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Abstract 

In this thesis, the procedure of conducting magnetic surveys from a UAV platform is investigated. In 

the process of evaluating UAVs for such surveys, magnetic sensors capable of operating on a UAV 

platform were tested using a terrestrial survey, as well as on a UAV-platform. Results were then 

compared to a model of the area generated using a proton precession magnetometer.  

Magnetic signature of the UAVs are discussed and impact values are calculated. For a better 

understanding of the magnetic fields around UAVs some micro-surveys were conducted with the help of 

a fluxgate magnetometer around two UAVs. Results of such surveys were used to determine a location to 

mount the magnetometer during the survey. 

A test survey over a known anomaly (a visible chromite outcrop in Oman) is conducted in order to 

determine the feasibility of using UAV-based magnetometry for chromite exploration. Observations were 

taken at two different elevations in order to generate a 3-D model of the magnetic field. Later, after 

applying upward continuation filters and comparing the calculated results to the real values, the reliability 

and uncertainty levels of such filters were investigated. 

Results show that magnetometery on UAV platforms is feasible. Unwanted signals can be noticeable 

and produce fake anomalies by the end of each line because of the swinging effect of the suspended 

magnetometer below the UAV. This should be reduced by hardware and software modifications i.e. 

applying non-linear filters and mounting the sensor on a rigid rod. Also, it was derived that the error level 

associated with upward continuation filters exceeds 45% and thus, using such filters instead of actual 

observations is not suggested in gradiometry. Moreover, 3-D magnetic gradient surveys can be beneficial 

for future inversion problems. 
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Figure 5.3: Serpentine and chromite percentage vs. magnetic susceptibility of samples from Josephine 

Peridotite, California. The susceptibility is not a function of the chromite percentage, while serpentine 

percentage has a nearly exponential relationship with susceptibility. Modified after Wynn et al. (1984). 72 
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Figure 5.8: Flight paths of the survey done at 20 and 60 metres Above the Landing Zone (ALZ). Both 

elevations have the same flight path. The landing/ take off location is shown with a star. The location of 
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Figure 5.9: Magnetic observations made by Parvar et al. (2015). The figure illustrates the changes in the 

total magnetic intensity (Mag1) and the readings of the compass magnetometer (MagY). Prior and after a 

noticeable change in direction (i.e. the end of each line) signals with a specific frequency are observed. 80 

Figure 5.10: Total magnetic intensity of a profile recorded for test purposes. The horizontal axis shows 

the point numbers. Top: before applying any filters. Bottom: non-linear filter applied. This filter removes 
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Figure 5.11: The output of the sensor from the survey done by Parvar et al. (2015) for one survey flight 

consist of 7 lines. The sensor scans the entire measurable range to gain lock. The scannings on the left is 
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Figure 5.13: Total magnetic intensity (TMI) of the observed values after diurnal correction based on the 

point number (fiducial) at: (a.) 20 metres and (b.) 60 metres ALZ. Units are in nT. Note that the sensor 

does not have lock at all times and the readings during scan period of the sensor must be removed. ........ 86 

Figure 5.14: Total magnetic intensity (TMI) of the observed values based on the fiducial after removing 

no-lock measurements: at (a.) 20 metres ALZ. (b.) at 60 metres ALZ. 29% and 20% of the observations 
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Figure 5.15: Fourth difference noise levels (in nT) for the data collected at: (a.) 20m and (b.) 60 m ALZ. 
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Figure 5.16: Histogram of distribution and statistical details of the outcome from the fourth difference 
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Figure 5.17: Total Magnetic Intensity of the observed values at: (a.) 20 metres ALZ, (b.) 60 metres ALZ. 

TMI of the same observations after applying non-linear filter is also shown in figures (b.) and (d.). Note 

the swinging effect by the end and the beginning of each line. .................................................................. 91 

Figure 5.18: Fourth difference noise levels for the data collected at: (a,b) 20meters and (c,d) 60 metres 
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Figure 5.19: Total magnetic intensity (TMI) of the data plotted without interpolation. Observations from 

60 metres ALZ (left) and 20 metres ALZ (right) are shown. ...................................................................... 94 

Figure 5.20: Total magnetic intensity map at 60 metres (left) and 20 metres ALZ (right). The chromite 

outcrop is shown with an ellipse. Note that the anomaly is not visible at elevation of 60 metres ALZ. The 

other notable anomaly is also shown with a circle. ..................................................................................... 95 

Figure 5.21: Left: The observed TMI in nT at elevation of 60 metres ALZ. Right: TMI calculated from 

upward continuation by 40 metres of the data observed at 20 metres. The changes are higher over the 

chromite deposit. The histograms of TMI distributions also reveals that the TMI calculated by upward 

continuation does not sense the same signals at 60 metres. ........................................................................ 97 

Figure 5.22: Percentage of the differences between observed field and the calculated field at 60 metres 

ALZ with respect to the observed TMI. The uncertainty level exceeds 45% over the anomalous area. 

Anomalous area over the visible outcrop is shown with an ellipse. ........................................................... 98 

Figure 5.23: Left: Average upward continued vertical gradient. Center: Average observed vertical 

gradient. Note the strength and the width of the signal associated with the anomalous area. Right: Simple 

1st vertical gradient.  All maps represent values at 40 metres ALZ. ......................................................... 101 

Figure 5.24: Bottom: The comparison between the different gradients discussed along a 250 m profile of 

A-A’ (for location see Figure 5.23). All values are at 40 metres ALZ. a. Average observed vertical 

gradient.  b. Average upward continued vertical gradient. This is the gradient with some errors due to 
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Chapter 1 

Introduction 

Unmanned Aerial Vehicles (UAV) or Uninhabited Aerial Systems (UAS), or as the public knows 

them, drones, are being used widely for a variety of surveys in different areas such as civil engineering, 

hazard and risk management, military reconnaissance, mineral exploration, urban planning, to name a few 

(Cunningham, 2016). Especially in hazardous areas and where humans cannot conduct the required 

surveys and in order to acquire desired data without putting human lives at risk, UAV platforms such as 

the ones used by Hashimoto (2014) were developed to help in this process. 

Over the last decade there have been significant advances in the UAV industry and nowadays UAVs 

are readily available and present innovative technology that can be used for geophysical surveys on 

multiple scales. UAV flight regulations pertaining to altitude and flight protocol vary between 

jurisdictions and countries. As an example, in Canada, in order to use a UAV for any kind of commercial 

or research applications, one must hold a special flight operations certificate (SFOC). For recreational 

flights, however, there are exemptions in place unless the aircraft weighs more than 25 kg (Transport 

Canada, 2016). 

UAVs are capable of carrying different sensors and cameras in order to perform different kinds of 

surveys. Combining the acquired data with real time Global Navigation Satellite System (GNSS) 

positions as well as Inertial Measurement Units (IMU), leads to georeferenced data. The use of other 

sensors such as magnetic compasses and laser altimeters can also be helpful for pre-processing the 

acquired data and improved sensor and UAV positioning. 

 The sensors and cameras which the UAVs are capable of carrying include but are not limited to: 

Hyperspectral cameras (Hernandez-Palacios et al., 2011), RGB Cameras for aerial photography and 
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photogrammetry (Siebert et al., 2014), Infrared (IR) cameras, Very Low Frequency (VLF) sensors, 

Magnetometers (Cunningham, 2016) and Light Detection and Ranging (LiDAR) (Lin et al., 2011). 

Geomagnetic surveys play an important role in mineral exploration. Using magnetometry in order to 

detect magnetic anomalies and later to distinguish potential mineral targets is a common mineral 

exploration strategy in the mining industry. In addition to this, conducting a magnetic survey is relatively 

inexpensive compared to other survey methods and the data is directly related to the geology of the area. 

Magnetometry has also been proven to be a useful tool for the detection of infrastructure such as cables, 

pipelines, and utilities (Barrows, 1990). Magnetic surveys have also shown promising results in the 

detection of other susceptible ferro-metallic objects such as drums (Barrows, 1990; Marchetti, 1998), 

Unexploded Ordnance (UXO) both in land and marine environments (Hrvoic, 2014), and buried firearms 

(Schultz, 2009). 

Depending on the required data coverage and the spatial resolution, surveys are conducted on the 

ground or in the air from airborne platforms including helicopters and airplanes.  

The first experimental magnetic survey by airplane was conducted over the Staraya Russa magnetic 

anomaly in the former Soviet Union between the 19th and 21st of July, 1936. The survey was organized 

by the Central Geological and Prospecting Institute (TsNIGRI), and carried out by A. A. Logachev, 

designer of the apparatus, together with A. T. Maiboroda (Logachev et al., 1936).  

“The USGS pioneered the first airborne geophysical survey in the USA in 1945 by collecting 16,000 

line kilometres of aeromagnetic data over the Naval Petroleum Reserve in Alaska.” “Surveys were 

designed for a variety of needs so they varied widely in areal extent and anomaly resolution (flight height 

and line spacing)” (Rystrom et al., 1997). Also the data acquisition procedure has seen many changes due 

to technological advances. (Rystrom et al., 1997). Today, airborne magnetometry is a standard mineral 

exploration tool. Modern surveys are taking place at flight elevations as low as 80 metres Above Ground 
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Level (AGL), with a line spacing of as low as 50 metres. High speed optically pumped magnetometers 

have sampling rates up to 10 readings per second, thus a flight speed of 70 m/s results in an inline spatial 

resolution of 7 metres (Reeves, 2005). 

The fact that a magnetometer can be carried on a UAV platform has been described before. As 

demonstrated in Eppelbaum et al. (2011): “Multilevel integrated remotely operated vehicle (ROV) 

magnetic surveys will doubtless become a powerful geophysical tool in the very near future”. Simulations 

performed by Caron et al. (2013) provide another example of the potential of high-resolution geomagnetic 

surveys based on UAVs. 

Geomagnetic surveys are usually carried out from airborne, shipborne or terrestrial platforms. 

Airborne surveys are done using airplanes or helicopters at altitudes as high as 300 metres Above Ground 

Level (AGL). Since the flight elevation is higher compared to the terrestrial surveys, these surveys are 

capable of covering larger areas. However, their spatial resolution cannot reach the resolution of 

terrestrial surveys. On the other hand, terrestrial surveys which require a ground crew to acquire data 

provide geophysicists with better spatial resolution. However, the difficulty and increased costs of 

covering large areas restricts the applications of this method. While the spatial extend of the area covered 

by a UAV with electrical propulsion cannot reach the manned aircraft performance, it exceeds the 

terrestrial coverage. At the same time, a UAV can be operated at lower altitudes compared to the manned 

aircrafts which increases the achievable spatial resolution and sensitivity. Ultimately, it can provide a 

spatial resolution which is in between that of manned aircraft and terrestrial surveys. Employing 

unmanned UAVs which are commanded by a ground station with no or minor human involvement (after 

programming the desired flight path), will reduce the risks involved with human error as well as the cost 

of hiring ground or airborne crew (Cunningham, 2016). 
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1.1 Thesis Objectives 

The intention of this thesis is to develop and evaluate UAV magnetometry systems and to design and 

carry out UAV based geomagnetic surveys. The surveys are focused on applications for mineral 

exploration and infrastructure detection. 

Main objectives of this research project are: 

1. Carrying out a feasibility study of using UAV capable sensors for geomagnetic surveys and 

the selection of suitable UAV platforms. 

2. To build and test a prototype UAV-magnetometer system with a fluxgate magnetometer for 

infrastructure detection and compare with terrestrial surveys. 

3. Assessment of the UAV generated magnetic field and strategy to minimize the impact on the 

magnetometer sensor. 

4. Acquisition, processing and interpretation of magnetic data acquired from a UAV platform 

over a chromite deposit in Oman. 

5. To demonstrate the advantages of measuring true vertical magnetic gradients vs upward 

continuation. 

6. To demonstrate the improvements in interpretation of full 3-D gradient tensor data vs classic 

2-D data. 
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Chapter 2 

Background of Magnetic Methods, Magnetometers and UAVs 

In this chapter an explanation of the methods used for data interpolation and processing as well as 

some background information is provided. The second part of the chapter is mostly focused on the 

technical overview of instruments which were used, built or modified in this research. These instruments 

include the UAVs, magnetometers, GPS modules and other hardware and software. The instruments used 

in this research were available through the Department of Geological Sciences and Geological 

Engineering, Queen’s University. Since these devices are widely mentioned and used in this research, an 

introduction for each of these instruments is provided. 

2.1 Airborne Magnetometers 

Prior to the late 1940s, magnetic surveying was conducted primarily with ground-based 

instrumentation. These instruments measured the vector component of the field to an accuracy 

approaching a few nT with tripod-mounted mechanical balance magnetometers (Hinze et al., 2013). The 

development of magnetometers effective in exploration, i.e. usable for making large numbers of readings 

over a given area of interest in a reasonably short timeframe, however, dates only back to the invention of 

the electronic magnetometer during the Second World War. One of the first such magnetometers, known 

as the fluxgate, was designed for submarine detection from overflying aircraft and the sensor measured 

only the scalar magnitude of the total geomagnetic field. This design concept avoided all the 

complications associated with precise orientation of the sensor that was difficult and time-consuming to 

achieve and immediately enabled the instrument to be carried by a moving vehicle such as an aircraft 

(Reeves, 2005). 

In the late 1950s the proton precession magnetometer was developed and, despite on-going 

refinement of the fluxgate instruments, eventually replaced them in routine survey operations. Optical 
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pumping magnetometers first came into airborne service in the early 1960s, but they did not replace 

earlier types of magnetometers until the late 1980s (Reeves, 2005). In the next few sections we will 

discuss these magnetometer systems and their advantages and limitations. 

2.1.1 Fluxgate Magnetometers 

The first fluxgate magnetometer was built by Logachev and was used in an airborne survey 

(Logachev 1936). A fluxgate sensor is a solid-state device for measuring the magnitude and direction of 

the magnetic field in the range of 10-10 to 10-4 Teslas (Ripka, 1992). This magnetometer consists of a pair 

of identical, but oppositely wound, inductive coils with cores of the same high magnetic permeability 

material along their axes. “A static magnetic field in the direction of the cores will reinforce the 

magnetization in one core, causing it to reach saturation first and oppose it in the oppositely wound 

induction coil to shift the phases of the two secondary coil induced fields, so that the resulting coil 

voltages sum as alternating positive and negative voltage spikes. The sum of these voltages is 

proportional to the intensity of the magnetic field.” (Hinze et al., 2013). A schematic view of a fluxgate 

magnetometer is shown in Figure 2.1. 

Figure 2.1: Schematic view of a fluxgate magnetometer (Reeves, 2005). 
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The major recent trends include decreasing the sensor size, power consumption and price, and, on the 

other hand, increasing the precision in the large range of the measured fields, mostly considering the full 

range of the Earth’s field. The recent fluxgates now have a frequency range of a few kHz and a sensitivity 

of 10 pT (Ripka, 2003). To achieve the maximum reachable performance, the core geometry and 

materials must be chosen to limit eddy currents. The lowest values of white noise measured are typically 

1 𝑝𝑇

√𝐻𝑧
 (Koch et al., 1999). 

 In this study we used Honeywell HMR2300 fluxgate magnetometers which have a small footprint 

(size is 3.8 cm by 2.2 cm by 10.6 cm), but also possess a limited sensitivity of 7 nT. The Honeywell 

HMR2300 is a three-axis smart digital magnetometer for detection of the strength and direction of the 

external magnetic field. The three components of the magneto-resistive sensors are oriented in orthogonal 

directions to measure the X, Y and Z vector components of a magnetic field. The sensor outputs are 

converted to 16-bit digital values using an internal analog/digital converter (Honeywell, 2012).This 

magnetometer is using the RS-232 protocol in order to send and receive data and the level for the signal is 

+5 Volts. It can be directly fed to a microcontroller unit in ASCII or binary format (Appendix A). 

The sensitivity of the HMR-2300 can be a limiting factor for mineral exploration. However, its cost 

efficiency (CAD$1400) and light weight (<100g) makes it useful for prototype purposes. Flying closer to 

the target may mitigate this limitation (Hansen, 2007). Technical specifications of HMR-2300 are shown 

in Table 1.  
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Sensitivity: 6.7 nT 

Heading Error N/A (Tri-axial) 

Resolution 10 nT 

Absolute Accuracy 5.2 nT 

Dynamic Range ±200,000 nT 

Gradient Tolerance N/A 

Sampling rate up to 154Hz 

Orientation N/A 

 

Table 1: Technical specifications of HMR-2300 magnetometer 

(Honeywell, 2012). 
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2.1.2 Proton Precession Magnetometers 

The proton free-precession magnetometer, which has an accuracy on the order of 0.1 to 1 nT, 

measures the precession frequency, the Larmor frequency, of protons in a hydrogen-rich fluid that has 

been oriented at a large angle to the geomagnetic field by a strong Direct Current (DC) magnetic field 

originating from a current passing through a wire coil wound around a fluid container. Upon termination 

of the current through the coil, the magnetic field around the coil dissipates. The protons, whose spin axes 

are aligned to the applied magnetic field, precess around the ambient magnetic field at a frequency 

proportional to the intensity of the ambient magnetic. The precessing protons induce a current in the 

surrounding wire coil which decays exponentially owing to thermal motions with loss of a coherent signal 

within a few seconds. The frequency of the induced signal due to the coherent precession of the protons is 

on the order of a few thousand Hertz and is readily measured with a frequency counter. The amplitude of 

the induced precession is directly dependent on the orientation of the axis of the sensor coil and the 

direction of the total field. No signal is received if the sensor axis and the field are parallel, and it is 

maximum with a right angle relationship between them. As a result the sensor requires crude orientation 

depending on the inclination of the geomagnetic field (Hinze et al., 2013). 

In the late 1950s the proton precession magnetometer made its appearance. Although fluxgate 

magnetometers were developed enough for magnetic surveys, they eventually replaced by proton 

precession magnetometers (Reeves, 2005). Presently the limits of accuracy to measure the magnetic field 

of the Earth can be l ppm (parts per million). In a field of 50,000 nT this is better than 0.05 nT (Hrvoic, 

2011). 

The proton precession magnetometer, which was first suggested by the work of Packard and Varian 

(1954), had several advantages over previously used mechanical magnetic sensors and is readily produced 

as a robust, portable, and relatively inexpensive instrument (Hollos et al., 2008). However, the relatively 
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poor sampling rate compared to other magnetometers makes it a challenging instrument for airborne 

applications. 

2.1.3 Alkali-Vapour Magnetometers 

 Alkali-vapour or optical absorption magnetometers, which also measure absolute total magnetic field 

intensity, overcome some of the difficulties inherent in proton precession sensors, and thus are the current 

instrumentation of choice in airborne magnetometry. Precession signal amplification is obtained by 

optical pumping via a potassium spectral line. The block schematic of the sensor is shown in Figure 2.2 

(GEM Systems, 2013).  

These instruments operate by the principle of optical pumping, together with optical monitoring, that 

is used in radio-frequency spectroscopy. A beam of polarized radio-frequency light corresponding to a 

specific line in the alkali-vapour spectrum irradiates a cell containing an alkali vapour such as cesium, 

rubidium, potassium, or helium. This causes the electrons in that energy level in the gas to be pumped to a 

higher energy level which is split into close magnetic (Zeeman) levels in the presence of a magnetic field 

such as the Earth’s field where the light is absorbed. However, the electrons spontaneously decay to a 

lower energy state that cannot absorb light, and the cell becomes transparent, triggering a radio-frequency 

Figure 2.2: Block schematic of an alkali-vapour sensor (GEM Systems, 2013) 
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magnetic field that causes the electrons to shift to a state where the cell once again absorbs the light. The 

frequency of the signal required to achieve transparency of the cell, the Larmor frequency, is a function of 

the ambient magnetic field and is much higher than the frequency involved in the proton precession 

magnetometer. Thus, the magnetic field is measured by varying the radio-frequency signal and recording 

the frequency when the cell once again absorbs light (Hinze et al., 2013). Readings accurate to much less 

than one part per million of the total field may be made ten times per second with these devices. This 

degree of sophistication is unnecessary in ground-based surveys where magnetic anomalies tend to be 

higher in amplitude and much more affected by ‘noise’ due to geological sources in the surface and 

overburden layers (Reeves, 2005). This fact causes Alkali-vapour magnetometers to have a much higher 

sampling rate than proton precession magnetometers and makes them a usable in airborne and UAV-

based geomagnetic surveys, in which the velocity of the acquisition vehicle is high and thus needs to 

sample data more frequently. In this research, the surveys done by Pioneer Exploration Consultant Ltd. 

are operated using a GEM Systems GSMP-35A, which is a potassium vapour magnetometer (GEM 

Systems, 2013).  

 

2.2 Airborne Magnetic Operations 

Logachev’s fluxgate instrument had a sensitivity of about 100 nT and the vertical component of the 

magnetic field was measured over a 60 km line (Logachev, 1936). Publicly available airborne and marine 

magnetic data have been collected in North America, primarily by the governments of Canada, the U.S., 

and Mexico. In the early 1980’s, the first magnetic anomaly map was produced for the U.S. (Zietz, 1982).  

From a mineral exploration perspective, using airborne magnetic methods has a wide usage like ore 

prospecting, kimberlite deposits, structural mapping and estimation of overburden thickness (Hinze et al., 

2013). 
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Airborne magnetic surveys are the principal sources of magnetic anomaly data because of the 

economical, rapid, and efficiency in studying extensive regions. Surveys are conducted with a wide 

variety of operational and survey procedures taking into account the objectives of the survey and the 

terrain. Data are acquired at high density along parallel flight lines generally separated by a distance 

roughly equivalent to the depth to the expected magnetic sources, although this can vary with the 

objective of the survey. Temporal variations during flight operations are determined in airborne surveys 

with base magnetometers and tie-lines flown at distances of a few to 10 times the survey flight line 

spacing. Most surveys are conducted with alkali-vapour magnetometers with onboard installations that 

are compensated for a variety of extraneous magnetic fields from the aircraft. An accuracy of 0.1 nT is 

attained in many surveys making them useful even for high-resolution studies. Total field measurement 

may be supplemented with gradient, vector, and tensor observations in airborne surveys. 

Observations are made along parallel flight lines generally aligned perpendicular to the strike of the 

prevailing magnetic anomalies or, where there is no dominant strike to the anomalies, in a direction that 

will facilitate the surveying procedure (Hinze et al., 2013). 

 

2.2.1 Magnetic Gradiometery 

When it comes to measuring the magnetic gradient, it is about having two magnetic readings, either 

scalar or vector-based which are separated by a certain distance or baseline. These measurements can be 

made either with two sensors (single pass) or by doing a single sensor survey at two different locations 

(repeat pass). However for conducting repeat pass surveys properly, one needs to apply diurnal 

corrections to all measurements. If the locations are in the same XY (horizontal) plane, the gradient is 

called horizontal gradient and if the changes are observed on different elevations it refers to vertical 

gradient. Figure 2.3 illustrates the basic explanation in mathematical form. Considering the rate of 

changes in one direction there could be gradients of the second or higher order. In those scenarios the rate 
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of changes with derivation of 2 or more will be calculated and considered as the comparison value. Some 

filters including Source Parameter Imaging™ method (Thurston et al., 1997) require the second 

derivative to be calculated prior to using the technique.  

Horizontal gradients are used often. They both make anomalous regions sharper, but using vertical 

gradients is more common, since it adds the depth information as well. Having an idea of the gradient 

either by calculations or direct measurements is interesting for geophysicists. It gives them the ability to 

calculate the full tensor of the magnetic field which leads an interpreter to a better understanding of the 

field. Wiser decisions could be made as for the next steps of the project (Schmidt et al, 2006). Woolridge 

(2004) notes that gradient measurement can remedy the leveling problem in airborne surveys which 

usually is solved by flying tie-lines. An added benefit is that by using two separate magnetometers the 

instrumental error associated with each device will be cancelled out since the two values are being 

subtracted from each other. Vertical gradients are usually in the range of 1.5 nT per 100 metres at satellite 

elevation and Low Earth Orbit (LEO). Since the sources of the magnetic field in the upper crust affects 

Figure 2.3: First gradients of the total magnetic intensity. Where ΔBT is the contrast of the total 

magnetic intensity (After Hinze et al., 2013). 

ΔBT(Y+ΔY) 

Horizontal Y-derivative 
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the measurement, the changes over the sources in the upper crust is in range of  ≥30 nT per 100 metres 

(Hardwick, 1984). 

Alternatively, it is also possible to calculate the vertical gradient of the Total Magnetic Intensity 

(TMI) using observations made just from one elevation, if the area is sampled at a fine enough resolution. 

For example, Roberts et al. (1990) and Billings et al. (2009) show an equivalence of observed and 

calculated vertical gradients where the data density at a single elevation is sufficient to approximate the 

field at a higher level. As it will be discussed in the next section, calculated gradients cannot be as 

accurate as actual observations made at the elevations of interest (Hinze et al, 2013).  

2.2.2 Introduction to Multilevel Magnetic Surveys 

Measurement of magnetic gradients offers several advantages over amplitude field observations 

(Schmidt et al., 2006) that include minimizing regional effects, increasing anomaly resolution, and 

eliminating temporal magnetic variations. Taking advantage of these attributes, surface gradients have 

been used for decades in shallow zone studies in association with archaeological investigations and the 

detection of ferrous objects such as land mines and ordnances. They are also being used increasingly in 

airborne and marine studies for petroleum and mineral exploration. This is facilitated by modern magnetic 

instrumentation which allows for efficient observation at the close spacing required to measure the short 

wavelengths of gradients (Hinze et al., 2013). 

Rate of changes in the vertical component of the magnetic field are directly related to the depth and 

width of the anomalous source as well as the susceptibility gradient between the source and the host rock. 

Therefore, vertical gradient maps as a result of calculations or direct measurements help in better 

understanding the location, depth and shape of the target. 

According to Schmidt et al. (2006), there are several benefits in doing gradiometry over measuring 

only Total Magnetic Intensity (TMI): 
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 “• Better resolution of shallow features and closely spaced sources 

 • Better definition of structural features 

 • Suppression of regional anomalies due to deep sources  

• Mapping of sub-vertical contacts 

 • Tighter anomalies around compact sources 

 • Easier detection and delineation of pipe-like sources  

• Constraining of local strike direction  

• Determination of which side of a line the source lies 

• Common mode rejection of geomagnetic variations 

 • Relative insensitivity to rotation noise  

• Constraining of interpolation between flight lines (important as all surveys are somewhat aliased 

across flight lines) 

 • Less importance of IGRF corrections (usually unnecessary)  

• Direct indication of Euler structural index when combined with measurements of field  

• Higher resolution than conventional TMI surveys—can be offset against survey height, allowing 

somewhat higher, therefore considerably safer, flying.” 

“Potential field theory tells us that if we know the field at one level, that we can calculate the field at 

any higher level (assuming there are no magnetic sources in between)” (Billings et al., 2009). A simple 

and common way to calculate the gradient without having the second measurement carried out is to use 
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continuation filters. These band-pass filters will estimate the anomalies as if they were observed at a 

different altitude than they are. The equation below computes the changes of the field in the distance of a, 

apart from the plane of observation (z=0). 

∆Φ 𝑧 = ∑
 −1 𝑚 × 𝑧 𝑧 + 𝑎  𝑧 + 2𝑎 …  𝑧 + 𝑛𝑎 

𝑎𝑛 𝑧 + 𝑚𝑎  𝑛 − 𝑚 !𝑚!

𝑛=5

𝑚=0

∆Φ −𝑚𝑎  

Eq 2.1 

Where Φ is the magnetic field, and a is the filter increment (Henderson, 1960 & Geosoft, 2015)
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Depth 

Coordinate(0,0) Coordinate(5,0) Coordinate(10,5) 

Exact 

Values 

Continuation 

Filter Result 
Difference 

Exact 

Values 

Continuation 

Filter Result 
Difference 

Exact 

Values 

Continuation 

Filter Result 
Difference 

-5 55.56 55.83 0.27 47.44 47.56 0.12 28.64 29.26 0.62 

-4 63.78 63.87 0.09 52.27 52.3 0.03 30.43 30.94 0.51 

-3 73.96 73.91 0.05 60.14 60.1 0.04 32.24 32.63 0.39 

-2 86.81 86.65 0.16 68.27 68.19 0.08 34 34.27 0.27 

-1 103.31 103.15 0.16 77.94 77.86 0.08 35.64 35.78 0.14 

0 125 125 0 89.44 89.44 0 37.04 37.04 0 

1 154.32 154.59 0.27 103.08 103.26 0.18 38.05 37.88 0.17 

2 195.31 195.32 0.01 119.1 119.71 0.61 38.49 38.1 0.39 

3 255.1 251.81 3.29 137.46 139.13 1.67 38.12 37.44 0.68 

4 347.22 330.18 17.04 157.42 161.92 4.5 36.71 35.57 1.14 

5 500 438.21 61.79 176.78 188.41 11.63 34.02 32.09 1.93 

 

Table 2: Computed upward and downward continued values compared to the exact measured values of a gravity 

anomaly of a concentrated sphere, centered at (0, 0, 10). Units in mGal and metres. (Henderson, 1960).  
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Magnetic anomalies can be filtered using continuation filters with an accuracy adequate for most 

purposes if careful attention is given to the numerical analysis, but when the continuation distance 

exceeds one half the overburden for susceptible materials buried in the subsurface, the error associated 

with the method can be expected to exceed 10 percent (Henderson, 1960). The values shown in Table 2 

are a comparison between the calculated values with the continuation filters of different levels versus the 

exact values of a gravity anomaly located at coordinate (0, 0.10) (Henderson, 1960). Figure 2.4 also 

shows the error percentage associated with the continuation filters. 
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Figure 2.4: The percentage of errors associated with continuation filters for points 

located at coordinates shown in Table 2. Close to half of the distance to the center of 

the anomaly, the error level for downward continuation reaches 12%. 
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By having the values of the upward continuation, the calculation of the vertical gradient is easily done 

with taking the observed and calculated values into account. 

As shown above, there are uncertainty and errors associated with this method. Also with using band-

pass filters such as upward and downward continuation, some of the data is sacrificed. For these reasons, 

it is suggested that the survey is flown at different elevations instead, if possible (Henderson, 1960) 

With taking these advices into account, multi-level surveys to do a gradiometry magnetic survey are 

preferred over applying the derivative formulas to calculate the gradients from an observed plane. 

 The main focus of using multi-level observations is to avoid the use of continuation filters which may 

cause noticeable error for large distances during the calculations and loss of data due to the nature of the 

used band pass filters. However, flying the same area twice may be economically not acceptable or 

feasible and may not differ from large-scale airborne surveys. Regional targets are still detectable with 

use of continuation filters and there seems to be no need to conduct a new survey.  

This study followed the same procedure as Henderson (1960) using more recent software tools 

including Geosoft Oasis Montaj 8.5 in order to evaluate the efficiency of multi-level magnetic 

observations.  

Using the methods employed by Geosoft Oasis Montaj 8.5, which is directly derived from 

(Henderson, 1960), results in uncertainties caused by the loss in the signal to noise ratio. 
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2.3 UAVs 

There have been major developments in UAV technology in recent years and UAV are widely 

employed in industrial and scientific projects all over the world. Canada is becoming a leader in 

developing UAV regulations (Transport Canada 2016). 

Some early UAVs are no more sophisticated than a simple radio controlled aircraft being controlled 

by a human pilot at all times. More sophisticated versions may have built-in control and/or guidance 

systems to perform low level human pilot duties such as speed and flight path stabilization, and simple 

prescripted navigation functions such as waypoint following. 

UAVs are equipped with precision sensors, for example, inertial motion units (IMU) and gyroscopes, 

for recognizing the attitude and position of the aircraft. A microcomputer makes the navigation 

autonomous, allowing the UAV to fly without a significant amount of manual involvement of a pilot 

required (Siebert, 2014). 

 From this perspective, most early UAVs were not autonomous at all. In fact, the field of air vehicle 

autonomy is a recently emerging field, whose economics is largely driven by the military to develop 

battle ready technology. 

When performing a geophysical survey such as measuring the magnetic field, there are many deciding 

factors in the survey design. The size of the area, the target, the instruments for measuring the physical 

property, the topography of the area and the time/cost to be spent for the survey, to name a few. 
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The spacing of the traverses depends on the objective of the survey and the depth to the magnetic 

sources. Reid (1980) showed that to avoid aliasing errors in the data, which will deteriorate the 

identification of anomalies and their interpretation, flight lines should have a maximum spacing of twice 

the depth to the target source(s) (Hinze et al., 2013). Figure 2.5 illustrates how it is possible to miss an 

anomaly through insufficiently close flight line spacing (Agocs, 1955). 

Figure 2.5: The effect of line spacing and the density of traverse lines. The data was collected at 500 

feet of elevation above the Marmora anomaly, southern Ontario, Canada. These figures show 

interpolated data using a line spacing of (a) 1 mile, (b) ¾ mile, (c) ¼ mile (Agocs, 1955). 

a b 

c 
0 1 1 Miles  
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For traditional airborne surveys, having the traverses closer to the surface puts the flight crew in 

danger. Tightening the flight lines will raise the costs associated with the survey, although the spatial 

resolution increases. This makes UAVs an appropriate choice to carry out magnetic surveys for missions 

in which higher spatial resolution is needed. 

There are different UAV platforms available for operations: 

Balloons and Airships: Loaded with hot air or Helium or other light gases. Usually hard to control 

once launched and are reusable. However, these UAVs are relatively costly, because they are filled with 

Helium. These platforms are ideal for operations at very high altitudes such as ionosphere and 

magnetosphere studies as well as cosmic rays studies. As an example, a geomagnetic study was done by 

Brekhov et al. (2016) who employed stratospheric balloons for geomagnetic gradient observations. 

Fixed-Wing Aircrafts: Fixed-wing aircrafts use gasoline or electrical engines to gain speed, while lift 

is generated by the wings, since they are shaped like a wind profile. These platforms can cover a 

relatively wide large area depending on their payload and are usually easy to operate by a human or 

computer system. They are reusable and cost efficient, but the fact that they usually need an airstrip for 

taking off and landing limits their operations in areas with variable topography.  

Helicopters: Unlike fixed-wing aircrafts, helicopters us their blades both for lift force and to gain 

speed during the flight. They are relatively easy to navigate and the fact that they can land and take-off 

almost everywhere (depending on their size and payload), is an advantage over fixed-wing UAVs. These 

UAV platforms are used widely. They are able to carry heavier batteries or more fuel to operate for 

longer. However, Operators must be more rigorously qualified, compared to other UAVs’ operators.  

Multirotor UAVs: These UAVs are used most commonly for recreational purposes. The lift power is 

derived from brushless electro-engines, which gives them enough efficiency to operate solely from 

battery power. The yaw, pitch and roll manoeuvres are operated by changing the rotation speed of each 
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motor. All of these operations are done by the flight controller system which is always onboard and 

navigates the UAV based on GPS and IMU data. Ease of access, cost efficiency and flexibility are the key 

characteristic features of these drones. However, their dependency on weather conditions and their 

relatively limited payload may make them less preferable compared to other platforms. Multicopters are a 

special type of rotary wing aircraft. Energy loss from torque is minimized in multicopters because of 

rotors rotating in opposing directions, however their reliance on electronic motors and batteries has 

limited their efficiency in comparison to helicopters (Eck et al., 2011). Most recent multicopter models 

offer a payload of up to 5 kg and have the main advantages of operational ease, high flexibility and flight 

stability over other options (Siebert et al., 2014). 

 A comparison between the available survey platforms for photogrammetry purposes was done by 

Siebert et al. (2014). The results are shown in Table 3.  

Based on these comparisons, we chose helicopters and multicopters as our solutions for airborne 

UAV-based geomagnetic surveys. This decision is mainly based on their intrinsic flexibility, cost, safety 

and availability. 

Electrical-based UAV technology is using high efficient brush-less electro-motors, each associated 

with an Electronic Speed Controller (ESC) circuit. This circuit controls the currents and thus the rotation 

Aircraft 

type 

Efficiency 

and 

range* 

Flexibility and 

manoeuvrability 

Weather 

dependency 
Payload Safety 

Complexity 

and 

simplicity 

Running 

costs 

Airships Very good Average Poor Very good Good Good Poor 

Fixed wing 

aircraft 
Very good Poor Good Good Average Average Average 

Helicopters Average Very good Good Very good Poor Poor Average 

Multicopters Poor Very good Good Average Average Good Very good 

 
Table 3. Comparison of advantages and limitations of existing flight systems for photogrammetry 

projects (Siebert et al., 2014). 
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speed of each motor. Each (ESC) is connected to each of the motors with the battery and is controlled by 

a Flight Controller board. This board is the very brain of the UAV and consists of components such as 

Inertial Measurement Unit (IMU), GPS module, compass, etc. All of the tasks related to levelling and 

current adjustments are operated by the flight controller board. For the purpose of using the UAVs for 

geophysical surveys, and since there is a need for precise positioning and accurately georeferenced 

measurements, flight controllers with autonomous flight capabilities are preferable. However, manually 

operated UAVs can be used as well. 

The UAVs used in this research are several models of multi-rotor helicopters. The following section 

gives a brief technical description about the UAVs used in this research. 
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2.3.1 DJI Phantom 2+ 

DJI Phantom 2+ (Figure 2.6) is a small UAV which is capable of operating flights up to a reliable 

distance of 300 metres from the controller unit. This UAV is used for aerial photographs and videos with 

live streaming to a smartphone. However, its small payload and dimensions limit its use as a professional 

tool for operating surveys. In this research we used a Phantom 2+ to conduct some test surveys in order to 

evaluate the principles and limitations of using UAVs with geophysical sensors. The payload is limited to 

approximately 100 grams in order to be carried by a Phantom 2+. The technical specifications can be 

found in Error! Reference source not found.. Further information can be found on DJI’s website (DJI, 

2016). 

Figure 2.6: DJI Phantom 2+ and the camera gimble (DJI, 2016) 
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2.3.2 DJI S900 

DJI S900 (Figure 2.7) is another UAV from DJI Co., Ltd. Compared to DJI Phantom 2+, this one is 

bigger in dimensions and more capable in terms of the payload. This UAV is a six wing, multirotor with 

higher consuming current relative to Phantom 2+. The maximum flying range and the flight time varies 

with different setups. Specifications of DJI S900 hexacopter are listed in Table 5.  

Weight (Battery & Propellers 

included) 
1000g 

Max Flight Speed 
15 m/s(Not 

Recommended) 

Diagonal Length 350 mm 

Flight Time 25mins 

Take-off Weight ≤1300g 

Operating Temperature -10°C ~ 50°C 

Payload <300g 

 

Table 4: The technical specifications of DJI Phantom 2+. (DJI, 

2016) 
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2.3.3 Pioneer Exploration Consultant UAV-Mag™ System 

Pioneer Exploration UAV-Mag™ system (Figure 2.8) is the system which is being used for 

commercial magnetometry surveys and thus the specifications meet the needs of the survey industry and 

Diameter 900 mm 

Center Frame Weight 

(with Landing Gear 

Mounting Base, Servos) 

1185g 

Working Current 40A 

Takeoff Weight 4700-8200gr 

Total Weight 3.3 kg 

Power Battery 
LiPo (6S, 10000 mAh~15000 mAh, 

15C(Min)) 

Hover Time 
18 min (@12000 mAh & 6.8 Kg 

Takeoff Weight) 

Working Environment 

Temperature 
-10 °C ~ +40 °C 

Payload 7 kg Max 

 
Table 5: Specifications of DJI S900 (DJI, 2016). 

Figure 2.7: DJI S900. (DJI, 2016) 
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the mineral exploration standards. This UAV is capable of carrying different instruments; including a 

DSLR camera and a potassium vapour magnetometer (suspended 3 metres below the UAV). There is also 

a laser altimeter associated with the system for elevation records. The micro-laser altimeter (MLM-120) is 

used to record accurate real-time altitude information during flight and is capable of detecting ranges up 

to 120 metres in distance. It gives the navigator a real time measurement of the vertical position of the 

UAV in order to avoid collision with the ground. The elevation data can also be used to generate 

topography models for further analyses after the flight.  

The navigation and autopilot is operated by an A2 flight controller and the autopilot software is 

compatible with tablet or laptop computers. The hovering accuracy of the onboard system according to 

DJI A2 manual is 0.5m in vertical and 1.5m in horizontal (DJI, 1016). 

Figure 2.8: Pioneer Exploration Consultant Ltd. 

UAV-Mag™ system. (Pioneer Exploration, 2016) 
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The Pioneer UAV-Mag™ system employs the GEM Systems GSMP-35A potassium vapour 

magnetometer sensor which is custom designed and installed as a towed bird configuration with three 

metres of separation between the UAV and the sensor to avoid possible UAV magnetic signal 

contamination. The reported sensitivity of the magnetometer is 0.3 pT at 1Hz with an absolute accuracy 

of ± 0.1 nT. The sensor can operate in a dynamic range of 20,000 to 100,000 nT. Further specifications of 

the platform and the magnetometer can be found in Table 6 and Table 7  (GEM Systems, 2013; Pioneer 

Exploration, 2016). The data acquisition system is also included in the system. Pioneer’s UAV Mag 

system employs GEM Systems LightMUX system for recording the observations from all the sensors to 

an SD card. Readings from the GPS module, the laser altimeter and the magnetometer as well as internal 

IMU (Inertial Measurement Unit), compass and gyroscope systems are put alongside each other to 

produce a string of time-synchronized data (GEM Systems, 2014). 

Sensitivity: 0.3 pT @ 1Hz 

Heading Error 

± 0.05 nT between 10˚ 

and 80˚ degrees and 360 

degrees full rotation 

about axis 

Resolution 0.0001 nT 

Absolute Accuracy ± 0.1 nT 

Dynamic Range 20,000 to 100,000 nT 

Gradient Tolerance 35,000  nT/m 

Sampling rate up to 20Hz 

Orientation 

Optimum angle 35 

degrees between sensor 

head axis and field vector 

 
Table 6: General specifications of GEM Systems 

GSMP35-A (GEM Systems, 2013). 
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Overall Width 121.9 cm 

Motor Qty 6 Motors 

Fixed Pitch 14.7 cm 

Max current at max thrust 37 Amps 

Maximum lift capacity 14.4 kg 

Thrust per motor 1.5 kg 

Battery Capacity 
11.0 Ah X 2 batteries, 

22.0 Ah Total 

Battery Weight 2.5 kg 

Typical takeoff weight 7.9 kg 

 

Table 7: Technical specifications of Pioneer Exploration 

Consultant Ltd UAV-Mag™ System (The flight platform) 

(Pioneer Exploration, 2016). 
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Chapter 3 

A Prototype for Infrastructure Detection 

Development of a UAV magnetometry system requires testing and validation of its functionality over 

known magnetic targets. Magnetic anomalies over buried metalliferous objects reach up to 1000 gammas 

(equivalent to 1000 nT) (Barrows et al., 1990). A validation survey was completed to:  

1.    Evaluate the functionality of the UAV magnetometry system. 

2. Understand the potential noise characteristics. 

3. Better know the magnetic signals in order to optimize survey design (sensor, line spacing, 

elevation, sampling). 

A steam pipeline in Kingston’s City Park near Queen’s University campus was used for several test 

surveys. Three surveys were conducted, two compared different magnetometers only, and one used the 

UAV prototype. 

Magnetic surveys have been used to investigate buried metalliferrous objects, hazardous waste, 

drums, underground storage tanks, buried pipes, and the edges of covered landfills (Barrows et al., 1990). 

These applications usually target shallow iron or steel objects, which influence the magnetic signal 

including the gradients, which in turn leads to the estimation of target parameters such as depth, location, 

extent, and orientation (Barrows et al., 1990). 

Although, performing magnetic surveys to detect infrastructures or shallow ferromagnetic materials 

on a UAV platform has not been fully developed yet, detecting such objects using an Autonomous 

Underwater Vehicle (AUV) with high resolution has been done by Hrvoic et al. (2014). 
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This chapter focuses on the evaluation of a low-cost and light-weight HMR-2300 fluxgate 

magnetometer suspended under a DJI Phantom 2+ UAV. This chapter will present a comparison of the 

performance of a HMR-2300 to a more sensitive proton precession magnetometer, GEM Systems GSM-

19T. The procedure includes the following objectives: 

1. Comparing the HMR-2300 fluxgate magnetometer with GEM System GSM-19T over the known 

anomaly of a steam pipeline. This will evaluate the validity of the fluxgate magnetometer data. 

2. Designing a data acquisition unit to be used on the UAV platform. This microcontroller-based 

circuit is used for collecting the magnetometer and onboard GPS data. 

3. Checking the reliability of the prototype and determining required modifications which will 

eventually improve UAV-based magnetometry. 

3.1 Evaluating HMR-2300 for Infrastructure Detection 

After evaluating various sensor types and considering the advantages and disadvantages of each, the 

HMR-2300 magnetometer best met the prototype requirements. Funaki et al. (2006) also used the same 

procedure and the same magnetometer to map the magnetic field at high altitude with a flight line as long 

as 500 km. HMR-2300 magnetometers are light (98 grams), affordable (about CAN$1400) and robust. 

These features makes it a perfect sensor for UAV based surveys. In addition, it is power efficient (35 mA, 

9V) which makes it ideal for a variety of other applications such as, navigation and infrastructure 

detection. There are many studies that evaluate the sensitivity of fluxgate magnetometers including the 

HMR-2300.  

The sensitivity of HMR-2300 is 7 nT, which for mineral exploration may limit the detection 

capability. However, with this sensitivity, the sensor is capable of detecting the magnetic response of a 

shallow ferromagnetic body such as a steel pipeline at the depth of 1-2 metres. According to Barrows et 
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al. (1990) the amplitude of the magnetic intensity for the anomaly over single underground metallic 

storage tank is about 1000 nT.  

A field survey was conducted in Kingston’s City Park. The survey intended to discover whether or 

not a HMR-2300 magnetometer is useable in detecting magnetic anomaly of a steel pipeline. Surveys 

were done in a controlled environment, where there was a known source of ferro-magnetic material, i.e. a 

steam pipeline. The pipeline was running 25° N through the park (see Figure 3.1). It is believed that the 

depth of burial for this pipeline is no more than 1.5 meters. To map the magnetic field of the area, a 

survey of 10m x 30m with a 1m line spacing was set up. The Survey lines ran perpendicular to the 

pipeline (Figure 3.1). 

 Ground measurements were taken at each point using both the fluxgate and proton precession 

magnetometers while they both were being held at an elevation of 1.5 metres above the ground (AGL).  

 

20 
metres 

Figure 3.1: Aerial image of the test area in City Park, Kingston, Ontario. The survey area is 

shown with a red box and the red line shows the approximate path of the steam pipe which 

is crossing the box perpendicularly. 
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Following data collection, the data was corrected for temporal and diurnal variations (3.5 nT) that 

occurred throughout the duration of the survey (5 hours) using base station measurements. The base 

station for each of the magnetometers were located at the north eastern part of the survey rectangle. The 

magnitude of the HMR-2300 triaxial measurements was calculated by combining the vector components 

from the output using Eq 3.1. 

𝑀 =  √𝑀𝑥
2 + 𝑀𝑦

2 + 𝑀𝑧
2 × 𝑐 

Eq 3.1 

Where M is the magnitude of the total magnetic field intensity in (nT), Mx, My and Mz are components 

of the magnetic vector field which was measured by HMR-2300 in digital counts and c is a constant of 

6.66̅̅̅̅ , which is needed to convert the Analog to Digital Convertor (ADC) counts to nT (Honeywell, 2012).  
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The calculated data was then interpolated in Geosoft Oasis Montaj 8.5 with a grid cell size of 0.3m 

using the minimum curvature method. This grid cell size was adjusted based on the line spacing (which is 

1 metre). Total magnetic intensity (TMI) maps are shown in Figure 3.2. The directional horizontal 

gradients with azimuth of +90˚ from +X direction for each set of data was considered to look at changes 

in the magnetic field in the direction of the survey lines. In this case the survey lines are perpendicular to 

the pipeline and have a strike of 115˚ N. Each set of data was filtered using the Geosoft Oasis Montaj 8.5 

horizontal gradient filter also known as GRIDGRAD GX. 

Figure 3.2: TMI values of the surveys done by: GSM19-T (Left) and HMR2300 (Right) 
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The plotted horizontal gradient grids from the surveys show that the HMR-2300 and proton 

precession magnetometers are detecting similar signals related to the pipe. Figure 3.3 shows the 

horizontal gradient computed from the raw readings of each of the magnetometers. A notable anomaly is 

visible in both images in the same location indicated by an ellipse in Figure 3.3. This implies that the 

HMR-2300 magnetometer is capable of detecting the anomaly caused by the steam pipe. However, it is 

A 
A 

A’ A’ 

Figure 3.3: Horizontal (Y-Y) gradient for the surveys done by: GSM-19T (left) 

and HMR-2300 (right). Note the pipeline anomaly is detected in both surveys. 

The signal amplitude for both surveys is 205 nT/m. 
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notable that the noise level for the HMR magnetometer is higher and causes short wavelength features in 

the interpolated grid. For a better illustration the A-A’ section from each grid is plotted in Figure 3.4. 

Plotting the two signals in the same diagram and with the same scale indicates that HMR-2300 detects the 

susceptible pipe with a weaker anomaly. Both signals show a change in the magnetic field. A gradient of 

up to 350 nT/metre indicates a shallow susceptible body, which is expected. Increased short wavelength 

noise may cause problems in surveys done with the fluxgate magnetometer, especially if the sensor is 

used close to the ground. This noise is a direct result of the lack of sensitivity compared to the GSM-19T 

proton precession magnetometer. According to Honeywell (2011) the sensitivity and the accuracy of 

HMR-2300 are 7 nT and 0.011 % of full scale, respectively. As an outcome, the HMR-2300 

magnetometer qualifies as an airborne sensor considering the altitude of the survey and the instrument 

noise. The anomaly in the magnetic gradient along the data lines led to an improved visualization of the 

magnetic field over the steam pipe. 

Overall, the survey revealed that a HMR-2300 magnetometer is capable of being used as a tool for 

infrastructure detection if the survey meets the following criteria: 

1. High susceptibility of the magnetic source material. 

2. Low altitude of the sensor placement. Since the sensitivity of the digital magnetometer is about 

10nT, even when encountering strong fields, it is recommended to keep the magnetometer close 

to the source.1 

                                                      

1 . Although signal to noise ratio decreases at altitudes closer than 10 metres to the ground, but the sensor sensitivity 

(7 nT) is not high enough to be vulnerable to this noise. 



 

 

 

39 

 

3.2  UAV Data Acquisition System 

Georeferencing the output data from the magnetometer is the key point in order to analyse the data 

after acquisition. HMR-2300 uses a RS-232 drive for data delivery. DJI Phantom 2+ has a limited 

payload. Therefore, carrying an extra GPS module is technically difficult. The UAV uses a built-in GPS 

system designed for navigation purposes. According to DJI (2016) the GPS module used in Phantom 2+ 

has an accuracy of ± 3 metres for horizontal positioning. This may limit the detection capability for small-

scale surveys, but by conducting a survey over larger areas, we can minimize the effect of GPS 

uncertainty. However, the error and uncertainty of ±3 metres still remain as a negative factor. To use the 

built-in GPS module which is inside DJI Phantom 2+, we decoded the DJI device communication system. 

A circuit was designed to exploit the processed GPS data out of the UAV in order to use it for 

georeferencing. The GPS data were then combined with the HMR-2300 magnetometer data and 

transmitted to a ground station using a 3DR radio telemetry device. Since all the communications are in 

TTL or RS-232 digital, there is no need for installing analog to digital converters. 

Figure 3.4: The horizontal gradient along the A-A’ section from both instruments. Both instruments show 

the anomalous area over the pipe, however HMR-2300 exhibits short wavelength signals (shown with an 

ellipse) which are believed to be instrument error due to lower accuracy (Honeywell, 2012). The horizontal 

scale shows the distance.  
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The circuit shown in Appendix A was designed, built and mounted on a DJI Phantom 2+. It consists 

of a PIC-18F2550 microcontroller (Microchip, 2006), input and output connectors, and powering 

components. The connectors are for receiving data from the magnetometer(s) and GPS module and for 

sending strings of combined data to the 3DR radio telemetry device. For dealing with high speed 

transmission of GPS data (115200 bits per second); a 32 MHz crystal included to perform the data 

acquisition. The PIC microcontroller was programmed using PIC basic pro (PBP)-based language using a 

compiler (Appendix B). 

With having the PIC programmed, the microcontroller unit gets the positioning data from the GPS 

module on board and waits for the readings from HMR-2300. Then it puts all the available data in one 

single string and sends them all together. Sending all the data at once results in time-synchronized string 

components. The data sampling rate is adjustable, but is limited to the slowest input sampling rate. In this 

case the magnetometer had a maximum sampling rate of 5Hz which was the lowest among all other 

sensors. The processed data are transmitted to a ground station laptop unit using a 3DR radio transmitter. 

 The outcome signal of the built-in GPS system is on RS-232 voltage and logic. For using the signal, 

there is a need to employ level converter circuits. However, for ease of use and also for reduction of the 

payload weight, we did not use the MAX-232 converter and relied on the microcontroller itself for 

conversion. In Appendix B the DEBUGIN_MODE register is set to 0 to let the microcontroller translate 

the RS-232 signals to TTL level.  

The binary string coming from the GPS module is coded with an XOR Boolean mask (ublox, 2013). 

Prior to transmission, the XOR mask, which is already included in the input raw GPS string, is applied by 

the microcontroller to the binary GPS data. 

As an example, a simple decoded UTC time and position data after applying XOR mask is shown 

below. Their human-readable equivalent is also shown. 
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This string combined with other variables, i.e. DOP (Dilution of Precision), GPS altitude and magnetic 

field, are translated to ASCII characters and transmitted to the ground station unit. The entire process is 

done in less than 2 µseconds according to the internal oscillator of the microcontroller circuit. The final 

modified UAV with the microcontroller board is shown in Figure 3.5 and Figure 3.6.  

 The script run on the microcontroller board (Appendix B) transmits data to the ground station in 

ASCII format. An example of this string is shown here:  

Figure 3.5: The UAV with the microcontroller unit pictured from below. 

0001 1110 1001 1000 0010 0110 0100 0011 UTC time 15,04,24,02,25,03 YYMMDDHHMMSS 

1101 0100 1011 0001 1010 0011 0100 1001 Longtitude  -72.65558310 degrees 

0001 1010 1110 0111 1110 0011 0110 1010 Latitude 45.14046500 degrees 
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“Magnetic X,Y,Z:   3,234    1,075    7,378  ,,GPS TIME: 11110100 11001001 10100001 00011110 

,,GPS LONG: 10011000 10110010 10110001 11010100 ,,GPS LAT:  00111010 11101011 11100111 

00011010 ,,GPS ALT: 11110110 11111000 00000011 00000000” 

After decoding the GPS string, each of the output strings results in a point coordinate and three 

components of the magnetic field. Universal Time Coordinated (UTC) is also available.  

 

 

 

Figure 3.6: The prototype UAV magnetometer system. The DJI Phantom 2+ modified 

with the micro-controller and the HMR-2300 magnetometer suspended on a 2.5 metres 

long RS-232 cable. 

15 cm 
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3.3 Analysis of UAV-acquired Data 

Planning the flight program was done using a handheld controller and the sensor altitude was held at an 

elevation of approximately 5 metres Above Ground Level (AGL). Six survey lines were planned and 

flown with various line spacing. The average line spacing was 3 metres. The data sampling rate was set to 

2Hz. Low sampling rate and the fact that the survey was flown manually and not using a pre-programmed 

flight path resulted in having a scattered data set.  

After finishing the data acquisition process in the same area that the previous surveys were operated, the 

Figure 3.7: Horizontal (Y-Y) gradient for the survey done by HMR-2300 on the 

UAV platform. Flight path and data points are indicated by dots. Pipeline 

anomaly is obvious and is located in the expected area. 
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results (which were transmitted to the ground station as the survey was being done) were plotted using 

Geosoft Oasis Montaj 8.5. The interpolation is done using minimum curvature method with a grid cell 

size of 0.3 metres. The interpolated data was passed through the same horizontal gradient filter as the 

previous surveys. This gradient was calculated in a perpendicular direction to the pipeline anomaly and in 

90˚ counter-clockwise from X+ direction. The results shown in Figure 3.7 depict anomalies in the 

horizontal gradient at the expected location of the steam pipe. This gradient indicates the pipe anomaly 

with a similar amplitude as the terrestrial surveys done with GSM-19T proton precession and HMR-2300. 

With that in mind, the final grid shows significantly noisier results compared to the data from GSM-19T. 

This is related to HMR-2300 accuracy, as it was mentioned before, but also the manual flight control 

which led to variations in sensor elevation. Moreover the gradient is relatively weaker than the terrestrial 

surveys done by HMR-2300, which is a direct result of the altitude of data acquisition. Analyzing the 

signal along the (B-B’) profile reveals the anomaly and gives a better understanding. Figure 3.8 shows the 

horizontal gradient along (B-B’) profile. 
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Figure 3.8: Horizontal gradient along (B-B’) profile for the data acquired with HMR-

2300 on the UAV platform. Note the pipe anomaly and the magnitude of signal 

comparable to Figure 3.4. Horizontal scale shows the distance in metres. 
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3.4 Summary 

In total, three surveys were conducted in the same area. Each employed a specific tool for mapping 

the magnetic field. GEM System GSM-19T, Honeywell HMR-2300 and a UAV-mounted HMR-2300 

were used. There was a susceptible pipe beneath the subsurface of the survey area. It was expected to 

show an anomaly on horizontal gradient maps. 

Comparing the results from terrestrial and UAV-based surveys, promising outcomes were concluded. 

As a prototype, the modified DJI phantom 2+ performed magnetic surveys and was able to communicate 

with the base station laptop at all times. Transmitting data to the ground station was done without 

problems and georeferencing processes and calculations were done properly with the use of the 

microcontroller circuit. The interpolated data showed a correlation between acquired data from all three 

surveys. This proves that even a simple UAV magnetometer system can conduct surveys to map the 

magnetic field in order to detect buried infrastructure. Employing a more sensitive magnetometer results 

in more accurate data, but also requires a more powerful UAV platform. However, as it will be discussed 

in chapter 4, the magnetic signature of the UAV should be considered as an important factor (Parvar et 

al., 2015, Sterligov et al., 2016). This is even more important if the magnetometer is more accurate and 

sensitive to the magnetic field generated by the UAV. 

Overall, the following considerations should be taken into account before building and operating a 

UAV magnetometer system. These are recommendations for future research. 

1. To choose the sensor type according to the target susceptibility and depth. Forward modelling for 

the expected signal strength is strongly recommended. 

2. Know the specifications of the magnetometer. The accuracy and sensitivity of the magnetometer 

plays a key role in signal and noise detection and must be evaluated before each survey, best with 

an instrument of higher sensitivity. 
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3. To perform calibrations prior to flight. These calibrations are similar to the ones done prior to 

traditional airborne magnetic surveys. i.e. “Clover-leaf”, “Figure-of-merit” (Reeves, 2005, Teskey 

et al., 1991). 

4. To monitor the noise level of the acquired data. One of the methods which is used in this research 

is the 4th difference (Teskey et al., 1991).  
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Chapter 4 

Magnetic Signature of the UAV 

 

Magnetic signature of the sensor platform has always played an important role in aeromagnetic 

surveys. Attenuating the aircraft magnetic signature during data acquisition or removing it afterwards has 

always been one of the key concerns of airborne geophysicists. The airframes of modern aircrafts are 

primarily made from aluminum alloys which are non-magnetic or exhibit a very low magnetic 

susceptibility. The main magnetic sources are the motors. As a first approach, magnetometer sensors 

should be mounted as far away as possible from the aircraft, considering practical limitations. The earliest 

magnetometer configurations simply involved placing the sensor in a 'bird' which was towed behind and 

below the aircraft to reduce the magnetic effect by simply increasing the distance as much as possible 

(Reeves, 2005). With UAVs starting to conduct magnetic mapping surveys, there was a need to produce a 

Non-magnetic Unmanned Aerial Platform (NUAP). Sterligov et al. (2016) evaluated the existing UAV 

platforms and started building new ones focusing on minimizing the magnetic signature of the UAV. In 

this chapter the research is focused on measuring and analyzing the magnetic signature of the two UAVs. 

This chapter attempts to characterize the static and dynamic magnetic signature produced by UAVs. The 

results are used to determine best practises for magnetometers to be mounted and UAV platforms.  

The UAVs studied for the magnetic signature are: (1) DJI Phantom 2+ and (2) DJI S900.  

 

4.1 Magnetic Signature on Airborne Surveys 

In all airborne surveys, the magnetic field is measured by a magnetometer while the aircraft is flying. 

The aircraft itself is made of materials which are susceptible enough to create a notable change in the 
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surrounding magnetic field and therefore, these materials might create a measurable signal in the 

magnetometer. Additionally, the aircraft components and electrical circuits cause an unwanted effect on 

the measuring process by creating eddy currents and also by inducing magnetic fields. Also, the Earth’s 

magnetic field is strong enough to induce a magnetic field in the aircraft components and therefore create 

additional effects. The induction effects of the Earth’ magnetic field are more noticeable when the 

direction of the flight is changing (Reeves, 2005) 

 Even in ship-borne magnetometry the magnetic signature of the ship plays an important role and 

understanding it is a key component of the related projects and surveys. Research done by Hrvoic (2014) 

clearly illustrates the importance of such impacts and some options to mitigate it in Autonomous 

Underwater Vehicle (AUV)s. 

 As aforementioned, earliest magnetometer configurations employed sensors that were simply carried 

by an airplane or a helicopter. The sensor is housed in a container suspended underneath the aircraft, 

called ‘bird’. Even in recent years this method is considered a reliable approach in operating geomagnetic 

surveys. GEM Systems has recently developed an all-in-one magnetic bird (named AIRBIRD) which can 

be carried by a manned or unmanned airborne system (GEM Systems, 2016). Apart from being an 

inelegant arrangement for fixed-wing aircraft, bird operations have potential dangers and additional 

sources of noise and error are evident through manoeuvring of the bird itself during flight. Some 

techniques are employing the inboard installations for doing such surveys and are avoiding the use of 

suspended sensors from the aircraft (Hardwick, 1984).  

This study divides the magnetic signature of the aircraft into two main subgroups: Static and Dynamic 

effects (Figure 4.1). 
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4.1.1 Static Impact 

As it was mentioned above, the aircraft components may have a stable permanent magnetic field, 

which is generally created by the susceptible materials used in the plane. This field is not changing with 

the changes in electrical currents or the speed of the aircraft. It is caused by non-induced sources and it 

can be easily measured at the distance of the sensor and then subtracted from the total measured values. 

Besides this, another main source of static impact is the effect of the D.C static currents which are 

inducing a magnetic field on the conductive parts and components of the aircraft. This static effect also 

can be mitigated by measurements and subtraction from the total sensed field of the sensor. However, 

usually it is preferred to simply mount the magnetometer further from any ferro-magnetic parts and D.C 

currents. 

Sensed signal by 
Sensor

Wanted Subsurface objects

Unwanted

Static impact
Proximity of sensor 
to on-board ferro 

magnetics

Dynamic impact

Magnetic field 
produced by varied 
electrical currents

Induction by 
secondary magnetic 

field 

Any changes in the  
magnetic flux

Figure 4.1: A chart which describes the complexity of the magnetic signature of a UAV on its 

surrounding. 
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4.1.2 Dynamic Impact 

The other sources of unwanted magnetic signals during an airborne survey are related to changes in 

the magnetic field of the aircraft. Dynamic impacts can be categorized as three main types: 

1. Induction of the magnetic field in any conductive part of the aircraft based on Lenz’s law produces 

a secondary field. This induction usually is a direct result of the changes in magnetic flux which is related 

to the heading changes of the aircraft. This effect can also occur as a result of the swinging of the sensor 

bird.  

2. The same process is happening with the field induced by the unstable magnetic field of the engines 

and the other changing fields and currents. This includes eddy currents in the airframe. Pitch, yaw and roll 

manoeuvres of the aircraft can also have an impact on the measured field, since they are changing the 

heading of the aircraft by changing the orientation. 

As for mitigating static signatures, by placing coils which are producing the same field as the eddy 

currents near the sensor, the effect of these currents can be mitigated. Placing highly-permeable materials 

beside at a certain distance resolves the problems with induced currents. Having a static magnetic field 

produced by a known and controlled magnetic field can also filter out the static impact produced by the 

aircraft (Reeves, 2005). 

The complexity of the dynamic impacts of the aircraft makes them almost impossible to model. As 

there are many potential sources of such impact, having a model which is accurate enough seems to be a 

challenging task. However, measuring these effects with other sensors and monitoring all variables of the 

survey in real-time is a reasonable approach to pre-process the magnetic data. More recently, active 

magnetic compensators have been developed to address these problems 'on-line' during survey flight 

(Sterligov, 2016). 
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Active magnetic compensation is another approach to remedy the unwanted effects of any external 

magnetic field. The procedure however is time intensive. The aircraft flies as the effects of the heading 

and manoeuvres are recorded by 3 axis magnetometers. These results then can be subtracted from the 

measured field and compensate the unwanted effects. Employing machine learning algorithms to detect 

the structure of signal and to label wanted and unwanted parts of signal help to characterize different parts 

of the signal. Figure 4.2 indicates that although the effect of manoeuvres are up to 10 nT, mitigating it 

with automatic and compensation method results in a better output signal (Reeves, 2005). 

 

Both dynamic and static impacts affect the signal recorded by the magnetometer. They can be either 

continuous or discontinuous (Cunningham, 2016). Discontinuous impact can occur in case the aircraft 

flies over powerlines or cultural noise sources. This impact is also expected as a result of a sudden event 

such as a lightning strike or crew activity in the plane. Discontinuous impact can be removed manually or 

Figure 4.2: Measured field while yaw, pith and roll manoeuvres are carried out vs the 

same signal after applying the compensation procedure (Reeves, 2005). 
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by the use of non-linear filters (Reeves, 2005). Continuous impact on the other hand; occurs by 

continuous spins of the motors, flight turbulent and other sources of oscillation (Cunningham, 2016). The 

impact level also rises and falls with changes in the aircraft direction, wind speed, motors spinning rate, 

etc.  

A method of monitoring the continuous impact is to use 4th difference of the readings (Teskey et al., 

1991). This value can be calculated for each point by using Eq 4.1. 

4𝑡ℎ 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑇−2 − 4𝑇−1+6𝑇0 − 4𝑇1 + 𝑇2

16
 

Eq 4.1 

Where Tx is the observed field on the xth fiducial in respect to the T0. By plotting the 4th difference as 

a function of fiducial or distance, this can be used to monitor the unwanted signals. “Spikes, DC level 

shifts and other extraneous effects are also readily apparent to the survey operator in an on-line 

presentation of the fourth-difference.”(Reeves, 2005). The acceptable noise envelope for a commercial 

airborne magnetic survey in Canada according to Coyle et al. (2014) & Cunningham (2016) is 0.1 nT in 

amplitude (±0.05 nT). 

4.2 Magnetic Signature of UAVs 

With everything mentioned above for airborne surveys, the same challenges are foreseeable for UAV 

surveys. This part of the thesis tries to shed more light on magnetic effects of UAV platforms. To make 

sure that surveys are carried out with minimal impact, understanding the magnetic field produced by the 

UAVs is necessary. The UAVs used in this research have electric motors and to gain the required thrust, 

they need to derive a significant current out of the power source. With variable currents leading to 

variable magnetic fields, it is necessary to map the magnetic signature of the UAV through time. To 

compete with traditional aeromagnetic and ground systems, the UAVs should be characterized by 

corresponding magnetic error of the survey. For a traditional aerial survey, this error does not exceed 2 nT 
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(Sterligov et al., 2016). Some comparisons are done by Samson et al. (2010) and Caron et al. (2013) using 

Carleton University’s UAV, and its prototype. However mapping the field around the UAV seems to be a 

new approach to improve the surveys done by UAVs. 

This part of the research focuses on the measurement procedures of the magnetic field produced by 

the UAVs and focuses on mapping the magnetic field around UAVs. The magnetic field around the 

prototype we built in Chapter 3 was our first target in mapping the UAVs field. As a part of the feasibility 

study, knowing the proper place to mount the HMR-2300 digital magnetometer was a key fact and was 

done prior to the first flight mentioned in Chapter 3. Additionally, the same procedure was applied to DJI 

S900, the platform to be developed for further surveys and research. To accomplish this task we designed 

a micro-scale survey for each of the UAVs in order to interpolate the magnetic field around them in 3D 

and 2D. The measurements were taken by an HMR-2300 fluxgate magnetometer and the results were 

interpolated using Geosoft Oasis Montaj 8.5 software in the Voxel module. 

 

4.2.1 DJI Phantom 2+ Prototype 

The goal was to design a platform capable of having an adjustable elevation relative to ground and to 

the UAV. A plastic surface was chosen to make a survey platform to conduct the micro-surveys below the 

UAV. The UAV itself was suspended above the platform at a constant height during the survey on each 

level. As operational current varies, the magnetic field originating from the UAV will also vary. This can 

influence the grid size chosen for a survey of this type. A grid spacing of 100x100x100 mm was selected 

to optimize data density and survey time. This spacing also facilitated the visualization of the results for 

viewing in Oasis Montaj 8.5. The lowest elevation to be measured should be sufficiently separated from 

the UAV to see where the UAV effect becomes small enough to be considered negligible. Figure 4.3 

shows a plan view of the survey grid, the platform elevations, and location of the platform and UAV 
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relative to each other. Figure 4.4 shows the orientation of the magnetometer maintained throughout the 

survey at each point of measurement and the orientation of the platform relative to the north. 

  

 

Figure 4.3: Above: Survey platform plan 

view, Below: Survey platform side view.  

 

Figure 4.4: HMR-2300 orientation. 
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The platform, upon which the magnetic field is measured, was carefully steadied and oriented for all 

measurements to ensure accuracy and precision of measurements. Figure 4.5 displays the plastic platform 

suspended by rope with a large piece of paper for the grid. The UAV was also suspended above the 

platform, but it was not moving. 

 

 

Figure 4.5: Survey platform components. 
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To see the full effect of the UAV, two sets of observations carried out. Once with the turned-off UAV 

suspended above the platform, and once with it turned on. Keeping that in mind that the rotors should 

spin with their full speed to measure the field in the highest magnetic signature of the UAV. By 

subtracting these two values, the UAV’s motor effect is visible and used to construct a 3D representation 

without the magnetic effects of the surrounding.  

Figure 4.6: All measured levels at 50 mm, 150 mm, 250 mm, and 350 mm 

below the UAV. The values shown represent the magnetic field differences 

between the turned-off UAV and the turned-on UAV. Values are showing 

TMI. 
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(a) 

 

Figure 4.7: The TMI of the UAV. Values with the turned off UAV are subtracted from the values recorded 

while the UAV was on and the rotors were spinning with maximum thrust. (a): At 50 mm below UAV, (b): At 

150 mm below UAV, (c): At 350 mm below UAV. The location of the DJI Phantom 2+ and its orientation 

relative to the grid is shown with an X. UAVs front side is shown with an arrow. 

(b) 

(c) 
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After taking the measurements from all levels, and after calculating the actual field measurements in nT, 

using Eq 3.1 we plotted the results using Geosoft Oasis Montaj. Both 3D Voxel and 2D plan views were 

interpolated in order to see the effect of the turned-on UAV. The grids and voxels of the turned off mode 

then were subtracted from the turned-on observations to calculate the effect of the turned on UAV at each 

level. This was done with the voxel math feature in Geosoft Oasis Montaj 8.5. Results are shown in 

Figure 4.6 and Figure 4.7. These grids were created by Minimum Curvature method with grid step of 33 

mm. Observations are indicating that at the level of 300 mm, there is still a signature of 14-19 nT. The 

magnetic field strength decays with distance in the order of 1/r3, where r is the distance to the magnetic 

dipole (Hinze et al., 2013). Assuming that the dipole caused by the UAV has the observed strength of 35 

nT (±17.5 nT), following decay plot can be calculated. 

Looking at the rate of changes on vertical axis reveals that hanging the HMR-2300 at 2500 mm below 

the UAV (as it was described in Chapter 3) reduces the impact of the UAV significantly. At 250 mm 

below the UAV the signature is below 0.1 nT for the dipole created by the UAV. The cross section of the 

Voxel created by Oasis Montaj 8.5 is also shown in Figure 4.8 indicating the round shape field created by 

the motors while they are turned on. This Voxel was created with Kriging gridding method and with 

spherical variogram. Nugget factor was set to 0 and cell size was 12 mm. The main impact is at levels 200 
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mm and above which creates a 310 nT gradient in the field. After 350 mm below the UAV, the magnetic 

signature of the UAV is less than 18 nT. 

 

 

 

 

 

 

 

Figure 4.8: Cross section of the Voxel created by combining all the grids shown in Figure 4.6. Note 

the changes in the magnetic field at 200 mm below the UAV. 
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4.2.2 DJI S900 

 

To gain a better understanding of the magnetic field created by the UAV, and also to optimize the best 

place to hang the GSMP-35A magnetometer, we conducted another micro survey. With DJI S900 we 

were expecting a higher magnetic signature, thus we measured over a larger volume around the UAV. 

However, this method may not give a representative response for the changes in yaw, pitch and roll 

manoeuvres since the UAV is not moving. 

A grid with the size of 3000 mm x 3000 mm was designed below the UAV. The UAV was hanged by a 

tree at an elevation of 3 metres above the ground. Because of the sensitivity of the surveys and due to the 

need for a high resolution survey, all the positions were confirmed with a laser metre to ensure the 

Figure 4.9: The DJI S900 with all the instruments on board, hanged on a tree at the height of 3 metres 

above ground. The edges of the 3000 mm x 3000 mm survey are indicated by red flags. All measurement 

locations were surveyed with a laser distance meter.  
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accuracy of the design. A HMR-2300 magnetometer was used to perform the survey in Kingston’s City 

Park. Figure 4.9 shows the hanged UAV and the surveys area below it. A HMR-2300 fluxgate 

magnetometer was mounted on an adjustable pole, which was held vertical and measurements were taken 

every 40 cm in elevation. Figure 4.10 shows the device which was built by the team in order to measure 

the field produced by the UAV. The system has an R/F serial transmitter and a microcontroller unit to 

send the data to a close-by computer wirelessly and without any cable-related issues. 

 

 

 

Figure 4.10: Right: HMR-2300 fluxgate magnetometer mounted on the adjustable pole. There is a 

hole at every 40 cm for keeping the levels during each survey. The magnetometer is far enough 

from the instruments and the microcontroller unit to prevent noise from the circuit. Left: The data 

acquisition which was done outside on a 3000 mm x 3000 mm micro-grid at 4 levels. 
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Measurements were taken with a line spacing of 200 mm and on 4 different levels: 400, 800, 1200, 

1600 mm below the UAV, for both UAV on and off. This resulted in 2048 individual measurements. 

After finishing the data acquisition process, the data were gridded using Geosoft Oasis Montaj 8.5. The 

gridding method used was minimum curvature and the cell size was set to 33mm. The results for 3 

Figure 4.11: The magnetic signature of the DJI S900 UAV. Values with the turned off UAV are 

subtracted from the values recorded while the UAV was on and the rotors were spinning with 

maximum RPM. (a): At 400 mm below UAV, (b): At 1200 mm below UAV, (c): At 1600 mm 

below UAV. The hexacopter location and its orientation relative to the grid is shown with a 

symbol. 

(a) 

 

(b) 

 

(c) 
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different levels are shown in Figure 4.11. A closer look reveals that the dipole effect of the engines is still 

11 nT even after getting as far as 1600 mm from the UAV. With applying the same procedure according 

to magnetic potential theory, assuming that the dipole created by the UAV is 9 nT (±4.5nT) at 1600 mm 

below the UAV, following decay plot can be generated. 

The plot illustrates that even at the distance of 3100 metres below the UAV, there is still a notable 

expected signature of more than 1 nT. 

 Interpolating the data in a 3D Voxel using Geosoft Oasis Montaj 8.5 shows the field produced by the 

UAV.  Interpolation was done using kriging method and spherical variogram. The grid cell was set to 40 

mm and blanking distance was set to 12 mm to get the results shown in Figure 4.12. There is a high 

amplitude signal (350 nT) near (400 mm below) the UAV and closer to the 1600 mm level, it reduces to 

4.5 nT. Although according to the plot created before, it is recommended to put the magnetometer at 

distances further than 3000 mm to avoid unwanted magnetic effects. These results are the ones related to 

the general noise of the aircraft regardless of the direction of the UAV. Effects of manoeuvres such as 

yaw, pith and roll should also be analysed in future work (Sterligov et al., 2016 and Versteeg et al., 2007). 
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4.3 Summary 

Figure 4.12: A cross section of the 3D interpolation from the magnetic signature of DJI S900. 

Observations while the UAV was off are subtracted from the values for turned-on UAV. An impact as 

high as 350 nT is sensible at 400 mm below the UAV, but after a gradual change it reaches 4.5 nT at 

level of 1600 mm below the UAV. 



 

 

 

65 

By performing micro-surveys using a HMR-2300 fluxgate magnetometer, we mapped the magnetic 

signature of two UAVs. Dealing with dynamic impacts is more challenging and just measuring the field 

produced by them is not enough. The magnetic field is variable and especially in electrical-based UAVs it 

is more complex due to changes of the currents.  

In this chapter we simplified the problem by considering all impacts as one general static signal.  

For DJI Phantom 2+, 4 different measurements were taken at levels of 50 mm, 150 mm, 250 mm and 

350 mm below the UAV in on and off conditions. The results indicate that an impact as high as 300 nT in 

total field is detectable at the closest level to the UAV. This impact reduces by traveling further from the 

UAV and reaches ±17 nT at 35 cm below the UAV. 

For DJI S900, 4 different observations were made at 400, 800, 1200 and 1600 mm below the UAV in 

on and off conditions. The magnetic signature on the total sensed field at 400 mm is near 525 nT. This 

effect reduces to ±6 nT-12nT at 1600 mm below the UAV. 
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Chapter 5 

UAV Magnetic Surveys for Chromite Detection 

During the study period, UAV-based geomagnetic surveys were performed in Oman. They were 

conducted with financial and logistical support of Pioneer Exploration Consultant Ltd. and Queen’s 

University. These surveys played an important role for the evaluation of UAV magnetometry systems and 

thus added scientific value to this research. 

The data acquisition was conducted under my direct supervision during this research. The 

observations were filtered, interpolated and turned into maps using Geosoft Oasis Montaj 8.5.  

One of the Oman surveys which Pioneer Exploration Consultant Ltd. conducted in February of 2016 

is presented in this chapter. The ultimate goal for these surveys was to prospect for chromite and 

serpentinite mineralization in Omani ophiolites. 

The main objectives of this chapter are: 

1. To identify if magnetic surveys are applicable to chromite exploration. 

2. To evaluate Pioneer Exploration’s UAV-Mag system for chromite exploration and potential 

improvements. 

3. To perform a test UAV survey at different flight altitudes and observe the magnetic field over a 

known chromite outcrop to estimate the vertical magnetic gradient using three methods. 

 



 

 

 

67 

5.1 Oman Chromite 

Oman is a country in the Middle East located south of Iran and the Strait of Hurmuz. It has shared 

borders with Saudi Arabia and the United Arab Emirates. From a geological perspective, this country is 

well known for its ophiolite complex (Ali et al, 2013). From an economic geology point of view, 

ophiolites are important due to the presence of minerals such as chromite.  

The parts of an oceanic lithosphere obducted over a younger continental plate during an orogeny is 

called an ophiolite (Coleman, 1977). In fact, ophiolites are the direct result of the oceanic crust being 

lifted during the process of continental and oceanic plate collision.  

In the Oman ophiolitic complex, the following three types of chromite deposits are distinguishable 

according to their structural position (Augé, 1987): 

1. Cumulate sequence deposits in the form of stratiform, 

2. Top-mantle sequence deposits 

3. Deeper mantle deposits  

“In the ophiolite series of northern Oman numerous small and large elongated podiform chromite 

deposits occur within the peridotite complex at a certain level of 100-200 metres below the layered zone, 

which grades into the overlying gabbro complex” (Peters et al., 1974). Deposits which are economically 

considerable are in stratiform or tabular lenses (Ali et al., 2013). In Oman, the chromite deposits occur 

“mainly in the mantle sequence comprising harzburgite and dunite” (Ali et al., 2013). A map of the 

geology in the mountainous regions of Oman is shown in Figure 5.1. 
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Figure 5.1: Geology map of the mountains of Oman (from Burg, 2015). The 

approximate location of the study site is shown with an arrow. 
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Chromite, as a mineral is not ferro-magnetic and the magnetic susceptibility associated with it is in 

the range of 2 × 10−7to 1.9 × 10−3 in SI units. However, in nature, chromite with this susceptibility 

range is not common and the expected range is rather 2 × 10−7 to 2.5 × 10−5 in SI units (Allen et al., 

2001). The chromite found in ophiolites in Oman has larger values in susceptibility (Ali et al., 2013). 

Studies have shown that chromite found in ophiolites in Oman has a notable susceptibility which makes it 

detectable by magnetic surveys (Ali et al., 2013). However, other studies such as Gunn (1997), Yungul 

(1956) and Wynn et al. (1984) related serpentinite concentrations to the susceptibility of chromite 

samples. The values of  3.1 × 10−4 to 3.7 × 10−4 in SI units are the measured values for the 

susceptibility of Omani chromite samples (Rais et al., 1997). Hence, detecting serpentinite related to 

chromite deposits is the most likely exploration target for magnetometry. 

 

5.2 Applicability of Magnetic Surveys for Chromite Exploration 

 

Chromite has higher values in density, conductivity and lower values in susceptibility compared with 

the minerals which are in the host rock, including harzburgite and serpentinite. This creates magnetic, 

resistivity and gravity anomalies for mineral exploration purposes (Ali et al., 2013). Other studies also 

indicate that magnetic surveys can be employed as a useful tool to detect chromite deposits. As an 

example, a number of magnetic surveys were conducted for chromite exploration in Turkey, Greece, 

Albania, Iran and former Yugoslavia (Kospiri et al., 1999, Gunn et al., 1997 & Shayestehfar et al., 2013).  

 According to Klichnikov et al. (1967), exploring chromite just relying on the magnetic method is 

not suggested. However, a high magnetic anomaly in a heavily serpentinized host rock is expected (Gunn 

et al., 1997). Also, serpentinization seems stronger near the chromite bodies (Yungul, 1956). Based on 

this, the serpentinized areas around chromite ore bodies can be located by anomalies in the total magnetic 
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intensity. Figure 5.2 illustrates the observed total magnetic intensity from serpentinite rich host rock 

around the chromite body in a survey done by Yungul (1956). Note that serpentinite is the host rock, but 

since serpentinization is stronger around the chromite body, it impacts the total field observations. The 

Figure 5.2: Vertical magnetic intensity profile over geological section (Yungul, 1956). The chromite 

body was discovered using magnetic surveys. Chromite mineralization is located in the serpentinite 

and peridotite hostrock. According to (Yungul, 1956 & Shayestehfar et al., 2013) serpentinite 

mineralization is more concentrated near chromite deposits. This causes a magnetic anomaly above 

chromite locations. Magnetic intensity is given in gamma. 
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deposit was discovered by gravity and magnetic surveys in 1941 (Yungul, 1956). Another study done by 

Wynn et al. (1984) disclosed the relationship between the amount of serpentinite and the susceptibility of 

the host rock. Samples collected from Josephine Peridotite located in northwestern California shows that 

susceptibility in chromite deposits is controlled by the amount of serpentinite and chromite percentage 

does not significantly affect susceptibility (Wynn et al., 1984). Figure 5.3 sheds more light on the 

relationship between serpentinite percentage, chromite percentage and the susceptibility of the rockmass. 

“Clearly, in exploration for chromite, magnetic surveying can play a role both in locating favourable host 

rocks and in identifying ore itself. However, mainly because of the magnetic nature of the local geological 

environment, magnetic data alone are not reliable and gravity data are normally also required” (Gunn, 

1997.  

Chromite-Dunite bodies are generally composed of 90 percent or more chromite, “usually in the form 

of grains or nodules packed together. The remaining interstitial material is derived from dunite but may 

be largerly serpentinized with a complex mineralogy dependent upon many different environmental 

factors” (Wynn et al., 1984).  

During the process of serpentinization of dunite, magnetite forms as thin rims around chromite grains 

and therefore raises the expected susceptibility (Layton-Matthews, 2001). Also, presence of brucite 

suggests the following reaction for serpentinization (Layton-Matthews, 2001): 

Olivine → Serpentinite → Magnetite → Brucite 

Presence of magnetite in the serpentinization process can be the main reason that serpentinite rich 

areas have higher magnetic susceptibility. This can be used as an exploration key for chromite bodies 

with serpentinized dunite hosted in Omani ophiolites. Figure 5.4 shows a cross section of a conceptual 

ophiolitic chromite deposit with dunite surrounding (Wynn et al, 1984).  
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Figure 5.3: Serpentine and chromite percentage vs. magnetic susceptibility of samples from 

Josephine Peridotite, California. The susceptibility is not a function of the chromite 

percentage, while serpentine percentage has a nearly exponential relationship with 

susceptibility. Modified after Wynn et al. (1984). 
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 Shayestehfar et al. (2013) studied chromite deposits in ophiolites in southern Iran and concluded 

that the magnetic method is a helpful tool in chromite exploration. High anomalies in total magnetic 

intensity are related to ultramafic bodies with a “high percentage of magnetite and serpentinite”. Faults 

and structural features intensify the serpentinization processes around the chromite bodies. Faulting and 

serpentinization is a direct result of the magmatogene fluids associated with the chromite itself 

(Shayestefar et al., 2013). The research in southern Iran revealed that the vertical gradient of the magnetic 

field correlates with the known outcrops and indices of chromite. 

Figure 5.4: Conceptual model of a ophiolitic chromite deposit (From Wynn et al., 1984) 
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Considering all the case studies which found magnetic surveys useful for chromite exploration, in 

February 2016, Pioneer Exploration Consultant Ltd. initiated UAV magnetic surveys in Oman. The 

principal geophysical sensors in Pioneer’s UAV-Mag™ system include a GEM Systems GSMP-35A high 

sensitivity potassium vapour magnetometer, a Novatel GPS positioning system, IMU, laser altimeter, 

multiplexor (MUX) data acquisition unit, and a UTC time synchronized base station GEM Systems GSM-

19T magnetometer. Raw streaming magnetometer data at a rate of 10 Hz, along with IMU, GPS and laser 

altimeter data was collected and stored on board the UAV, and retrieved post flight. Unfortunately, the 

data retrieved from the laser altimeter were not useable due to a system failure. The flight controller unit 

used is a DJI A2 controller and the flight programming and monitoring is done with a laptop or tablet PC 

ground station. Pioneer Exploration’s UAV-Mag™ system is shown in Figure 5.5.  

The data were examined for anomalies related to known ophiolite-hosted chromite deposits.  

During the surveys, chromite and serpentinite mineralization was observed within the survey area. The 

chromite mineralization was observable in stratiforms. Chromite deposits in the area had notable 

magnetic anomalies due to the presence of significant amount of serpentinite and magnetite. 
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Figure 5.5: Pioneer’s UAV-Mag™ system with suspended 

potassium vapour magnetometer at 3 metres below the 

UAV. 
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5.3 Survey Procedure and Data Acquisition 

 

Performing an initial survey over an unknown area for commercial purposes is a challenging task. 

Since applicability of UAV-based magnetic surveys in chromite exploration was not clear, a test survey 

was designed and conducted over a visible chromite outcrop.  

To complete the tests, two flight paths were programmed in an area with visible chromite outcrops, as 

well as serpentinite mineralization. Figure 5.6 shows a sketch of the geology of the area where the survey 

was conducted. The characteristic geological feature of the area consist of two major geological units: 

1. Quaternary alluviums. These are mostly related to the sediments deposited by surface waters. 

These units (yellow in Figure 5.6) were carried and deposited along the wadi in the area. 

2. Highly fractured ultramafic rocks. Most of these rocks are harzburgite-dunite units which are a 

characteristic rocks of Omani ophiolites (Searle, 1999).  
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 The survey was done over a flat area south of Muscat (Figure 5.1), thus the topography impact was 

negligible. However, having the laser altimeter data, especially for the flights closer to the surface helps 

to determine the possible topographic impacts in the magnetic observations. During this survey the data 

readings for the laser altimeter were not useable due to system failure.  

Figure 5.6: A sketch of the geology in the survey area. The landing/takeoff location is 

shown with a star. 
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 The diameter of chromite outcrop was approximately 30 metres and serpentinization was visible 

around the chromite outcrop (Figure 5.7). Although only three spots are shown in the map for serpentinite 

occurance, serpentinization was visible in fractures and veins across the region. 

The surveys were conducted at elevations of 20m and 60m above the landing zone (ALZ). 

Considering the outcrop width of approximately 50m, the line spacing for the survey was set to 30 metres. 

Each of the lines were 300 metres long and there were 9 lines for the whole survey. To fly perpendicular 

to the strike of the outcrop, the lines were planned with the orientation of SW-NE. The flight path is 

shown in Figure 5.8. The elevation of the landing zone is 745 metres Above Sea Level (ASL) according 

to the GPS associated with GEM systems GSMP-35A sensor with a Horizontal Dilution of Precision 

(HDOP) of 1.1. 

Figure 5.7: Serpentinization around the chromite outcrop. Fractures were filled 

with serpentinite and altered olivine. 
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 It is important to prevent the turning of the UAV affect the detection of the possible anomalous body.  

Based on this fact, the flight lines were programmed to cover the visible outcrop and a set distance 

Figure 5.8: Flight paths of the survey done at 20 and 60 metres Above the Landing Zone 

(ALZ). Both elevations have the same flight path. The landing/ take off location is shown with a 

star. The location of the chromite outcrop is shown with an ellipse.  Coordinates are removed 

intentionally. 
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beyond. 50 metres of extra flight line were added to make sure that the magnetic response of the outcrop 

is recorded properly, without interference of the turning UAV.  

In addition, the swinging of the sensor at the beginning of each line causes unwanted noise during 

turns. Swinging is significantly higher when the line spacing is less than 30 metres due to the acceleration 

caused by the change in flight direction. Parvar et al. (2015) show that the noise is associated with the 

swinging of the suspended magnetometer. The results shown in Figure 5.9 show a noticeable signal with 

an amplitude of 5.5 nT. The wavelength of the signal varies from 11.85 metres to 14.34 metres with a 

UAV velocity of 10 m/s. The wavelength is a function of the swinging period of the sensor, and therefore 

the acceleration of the aircraft at turns. Hence, the UAV velocity during the survey and at the turns is an 

important factor for limiting the noise caused by a swinging sensor. However, the mathematical 

relationship between the relevant parameters (velocity, line spacing and suspension length) are not clear 

at this point. Additionally, wind condition is a contributing factor to the swinging effect. Analyzing the 

relationship between the swinging period, velocity and the line spacing needs more surveys and 

experiments in the future.  

Mag1: Total Magnetic Intensity (nT)                        

MagY: The Y component of the magnetic compass  

Figure 5.9: Magnetic observations made by Parvar et al. (2015). The figure illustrates the changes 

in the total magnetic intensity (Mag1) and the readings of the compass magnetometer (MagY). 

Prior and after a noticeable change in direction (i.e. the end of each line) signals with a specific 

frequency are observed. 
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To prevent such features in the data, the following steps were taken into account prior to 

interpretation: 

1. Adjusting the velocity based on the line spacing. Real-time UAV monitoring and velocity 

adjustment during flights are suggested in order to detect and minimize the swinging effect.  

2. Using a firm and solid rod instead of a cable for suspending it below the UAV. The rod should be 

long enough to put the sensor away from the UAV magnetic signature. This is an effective 

procedure, if the rod does not interfere with UAV functionality, i.e. during landing or take off. 

3. Removing any possible swinging effect after data acquisition, e.g. through the use of non-linear 

filters (Geosoft, 2015). 

Linear-filters are available in Oasis Montaj and are designed to remove data points which are 

considered noise without affecting other data points, however, real signals could also be 

Figure 5.10: Total magnetic intensity of a profile recorded for test purposes. The 

horizontal axis shows the point numbers. Top: before applying any filters. Bottom: 

non-linear filter applied. This filter removes any spike wider than 7 fiducials and 

larger than 0.02 entire range. 
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interpreted as noise and be falsely removed. Geosoft (2015) describes the non-linear filter as 

follows: “The algorithm is 'non-linear' because it looks at each data point and decides if that data 

is noise or valid signal. If the point is noise, it is simply removed and replaced by an estimate 

based on surrounding data points, and parts of the data that are not considered noise are not 

modified at all. Linear filters, such as those used in BANDPASS, HIGHPASS and LOWPASS, 

lack such a decision capability and therefore modify all data.” The effect of non-linear filters in a 

previous test flight by Parvar et al. (2015) is shown in Figure 5.10. 

 Base station measurements were also recorded in order to perform diurnal corrections. The base 

station magnetometer was a GEM Systems GSM-19T proton precession magnetometer with synchronized 

UTC time. 

 The data string coming out of the UAV-Mag data acquisition system (GEM Systems LightMUX) has 

the following format: 

Time,Latitude,Longitude,UTMY,UTMX,Qual(sats_qual_hdop_undulation),GALT,ALT(m),Yaw,Pitch,

Roll,MagX,MagY,MagZ,AccelX,AccelY,AccelZ,GyroX,GyroY,GyroZ,,Mag1,SS1,L1 

Where GALT is the GPS altitude in metres, ALT is the laser altimeter data (real-time  Above Ground 

Level (AGL) elevation in metres), Yaw, Pitch and Roll are the rotation angles, MagX, MagY, MagZ, are 

the onboard compass values in percent, AccelX, Y and Z are accelerometer data in m/s2 and GyroX, 

GyroY and GyroZ are the gyroscope data. The observed magnetic field value is Mag1. SS1 is the signal 

quality factor and L1 is the lock indicator (GEM Systems, 2013). 

 For an alkali vapour magnetometer like GEM Systems GSMP-35A it is necessary to gain lock on the 

measurable field before starting data acquisition (GEM Systems, 2013). The magnetometer will scan the 

entire measureable range to detect its surrounding field and lock into that. For this to be done precisely, 

the sensor must meet two criteria:  
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i. The surrounding area must be magnetically stable. The temporal changes in the magnetic 

field should not exceed 50 nT/s (GEM Systems, 2013). 

ii. The sensor must be in a specific orientation with respect to the inclination of the magnetic 

field. According to GEM Systems (2013), an angle of 45˚ with respect to the field inclination 

is ideal. For this survey the inclination of the field during survey day according to IGRF was 

35.48˚. The sensor was set to a vertical position to maintain the lock on the signal. 

During the flights there are multiple factors which will lead to loss of lock. These factors according to 

GEM Systems (2013) and our experience in the field include: 

1. Flying at less than 10 metres AGL2 that will result in: 

i. Higher magnetic gradient which will astray the sensor while it is scanning the full 

measurable range. 

ii. Changes in the inclination of the field due to the proximity of the sensor to the source of 

the field.  

2. A sudden change in the orientation of the sensor e.g. by the end of each survey line when the 

UAV is turning. 

3. A sudden change in the magnetic field due to the high magnetic susceptibility of the anomalous 

body. 

 A sample of the locked and not-locked sensor readings along a line is shown in Figure 5.11. Note the 

not-locked observations at the end of each line with amplitudes exceeding 15000 nT. 

                                                      

2 Note that the optimum flight elevation AGL varies from terrain to terrain due to the difference in the magnetic 

response 
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5.4 Data Processing 

After finishing the data collection, the magnetic observations then were downloaded into a 

spreadsheet database. A total number of 19626 values were recorded for this survey which took just over 

30 minutes. These values include the measurements taken place when the UAV was still on the ground 

and before reaching the desired flight path. After removing those from the dataset, the null and unreadable 

data and the data with signal quality factor (SS1) of less than 99, 4934 and 4860 readings remained at 60 

and 20 metres Above the Landing Zone (ALZ), respectively. 

The complete flowchart of processes applied to the raw magnetic data is shown in Figure 5.12., 

details will be discussed later in this chapter. 
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Figure 5.11: The output of the sensor from the survey done by Parvar et al. (2015) for one 

survey flight consist of 7 lines. The sensor scans the entire measurable range to gain lock. 

The scannings on the left is linked to the observations while the UAV was on the ground. 

The mid-way scans are related to the turns at the end of each line. 
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Figure 5.12: The flowchart of the applied procedure to evaluate the multi-level observations. Eventually a 

comparison between three interpolated maps is done (all values are for 40 metres ALZ): 

1. Simple 1st vertical gradient 

2. Average upward continued vertical gradient  

3. Average observed vertical gradient 
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After applying the diurnal correction using the base station readings, the data are plotted on a same 

scale. All of the data are shown in Figure 5.13. As it is illustrated in the figure, the magnetometer does not 

have a lock to measure the total field at all times. It is also notable that the sensor has gained less lock at 

20 metres ALZ. As it was mentioned in section 5.3, flying closer to the surface will result in higher 

gradients and thus higher possibility of losing lock (Gem Systems, 2013). By using the L1 values from 

the data string coming out of the UAV acquisition system, the data can be filtered (Figure 5.14). The TMI 

values of 9 lines are illustrated at two levels. 29% and 20% of the readings were removed from the data at 

20m and 60m of elevation ALZ, respectively. The fact that the data has a better lock-to-no-lock-ratio at 

60 metres is an evidence of the ease of lock gaining further from the surface. 

Removing the readings during scan periods (i.e. by the end of each line) made the observed values in 

range of 43200-43400 nT. The maximum and minimum values at 20 metres are 43199 nT and 43386 nT 

and at 60 metres are 43218 nT and 43355 nT, respectively. The standard deviation at 20m is 42.7 nT and 

at 60m is 31.5 nT.  

a. 

Figure 5.13: Total magnetic intensity (TMI) of the observed values after diurnal correction based 

on the point number (fiducial) at: (a.) 20 metres and (b.) 60 metres ALZ. Units are in nT. Note 

that the sensor does not have lock at all times and the readings during scan period of the sensor 

must be removed. 

b. 
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Also, as it was expected, there was noise associated with the observations at the end of each line. The 

effect is visible in Figure 5.14. This noise is in addition to the noise of the instrument and the magnetic 

signature of the UAV. However, as it was explained before, this noise is likely caused by a swinging 

sensor and can be filtered using non-linear filters. 

To determine the noise level of the output data, the fourth difference method (Chapter 4) was applied 

to the data (Figure 5.14). The fourth difference values of the data acquired at 20m and 60m are shown in 

Figure 5.15. These values show that the noise level exceeds the accepted limits of ±0.05 nT for 

commercial airborne magnetic surveys based on Coyle et al. (2014) and Cunningham (2016).

Figure 5.14: Total magnetic intensity (TMI) of the observed values based on the fiducial 

after removing no-lock measurements: at (a.) 20 metres ALZ. (b.) at 60 metres ALZ. 

29% and 20% of the observations are filtered respectively. 

b. 

a. 
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a. 

Figure 5.15: Fourth difference noise levels (in nT) for the data collected at: (a.) 20m and (b.) 60 m ALZ. Both data sets exceed the limit of ±0.05 nT. 

b. 



 

 

 

89 

  The values are in range of -0.27 to 0.22 nT at 20 metres and -0.20 to 0.21 nT at 60 metres ALZ. 

The distribution of the fourth difference values is shown in Figure 5.16. The distribution charts reveal that 

at 20 metres and 60 metres, respectively, 13.7% and 11.8% of the data are not in the acceptable noise 

range of ±0.05 nT. This noisy data needs to be filtered before any interpretation to meet industry 

standards for airborne operations. However, due to the unique characteristics of UAV-based 

magnetometry and its differences with airborne magnetic surveys (i.e. the noise level and achievable 

spatial resolution), it is suggested to develop new standards for conducting such surveys.  

 The noise which is associated with the swinging affects the observations at the end and the 

beginning of each line. This is noticeable both in Figure 5.14 and Figure 5.15. As it was discussed earlier, 

this noise can be filtered using non-linear filters. Applying this filter with a window of 7 points with a 

threshold of 1% of the entire amplitude gets rid of the unconformities with the wavelength lower than 7 

points of fiducial. This process was done with NLFILT GX in Geosoft Oasis Montaj 8.5 (Geosoft, 2015). 

The target for the survey has a diameter of approximately 30 metres. The 7 points of data as a filter width 

for noise detection parameter results in a resolvability of 5 metres. Any data with wavelength shorter than 

5 metres and an amplitude higher than 1% of the total amplitude considers as noise. Therefore, choosing 

this filter width does not affect the detection of the expected anomaly (about 30 metres) in the TMI 

observations. 
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TMI values prior and after applying non-linear filter are shown in Figure 5.17.

Figure 5.16: Histogram of distribution and statistical details of the outcome from the fourth difference method applied 

to the observations at 20 metres (Top), and at 60 metres (Bottom) AGL. 
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20 metres ALZ 

Figure 5.17: Total Magnetic Intensity of the observed values at: (a.) 20 metres ALZ, (b.) 60 metres ALZ. 

TMI of the same observations after applying non-linear filter is also shown in figures (b.) and (d.). Note the 

swinging effect by the end and the beginning of each line. 

a. 

b. 

c. 

d. 

After 

After 

Before 
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60 metres ALZ 
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Applying the 4th difference method to the profiles in Figure 5.17 results in the values shown in 

Figure 5.18. 4th difference values prior and after applying non-linear filter are shown in the figure.  The 

non-linear filter has removed the noisy parts from the end of each line. The filtered plots in Figure 5.17 

are smoother and swinging effects are no longer apparent. After filtering, only 0.5% and 0.1% of the data 

are not within the acceptable window of 0.05 nT at 20 metres and 60 metres ALZ, respectivel
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Figure 5.18: Fourth difference noise levels for the data collected at: (a,b) 20meters and (c,d) 60 metres ALZ. Before and after applying non-

linear filter. 
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Now that the data is filtered, it can be plotted using Geosoft Oasis Montaj 8.5. The plotted data for 

both of the elevations are shown in Figure 5.19. 

The gridded data were interpolated using the minimum curvature method. Based on the adjustment 

which was made on the line spacing before (setting the line spacing to 30 metres), the grid cell size was 

set to 8 metres to make sure the signal associated with the outcrop is resolvable. The results for the 

interpolated Total Magnetic Intensity (TMI) are shown in Figure 5.20. Analyzing the resulting maps 

indicates that the anomaly of the chromite outcrop is detectable at 20 metres ALZ, but at 60m ALZ, when 

the magnetic intensity gets weaker, the anomaly is no longer visible. This is an indication for: 

 i. Low susceptibility gradient between the chromite body and the host rock. 

Figure 5.19: Total magnetic intensity (TMI) of the data plotted without interpolation. Observations from 60 

metres ALZ (left) and 20 metres ALZ (right) are shown. 
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 ii. Low-grade serpentinization.  

Additionally, there is another peak in the TMI signal on the north side of the grid which could be 

related to another concentration of serpentinization. This anomaly however wasn’t associated with surface 

features and thus couldn’t be proved without drilling or trenching. 

Applying the upward continuation filter to the interpolated data results in the maps shown in 

Figure 5.21. These figures show that the upward continued TMI is not a good representative of the actual 

measured values at 60 metres ALZ and is different both in spectral content and amplitude. To estimate an 

upward continuation uncertainty, the upward continued grid was subtracted from the observed one at 60 

m ALZ. The difference is shown as a percentage of the total amplitude of the TMI at 60 metres ALZ in 

Figure 5.22. The uncertainty associated with the upward continuation at some points is higher than 45% 

Figure 5.20: Total magnetic intensity map at 60 metres (left) and 20 metres ALZ (right). The chromite 

outcrop is shown with an ellipse. Note that the anomaly is not visible at elevation of 60 metres ALZ. The 

other notable anomaly is also shown with a circle.  
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of the total amplitude. The difference is more noticeable over the anomalous outcrop. As such, the 

upward continuation results in values which are not sensible at 60 metres ALZ. 
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Figure 5.21: Left: The observed TMI in nT at elevation of 60 metres ALZ. Right: TMI calculated from 

upward continuation by 40 metres of the data observed at 20 metres. The changes are higher over the 

chromite deposit. The histograms of TMI distributions also reveals that the TMI calculated by upward 

continuation does not sense the same signals at 60 metres. 
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Figure 5.22: Percentage of the differences between observed field and the calculated field at 60 

metres ALZ with respect to the observed TMI. The uncertainty level exceeds 45% over the 

anomalous area. Anomalous area over the visible outcrop is shown with an ellipse.  

Percentage of Difference 
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With this information in mind we calculated the 1st vertical gradient of the TMI at an elevation of 40 

metres ALZ. To do so, three different methods were used, allowing us to choose the best approach for 

future surveys. The complete flowchart at the beginning of section 5.4 illustrates the procedure 

(Figure 5.12). These three methods are: 

1. Calculating the 1st vertical gradient of the TMI by applying vertical gradient filter through 

Geosoft Oasis Montaj 8.5. This process uses a Fast Fourier Transform (FFT) applied to the TMI 

values observed at 20 metres (Geosoft, 2013). The process results in the 1st vertical gradient at 20 

metres. Applying upward continuation filter of 20 metres to this gradient, results in the 1st vertical 

gradient at 40 metres. Simple 1st vertical gradient is the term which is being used (Figure 5.12, 

cyan colour). 

2. Calculating the 1st vertical gradient of TMI by subtracting upward continued values at 60 

(Figure 5.21, right) from the observed values at 20 metres ALZ (Figure 5.20, right). Dividing the 

difference values by 40 metres results in the average upward continued vertical gradient at 40 

metres ALZ. This gradient is shown in Figure 5.12 in orange colour. 

3. Calculating the 1st vertical gradient of TMI by subtracting observed values at 60 metres 

(Figure 5.20, left) from the observed values at 20 metres ALZ (Figure 5.20, right). The difference 

was divided by the 40 metres elevation difference to obtain the average observed vertical 

gradient at 40 metres ALZ. This gradient is shown in Figure 5.12 in purple colour. 

Based on the above, all three gradients were calculated and plotted in Figure 5.23. The results show 

that continuation filters cannot fully replace the measured field for vertical gradient calculation. The total 

vertical gradient (range of the gradient) in the average observed vertical gradient map (Figure 5.23.b) is 

4.747 nT/m while the average upward continued vertical gradient (Figure 5.23.a) is 5.401 nT/m. 

Another look at the statistical analyses of the gradients reveals that the maximum value of the average 
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observed vertical gradient (Figure 5.23.b) is 0.813 nT/m higher than the average upward continued 

vertical gradient. The other important statistical parameter is the skewness factor. By using upward 

continuation filters to derive the gradient, the gradient dataset is normalized. That is mostly because both 

datasets are from one origin and that is the observation at 20 metres ALZ. For this reason, average 

upward continued vertical gradient may not be a good representative of the actual gradient. On the 

other hand using two measured signals will result in a better representation, but it is not necessarily 

normalized. The skewness factor is 0.7082 in average observed vertical gradient and 0.1581 in average 

upward continued vertical gradient. More statistical details are listed in Figure 5.23. 

We calculated the vertical gradient (Bzz) with inverse Fast Fourier Transform (FFTs) through Geosoft 

Oasis Montaj 8.5. The observations from 20 metres were then upward continued to 40 metres to produce 

the simple 1st vertical gradient (Figure 5.23.c). Compared with the gradients derived earlier, this 

gradient shows lower average amplitude of 2.74 nT/m, which makes the anomaly harder to detect. In 

other words, without knowing about the borders of the anomalous body, it is significantly more 

challenging to distinguish it from the background signal. Figure 5.23 c. illustrates that the anomalous area 

due to the presence of serpentinite rich rock is detectable, although it does not provide details. 

To better demonstrate the variance between different methods of deriving the gradient, the vertical 

gradients have been plotted for each of the maps in Figure 5.23 along the A-A’ profile. For a better view 

and comparison, the error level from Figure 5.22 is also shown (Figure 5.24). All the values are plotted on 

a same vertical and horizontal scale along a 250 metres profile which has a SE-NW strike. A closer look 

at Figure 5.24 discloses the difference associated with different methods of gradient calculation. Note that 

the uncertainty associated with the upward continuation filter rises dramatically over the anomalous 

region and makes the average upward continued vertical gradient less reliable.
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a. b. 

Figure 5.23: Left: Average upward continued vertical gradient. 

Center: Average observed vertical gradient. Note the strength and the width of the signal associated with the anomalous area. 

Right: Simple 1st vertical gradient.  

All maps represent values at 40 metres ALZ. 
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Figure 5.24: Bottom: The comparison between the different gradients discussed along a 250 m profile of A-A’ (for location see Figure 

5.23). All values are at 40 metres ALZ. 

a. Average observed vertical gradient.  

b. Average upward continued vertical gradient. This is the gradient with some errors due to upward continuation uncertainty.  

c. Simple 1st vertical gradient 

Top: The percentage of the difference associated with the upward continuation filter. This plot is derived from the grid shown in 

Figure 5.22 along profile A-A’. 
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With the help of 3D gridding and use of VOXEL tools in Geosoft Oasis Montaj, it is also possible to 

generate 3D maps of the total magnetic intensity and all-directional gradients. A 3-D grid is derived by 

interpolating the points between multiple grids generated from observations on different elevations. Since 

the 3-D view shows changes in the field in all directions, it could be considered as a tool for further depth 

and susceptibility estimation and is a considerable source of information for forward and inversion 

modelling. Figure 5.26 shows the total magnetic intensity of the space between the two observations from 

a 3-D point of view. The space between the grids at 20m and 60m is interpolated with 3-D Kriging. 

Kriging parameters were set to default and are shown in Figure 5.25.  

Figure 5.25: 3-D Kriging parameters to generate a 

3-D view of the TMI. 
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 An estimated view of the topography could also be derived from the laser altimeter data which is 

mounted on Pioneer Exploration’s UAV-Mag system. However, this altimeter during this survey. Hence, 

here we use a flat topography for the visualization. 

 

  

Figure 5.26: TMI of the survey from a 3-D point of view. Terrain topography is 

assumed to be flat. The anomaly related to the chromite and serpentinite outcrop is 

shown with an ellipse.  

240m 300m 
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5.5 Summary 

 

Conducting several surveys and observing the magnetic field at multiple elevations above the ground 

level and comparing the observed values with the calculated ones, demonstrates the importance of using 

the multi-elevation surveys for detecting the magnetic field. Having an idea of the magnetic field in 3D 

makes it easy to have a more accurate gradient map in all directions without using continuation filters. 

Furthermore, comparing observations from different levels with the upward continued data, revealed the 

uncertainty associated with upward continuation. According to the results, this uncertainty exceeds 45%. 

Also, applying the 4th difference method revealed that the uncertainty level associated with Pioneer 

Exploration’s UAV-Mag is in range of -0.27 to 0.22 nT at 20 metres ALZ and -0.20 to 0.21nT at 60 

metres ALZ. These values are higher by the end of each line where is likely related to the swinging of the 

sensor below the UAV. 

Based on the outcome of the comparisons, using the upward continuation filter instead of direct 

observations has three main disadvantages: 

1. Higher uncertainty, especially over anomalous areas. 

Changes of up to 45% in respect to the range of the observed TMI leads to missing anomalies. 

2. Lower possibility of detecting high frequency features which are related to shallower 

susceptibility gradients. This will result in low resolution data. Applying upward continuation 

filters to data with lower resolution causes more uncertainty (Henderson, 1960). However, this 

issue in large-scale and/or well-covered areas is not noticeable. 
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3. Vertical gradient of the magnetic intensity is in direct relationship with the depth of the 

anomalous body. Therefore, any uncertainty in calculations (i.e. using upward continuation 

instead of direct measurements) can lead to miscalculations in depth estimation later on. 

 The susceptibility of the anomalous body is also a deciding factor. The error map will show higher 

values over the anomaly, if the upward level rises. 

UAV magnetometry using a multi-rotor UAV like Pioneer Exploration’s UAV-Mag system, detected 

the anomaly of a stratiform chromite body. This anomalous body was located in a hostrock rich in 

serpentinite and therefore was detectable with the magnetic method. This was because of the high 

susceptibility contrast between the chromite and serpentinite.  
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Chapter 6 

Conclusion 

The outcome of this research is focused on evaluating UAVs for the application of conducting 

magnetic surveys. These magnetic surveys are conducted to detect susceptible bodies in the subsurface 

i.e. mineral deposits or infrastructures such as pipelines. The applications mentioned in this research will 

permit future work concerning UAV magnetic surveys to be improved by considering factors such as the 

magnetic signature of the UAV and multi-level observations towards full tensor gradiometry. Evaluation 

of multiple unique UAV-magnetometer platforms revealed that for each specific target and survey, the 

UAV and the sensor type must be adjusted.   

6.1.1 Evaluation of UAVs for a Magnetic Survey 

In Chapter 3, the capability of a small UAV to perform magnetic surveys was proven. The aim was to 

design a prototype platform and system to determine the possibility of conducting magnetic surveys on a 

UAV platform. Comparing the UAV-based observations with a proton precession magnetometer over a 

known metalliferous pipe, demonstrated the feasibility of using a UAV platform for conducting magnetic 

surveys. Comparing the two results over the known anomaly proved the reliability of the flying platform 

in low altitudes of a few metres. The UAV-based data showed a gradient signal as high as 250 nT/m in 

the horizontal gradient maps. However, more sensitive sensors are needed to fly at higher levels and over 

less susceptible objects. These sensors are more expensive and heavier and require larger UAV payload as 

well. 
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6.1.2 Mapping the Magnetic Signature of UAVs 

In Chapter 4, the magnetic signature of the UAVs DJI Phantom 2+ and DJI S900 was mapped. The 

mapping was done by conducting multi-level micro-surveys around the UAVs. These surveys took place 

with the motors both on and off to determine how the UAVs affect the surrounding magnetic field. 

Understanding the signal impact from the drones is vital to calculating the best place for suspending the 

magnetometer under the UAV Platform. Analyzing the survey data disclosed that the impact of two 

UAVs (DJI Phantom 2+ and DJI S900) on their surrounding magnetic field is in the order of 300 nT. 

Since the UAVs used in this research are electric-based and normally use a current as high as 50 

Amperes, the magnetic signature is noticeable and in need of being considered. It has been concluded that 

conducting micro-surveys around UAVs are beneficial in determining the best place to mount or suspend 

a magnetometer.  

The two UAVs used in this experiment have a magnetic signature as high as 300 nT at a distance of 

50 centimetres. In this research, suspending the magnetic sensor at least 4 metres away from the DJI S900 

and at least 2.5 metres away from DJI Phantom2+ platforms was chosen as the best approach to mitigate 

the impact of the UAV. 

 

6.1.3 Conducting Multi-level UAV Magnetic Surveys for Chromite Exploration 

In Chapter 5, a multi-level UAV magnetic survey was conducted for chromite exploration. The aim of 

this exercise was to compare UAV magnetic surveys with airborne magnetic surveys conducted at 

commercial standards. First vertical gradients were calculated at 40 metres ALZ using 3 different 

methods. It was concluded that the uncertainty associated with the upward continued values is noticeable 
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and therefore could result in misinterpretation. The uncertainty associated with upward continuation 

exceeds 45% over a known chromite deposit in Oman. 

The other outcome of conducting the surveys over a known susceptible body was the analysis of the 

observations through the 4th difference method. Although the expected anomaly was detected by the UAV 

magnetometry system, the calculated 4th difference values exceed the standards of airborne magnetic 

surveys of 0.05 nT. To overcome this issue, it is recommended to conduct sensor calibration procedures 

and prevent the sensor from swinging back and forth in the air. Alternatively, data collected while the 

magnetometer was swinging must be discarded. 

Additionally, as expected, the signal to noise ratio at lower elevations was higher. According to the 

results, at 60 metres ALZ 11.8% and at 20 metres ALZ 13.7% of the recorded TMI exceeded the 

commercial standard error limits. 

 

 

6.1.4 Recommendations for Future Work 

The impact of the UAV on its surrounding magnetic field remains an important open-ended topic for 

future researches. Conducting multi-level magnetic micro-surveys such as the ones described in Chapter 4 

should be considered to map the effect of individual UAVs on its surroundings. 

The multi-level magnetic survey in Chapter 5, was conducted over a plain ground surface. Therefore, 

the magnetic effect of the topography was neglected during data processing. Future surveys must consider 

the topography, especially if the survey area consists of susceptible rock types and topographic features. 
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Using laser altimeters, sonar rangers and terrain-follower flight controllers as on-board tools for UAVs is 

strongly recommended. 

Swinging of the sensor has a noticeable effect on magnetometer reading if it is suspended below the 

UAV. This effect prevents the sensor from detecting signals in the order of 5-7 nT and the wavelength of 

3-5 metres when the velocity of the UAV is 10 m/s. To conduct future surveys over smaller targets (i.e. 

UXO), mitigating such effects will improve the efficiency of the UAV platform. Mounting IMUs and 

gyroscopes on the magnetometers cable to monitor swinging and its characteristic features will also help 

in understanding this effect better. Additionally, using a rigid rod to mount the magnetometer rather than 

suspending it on a cable below the UAV is suggested. Finally, machine learning algorithms are capable of 

detecting and labeling the signal associated with swinging effect. It is recommended to apply these 

techniques for future studies to salvage data at the start and end of survey lines. 

In summary, UAV magnetometry is not only feasible, but offers a number of interesting concepts 

which are applicable in mineral exploration. This research has advanced the integration of UAVs and 

magnetometers and improved our understanding of the advantages and limitations of using UAV as 

sensing platforms. UAV magnetometry is quickly becoming an operational geophysical survey technique. 

     



 

 

 

 

 

111 

References 

Agcos, W. (1955). Line spacing effect and determination of optimum spacing illustrated by 

Marmora, Ontario magnetic anomaly. Geophysics, vol.xx, No.4 (October 1955). 

Ali, M. and Jahangir Khan, M. (2013). Geophysical Hunt for Chromite in Ophiolite. Int. j. econ. environ. 

geol. Vol:4(2) 22-28, 2013 

Allen, N., R. (2001). The concept of magnetic mineral separation by particle rotation.  Magnetic and 

Electrical Separation, Vol. 11, No. 1-2, pp. 33-50 

Augé, T. (1987). Chromite deposits in the northern Oman ophiolite: Mineralogical constraints. 

Mineral. Deposita 22, 1-10 (1987) 

Aviv, G. (2008). SQUIDs-Superconducting Quantum Interference Devices. Department of Physics, 

Ben-Gurion University of the Negev, P.O. Box 653, Be'er-Sheva 84105, Israel 

Barnard, J. (2007). The use of Unmanned Air Vehicles in Exploration and Production Activities. 

Barnard Microsystems Limited, 134 Crouch Hill, London N8 9DX, U.K. 

Barrows, L. and Rocchio, J. E. (1990). Magnetic Surveying for Buried Metallic Objects. Reprinted 

paper from the summer 1990 Issue of Ground Water Monitoring Review 

Billings, S., Wright, D. (2009). Optimal Total-Field Magnetometer Configuration for Near-Surface 

Applications. Leading Edge, 28, 522–527. 

Brekhov, O., Tsvetkov, Y. (2016). Using data of gradient magnetic surveys at altitudes of 20-40 km 

for the analysis of map errors and models of the geomagnetic field. 41st COSPAR Scientific 

Assembly, abstracts from the meeting that was to be held 30 July - 7 August at the Istanbul 

Congress Center (ICC), Turkey, but was cancelled. See http://cospar2016.tubitak.gov.tr/en/, 

Abstract PSB.1-18-16. 

Burg, J.P. (2015).Oman: An Obduction Orogen. Structural Geology and Tectonics. ETH Zürich and 

Universität Zürich. Geologisches Institut Sonnegstrasse, 5,CH-8092, Zürich, Switzerland. 

Caron, R. M., Samson, C., Straznicky, P., Ferguson, S., and Sander, L. (2013). Aeromagnetic surveying 

using a simulated unmanned aircraft system. European Association of Geoscientists & 

Engineers, Geophysical Prospecting. 

Coleman, R. G. (1977). Ophiolites. Ancient Oceanic Lithosphere. ISBN 978-3-642-66673-5. 1977 

Springer publications. 



 

 

 

 

 

112 

Coyle, M., Dumont, R., Keating, P., Kiss, F. and Miles, W. (2014). Geological Survey of Canada 

Aeromagnetic Surveys: Design, Quality Assurance, and Data Dissemination. GEOLOGICAL 

SURVEY OF CANADA OPEN FILE 7 

Cunningham, Michael. (2016). Aeromagnetic surveying with unmanned aircraft systems. A thesis 

submitted to the Faculty of Graduate and Postdoctoral Affairs in partial fulfillment for the degree 

of Master of Science in Earth Sciences, Carleton University. Ottawa, Ontario. 

DJI. (2016). Dà-Jiāng Innovations Science and Technology Co., Ltd. www.dji.com 

Eck, C., Imbach, B. (2011). Aerial Magnetic Sensing With an UAV Helicopter. International Archives 

of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Vol. XXXVIII-1/C22. 

UAV-g 2011, Conference on Unmanned Aerial Vehicle in Geomatics, Zurich, Switzerland. 

Eppelbaum, L., Mishne, A. (2011).Unmanned Airborne Magnetic and VLF Investigations: Effective 

Geophysical Methodology for the Near Future. Positioning, 2011, 2, 112-133 

doi:10.4236/pos.2011.23012 Published Online August 2011 (http://www.SciRP.org/journal/pos) 

Funaki, M.; Group, A.; Milligan, P. (2016). Aeromagnetic Survey by Small Unmanned Aerial Vehicle 

with Magneto-Resistant Magnetometer at the northern Kalgoorlie area, Western Australia. 

American Geophysical Union, Fall Meeting 2006, abstract #GP43A-1012. 

GEM Systems. (2013). GSMP-35 manual v8.  

GEM Systems. (2014). User Manual of LightMUX. Revised 2.1 Oct, 2014 

GEM Systems. (2016). UAV Solutions Fixed-wing, Multicopter and Rotary-wing platforms 

featuring ultra-light Potassium Magnetometer.  Gem Systems brochure for newly developed 

GSM-35U. A potassium magnetometer developed for UAVs. (2016)  

Geosoft. (2015). Geosoft Oasis Montaj 8.5 Application © 2015 Geosoft Inc. 

Gunn, PJ., Dentith, M.E. (1997). Magnetic responses associated with mineral deposits. AGSO l ournal 

of Australian Geology & Geophysics, 17(2), 145-158.  

Hansen, R. (2007). Magnetic Survey Design. EDCON, PRJ, INC. 6900 W. JEFFERSON AVE. SUITE 

150, DENVER, COLOURADO 80325-2307 USA 

Hardwick, C. D. (1984). Non-oriented cesium sensors for airborne magnetometry and gradiometry. 

Article in Geophysics 49 · October 1984. DOI: 10.1190/1.1441613 

Harvey, A. S., Parvar, K., Peidou, A. C. (2014). UAV Geophysical Application: Magnetic Field 

Detection. Queens University, Department of Geological Sciences and Geological Engineering. 

Hashimoto, T., Takao Koyama, Takayuki Kaneko, Takao Ohminato, Takatoshi Yanagisawa, Mitsuhiro 

Yoshimoto, Eiichi Suzuki. (2014). Aeromagnetic survey using an unmanned autonomous 

http://www.dji.com/
https://www.researchgate.net/researcher/2024998557_C_D_Hardwick
https://www.researchgate.net/journal/0016-8033_Geophysics


 

 

 

 

 

113 

helicopter over Tarumae Volcano, northern Japan. Exploration Geophysics, 2014, 45, 37–

42.s 

Henderson, R.G. (1960). A comprehensive system of automatic computation in magnetic and gravity 

interpretation. Geophysics volume 25, issue 3 (June 1960). 

Hernandez-Palacios, J., L. L. Randeberg, I. J. Haug, I. Baarstad, T. Løke, T. Skauli. (2011). Low light 

hyperspectral imager for characterization of biological samples based on an sCMOS image 

sensor. SPIE 7891, Design and Quality for Biomedical Technologies IV, 78910V (February 22, 

2011). 

Hinze, W.J., Von Frese R.R.B., Saad, A.H. (2013). Gravity and Magnetic Exploration. Cambridge 

University Press. 

Hollos, S., Hollos, R. (2008). Signal from the subatomic world. How to build a proton precession 

magnetometer. Abrazol Publishing. An imprint of Exstrom Labratories LLC. 662 Nelson Park 

Drive, Longmont, CO 80503-7674 USA. 

Honeywell. (2012). A manual for 3 axis Smart Digital Magnetometer HMR2300. 

www.magneticsensors.com 

Hood, P., and Ward, S.H. (1969). Airborne geophysical methods. Adv. Geophysics., 13, 1–112. 

Hrvoic, D. (2014). High‐resolution near-shore geophysical survey using an Autonomous Underwater 

Vehicle (AUV) with integrated magnetometer and side-scan sonar. A Thesis Submitted to the 

School of Graduate Studies in Partial Fulfillment of the Requirements for the Degree Master of 

Science McMaster University. 

Hrvoic, I. (2011). Requirements for obtaining high accuracy with proton magnetometers. GEM 

Systems Inc., 2010-01-11. 

Ishiwatari, A. (2014). Introduction to ophiolites. Kanazawa University. Established 99/02/03, 

Revised 01/11/24. 

Klichnikov, V.A. & Segalovich, V.I. (1967). The application of geophysics to exploration for 

chromite and tungsten. In: Morley, L.M. (editor), Mining and groundwater geophysics/1967. 

Department of Energy, Mines and Resources, Canada, Economic Geology Report 26, 476-484. 

Koch, R.H., Deak, J.G., and Grinstein, G. (1999). Fundamental limits to magnetic field sensitivity of 

fluxgate magnetic field sensors. American Institute of Physics. 

Kospiri, A., Kosho, P. And Vukzaj, N. (1999). Case Histories of the Application of Geophysical 

Methods to Chromite Exploration in the Balkans, Second Balkan Geophysical Congress and 

Exhibition. 

http://library.seg.org/loi/gpysa7
http://library.seg.org/toc/gpysa7/25/3
http://www.magneticsensors.com/
http://www.gemsys.ca/pdf/Requirements_for_Obtaining_High_Accuracy_with_Proton_Magnetometers.pdf


 

 

 

 

 

114 

Koyama, T., Takayuki Kaneko, Takao Ohminato, Takatoshi Yanagisawa, Atsushi Watanabe, and Minoru 

Takeo. (2013). An aeromagnetic survey of Shinmoe-dake volcano, Kirishima, Japan, after 

the 2011 eruption using an unmanned autonomous helicopter. Earth Planets Space, 65, 657–

666. 

Layton-Matthews, .D, (2001). Metasomatism of ultramafic intrusion in the thompson nickel belt, 

Manitoba, Canada. A Thesis submitted in partial fulfillment of the requirement for the degree of 

Master of Science in Geology (M.Sc.) School of Graduate Studies Laurentian University Sudbury, 

Ontario. © DANIEL LAYTON-MATTHEWS, 2001 

Lin, Y., Hyyppä, J. and Jaakkola, A. (2011). Mini-UAV-Borne LIDAR for Fine-Scale Mapping. IEEE 

GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 8, NO. 3, MAY 2011. 

Logachev, A. A. (1936).The development and applications of airborne magnetometers in the 

U.S.S.R. Razvedka Nedr, No. ‘7, pp. 40-41, 1936. 

Microchip. (2006). PIC 18F2455/2550/4455/4550 Data Sheet. Microchip Technology Inc. (2006). 

Parvar, K., Braun, A. (2015). Detecting Buried Metallic Objects Using UAV‐mounted Magnetometer. 

The winner paper in GEM systems competition on “Studies in Magnetic Methods Contest”, 

Canada, 2015. 

Parvar, K., Braun, A., Burns, M. (2015). UAV magnetometry in Mineral Exploration and 

Infrastructure Detection. A poster presented at American Geophysical Union (AGU) fall 

meeting, San Francisco, 2015. 

Peters, T. J., Kramers, J. D. (1974). Chromite Deposits in the Ophiolite Complex of Northern Oman. 

Mineral. Deposita (Berl.) 9, 253--259 (1974) by Springer-Verlag 1974. 

Pioneer Exploration.(2016).Pioneer Exploration Consultant Ltd., Michael Burns (2016) 

Rais, A., Yousif, A. A., Worthing, M. A., A1-Alawi, Z. (1997). Magnetic susceptibilities of chromites 

from Oman. MINERALOGICAL MAGAZINE, OCTOBER 1997, VOL. 61, PP 726-728 

Reeves, C. (2005). Aeromagnetic Surveys Principles, Practice & Interpretation. An online book 

Published by Geosoft. 

Ripka, P. (1992).  Review of fluxgate sensors. Sensors and Actuators A, 33 (1992) 129- 141. 

Ripka, P. (2003). Advances in fluxgate sensors. Sensors and Actuators A 106 (2003) 8–14. 

Roberts, R.L., Hinze, W.J., and Leap, D.I. (1990). Data Enhancement Procedures on Magnetic Data 

from Landfill Investigations. Society of Exploration Geophysicists Investigations in Geophysics, 

Vol. 5, pp. 261–266. 



 

 

 

 

 

115 

Rystrom, V. L., Finn, C. A. and Deszcz-Pan, M. (1998). High Resolution, Low Altitude 

Aeromagnetic and Electromagnetic Survey of Mt Rainier. USGS Open-File-Report 00-027. 

Salem, A. and Ushijima, K. (2001).Automatic Detection of UXO from Airborne Magnetic Data Using 

a Neural Network. Subsurface Sensing Technologies and Applications Vol. 2, No. 3, July 2001 

(2001). 

Samson, C., Straznicky, P., Laliberté, J., Caron, R., Ferguson, S., Archer, R. (2010). Designing and 

building an unmanned aircraft system for aeromagnetic surveying. 2010 SEG Annual 

Meeting, 17-22 October, Denver, Colourado 

Schmidt, P.W., Clark, D.A. (2006). The magnetic gradient tensor: its properties and uses in source 

characterization. Leading Edge, 25, 75–78. 

Schultz, John. J. (2007). Detecting Buried Firearms Using Multiple Geophysical Technologies. A 

report provided by the author to U.S. Department of Justice. 

Searle, M., Cox, J. (1999). Tectonic setting, origin, and obduction of the Oman ophiolite. Department 

of Earth Sciences, Oxford University,. GSA Bulletin; January 1999; v. 111; no. 1; p. 104–122. 

Shayestehfar, M. R., Mohammadi, M., Rezaei, A., & Ranjbar, H. (2013). Chromite Exploration by 

Using the Airborne Magnetic Data Analysis of Abdasht, Esphandeghe, Kerman Provice. 

Scientific Quarterly Journal, GEOSCIENCES, Vol. 24, No. 94, Winter 2015.  

Siebert, S., Teizer J. (2014). Mobile 3D mapping for surveying earthwork projects using an 

Unmanned Aerial Vehicle (UAV) system. Automation in Construction, 41, (2014) 1–14. 

Sterligov, B. and Cherkasov, S. (2016). Reducing Magnetic Noise of an Unmanned Aerial Vehicle for 

High-Quality Magnetic Surveys. International Journal of Geophysics Volume 2016. 

Teskey, D. J., Barlow, R., Hood, P. J., Lefebvre, D., Paterson, N., Reford, M., Watson, D. (1991). Guide 

to Aeromagnetic Specifications and Contracts. Geological Survey of Canada, Open File 2349, 

1991; 93 pages, doi: 10.4095/131845 

Thurston, J.B., and Smith, R.S. (1997). Automatic conversion of magnetic data to depth, dip, and 

susceptibility contrast using the SPI (TM) method. Geophysics, 62, 807–813 

Transport Canada. (2016). Flight regulations for flying a drone for work or research. Government of 

Canada. http://www.tc.gc.ca/eng/civilaviation/standards/standards-4179.html 

Ublox. (2013). U-blox 6 Receiver Description Including Protocol Specification. www.u-blox.com 

Versteeg, R., McKay, M., Matt, A., Johnson, R., Selfridge, B., Bennett, J.(2007). Feasibility study for an 

Autonomous UAV -Magnetometer system. Idaho National Laboratory,Idaho Falls,ID,83415, 

November 2007 

http://www.tc.gc.ca/eng/civilaviation/standards/standards-4179.html


 

 

 

 

 

116 

Vince, D. (2014). Identification of UAV Platforms and Payloads for Mineral Exploration and 

Applications in the Oil and Gas Industry. International Journal of Unmanned UAVs & 

Payloads for Oil & Gas Industry Systems Engineering (IJUSEng), 2014, Vol. 2, No. 3. 

Wells, M. (2008). Attenuating Magnetic Interference in a UAV System. A Thesis submitted to the 

Faculty of Graduate Studies and Research in partial fulfilment of the requirements for the degree 

of Master of Applied Science Ottawa-Carleton Institute for Mechanical and Aerospace 

Engineering Department of Mechanical and Aerospace Engineering. Carleton University 

Ottawa. Ontario. Canada 2008. 

Winckler, J. P. (1960). Balloon Study of High-Altitude Radiations during the International 

Geophysical Year. Journal of GEOPHYSICAL RESEARCH Volume 65, May 1960. 

Wynn, J.C., Hasbrouck, W.P. (1984). Geological and Geophysical Studies of Chromite Deposits in the 

Josephine Peridotite, Northwestern California and Southwestern Oregon. Chapter4, 

Geophysical Studies of Chromite Deposits in the Josephine Peridotite of Northwestern 

California and Southwestern OregonA Magnetic Interpretation of the Josephine Peridotite, 

Del Norte County, California. U.S. Geological Survey Bulletin 1546-D 

Yungul, S., (1956). Prospecting for chromite with gravimeter and magnetometer over rugged 

topography in east Turkey. Geophysics, 21, 433-454. 

Zietz, I. (1982). Composite magnetic anomaly map of the United States; Part A, Conterminous 

United States, U.S. Geological Survey Geophysical Investigations Map GP–954–A, 59 p., 2 

sheets, scale 1:2,500,000. 

 



 

 

 

 

 

117 

Appendix A 

Circuit Schematic of the UAV Data Acquisition Unit  
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Appendix B 

PIC Basic Pro Script for Binary GPS Decoding 

 

 

'**************************************************************** 

'*  Name    : GPS_Final.BAS                                     * 

'*  Author  : Kiyavash Parvar                                   * 

'*  Notice  : Copyright (c) 2016 Kiyavash Parvar, Queen's Geophysics 

'*  Group All Rights Reserved                                   * 

'*  Date    : 5/19/2016                                         * 

'*  Version : 1.0                                               * 

'*  Notes   :                                                   * 

'*          :                                                   * 

'**************************************************************** 

 

 

 

 

   OSCCON= %11111111 

   ADCON1= %00001111 

   ADCON0= %11000000 

   CMCON= $07 

    

    

    

      DEFINE OSC 32 

      DEFINE DEBUGIN_REG PORTA 

      DEFINE DEBUGIN_BIT 0 

      DEFINE DEBUG_BAUD 115200 

      DEFINE DEBUGIN_MODE 0 

       

       TX_TTL VAR PORTA.3 

       RX_TTL VAR PORTA.4 

       

       TX_232 VAR PORTA.2 

       RX_232 VAR PORTA.1 

       

       LED VAR PORTC.6 

       LED2 VAR PORTC.7 

        

       I VAR BYTE[58] 

       TIME VAR BYTE[4] 

       LON VAR BYTE[4] 
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       LAT VAR BYTE[4] 

       ALT VAR BYTE[4] 

       REST VAR BYTE[40] 

       MASK VAR BYTE 

       TEMP1 VAR BYTE 

        

        

        

       X VAR BYTE[7]    

        

          

       

      MODET VAR WORD 

      MODER VAR WORD 

                       

      MODET = %0000000001010100 

      MODER = %0100000001010100             

       HIGH LED 

       HIGH LED2 

       PAUSE 500 

       LOW LED 

       LOW LED2 

       PAUSE 500 

       HIGH LED 

       HIGH LED2 

       PAUSE 500 

       LOW LED 

       LOW LED2 

       GOSUB RESET 

      START: 

      X=0 

       HIGH LED 

       PAUSE 5 

      

      SERIN2 RX_232,MODER,100,ErrorMag,[WAIT ($0D),STR X\28] 

      TEMP1 =0  

         

         

      

       

       

      DEBUGIN [WAIT($55,$AA,$10,$3A),STR TIME\4,STR LON\4,STR LAT\4,STR 

ALT\4,SKIP 39,MASK] 

       

        FOR TEMP1 = 0 TO 3 

            TIME[TEMP1]=TIME[TEMP1]^MASK 

            LON[TEMP1]=LON[TEMP1]^MASK 

            LAT[TEMP1]=LAT[TEMP1]^MASK 

            ALT[TEMP1]=ALT[TEMP1]^MASK 

            NEXT TEMP1 

             

             

      SEROUT2 TX_TTL,MODET,["Magnetic X,Y,Z: ",STR X\27,",,GPS TIME: "_ 
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        ,BIN8 TIME[0]," ",BIN8 TIME[1]," ",BIN8 TIME[2]," ",BIN8 TIME[3]," 

",",,GPS LONG: "_ 

        ,BIN8 LON[0]," ",BIN8 LON[1]," ",BIN8 LON[2]," ",BIN8 LON[3]," 

",",,GPS LAT:  "_ 

        ,BIN8 LAT[0]," ",BIN8 LAT[1]," ",BIN8 LAT[2]," ",BIN8 LAT[3]," 

",",,GPS ALT :"_ 

        ,BIN8 ALT[0]," ",BIN8 ALT[1]," ",BIN8 ALT[2]," ",BIN8 ALT[3]," 

",",,GPSMASK:  ",$0D,$0A] 

       PAUSE 10 

       LOW LED 

            

                                       

            GOTO START 

         

          END   

      ErrorGPS: 

          HIGH LED2 

          PAUSE 100 

          SEROUT2 TX_TTL,MODET,["Erorr GPS",$0A] 

         

          LOW LED2 

          PAUSE 50 

          GOTO START 

           

          

      ErrorMag: 

          HIGH LED2 

          PAUSE 100 

          SEROUT2 TX_TTL,MODET,["Erorr Magnetometer",$0A] 

          GOSUB RESET 

          LOW LED2 

          PAUSE 100 

          GOTO START 

           

      RESET: 

      SEROUT2 TX_232,MODER,["*99c",$0D]  

       RETURN 
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Appendix C 

PIC basic Pro Code for UAV Data Acquisition Unit 

 

'**************************************************************** 

'*  Name    : Ublox+Mag.BAS                                     * 

'*  Author  : Kiyavash Parvar                                   * 

'*  Notice  : Copyright (c) 2016 Kiyavash Parvar, Queen's Geophysics 

'*  Group All Rights Reserved                                   * 

'*  Date    : 5/19/2016                                         * 

'*  Version : 1.0                                               * 

'*  Notes   :                                                   * 

'*          :                                                   * 

'**************************************************************** 

 

 

   TRISC=  %00000000 

   OSCCON= %11111100 

   ADCON1= %00001111 

   ADCON0= %00000000 

   CMCON= $07 

   UCON=%00000000 

    

    

    

      DEFINE OSC 32 

      DEFINE DEBUGIN_REG PORTA 

      DEFINE DEBUGIN_BIT 0 

      DEFINE DEBUG_BAUD 115200 

      DEFINE DEBUGIN_MODE 1 

    

     

                       

   RXMAGFLUX VAR PORTA.1 

   GPS VAR PORTA.0 

 

   SDRX VAR PORTB.4 

   SDTX VAR PORTB.1 

   MAGGEM VAR PORTB.0 

    

   TX_TTL VAR PORTA.3 

   RX_TTL VAR PORTA.4 

    

        

   LED1 VAR PORTC.6 

   LED2 VAR PORTC.7 

    

    

    

   MODET VAR WORD 



 

 

 

 

 

122 

   MODER VAR WORD  

   MODEM VAR WORD 

    

   lon VAR BYTE[11] 

   lat VAR BYTE[10] 

    

   X VAR BYTE[30] 

   time VAR BYTE[9] 

   GEM VAR BYTE[11] 

     

   i VAR BYTE 

   j VAR BYTE 

   l VAR BYTE 

    

   SD1 VAR BYTE 

   GPS1 VAR BYTE 

   MAG1 VAR BYTE 

   MAG2 VAR BYTE  

   MODET = %0000000000000110 

   MODER = %0100000001010100 

   MODEM = %0100000000100000 

 

   HIGH LED1 

   HIGH LED2 

   PAUSE 500 

   LOW LED1 

   LOW LED2 

   PAUSE 500 

   HIGH LED1 

   HIGH LED2 

   PAUSE 500 

   LOW LED1 

   LOW LED2 

    

    j=0 

   PAUSE 8000  

   HIGH LED1 

   HIGH LED2 

   PAUSE 500 

   LOW LED1 

   LOW LED2 

   PAUSE 500 

   HIGH LED1 

   HIGH LED2 

   PAUSE 500 

   LOW LED1 

   LOW LED2 

   Start: 

    LOW LED1 

    LOW LED2 

     

    IF j=0 THEN 

    GOSUB GNSS 
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    GOSUB SD 

    GOSUB MAGA 

    GOSUB FLUX 

    ENDIF 

     

    IF MAG2=1 AND SD1=1 AND GPS1=1 THEN 

    j=1 

    ELSE 

    GOTO Start 

    ENDIF 

     

     

     

    GOSUB SD 

    GOSUB FLUX 

    GOSUB GNSS 

    GOSUB MAGA 

     

    IF MAG2=0 OR SD1=0 OR GPS1=0 THEN Start 

     

    SERIN2 RXMAGFLUX,MODER,[WAIT ($0D), STR X\28] 

    SERIN2 MAGGEM,MODEM,100,ERRORMAGA,[WAIT ($0D), SKIP 11,STR GEM\11] 

    DEBUGIN 500,ERRORGPS,[WAIT ("$GPRMC"),SKIP 1,STR time\9,SKIP 3,STR 

lat\11,SKIP 2, STR lon\12] 

     SEROUT2 TX_TTL,MODET,["ALKALI,",STR GEM\11,",Fluxxyz", STR 

X\27,"LAT,",STR lat\10,",","LON,",STR lon\11,",Time,",STR time\9,$0D] 

     SEROUT2 SDTX,MODET,["W 1 99",$0D] 

     SEROUT2 SDTX,MODET,["ALKALI,",STR GEM\11,",Fluxxyz", STR X\27,"LAT,",STR 

lat\10,",","LON,",STR lon\11,",Time,",STR time\9,$0D] 

     

     

    GOTO Start 

    

    

    

   SD: 

   l=0 

    

   HIGH LED1 

    

   IF j=0 THEN 

   SEROUT2 TX_TTL,MODET,["Checking SD",$0D] 

   ENDIF 

        SEROUT2 SDTX,MODET,[$0D] 

        SERIN2 SDRX,MODET,100,ERRORSD,[l] 

       ' serout2 tx_ttl,modet,["googooli",$0D] 

        IF l=$3E  AND j=0 THEN   

        SEROUT2 TX_TTL,MODET,["SD OK",$0D] 

        SD1=1 

        LOW LED1  

        SEROUT2 TX_TTL,MODET,["Creating file: ", STR time\9,$0D] 

        SEROUT2 SDTX,MODET,["O 1 A /Logs/",STR time\9,$0D,".log",$0D] 

        SEROUT2 TX_TTL,MODET,["File ", STR time\9," Created",$0D] 
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        PAUSE 500 

        elseif l=$3E AND j=1 THEN 

        RETURN 

        ELSE  

        GOTO ERRORSD 

        SD1=0 

        ENDIF 

         

   RETURN      

      

     GNSS: 

     i=0 

     HIGH LED1 

      

     IF j=0 THEN 

     SEROUT2 TX_TTL,MODET,["Checking GPS",$0D] 

     ENDIF 

     DEBUGIN 500,ERRORGPS,[i] 

        IF i<>0 AND j=0 THEN 

        SEROUT2 TX_TTL,MODET,["GPS OK",$0D] 

        GPS1=1 

        LOW LED1 

        DEBUGIN 100,ERRORGPS,[WAIT ("$GPRMC"),SKIP 1,STR time\9] 

        PAUSE 500 

        elseif i<>0 AND j=1 THEN 

        RETURN 

        ELSE  

        GOTO ERRORGPS 

        GPS1=0 

        ENDIF 

      

     RETURN 

     

     

   MAGA: 

    i=0 

     HIGH LED1 

      

     IF j=0 THEN 

     SEROUT2 TX_TTL,MODET,["Checking MAG GEM",$0D] 

     ENDIF 

     SERIN2 MAGGEM,MODEM,100,ERRORMAGA,[i] 

        IF i!=0 AND j=0 THEN 

        SEROUT2 TX_TTL,MODET,["MAG GEM OK",$0D] 

        MAG1=1 

        LOW LED1 

        PAUSE 500 

        elseif i!=0 AND j=1 THEN 

        RETURN 

        ELSE  

        GOTO ERRORMAGA 

        ENDIF 
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     RETURN  

      

     FLUX: 

     i=0 

     HIGH LED1 

      

     IF j=0 THEN 

      SEROUT2 TX_TTL,MODET,["Checking Fluxgate",$0D] 

      ENDIF 

     SERIN2 RXMAGFLUX,MODER,100,ERRORMAGF,[i] 

        IF i!=0 AND j=0 THEN 

        SEROUT2 TX_TTL,MODET,["Fluxgate Mag OK",$0D] 

        MAG2=1 

        LOW LED1 

        PAUSE 500 

        elseif i!=0 AND j=1 THEN 

        RETURN 

        ELSE  

        GOTO ERRORMAGF 

        MAG2=0 

        ENDIF 

      

     RETURN     

      

         

   

  ERRORSD: 

   

  SEROUT2 TX_TTL,MODET,["Erorr SD",$0A] 

  HIGH LED2 

  PAUSE 100 

  RETURN       

  

  ERRORMAGF: 

    

   SEROUT2 TX_TTL,MODET,["Erorr Fluxgate Magnetometer",$0A] 

  RETURN 

   

  ERRORGPS:   

    

   SEROUT2 TX_TTL,MODET,["Erorr GPS",$0A] 

  RETURN 

   

  ERRORMAGA: 

                        

   SEROUT2 TX_TTL,MODET,["Erorr ALKALI-VAPOUR Magnetometer",$0A] 

  RETURN 
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