lake Ontario (Kingston shoreline). The 

configured survey platform and survey procedure have produced similar total magnetic intensity results 

throughout repeated survey regions (as seen in Richardson Beach, Lake Ontario surveys), simultaneously 

recorded magnetic and bathymetric data for improved magnetic survey data interpretations, and is 

capable of locating anomalous changes in total magnetic intensity, suggesting the location of submerged 

ferrous materials, thus fulfilling the third research goal. Data acquired throughout these case studies has 

been processed to remove magnetic and bathymetric outliers as identified by a fourth difference 

calculations and data processing guidelines defined by the magnetometer and echo sounder 
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manufacturers to address data quality issues related to tow vessel attitude, vehicle induced magnetic 

noise, power failures, communication errors, magnetic gradient errors, and signal quality limitations.  

The simultaneous acquisition of magnetic and bathymetric data offers the most up to date data, allowing 

for improved interpretations and site classifications. By combining the bathymetric and magnetic sensors, 

variations in magnetic data induced by bathymetric changes can be easily identified, reducing the 

potential for false geological or archaeological interpretations. The Surprise Lake, and Opinicon Lake 

surveys were completed with the magnetometer and echo sounder collecting data simultaneously. In 

each case study several anomalies on the order of 200 nT have been identified within the horizontal span 

of less than 5 metres and lakebed elevation change of less than 2 metres. These localized anomalies have 

been interpreted as submerged ferrous materials such as anchors or metal piping from human 

infrastructure and waste. Gradual changes in total magnetic intensity were observed throughout the Lake 

Ontario and Opinicon Lake surveys and have been interpreted as the location of a geological contact with 

a minor iron formation or iron-rich skarn deposits in Opinicon Lake, and the presence of a marked 

underwater cable system in Lake Ontario running between the mainland and Wolfe Island.  

The versatile marine surveying platform and surveying methodology discussed throughout this research 

allows the configured ASV to be deployed in waters previously deemed inaccessible by inhabited vessels, 

include remote lakes, contaminated waters, and shallow or confined near shore regions, offering the 

ability to improve and update the current state of knowledge related to geological structures and mineral 

deposits below Canadian lakebeds, and lakebed bathymetry. Future steps can be taken to reduce the risk 

of misinterpretation in the acquired magnetic data and improve the safety of autonomous operations in 

heavily trafficked waters. 
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 Future Work 

In the near future, the configured ASV and survey design could be modified to result in improved data 

accuracy and reduced survey durations. In the interest of improving the designed survey vessel and 

continuing this research, additional sensors could be integrated within the survey platform to reduce the 

number of unknowns present in the acquired data and offer improved data interpretations. The ASV has 

been configured to use a single magnetometer that can be towed at varying cable lengths and depths. An 

effective way of resolving small, near surface magnetic bodies, while reducing the noise effects of diurnal 

variations is to complete gradiometry surveys recording the local vertical magnetic gradient or first vertical 

derivative and total magnetic intensity. Gradiometry surveys are often completed with two or more high 

sensitivity magnetometers simultaneously, with a fixed separation, recording the total magnetic intensity. 

The difference between the total magnetic intensity readings recorded by two sensors is regarded as the 

first vertical derivative of magnetic intensity. An alternative method of gradiometry surveying uses a single 

magnetometer to survey the same traverse more than once, with a change in the elevation of the 

magnetometer, this method is often referred to as pseudo gradiometry. From these readings a first 

vertical derivative can be calculated, similar to the results otherwise produced by a rigid gradiometry 

configuration.  

The current setup of the autonomous bathymetric and magnetic surveying vessel is equipped with the 

sensors needed to conduct pseudo gradiometry surveys using one magnetometer at varying survey 

depths. To reduce survey duration while increasing the resolution of small, shallow magnetic bodies such 

as UXOs or other small archaeological artifacts, the addition of a fixed vertical gradiometer would be 

advantageous.   

Autonomous surveys completed by the survey vessel are reliant on the information provided in satellite 

imagery within mission planning software. This imagery is not always up to date, and does not indicate 
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the presence of moving objects, fallen trees, unmarked shallow rocks or other obstacles in the water. For 

this reason, it is suggested that future work might involve the addition of object detection and object 

avoidance systems. Object detection would need to be capable of identifying objects that originate from 

the lakebed and extend to a height that would impact the hull of the vessel including objects that are 

floating at the surface of the water, and objects that are suspended above the water surface that may 

come in contact with the vessel mast (ex. low lying tree or bridge). Once an object is detected, the 

corresponding motor operations needs to be programmed and activated to navigate the vessel off of the 

pre-planned survey path and avoid the obstacle in as small of a detour as possible before returning to the 

intended survey path.  

The addition of these sensors and control systems would increase the autonomous surveyable region of 

the ASV. Until this time, it is suggested that manual operation is used in the presence of active swimmers, 

or other dense populations of stationary or moving obstacles. Additional caution should be used during 

autonomous surveys to monitor the progress of the vessel and take necessary actions to retrieve the 

vessel or regain manual control in the event the vessel becomes stuck on an obstacle.  

Bathymetric and magnetic data are acquired simultaneously in the current survey vessel configuration. 

The acquisition of bathymetric data is meant to offer additional information to improve interpretations 

of total magnetic intensity variations. Variations in magnetic intensity may be induced by changes in 

bathymetry and overall separation between the lakebed and the magnetometer. To minimize the bias or 

source of error created from bathymetric changes, it is suggested that a magnetometer survey be 

conducted with a constant elevation above the ground surface, following elevation changes by adjusting 

the height of the sensor along the survey path at the same magnitude and rate of the bathymetric or 

topographic changes. Future work might involve the integration of a tool used to automatically adjust the 

depth of the magnetometer with respect to the recorded change in bathymetry. 
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Appendix A 

1 Explorer Magnetometer Specifications 

Table 6: Marine Magnetics Explorer magnetometer specifications – modified from (Marine Magnetics 
Corporation, 2015) 

Magnetometer Characteristic Rating/ Description 

Operating Zones No restrictions – below specs will be maintained 
through entire range 

Absolute accuracy 0.1 nT 

Sensor sensitivity 0.02 nT 

Resolution 0.001 nT 

Dead Zone None 

Temperature Drift None 

Power Consumption 2 W 

Range 18,000 nT to 120,000 nT 

Gradient Tolerance 10,000 nT/m 

Sampling Range 4Hz to 0.1 Hz 

Communications RS-232 @ 9600 bps 

Power Supply 9 to 30 Volt DC 

Total Sensor Housing Length 86 cm 

Diameter 6 cm 

Weight in Air 3.8 kg 

Weight in Water 1.2 kg 

Tow Cable Breaking Strength 2,500 kg 

Depth Rating 800 metres 
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2 Hemisphere S320 RTK GNSS Specifications 

Table 7: Hemisphere S320 RTK GNSS specifications – modified from (Hemisphere, 2014) 

Parameter Specification 

Receiver Type Dual Frequency GNSS 

Channels All in view 
GPS 
L1CA, L1P 
L2P, L2C 
GLONASS 
L1CA, L1P 
L2CA, L2P 
3 SBAS or 3 additional L1CA GPS 
1 L-Band 
Note: Some options may require a subscription 

Positioning Modes RTK, ROX, SBAS, External RTCM, Autonomous L-
Band DGPS Service, L-Band High Precision 
Services, L-Band high precision service with 
GLONASS 

RTK Formats RTCM3 

Update Rate Selectable from 1,2,4,5,10 Hz 

Cold Start Time < 60 seconds typical (no almanac or RTC) 

Static Performance Horizontal 5mm +0.5 ppm 

DGPS Performance <0.3 m 

 

Table 8: Hemisphere S320 RTK GNSS horizontal accuracy specifications modified from (Hemisphere, 
2014) 

Parameter 
(dependent on multipath 
environment, number of 
satellites in view, satellite 
geometry, and ionospheric 
activity, and baseline distance) 

Specification 

RMS (67%) 2DRMS (95%) 

RTK 10 mm + 1 ppm 20 mm + 2 ppm 

L-Band High precision Services 
(requires L band subscription) 

0.1 m 0.2 m 

SBAS (WAAS) 0.3 m  0.6 m 
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3 Raspberry Pi Data Acquisition Process for Bathymetry, Telemetry, 
Magnetometer, U-Blox GPS Data Collection 

 

 
Figure 73: Flowchart outlining the on-board Raspberry Pi data acquisition process 
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4 Magnetometer Location Calculation, Signal Quality and Fourth 
Difference Filtering Flowchart 

 

 

Figure 74: Flowchart outlining the magnetic data processing procedure used throughout this research 
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5 Submerged Cable Line Near Kingston Yacht Club in Lake Ontario 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 75: Submerged Cable in Lake Ontario, running between Kingston and Wolfe Island, near Kingston 
Yacht Club (Navionics Inc., 2020) 

 


