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Welcome and introduction to the workshop
“Airborne Geophysics– New Technologies in Hardware and Interpretation”
from the Director of the Leibniz Institute for Applied Geophysics and member
of the Directory Board of EAGE, Prof. Dr. Ugur Yaramanci
It is our pleasure to host and welcome you for this unique workshop for Airborne Geophysics at the
Geozentrum in Hannover. I would like to do this in the name of the three institutions located at the
Geozentrum, namely the Federal Institute for Geosciences and Resources (BGR, the geological survey
of Germany), the State Office for Mining, Energy and Geology (LBEG, the state geological survey of
Lower Saxony) and the Leibniz Institute for Applied Geophysics (LIAG, the state research facility,
member of Leibniz Association).
At the Geozentrum, the origin going back as far as 1958, there are more than 1100 staff working at the
three institutions covering almost every aspect of applied geosciences including geophysics in a wide
range, from pure research to applied research and application. This research and development
addresses the exploration and characterization as well as monitoring of the subsurface for assessing the
potential of georesources, status and processes and protecting environment. In all relevant disciplines
like geology, geophysics, mineralogy, geodesy, mining, informatics and more, the research and
development produced at the Geozentrum serves the needs of the society for a sustainable wealth.
Consequently, the proposal for a workshop about Airborne Geophysics originates from the Geozentrum, as there is lot of extensive experience, research and application as well as advanced equipment available and a good cooperation with many international partners. For that the subject is placed
into the joint workshop event of the German Geophysical Society (DGG) and European Association of
Geoscientists & Engineers (EAGE), which meanwhile has a small tradition to follow the annual
conference of the German Geophysical Society. This time the conference, the 75th in the history, has
taken place at 23 - 26 March in Hannover organized by LIAG, BGR and the University of Hannover.
I may take the opportunity to welcome you also in the name of the EAGE, in the name of the board
appreciating very much the cooperation with the German Geophysical Society. EAGE is happy to
carry and offer this international workshop jointly with DGG addressing every time a special
application of geophysics to actual geoscientific problems with high relevance to current activities in
focus. Main aim is to present and discuss the abilities and advances as well as availabilities of the
geophysical technology. The EAGE is mostly pleased about the cooperation with DGG for some time
now including the follow up joint workshop as now. The mutual benefit obviously is, that DGG
gaining on international visibility and offering an international workshop attached to its national
conference and participants there and EAGE getting more prominent to the geophysical and for that
matter to the geoscientific community in Germany. All in all, it is for the benefit of the members,
which is the prime duty of the scientific societies, but it also serves to promote geophysics in general
to the community as such. EAGE certainly would very much like to continue on this cooperation. In
order to strengthen this, you are mostly welcome to publish some of the outcome of the workshop in
one of the prominent peer reviewed journals of EAGE, which is very much appreciated and
particularly supported.
Finally our appreciation goes to the organizers, to the scientific committee and mostly to those
presenting their work as well as to the participants. In that, I wish all an interesting and useful workshop and a pleasant stay at the Geozentrum.
Ugur Yaramanci
Leibniz Institute for Applied Geophysics, Geozentrum Hannover

DGG/EAGE Workshop on Airborne Geophysics, 27th March 2015, Hannover, Germany

1

Foreword
Airborne Geophysics is well-established in reconnaissance studies on regional scales not only over
terrestrial but also marine areas of investigation, i.e. combining onshore and offshore surveys.
Although many methods used for airborne geophysics are applied already since several decades, this
field of science and engineering is not becoming old fashioned but is steadily re-inventing itself over
time. Presently, airborne geophysics spreads its use into several new segments of applications not only
due to novel developments in geophysical and remote sensing systems (and the combination of both)
but because of the availability of several new platforms. Traditionally, medium-scale fixed wing
aircraft and helicopters are used for hydrocarbon and mineral resources exploration, groundwater
assessment, tectonic and geological mapping. For these and other “classic” airborne investigations,
such aircraft and their systems still are a central part of the meanwhile available spectrum. Some largescale high-tech aircraft as HALO were recently established to cover the continental scale of surveying,
mostly in conjunction with global satellite missions. Nevertheless, the latest developments are on the
opposite side of the spatial spectrum, using ultra-light aircraft or mid-scale to very small unmanned
aerial vehicles (UAVs) for high-resolution local to regional-scale surveys. Extended areas of interest
are environmental observation and monitoring as well as tasks on technical engineering.
New ideas and technologies in airborne gravity and magnetic gradiometry triggered large new
interests in exploration. Technologies in geophysics, which are still ground based in their current
applications, will be available for airborne applications in the near future. The ongoing miniaturisation
in electronics and sensing equipment made it possible to transfer several systems from conventional
aircraft to ultralights and even UAVs. Thus, small-scale surveys became feasible due to more efficient
and economic flight operations. The current success of ultralights and UAVs in airborne geophysics
emphasises efforts to develop even more compact geophysical and remote sensing, navigation and
data acquisition systems. New niches of applications are evolving.
Consequently, the full range from continental to local scale surveys can be covered by airborne
geophysics, often in conjunction with remote sensing equipment or data. In order to get the maximum
information from the airborne data sets, new data processing strategies, inversion schemes and
interpretation tools are necessary. Even with most recent computer technologies, it is not yet feasible
to invert large areas of i.e. EM-data using 3D-algorithms. Therefore, intelligent data processing
strategies are needed to identify areas in which 1D-inversions will still do and where 3D-inversions
are mandatory. Manmade noise, mainly in electromagnetics, is a growing problem in data acquisition,
so we need new tools to enhance the signal-to-noise-ratio. Joint inversions may stabilise the results
and deliver better input for interpretation tools for data of similar physical nature. Potentiality studies
for different kinds of resources require support from geophysical interpretation. Since large areas
covered by complex, often spatial data cannot be handled manually, new technologies of (semi-)
automatic data interpretation tools must be utilised. The geoscientific community in sciences and
industry is busy tackling these challenges.
We hope that this workshop will give some glimpses of the current work and the future tasks in the
field of airborne geophysics.
Uwe Meyer and Marion Miensopust
Bundesanstalt für Geowissenschaften und Rohstoffe, Geozentrum Hannover
Leibniz Institute for Applied Geophysics, Geozentrum Hannover
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Unmanned aircrafts to offer new capabilities in geophysical data acquisition
Johannes Baptist Stoll
Mobile Geophysical Technologies, Lönspark 49a, 29227 Celle, Germany
The unique capabilities of UAVs will change geophysical data acquisition
In recent years unmanned aerial vehicles (UAVs) have gained traction in several fields of application
ranging from agriculture, construction, energy, mining and film and television industry. Although the
technology is primarily being developed by militaries across the globe, its potential impact on the
market place and our lives through the diffusion of innovation process is going to be immense. Since
2007 we have seen a booming global UAV market that has expanded rapidly and continues to do so
with hundreds of designs competing for both military and civilian projects.
The entry of UAVs into the commercial market is almost from scratch, with almost no history of civil
government or commercial industry operations, no supporting infrastructure or expertise, and no
existing customer base. In the beginning UAV manufacturers have started off as unique unmanned
aircraft makers, making high-tech, but impractical and very expensive UAVs mainly for military use.
They produced in small batches at a high cost. But as the companies increase production, as unit
volumes rise, and as competitors entered this field and innovate further, the cost of the products fell to
the point where non-military, commercial users can afford them.
Today civil UAVs open a large potential market of a wide range of applications, as there was for the
airplane when it was invented. But like the early manned airplane, the UAV still has to overcome
technical, economic, political, legal, and psychological barriers before achieving full commercial
success and societal acceptance. The main benefits of these small aerial platforms are the vastly
reduced costs of mobilization, maintenance, and operation, and the ability to use them in more
restricted locations where the use of manned aircrafts would either be prohibitively expensive or
logistically inappropriate.
An important innovation are brushless DC motors, that have become the most common type used for
propulsion of small UAVs. This type is characterized by its high efficiency and light weight compared
to other motor topologies. The extremly short time required to control the rotational speed in
combination with a microcontroller makes an intelligent autonomous system. This “motorbrain” is
capable to keep e.g. a rotory wing UAV hovering on one place by stabilization and controlling the
altitude or to follow a pre-defined set of waypoints or to compensate for wind gusts within extremely
short reaction time. The UAV is kept afloat in hover or moving forward with no active pilot input.
Fixed wing UAVs reach a speed of up to 100 km per hour and are extremely hard to control manually.
Only with the aid of intelligent autonomous systems and in combination with a digital surface model
fixed wing UAVs are capable to follow a dense grid of lines. These capabilities make UAVs to an
very interesting candiate for use as geophysical measurement platforms. It has become much more
efficient with the availability of digital elevation models. The use of UAVs is ideal for collecting very
dense data over small grids. UAVs enable using drape flying in which the data is collected at constant
terrain clearance.
One constraint for an electrically driven UAV is its power supply concept. There is a trade-off
between the weight of the battery used to power up the UAV, the payload, the endurance and its range
or radius of action. UAVs widely use lithium-ion batteries, which are characterized by high specific
energy, a measure of the amount of energy a battery can store for a given weight. Battery driven small
UAVs (5kg) usually have a power consumption of 100W for fixed wing UAVs and up to 1000W for
rotory wing UAVs. For comparison, a person generates about 100W.
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In the last five years a lot of effort was undertaken to integrate UAVs into the national airspace and to
decide regulations to govern the use of UAVs in commercial projects. In Europe UAVs under 150 kg
come under the regulation of the National Aviation Authority. The standards cover safety, security,
privacy, data protection, insurance and liability. National safety rules apply, but the rules differ across
the EU and a number of key safeguards are not addressed in a coherent way. Generelly the use of
small UAVs (<25kg) in geophysical surveys is unproblematic. The issuing of flight permission usually
requires the approval of the land owner, restricts the flight range below 2 km (line of sight) and the
flight altitude below 100m. The majority of geophysical contracts meet these requirements.
Miniaturization of geophysical sensors enables the deployment on UAV platforms
Due to the high degree of technical maturity and reliability as well as user-friendliness, control and
safety, it seems obvious to use UAVs as flying data acquisition platforms to collect geophysical data.
But geophysical instruments currently available on the market usually do not meet the requirements of
compactness and weight and, therefore, are not suitable for use on small UAVs. In recent years small
UAVs were only able to carry the weight of a digital camera.
With technological development of ever smaller UAVs in recent years comes the opportunity to
miniaturize geophysical sensors and deploy them on ever smaller platforms. Consequently, research is
being undertaken into the use of different geophysical sensors on UAVs of various types.
The sensors of two geophysical methods, magnetometry and VLF, were redesigned to make them
suitable for the use on UAVs. Results from a feasibility study on UAV bore magnetometry were
reported by Tezkan et al. (2011) and on UAV airborne RADIO EM by Eroess et al. (2013).
Fluxgate magnetometer
Several types of magnetic sensors exist in geophysics to measure the Earth’s magnetic field.
Overhauser and optically pumped magnetometers are widely used due to their high resolution of ~0.01
nT and a sample rate of 10 Hz. Until now fluxgate vector magnetometers are less used. However, this
type has important advantages due to their low costs and weight and low power requirements. An
ultra-light weight data acquisition system was developed that enables to sample the magnetic field
sensed by a three-axis fluxgate vector magnetometer in combination with a GPS sensor. The two data
sets, the magnetic field components and the position and altitude are synchronized afterwards for
further data analysis and plotting. Figure 1 displays one of several development stages, which were
reached in recent years.
Field range
ADC
Resolution
sensitivity
power supply
serial interface
sample rate
data storage
Weight

±70µT
24bit
0.1 nT @1Hz
20pT/√
12-18V, 150mA
RS232
1 - 125 Hz
Micro SD Card
930g

Figure 1: Light weight data acquisition system, fluxgate sensor and specifications
The system is compact and easy to operate. The assemblage to the unmanned aircraft system is
straightforward. In order to estimate the total magnetic intensity the three components of the fluxgate
sensor must be calibrated. We developed a software calibration procedure that eliminates errors due to
offsets, non-orthogonalities between the axis of the fluxgate components and the sensor gain.
In the following several examples are provided to demonstrate the applicability in commercial field
projects:
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Example 1: UXO detection using a 5kg electrocopter
A battery powered quadrocopter from microdrones GmbH, Germany, was used to detect and locate
small metal objects (munition) in the shallow ground. The fluxgate sensor is suspended below the
electrocopter to reduce electromagnetic noise generated by the motors (figure 2). An area of about
25m x 65m was investigated. The line spacing was 1 m and the flight altitude above ground was
between 1-2 m.

Figure 2: quadrocopter with sensor
suspended below the UAV

Figure 3: 2D isoline plot of the
total magnetic intensity

The three components of the fluxgate sensor were calibrated and transformed into values of the total
magnetic intensity (TMI). After correcting for for IRGF and diurnal variations the values were
synchronized witht the GPS position data of the quadrocopter. Afterwards a 2D isoline plot was
created. The anomalies of the magnetic intensity indicate the location of several small caliper anti tank
ammunitions.
Example 2: Detection of magmatic intrusion in cooper deposit
An UAV airborne geomagnetic survey was conducted in the Xinjiang Province in NW-China. The aim
was to get evidence about hidden igneous intrusions, which have entered into copper-bearing strata.
The average altitude of the terrain is 450 masl. The terrain changes from flat to occasional elevations
of small 50m high volcanic cones, and escarpments up to 50m.
The total length of the eight profiles was about 24 km, 3 km each. The line spacing was 800 m. The
environment was very dry (arid climate) with ambient temperatures close to 50 degC. There was gusty
wind with a speed up to 10m/s.

Figure 4: Total magnetic intensity (TMI)
measured along eight profiles each
3000 m long.

Figure 5: Battery driven quadrocopter
carrying the fluxgate sensor and data
acquisition system in the Xinjiang
Province/NW-China
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The magnetic data are corrected for diurnal variations and the International Geomagnetic Reference
Field (IGRF) is reduced. A distinct positive magnetic anomaly with a maximum of 300nT was
measured.
UAV borne electromagnetics: The RADIO EM method
The Radio ElectroMagnetic Method (RADIOEM) is a further development of the well-known VLF
method. In the early 1970ies Barringer developed the Radiophase, the first commercial airborne VLF
system. But Kipfinger (1998) was the first who reported about the deployment of a VLF system on an
UAV from BAI aerosystems Inc., Easton, Maryland, USA. But problems with the ignition noise
genereated by the engine and the power plant of the UAV resulted in a strong degradation of the data
quality.
In order to make use of airborne VLF on UAVs a MT instrument (ADU07) from Metronix GmbH,
Germany, was modified and miniaturized. This new system has interesting features compared to the
traditional VLF method:
- fully mobile, allows rapid detection of lateral changes of the electrical conductivity in the ground.
- the total weight, incl. data acquisiton, sensor, batteries and cables is about 7.5 kg
- frequency range extends from 10 kHz to 250 kHz
- makes use of all radio transmitters that are available in a specific survey area
- data processing determines the strike direction of geologic structures
- RADIO EM is 10-20 times faster than conventional VLF measurements
RADIOEM MEASURING SYSTEM
The RADIO EM system consists of data acquisition system, a three component coil triple (bandwidth
1kHz to 524kHz), a GPS sensor to track position (optional), power suppy. The integration procedure
on a UAV required rigorous analysis of the EM interference from electrical sources of the UAV and
the movement of the sensor hanging below. A special assembly has been developed which minimizes
interference and reduces the movement of the sensor. Initial results of a pilot project conducted in
Neuchatel/Switzerland were published by Eroess et al. (2013). Figure 6 displays the whole RADIOEM
system suspended below a gas driven helicopter from aeroscout GmbH, Lucerne, Switzerland.

Figure 6: UAV Scout 100 B1 from Aeroscout
GmbH/Switzerland. The UAV carries the
RADIO-EM instrument consisting of data
logger and sensor. The total weight incl.
suspension is about 11.5 kg.
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Figure 7: 2D representation of the RADIOEM
response after transformation into electrical
resistivity. The resistivity changes significantly
in the vicinity of a pipeline and a cable.
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The RADIO EM system records the magnetic field sensed by the antenna versus time. After landing
the time series is analysed and the energy of every single transmitter in the frequency band is picked in
a time interval (e.g. 1 s). Then the response, i.e. the inphase part and the out-of-phase part, is estimated
and synchronized with the GPS position. Two or more transmitter stations can be used to apply a
socalled bivariate analysis and to combine the response of both horizontal magnetic components. If
several parallel lines are available the response can be transformed into the socalled peaker, which
represents the 2D distribution of changes of the electrical conductivity. In a final step integration of
the response allows to transform into electrical resistivity (Figure 7).
References
Eroess, R., et al., 2013. Three-component VLF using an unmanned aerial system as sensor platform,
First Break, 31, July 2013
Kipfinger, R.P., Unmanned airborne vehicle (UAV): flight testing and evaluation of two-channel Efield very low frequency (VLF) instrument.
Tezkan, B., J.B. Stoll, R Bergers and H. Großbach, 2011. Unmanned aircraft system proves itself as a
geophysical measuring platform for aeromagnetic surveys. first break volume 29, April 2011
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D-MTUC, an airborne investigation system based on a full composite ultra-light aircraft
Rainer Herd1& Jon Holst2
1

Chair Raw Material and Natural Resource Management, Brandenburg University of Technology
Cottbus-Senftenberg, 03046 Cottbus, Germany, (herd@tu-cottbus.de)
2
GeoDuster Technologies CC, Knysna, Republic of South Africa

Summary
Based on economic, geoscientific and educational reasons the chair Raw Material and Natural
Resource Management of Brandenburg University of Technology Cottbus, Germany decided to
develop an airborne investigation system. Due to the demands and restrictions of the chair the decision
was made to purchase the VIRUS SW 100, a full composite ultra-light aircraft. Prior to the fabrication
all possible and necessary modifications have been discussed with the engineers of the manufacturer
resulting in an aircraft build especially for the demands of a multi sensor investigation platform. The
actual geoscientific instrumentation comprehends a CsI-y-spectrometer, 2 K-magnetometer and a
VLF-EM-receiver with the option of further sensor installations. The actual configuration enables the
system to operate for mineral exploration, geological mapping, detection of freshwater resources and
brines and different environmental monitoring missions. The results of recently performed test flights
imply that the system can be operated according to the industrial standard.
In the year 2012 the Chair Raw Material and Natural Resource Management of Brandenburg
University of Technology Cottbus, Germany started to develop, construct and assemble a multi-sensor
airborne investigation system based on a full composite ultra-light aircraft. The conceptual ideas were
born several years before and motivated by a set of reasons in the fields of ‘Raw Material Economy’,
‘Geoscientific Research’ and ‘Education’. The increasing demand of different raw materials, the
imbalance between supply and demand regions, certain commodity deficits as well as the lack of
regional investigation data especially in Europa were main reasons in the field of ‘Raw Material
Economy’ whereas the general increasing demand on spatial underground information, the increasing
restrictions to access private property, the lack of affordable commercially operated systems for
projects with small budgets were reasons in the sector ‘Geoscientific Research’. Finally the chance for
training young geoscientists and research options in an actual and promising technology were the main
reasons in the field of ’Education’ which led to the decision to develop an airborne investigation
system.
Based on the financial budget and the requirements of the chair for an airborne investigation platform
concerning:










Cost effectiveness (purchase, operation, maintenance)
Demountability (worldwide transport within a standard 40-feet container)
Rugged designed (outback operation)
Low minimum speed
High cruising speed
Full composite construction (low noise potential)
Easy to modify (technically, legally, preservation of the operating license
Sufficient payload
Aircraft rescue system

the decision was made for the purchase of an ultra-light aircraft. For the selection of the optimal
investigation platform out of the huge variety of ultra-light aircrafts on the market flight tests and
noise test had to be performed on a set of preselected aircrafts. Finally the decision was made for the
model ‘VIRUS SW 100’ of the manufacturer Pipistrel of Slovenia. The VIRUS is a full composite
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aircraft with most components made of carbon fiber. One reason for the preference of the VIRUS was
the outstanding stability in air and the rudder adjustment/coordination beside other excellent
performance characteristics compared to further competitors. Prior to the fabrication of the aircraft
possible modifications were discussed in detail with the engineers of Pipistrel, determined and realized
during construction. Finally a platform was built on demand of the customer’s purpose which revealed
as a huge advantage compared to afterwards modifications on a standard aircraft. The following lists
shows a selection of modifications and the final properties of the modified aircraft.
Selection of modifications made:
 Installation of additional rips at the wing ends for the installation of sensor carrying stingers
 Installation of reinforcements, strong points (4 xM8 nuts) and a cable hole at 2480 mm of the
wing depth for additional sensors underneath the wings (max. payload 10 kg at each side)
 Reinforcements at the aircrafts tail for an additional sensor underneath the tail
 Installation of brackets in the luggage compartment to take up a light weight γ-spectrometer,
a data acquisition system as well as a laser- and radar altimeter.
 Installation of a low noise alternator
 Installation of several cable tubes for the wiring of additional sensors
 Enlarged fuel tank capacity to 130 liters
Properties of the aircraft:
 Low minimum speed (Vstall = 65 km/h), good low speed flight characteristics
 High cruising speed (Vcruis. = 250 km/h)
 Short take off run (95 m)
 Long range distance (1700 km after modified fuel tank capacity)
 Low consumption (17.8 l/h MOGAS at cruising speed)
The investigation equipment can be modified according to the investigation target. The actual
instrumentation is adapted to the standard investigation methods for different exploration targets and
consists of the following devises:
 a 4 L CsI-y-spectrometer (MEDUSA) in the luggage compartment
 2 K-magnetometer (GEM) at the wing tips
 a VLF-EM-receiver (RMS/HERZ) underneath the tail and
 a laser- and radar altimeter in the luggage compartment
For the acquisition and control of all generated data as well as for the flight operation task the small
and lightweight ICCS (Information Capture and Control System) of GeoDuster Technologies (RSA)
has been chosen. The sampling rate is 10 Hz for magnetic and GPS data and 1 Hz for the radiometric
data. The following pictures allow an insight into the luggage compartment and the cockpit with the
installed devices as well as an overview of the entire system.
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Figure 1: View into the luggage compartment behind the pilots seat (left) with different installed
devices (A = ICCS data acquisition and control system, B = CsI-γ-spectrometer, C = laser altimeter) and
view into the cockpit (right) with the touch screen display for survey flight operation and control (D)

Figure 2: The ultra-light airborne investigation platform D-MTUC with actual sensor equipment
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This configuration enables the system to operate for mineral exploration, geological mapping,
detection of freshwater resources and brines and different environmental monitoring missions.
First test flights have been conducted in 2014. Concerning the performance of the system R. Wackerle
of Geointrepid, Namibia concluded in a personal conversation after processing the first data: “Being a
full composite construction the aircraft can be regarded as completely ‘demagnetized’ resulting in
magnetic noise levels well below industry standard. The magnetic compensation is done in real time
by the DAS (ICCS) and worked well in the test survey. The residual heading effect after compensation
is within industry standard. The radiometric data acquisition system internally records 1024 channels
from 0 to 3 MeV, but outputs a raw 256 channel spectrum to the DAS. Energy calibration is done in
post-processing mode using the Gamman software by Medusa Systems and results in very stable peak
positions. The thorium peak resolution of the system is of industry standard. The small volume of the
scintillation crystal does result in a higher statistical noise when compared to standard 32 litre NaI
crystals. However, the full spectral processing of the recorded data by a Monte Carlo based spectral
modelling technique yields results that compare well with those of the (much heavier) 16 litre crystals:
The energy calibrated spectra are corrected for aircraft and cosmic background and reduced to HSTP.
The spectra are then modelled using laboratory derived standard spectra for each of the required
radioelements (including Radon) using the full spectral information which results in the ground
concentrations of the radioelements”.
Acknowledgement
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Commercial Geophysical Surveying using an Ultralight Aircraft
Klaus Brauch & Gregory Symons
Terrascan airborne GmbH & Co KG, (brauch@terrascan-airborne.com)
Introduction
In 2008 terrascan Airborne decided attempt to fly small magnetic and radiometric airborne
geophysical surveys using a light non-type certificated aircraft. Up till the present the company has
flown over 100 000 line km of survey, mainly in Africa for predominately mineral exploration clients.
In this article we provide a dialog of what was planned, what was accomplished and where terrascan
Airborne currently stands in regards to the challenges as to the selection of aircraft, selection of
instruments, selection of sensors, integration of systems into the aircraft, data quality, legal situation
and the acceptance of the platform by the market.
Selection of Aircraft
In 2008 microlight aircraft had already been used for over 30 years all over the world as inexpensive
and safe platforms for recreational flying. Terrascan Airborne decided that it may be efficient and
effective to use a microlight aircraft for airborne geophysical surveying. Terrascan decided that the
aircraft should fulfill the following criteria:
 it should have a tri-axial steering control,
 it should have a closed cockpit,
 it should be able to perform short take-offs and landings,
 it should be able to fly slow and low,
 it should be able to be packed in a standard container for transport,
 it should have a very reliable 4 stroke engine using standard fuel,
 it should be easy to maintain and repair especially in the field,
 it should have a superstructure that was easily accessible and non-magnetic,
 it should be able to seat 2 persons with enough space for instrumentation,
 and finally it should have a ballistic parachute on the aircraft for emergencies.
By applying these criteria terrascan chose the Skyranger aircraft powered using an 80 horse power
Rotax 912 engine (see Figure 1 below). The aircraft was assembled from a kit which allowed terrascan
access to all parts in order to check for any parts that were magnetic. Such magnetic parts were either
replaced with non-magnetic components or de-gaussed so as to minimize interference of the aircraft
with the magnetic measuring system. A satellite tracking system was installed to monitor the aircraft
continually and provided real time positioning as a safety feature. A transponder system was installed
to make the aircraft radar visible. Large tundra wheels were installed to allow for take-off and landings
on bad on dirt strips.
To use the Skyranger as a geophysical platform we had to ensure that the geophysical payload never
exceeded a mass of 69 kg, as a fully fueled Skyranger with a pilot of 80 kg has a maximum payload of
69 kg.
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Figure 1: Terrascans’ Skyranger geophysical survey aircraft. Note the two
stingers on each wing tip housing the gradiometer magnetometer system.
Selection of the measurement instruments
With the payload of 69 kg, market research was done on the available instruments and sensors. In
2008 a majority of airborne geophysical systems were based around installations using 19” racks for
the data acquisition and power systems. The majority of systems also installed 16 or 32 liter
radiometric crystals. These systems were extremely heavy with the mass of the entire system including
the radiometric crystal coming in over 200kg (Horsfall, 1997).
In 2007 terrascan was able to source a data acquisition system (DAS) which included a geophysical
navigation system (GNS) from GeoDuster based in Knysna, South Africa. This DAS and GNS had a
total mass of only 7 kg. The DAS was able not only to acquire data from two magnetometers,
spectrometer, laser and radar altimeters, pressure and temperature sensors, electrical current sensors
and the inertial measurement and GPS sensors, but was also able to provide stable power to all these
sensors.
Two different types of magnetometers have been used in the Skyranger installation, notably the CSVL cesium airborne magnetometers from Scintrex and the GSMP-35AM potassium magnetometers
from GEM Systems. Both types are very sensitive and light weight with a mass of 1.6 to 2 Kg which
includes all electronics.
A lightweight spectrometer system had to be found to fit with the payload available. The company
Medusa Sensing from the Netherlands provided a robust 4 liter Cesium Iodide (CsI) spectrometer
(MS-4000). CsI crystals were used in the spectrometer as they have a higher density than the standard
NaI crystals giving better efficiency. Medusa also provided software that processed 256 or 512
channel radiometric spectral data using the entire spectrum which has significant advantages over the
classical windows method (Egmond van, F.M., et al., 2008). The combination of using the denser CsI
crystal, full spectrum processing and the fact that the Skyranger flows lower and slower, allows a 4
liter CsI crystal to have a performance rivalling a 16-32 liter NaI crystal. The Medusa system had
further advantages. The system can be calibrated easily at the Medusa facilities in Holland. The use of
standard spectra also allowed for the modeling and removal of radon from measured spectra (Van der
Graaf, 2010).
Integration of system into the aircraft
The Skyranger was cleaned magnetically by replacing magnetic parts like screws bolts, steering cables
etc. by non-magnetic parts. As the airframe was made of aluminum and the wing covers from nonmagnetic Kevlar, this was achieved with a relatively small effort.
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As the Skyranger is a two seater plane, the co-pilot seat can be removed easily, to make place for the
DAS and GNS systems. Thus the plane can be used by two pilots for long ferry flights or with a single
pilot with geophysical systems installed. Installation and de-installation of the geophysical systems
takes no longer than 2 hours.
As far as can be determined terrascan is the first instance to install wingtip stingers on the Skyranger’s
or any other microlight aircraft in order to house a gradiometer magnetometer system. These stingers
were designed, built and mounted by terrascan in cooperation with GeoDuster Systems. Testing of
these stingers took a period of 1 year until final registration certification was issued.
The magnetic performance of the system is partly shown by the figure of merit (FOM) data shown
below in Figure 2 (Noriega, 2011). Figure 2 shows typical roll, pitch and yaw maneuvers on a FOM
flight leg. The effect of these maneuvers can be clearly seen in the magnetometer trace. However the
compensated trace shows a satisfactory removal of this aircraft induced magnetic response.

Figure 2: showing one leg of a compensation flight. The top panel shows the aircraft maneuvers
while the bottom channel shows the uncompensated response (Mag 1 in magenta) and software
compensated response Mag1Cm in green)

Operation with a pilot only
Based on the lightweight DAS and GNS as well as the small but efficient radiometric system, a fully
functioning geophysical system was able to be installed into the Skyranger aircraft. However this
meant that only one pilot and no operator could be present in the aircraft during geophysical data
collection. Thus a very simple system of navigating the plane was devised. Also the pilot’s task in
monitoring the functioning of the geophysical equipment was reduced to a minimum by devising a
system of warning lights that indicated any system malfunctions. In case of a technical malfunction a
red warning light would light up on the display to advise the pilot to fly back to base to fix the
problem.
Problems and Disadvantages
A Skyranger has a maximum stall speed of only 65 km/h. This means that this aircraft can be flown
very slowly (<100 km /h) than other survey aircraft allowing for magnetic and radiometric data to be
collected using a much tighter station spacing. It also allows for more time in stacking radiometric
measurements.
On the other hand the cruising speed of a Skyranger when ferrying is approximately 140 km/h which
is slow. Combined with the endurance of only 4 hours this causes problems with the ferry flights, both
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in getting to new areas and in daily ferry from base to the survey area. Often when ferrying the
endurance is sometimes too small to reach the next airfield. On the daily ferry flights too much
production time is lost if the airfield/base is too far from the survey area.
To solve the problem with the overland ferry flights, terrascan modified a 4 x 4 military truck and
placed the aeroplane in an airfreight container. In some cases the aircraft was shipped by truck or even
airfreighted. Customs and legal problems proved considerable when using both of these modes of
travel in Africa.
The Legal Situation
In many countries using a micro light aircraft for commercial use can prove difficult. The legal
situation in Germany where the aircraft is registered is not clear. It is not forbidden to do aerial work
with a microlight but it is also not officially allowed. Terrascan performed several projects in Germany
and all needed authorizations were granted. In France and also in all African countries flight
operations were allowed. It was found that flight permissions were more easily obtained if the aircraft
was registered into an AOC (Aircraft Operating Company).
Conclusion
Terrascan has developed a light weight DAS and GNS system that can be used in a light sports aircraft
or microlight. It has taken considerable time and effort for this system to be accepted in the airborne
geophysical market. However data collected by the Terratec System is equal if not better than
competing larger geophysical platforms and systems. Problems addressed above have been mitigated
by moving to a Jabiru 430 aircraft within an Aircraft Operating Company. The Jabiru being a 4 seater
has a larger payload mainly used for fuel and so is easier to ferry without losing the advantages of a
slow and low platform in order to get good geophysical data.
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Introduction
Airborne electromagnetic methods (AEM) have in the last decade undergone immense hardware and
software developments. 10 years ago high resolution shallow surveys for geotechnical engineering,
aquifer mapping, landslides etc, could only be done by frequency domain methods whereas time domain
methods were more suited for deep measurements. Today, the development of the time domain methods
has reached a level where the same or even better data from an airborne platform is obtained compared
to the best groundbased system. Also, data inversion has changed from being dominated by approximate
algorithms to full solutions modelling the complete system characteristics with inversion of thousands of
line kilometers of data in one run. These inversions are possible because the algorithms use
multithreaded architecture, which efficiently runs on small workstations or severs.
In this paper we discuss the newest hardware developments of the SkyTEM system and also how these
developments are accompanied by inversion algorithms closely adapted to the hardware. The SkyTEM
system, as shown in Figure 1, originally developed at Aarhus University, is now operated and developed
by an independent spin-off company, SkyTEM Surveys, while inversion and processing algorithms are
developed at Aarhus University. However, there are fruitful collaborations and SkyTEM Surveys
identify themselves as a high-tech company with an ambitious research and development (R/D) program.
System hardware
High resolution surveys with targets within the depth range of 0 to 100 m puts very high demands on
the hardware and the engineering of the transmitter and receiver framework. To obtain resolution right
from the ground surface the key point is to measure very early times in the order of micro-seconds
from the turn-off of the current in the transmitter frame and sample the signal very dense in both time
and space. SkyTEM is characterized by a few unique designs making it possible to push the
technology to its physical limits.
The first important design is the location of the receiver coil where the summation of the primary
magnetic field from the octal-shaped transmitter frame is zero or very close to zero (Sørensen and
Auken 2004). This design avoids troublesome bucking coils to compensate the strong primary field
and, as important, the fields from small exponential decaying currents still present in the transmitter
coil in the first microseconds after the turn-off are also minimized. The zero position of the coil is a
well-known technique, but to obtain very early times other techniques are neeed as well. Hence, in the
later years there has been developed several field compensation schemes in order to obtain times gates
from 0 – 10 μsek. The first scheme was named Coil Response Compensation (CR) and was based on
measurements of the primary field in a high altitude followed by an inversion for the earth model
parameters including an extra scale factor parameter scaling the amplitude of the primary field
(Schamper, Auken and Sørensen 2014). The second scheme called Primary Field Compensation (PFC)
is also based on a scaling of the primary field measured in high altitude but it is combined with a
measurement of the coupling between the transmitter and the receiver. It also uses a special linear
ramp-in transmitter waveform. The PFC is applied at each individual transient and is much more
accurate than the CR compensation. The PFC has in the third scheme been further developed so the
full impulse response of the system can be measured and given as input to the forward modelling
algorithm. The benefits of this scheme are immense as the impulse response includes the transmitter
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waveform, receiver coil and effects of the receiver electronics. The scheme has not been put into
routine production yet, but it opens for the possibility to even invert on the data measured during turnoff, hence gates can be used from time 0.

Power supply
Receiver
Transmitter Coil

Laser altimeters
Transmitter

Inclinometer
Receiver coil

Inclinometer
GPS

Figure 1: The SkyTEM system with indications of the most important devices. The framefafa on the
picture is outdated as the system is now operated with a composite material frame with a smaller air
resistance and better stability, but the overall layout is the same.
The second important design is the ability to apply different transmitter moments; early times are
measured with a low moment while late times are measured with a high moment. This scheme has
always been one of the characteristics of the SkyTEM system and was actually inspired by the old
analog Protem 47 instrument, which used different repetition frequencies to measure different time
ranges. The back side of the scheme is that the system moves a number of meters on the ground while
a moment is being transmitted leaving smaller lateral “holes” in the data. This is not problematic when
flying 10 – 20 m/s but flying 30 – 50 m/s it becomes problematic to obtain sufficient continuous
sampling of the surface. A recent reprogramming of the transmitter system has made it possible to
transmit one or more small pulses at the end of the large pulse thus obtaining continuously sampled
data. The waveform need to be modelled in the forward calculation for this to work.
The PFC scheme with measurement of the system impulse response can only be done with an airborne
system as it is dependent on measurement of the impulse response at high altitude where the response
from the Earth is absent. The fact that times during the turn-off or at least times right after, can be used
makes us believe that data from the airborne system when it comes to resolution of shallow geological
layers is at least as good as from any groundbased TEM system, if not better.
Forward modelling and inversion
The SkyTEM system R/D is closely integrated with developments in the inversion kernel AarhusInv
(Auken et al. 2014). AarhusInv is also the inversion engine in the software used for processing and
presentation of AEM data, Aarhus Workbench (Auken et al. 2009)
AarhusInv has in the later years undergone major design changes and it now uses sparse storage of all
matrixes and it implements sparse solvers and matrix-vector-matrix products. OpenMP is implemented
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nested and results in an almost linear speed up from 1 to 64 CPU´s (Kirkegaard and Auken 2014). The
implementation makes it possible to run laterally or spatially constrained inversions (Viezzoli et al.
2008) on 5000 – 10000 km of data in one run avoiding dividing data in smaller parts and avoiding any
overhead related to such subdivisions.
A recent major development has been the voxel inversion (Fiandaca et al. 2014) which we believe will
be the favorite inversion method in the future. The voxel inversion operates with a model description in a
3D unstructured grid but with 1D forward responses and derivatives. It efficiently decouples the data
space from the model space, hence the model discretization becomes independent of the data sampling.
Parameters like flight altitude, which normally need to be part of the inversion, is handled separate, as
they cannot be decoupled from the data location. The scheme opens up for a simple implementation of
joint inversion of AEM and groundbased data and a-priori inversion is easily added to voxel nodes.
The forward modelling of AarhusInv includes implicit description of the different parameters of the
system. This is the current waveform described piece wise linear, the bandwidth characteristic of the
receiver coil and the receiver and an open/close gate in the receiver coil. As an alternative to model the
individual parts of the system response, the total system response, the impulse response, can convolved
with the step response. This opens for using very early times and research is currently done to verify the
credibility of the gates measured during the turn-off of the current.
Conclusions
The SkyTEM technology is being intensively developed to measure earlier times. The hardware
developments has opened a new suite of applications where high resolution surveys can be carried out
for e.g. geotechnical applications, landslide mapping ect. The developments in hardware is
accompanied by developments in inversion software which fully utilize the data. The newest
developments includes PFC and here data are expected to be useable also during the actual turn-off of
the ramp while the full impulse response of the system is measured and used during data inversion. 3D
voxel inversion fully decouples the measurement location form the model space and is expected to be
the preferred inversion method in the future.
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Abstract
Airborne geophysical methods have a great potential to explore the surface and subsurface of the earth
down to some hundred meters depth. This information is essential for planning purposes for manifold
geoscientific, economic or environmental questions, like, e.g., utilization and protection of freshwater
resources, land utilization or industrial planning. These data integrated into a three-dimensional
geographic information system provide a perfect tool for spatial planning. Beside the geologic or
geophysical basic information also changes of surface and subsurface data in time and space may be
documented by repeated surveys. The Federal Institute for Geosciences and Natural Resources (BGR)
operates a helicopter which can be equipped with the following BGR-own and external geophysical
systems (Figure 1): frequency-domain electromagnetics, magnetics, gamma-ray spectroscopy,
gravimetry, stepped-frequency and pulse radar. In addition, the helicopter can be used for airborne
remote sensing (Laser scanning (LIDAR), aerial photography and infrared thermal imaging). Overall,
the BGR helicopter with its performance and features is at least in Western Europe a unique
measurement and research platform that can be used to investigate a variety of geo-scientific issues.

Figure 1: BGR helicopter with basic technical-scientific equipment and
a part of the optional scientific equipment.
Basic technical equipment
About three years ago a complete rebuild of the helicopter type Sirkorsky S-76B was performed,
including a fundamental re-registration of the helicopter and its systems at the German Federal
Aviation Office. It has taken the opportunity to weed out old technology and to replace it by modern.
Beside the basic technical equipment, the cockpit equipment was brought technically up-to-date and
provides additional navigational aids for the pilot and a quick mounting of various instrumentation
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modules. The essential part of the basic equipment is a high-precision navigation technology. Thus for
the primary navigation two L1/L2 GPS antennae are available. Four additional GPS antennae on nose,
forehead and rear of the helicopter can be used for scientific applications. At the bottom of the
helicopter cabin a high quality inertial navigation system (INS) of type iMAR VRU F is located and
optional a laser scanner Riegl LMS-type Q240-80 can be installed. In addition, a fixed digital video
camera such as the Sony SSC-DC378P is scaffolded, supplemented by a flightpath camera type
GoPro, which can also be installed below the helicopter. The data of a radar altimeter are only for
primary navigation in the cockpit, but optionally a laser altimeter type Riegl LD90-3800-FLP or
LD321-3K can be installed in a side mount outside the cabin. For the operator of the measurement
technique, a laptop table or a modern, compact instrument rack are available, depending on the
scaffolding and necessity. Further, a panel for the connection of optical fiber cables is installed, which
is linked to a corresponding connector board below the helicopter. Instead of a laser scanner, wireless
antennae can be installed to communicate with sensors hanging without further connecting elements
on the load hook of the helicopter.
Basic scientific equipment at BGR
The most commonly used scientific module at BGR is the RESOLVE system constructed by Fugro
Airborne Surveys. In recent years, it was mainly used in projects to explore groundwater systems and
their salinization at the North Sea coast (Figure 2b), both in BGR own projects (D-AERO, FLIN) and
in the context of EU research projects (BurVal, CLIWAT). Recently, the system is increasingly used
for the exploration of mineral deposits (ErzExplora, DESMEX).
This frequency-domain electromagnetic device is housed in a 10 m long flight tube, together with an
optically pumped cesium magnetometer (Geometrics, G-822A), a laser altimeter and a GPS unit. The
system is supplemented by a current newly procured gamma spectrometer type Radiation Solutions Inc.
RS 500 RSX-5 and the above basic equipment of the helicopter. The electromagnetic system in the flight
tube operates at six measuring frequencies, five of the associated coil systems are mounted horizontally,
one vertically. The magnetometer in the flight tube is complemented by a cesium magnetometer
(SCINTREX H-8) at a base-station on the ground. The measuring principle is illustrated in Figure 2a.

a)
b)
Figure 2: Helicopter-borne electromagnetics, magnetics and radiometrics: a) sketch of configuration
and b) data examples of the North-Sea coast (after Siemon et al., 2012).
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Optional geophysical equipment
Other modules of the BGR helicopter-borne geophysics are the gravimeter and the ground-penetrating
radar systems (Figure 3a and 3b). Data examples are shown in Figure 4a and b.

a)

b)

c)

Figure 3: Sketches of the BGR helicopter-borne system configurations:
a) gravimetry, b) radar and c) remote sensing.
For gravimetry both, external systems and the BGR own system can be installed into the helicopter.
The latter is based on a KSS32-M sea-gravimeter from BGGS GmbH, Überlingen. It has been adapted
and optimized for airborne measurements and is complemented by GPS/INS equipment. The detailed
determination of the flight trajectory and attitude is indispensable for the processing of the measured
gravity data.
Airborne radar measurements are made with the BGR pulse radar system and, in cooperation with
RST GmbH, with a stepped frequency system, both of which are used to explore the upper subsoil.
Typical applications include the exploration of shallow aquifers, salt deposits and glaciers.
Within the INFLUINS project, the helicopter has recently been used to map fault zones in the Thuringian
Basin. Here a gradient magnetometer system, based on SQUID technology, of the Leibniz Institute of
Photonic Technology (IPHT) was used (Stolz et al., 1999). Thus, the gradient of the geomagnetic field
over orders of magnitude can be determined in higher quality than with conventional systems. This
technology will be used in future joint projects to explore mineral deposits from the air.
Optional remote sensing equipment
Vertical aerial photography and infrared thermal remote sensing is possible using a side-mounted
platform with a GPS/IMU (inertial measurement unit) to continuously log position and rotation
(Figure 3c). Firstly, a digital photogrammetric RGB camera Rolleimetric AIC P25 can be installed on
a three axis gyro-stabilized platform Aero-Stab-2 to guarantee the nadir view. On the other hand, an
infrared camera VarioCam hr with an uncooled microbolometer and a focal plane array of 640x480
pixel of the manufacturer Infratec is used (e.g. Mallast et al., 2013). The latter has a detection range of
the thermal electromagnetic spectrum between 7.5 to 15 microns. The helicopter mounted infrared
camera was tested to detect possible seeping through of water as a precursor of dike failure during the
Elbe flood in summer 2013 (Figure 4c). In another application, it was also possible to detect outward
seepage locations from fresh water lenses of dune islands in the Wadden Sea. Also a laser scanner can
be installed to measure the data for digital elevation maps of the earth’s surface via LiDAR technology
(Light Detection and Ranging).
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Figure 4: Data examples: a) map of the freeair gravity anomalies in the Landkreis Verden
measured during the HGRAV campaign in 2013 (Heyde, 2014), b) radar data from the
Colonia glacier in southern Chile (Blindow et al., 2012) and c) section of the
thermal image mosaic ”Rothenseer descent channel“ at the Elbe flood.
Outlook
Other developments, e.g. a semi-airborne system enabling investigation of the subsurface down to
depths of 1 km, are currently in the planning stage (DESMEX, BMBF project). Overall, the BGR
helicopter with its performance and features is at least in Western Europe a unique measurement and
research platform that can be used to investigate a variety of geo-scientific issues.
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Abstract
The new German research aircraft HALO was equipped with an ensemble of geodetic-geophysical
instrumentation to carry out geoscientific research in the tectonically active region of the Mediterranean.
The instrumentation comprised two airborne spring-type gravimeters, scalar and vector magnetometers,
GNSS zenith, sideward and nadir antennas, and a Laser altimeter. This HALO flight mission called
GEOHALO could be carried out in June 2012. The mission flights took place over Italy and the adjacent
seas, comprising seven parallel profiles from north-west to south-east over the Italien peninsula in a
height of about 3,500 m with a length of about 1,000 km each and a line spacing of about 40 km. This
presentation contains an overview on the challenges to integrate the scientific instrumentation onboard
HALO. We discuss the feasibility and the performance of this instrumentation and present preliminary
results from the measurements of the gravity field, of GNSS reflectometry, scatterometry and radio
occultation, and of laser altimeter distances over the ocean. Altogether, GEOHALO is the first
geoscientific mission on the HALO aircraft. Its success was possible only by the joint efforts of the
group of German, Swiss and Spanish universities and research institutions, Italian authorities and
institutions as well as by the financial and logistic support of the German Research Foundation, the
Helmholtz Association of German Research Centers, the German Aerospace Center and further national
and international partners.
HALO – a new German research aircraft for atmospheric and earth system research
The German aircraft HALO (High Altitude and LOng Range Research Aircraft) HALO is a new
research aircraft for atmospheric and geosciences research. This airplane is based on a Gulfstream
G550 commercial business jet (fig. 1). Its maximum range and altitude are more than 8.000 km resp.
15.000 m. HALO can carry payload of maximum 2.800 kg. This airplane is maintained and operated
by the German Aerospace Center (DLR) from its operation basis Oberpfaffenhofen, Germany.

Figure 1: The HALO aircraft – take-off in Oberpfaffenhofen (Munich)
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Research with HALO, especially for university groups, is supported by the Priority Program 1294 of
the German Research Foundation (DFG) “Atmospheric and Earth System Research with HALO”. The
first period was 2008–2013. The application for a second period 2014–2019 is currently under review.
GEOHALO – a geoscientific flight mission over the Mediterranean
GEOHALO is a geodedic and geophysical missions onboard HALO. It was the very first geoscientific
HALO mission and has been carried out in 2012 over Italy and adjacent sea areas (Adriatic Sea,
Tyrrhenian Sea, Ionian Sea). The mission contained four mission flights and two test flights during the
time span 2 till 12 June 2012. The flight tracks comprised seven parallel profiles directing from northwest to south-east, in a height of about 3,500 m, with a length of about 1,000 km each and a line
spacing of about 40 km (c.f. fig. 2), flown at a velocity of 425 km/h. These long profiles were
complemented by four crossing profiles (< 1.000 km) and one profile at an altitude and velocity of
approx. 10 km resp. 600 km/h along the same track as the center long profile.
For the GEOHALO mission the HALO aircraft was equipped with an ensemble of geodeticgeophysical instrumentation to carry out geoscientific research in the tectonically active region of the
Mediterranean and to demonstrate the feasibility and performance of this instrumentation. This
comprised two airborne spring-type gravity meters, scalar and vector magnetometers, GNSS zenith,
sideward and nadir antennas, and a laser altimeter. That means a complete suite of geodetic /
geophysical instrumentation to investigate the geopotential fields (gravity and magnetic field), ocean
surface heights (and mean sea-surface topography) as well as further parameters like waves,
roughness, salinity, ice-surface heights and small-scale features.
Figure 2: The GEOHALO
flight pattern.
Profiles were flown on June 6
(green), June 8 (red), June 11
(blue) and June 12 (cyan), 2012.
The general flight altitude was
3,500 m. Only the last central
(cyan) profile was flown in an
altitude of about 10,000 m, following the same track as the
lower (red) profile. Special patterns were followed on the
ground as well as during the
flight (orbits) to enable the
calibration of the magnetometers.
In this presentation we discuss
the performance of the GEOHALO instrumentation and present preliminary results from the
measurement evaluations of the
gravity and magnetic fields, of
GNSS reflectometry, scatterometry and radio occultation, and
of laser altimeter distances over
the ocean. The gathered data
shall finally be used to investigate the lithospheric structure in
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the working area, which is characterized by a puzzle of tectonic microplates, yielding to an increased
georisk of earthquakes and volcanism. Altogether, GEOHALO is the first geoscientific mission utilizing
HALO. Its success was possible only by the joint efforts of the group of German, Swiss and Spanish
universities and research institutions, Italian authorities and institutions as well as by the financial and
logistic support of the German Research Foundation, the Helmholtz Association of German Research
Centers, the German Aerospace Center and further national and international partners.
Outlook
In the future HALO should be used to survey vast areas wich are otherwise difficult to access, to close
data gaps, to gain new near-surface data as well as data on different altitude levels up to the maximum
flight altitude, to provide linkages of detailed yet isolated airborne surveys to check e.g. for biases,
consistency and reference system issues (like the gravity datum). An outlook is the ANTHALO
project, a planned HALO mission over Antarctica, especially to close polar gaps in (near-surface)
gravimetric and magnetic data.
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Abstract
The aim of this work is to deploy a new SQUID (Superconducting Quantum interference device)
based instrument for the measurement of the full magnetic gradient tensor of the Earth’s magnetic
field in survey scenarios in a sedimentary basin in Thuringia, a local province in Germany. This task
requires developing according processing, inversion, and interpretation techniques for this new
instrument. The recent state of the instrument and data processing techniques is presented.
The new instrument has several advantages compared to commercially available high-resolution
aeromagnetic survey instruments. Besides the fact that weaker magnetic anomalies could be detected,
it delivers vector data and thus more detailed information even on remanence of the geologic
structures. It is required for more enhanced magnetic anomaly delineation and possibly for the
determination of the age of intrusive or alteration structures. As a proof of principle a small-scaled
magnetic anomaly on the border of the Thuringian basin was selected. The area was mapped in 2013.
The results are presented and preliminary results of the inversion discussed which indicate remanent
magnetization of the rocks which cause the magnetic anomaly.
Introduction
Land-based, airborne, and marine magnetic surveys are utilized to characterize surface, near surface,
and subsurface variations of magnetic rock physical properties based on measured anomalies of the
Earth’s magnetic field. Such anomalies are produced by geologic structures exerting sufficient
contrasts in magnetization, mineral deposits, or buried engineering features such as mineshafts, sink
holes, or unexploded ordnance (UXO). Since airborne magnetic acquisition is relatively quick and
simple as well as inexpensive compared to most other geophysical methods, magnetic observations are
done e.g. on a regular base in mineral exploration in not easily accessible regions.
Up to the World War II, pivoted needle instruments or magnetic variometers were mainly used for
magnetic surveys (Nabighian & Asten, 2002). In the 1940s fluxgate sensors were developed, which
however suffered from the enormous dynamic range, which is required to detect subtle magnetic
anomalies when the sensors are rotated in the Earth’s magnetic field vector. Thus, in the mid 1950’s,
these instruments were replaced by nuclear resonance magnetometers, which measure the absolute
value of the Earth’s magnetic field vector (TMI: total magnetic intensity). Today, state of the art
sensors in airborne geomagnetic exploration are nuclear resonance magnetometers, proton-precession,
alkali-vapour, and Overhauser instruments (Vallée et al., 2011).
However, a very important drawback of TMI measurements is that this is not a true potential field like
all magnetic field vector and tensor components. In principle, the gradient tensor carries information
about magnetic sources, which is significantly larger than the magnetic field vector and even larger
than the TMI. The measurement of the full gradient tensor requires five independent observations,
⁄
, whereas the magnetic field vector exerts three components with ,
1. .3 . Due
to their ability to suppress the homogeneous magnetic field, gradient sensors called gradiometers do
not suffer from geomagnetic noise. Further, long wavelength regional trends in the data are removed.
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In general, the spatial resolution of gradient tensor data is higher by a factor of two (Pedersen and
Rasmussen, 1990), and it is easier to interpolate even when measurements are located on irregular
grids (FitzGerald, 2006). A general advantage using the gradient components is the significant
constraining of the solution of the inverse problem. E.g., the dipole-tracking algorithm (Wynn et al.,
1975) has been successfully applied to estimate the location of block-shaped bodies.
Recently new technologies to build magnetic gradiometers like string-type gradiometers (Veryaskin,
2001), atomic gradiometers, or fluxgate-type gradiometers (Wiegert et al. 2007) have become
available. However, the most promising technology to build significantly improved gradiometers is
based on SQUID (Superconducting Quantum interference device), cooled with liquid nitrogen (HTS,
77 K) or liquid helium (LTS, 4.2 K). Different types of SQUID based gradiometers are three-sensor
gradiometers (Koch et al., 1993), two differential SQUID magnetometers like the T877 instrument of
Tristan Technologies Inc. (2015) or rotating antenna gradiometers (Tilbrook, 2004).
Here, we describe our full tensor magnetic gradiometer (FTMG) system, which is based on intrinsic
first-order planar-type LTS SQUID gradiometers including a summary of recent advances in data
processing. We then discuss the results of an airborne acquisition campaigns in central Germany and
compare our results with geological information.
SQUID based full tensor magnetic gradiometer instrument
Our FTMG instrument uses six first-order
planar-type SQUID gradiometers with a
sensitivity of better than 100 fT/(m·Hz1/2), a
baseline of 3.5 cm, and a suppression of a
homogeneous magnetic field, called balance,
by a factor exceeding 10-4 (Stolz et al., 1999).
In order to further enhance the balance by
compensation, the magnetic field components
are measured by means of three orthogonal
lower sensitivity SQUID magnetometers with
noise figures of about 7 pT/Hz1/2. These
sensors are immersed in liquid helium using a
plastic cryostat inside a nonmagnetic
aerodynamically shaped shell (Fig.1).

Fig. 1: Setup of FTMG system. Description in text.

The analogue signals of the SQUID electronics
are digitized by 24 bit analogue to digital
converters (ADC) at a sampling rate of 1 kHz
inside the data acquisition system (DAS, cf.
Fig. 1). It contains additional ADC channels
for other sensors like fluxgates, a differential
GPS receiver (Novatel OEM628), a highresolution inertial unit to estimate attitude in
terms of Euler angles, and a wireless transceiver to remotely access a laptop computer
inside the helicopter. The altitude of the towed
shell above ground is measured using a radar
Fig. 2: Taking off FTMG system towed
altimeter, which is also read out by the DAS.
by a helicopter.
All components of the DAS were designed and
investigated to avoid electromagnetic and magnetic field distortions as much as possible.
Stable operation of the system is ensured through balancing the airborne shell using ballast weights in
the nose and the high drag tail in the back of the bird (Fig. 1). The bird is towed by a helicopter
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(Sikorsky S-76B of the BGR in Germany) with a 30 m long nylon (DyneemaTM) rope (Fig. 2), and
mostly operated about 30 m above ground.
Data processing
Raw FTMG data require advanced processing performing the following subsequent steps in order to
provide maps of the tensor components: (1) synchronization of the various data streams (e.g. ADC,
GPS, IMU), (2) decimation down to 10 Hz, (3) calibration of SQUID magnetometer signals (cf.
Schiffler et al. 2014), (4) balance improvement (cf. Schiffler et al. 2014), (5) decomposition of
balanced gradiometer signals into gradient tensor components in body frame (e.g. Eschner and
Ludwig, 1995), (6) 3D rotation of tensor components into an Earth-centered-Earth-fixed coordinate
system using the Euler angles, and (7) gridding of the data (cf. Schiffler et al. 2015).
The application of newly developed algorithms of Schiffler et al. (2015) using Hilbert- and Hilbert like
transformations on the vertical tensor components GXZ, GYZ, and GZZ in a subsequent processing
procedure results in the derivation of the magnetic field vector components and the TMI. The
calculated magnetic field components are of lower noise than from the calibrated magnetometer
signals since the attitude angles from the inertial unit are not accurate enough to compensate for the
motion noise in airborne operation.
The final step of data processing is the inversion of all five independent tensor components (GZZ,
GXZ, GYZ, GXY, and GYY) with equal weighting, which is done utilizing a newly developed
algorithm (MATLAB®) based on Zhdanov et al. (2002). The inversion space is discretized in
rectilinear cells or voxels with dimension of 5 x 50 x 25 m3. A regularized inversion process with a
minimum norm stabilizer (Zhdanov, 2002) was changed after ten iterations into minimum support or
“focused” inversion (Čuma et al. 2012), which results in more accurate reconstruction of the
magnetization vector. For depth weighting, a generalized weighting matrix (Li and Oldenburg, 2000)
based on integrated forward operators was applied.
For the preliminary results herein a homogeneous start model was used with a constant susceptibility.
FTMG data: airborne campaigns in central Germany
In 2012 and 2013, our new
SQUID
based
FTMG
instrument was extensively
deployed
within
the
framework of INFLUINS
(Integrated Fluid Dynamics
in Sedimentary Basins), a
multidisciplinary research
initiative, which is aiming to
study potential interaction
of deep and shallow fluid
systems in sedimentary
basins. Five areas of interest
Fig. 3: Location of survey areas within Thuringia.
(Fig. 3) within and along the
rims of the Thuringian basin were mapped magnetically. Line spacing was either 50 m or 100 m. The
survey speed was about 100 km/h.
In the following, we focus on the survey area “Schmalwasser” named after a small dam in the vicinity
(light blue shape in Fig. 3). The thick black outlines in Fig. 3 highlight the additional gamma
spectrometer survey areas. In Fig. 4 a the gradient tensor component GZZ is shown since it should
have the maximum signal amplitude for induced magnetized material. The signals acquired with a
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Fig. 4: Results of the Schmalwasser FTMG survey.
Coordinates of the maps are in UTM32N. The white frame corresponds to the outline of the
gamma spectrometer survey. Features A, B, C, and D are described in the text.

Fig. 5: Preliminary inversion result of a section of structure A in Fig. 4 as part of the Schmalwasser
FTMG survey illustrated by the magnetization vector components in north (N), east (E), and
down (D) direction with a scale of -0.5 A/m up to 1.0 A/m at 400 meters above sea level.
gamma ray spectrometer of type RS-500 RSX-5 using five NaI crystals with 1024 channels in parallel
to the FTMG survey are depicted in Fig. 4 b. The geological map in Fig. 4 c reveals that igneous rocks
of the upper Rotliegend of the middle Permian age are the potential cause of the magnetic anomaly.
The structure in Fig. 4 corresponds to the magnetized dolerite material in this area (Andreas et al.
2010). Features B, C, and D represent volcanic host rocks (rhyolithic) similar to granites with
increased radioactive activity shown as total counts in the middle panel of Fig. 4.
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The 2D gradient tensor component maps clearly show sharp contacts (e.g. between A and B in Fig 4 a)
as well as shallow to medium depth geologic features according to the wavelength of the anomalies for
the dolerite (A) in the Schmalwasser area. The first inversion results using our newly developed
algorithm described in the previous section are depicted in Fig. 5. Along the dolerite structure (A) the
magnetization vector points predominately in south-west-direction and steeply downward. Hence, the
magnetization maps derived by the new inversion algorithm clearly indicate remanence as well as a
high susceptibility mainly for the dolerite (structure A in Fig. 4).
Conclusions and outlook
Our new FTGM-system provides the full magnetic gradient tensor and therefore additional
information compared to recent TMI survey instruments. Due to the gradient measurements,
homogeneous disturbances arising e.g. from magnetic noise are strongly reduced. Therefore, the
FTMG system provides a very high magnetic resolution better than 60 pTpp/m which enables to
highlight shallow and local geologic structures down to 10 m with sufficient magnetization.
New advanced processing algorithms for the FTMG data as well as 3D inversion algorithms were
developed. They allow to derive the TMI and the magnetic field vector components directly from the
full magnetic gradient tensor and thus to highlight deeper situated geological structures. The inversion
algorithms are currently under further optimization and development in order to improve the
information on susceptibility, remanence and anisotropy of the host material.
Using the newly introduced algorithms an indication of remanence was found in the airborne FTMG
data from the “Schmalwasser” survey. Further optimization of the inversion as well as paleomagnetic
measurements will help to interpret this structure in detail in future.
There are a few new developments planned for our current FTMG system: On the one hand, the
introduction of new SQUIDs with a high dynamic range (Schoenau et al., 2013) will allow to increase
the resolution of the gradiometers beyond the limitation set by the 24 bit ADC as well to use high
sensitive magnetometers directly in airborne operation. On the other hand, new instruments based on
SQUID type magnetometers can have a huge impact when the FTMG system will use high-sensitivity
SQUID based magnetometers since this enables to combine the magnetic methods with airborne
electromagnetic measurements such as AFMAG. This will improve interpretation through joint
inversion of FTMG and electromagnetic data as well as reduce survey costs in future airborne
exploration.
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From colorful EM models to engineering facts: Semi-automatic bedrock tracking
and other geotechnical AEM challenges
Andreas Aspmo Pfaffhuber
Head of Section Geosurveys, NGI Oslo
Summary
In this short paper we briefly discuss geophysical results and engineering value from two AEM
surveys supporting the geotechnical design of two highway projects in eastern Norway. One project
emphasizes on mapping the thickness of glacial sediments and consequently depth to bedrock, while
the other project has a focus on estimating shale volume to be expected connected to road cut
excavations.
Introduction
The last 10 to 15 years have seen major improvements in airborne electromagnetic (AEM) technology.
Hardware improvements have transformed AEM from an anomaly-hunting tool to a well calibrated,
quantitative mapping method and today’s sophisticated processing and inversion schemes provides
resistivity models with high resolution and consistency. This development, mainly driven by
groundwater applications, has opened AEM to other possible applications, including geotechnical
projects.
Compared to other Scandinavian or European countries, Norway has had a minor focus on
infrastructure development (roads and railways) during the last couple of decades. This has lately
changed and infrastructure investments are currently one of the few growing posts in the federal
budget. Major road and railway projects are starting up and are being carried out, leading to a
substantial need for regional to local ground investigations. This development is an opportunity for
increased use of geophysics to increase efficiency and shorten the timeline of these ground
investigations. Yet this opportunity asks for a "geotechnical" deliverable rather than the geophysical
models that usually are considered the deliveries of a geophysics project. We illustrate this
"translation" from geophysics to engineering with two case histories.
During the last two years, we were fortunate enough to be involved in highway upgrade projects north
and north-east of Oslo that both are led by innovative (geotechnical) engineers that saw the
opportunity in AEM as an added value for their ground investigation program. The E16 upgrade from
Kløfta to Kongsvinger (NE of Oslo) encounters various geotechnical challenges including river
crossing and quick clay hazard zones. We carried out an AEM survey in early 2013 to map the depth
to bedrock and to investigate AEM's capability to detect quick clay. A further segment of E16 close to
Jevnaker (N of Oslo) faces a serious challenge in the design of four road cuts that will likely encounter
highly toxic black shale. In summer 2014 we covered the planed area to get a volume estimate for this
shale.
Semi-automatic bedrock mapping
Along a 32 km long high way planning corridor (from Nybakk to Slomarka, Figure 1) we acquired
178 line-km along the potential road alignments and in two 125 m spaced grids covering river
crossings and quick clay hazard zones. The survey was conducted with a time-domain, helicopter EM
system (SkyTEM 302) providing 34 time gates from 4.4 μs to 4.6 ms and data was processed with
spatially constrained 1D inversion.
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Figure 1: Location of the road stretch under investigation (inlay) and flight lines (red)
and boreholes (green) on main map. Thin white lines depict power lines.
Airborne EM measurements were conducted to provide information of depth to bedrock/sediment
thickness between drilling sites and guide the further drilling program. AEM data indicate a variable
bedrock depth with a general trend towards shallower bedrock in the north-eastern part of the
investigation area. The survey also encountered quick clay, a highly sensitive, marine clay with a
reduced salt content and thus slightly increased resistive than its “parent” unleached marine clay.
Quick clay is not easily identified in the AEM data, but some possible occurrences agree well with the
results from drillings (Figure 2). It is a very encouraging result, that AEM can resolve a slight change
in clay resistivity in close vicinity to highly resistive bedrock below.
Various methods for estimating depth to bedrock were compared: using a constant resistivity threshold
either survey-wide or for various profiles; or by using an appropriate resistivity value as a function of
position. A contouring algorithm was developed for the second method to incorporate both borehole
and AEM data and hence account for apparent variations in resistivity at the sediment-bedrock
boundary. Given the heterogeneous quaternary geology throughout the survey area, both in terms of
sediment thickness (from meters to tens of meters) and resistivity (leached and unleached clay), a
universal threshold resistivity based on the smooth inversions was not feasible. The more advanced
algorithm succeeded in creating a 3D bedrock model that could be used for the further geotechnical
work. This algorithm is based on several stages of kriging based on AEM data and existing boreholes.
The variation data derived from the interpolations enabled us to create shallow bedrock probability
maps as a planning basis for further ground investigations. Based on the AEM results
recommendations for further drillings were given, thus reducing the overall costs of the project.
Analysing achievable bedrock accuracies, we estimate that 10 000 to 100 000 Norwegian kroner per
square km can be saved in drilling costs, if AEM and drillings are combined correctly (manuscript
under revision for Journal of Applied Geophysics).

DGG/EAGE Workshop on Airborne Geophysics, 27th March 2015, Hannover, Germany

35

Figure 2: AEM profile and boreholes along a profile between Vorma and Uåa. Blue borehole
colours indicate moderately sensitive, marine clay, green colours indicate highly sensitive quick clay.
Boreholes are marked by their numbers (4 digits) and their lateral distance to the AEM profile in [m]
(1 digit). The red line depicts a manually picked bedrock layer, the black line an automatically picked
100 Ωm threshold. The automatically generated bedrock topography is not included in this profile.

Figure 3: 3D Visualization of final bedrock model derived from AEM along with surface data
and borehole interpolation.
Black shale volume estimation
The second case study is a road project in an earlier planning phase. For 12 km new highway from
Eggemoen to Olum (Figure 4) the risk for highly toxic black shale (alum shale) had to be assessed
based on very limited ground investigation data. We acquired 102 line-km AEM (SkyTEM 302) in 75
m spaced grids covering the majority of the survey areas. Some parts had to be avoided due to existing
infrastructure (Figure 4).
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Figure 4: Bottom: Survey area illustrated by a 25-50 m resistivity depth slice overlaying the
bedrock geological map (ngu.no). Thin lines map power lines (blue) and railway (green),
while the solid black line is the planned road. Note the distinct blue area, the extent of
black shale in this region (and depth). Top: Depth profile along the first 5 km from
west to east showing the subset containing conductive black shale.
Black shale, and especially alum shale, is highly conductive and Uranium rich. We assessed the shale
conductivity in the area with selected ERT lines and measurements on drill core samples and the
results motivated the AEM survey, combined with magnetics a gamma spectrometry. Based on all
these data we estimated the shale volume that must be expected for the planned road cuts. Given the
limited AEM sediment thickness resolution in this case (resistive sands over highly conductive shale),
AEM conductivities were used to classify the likelihood for shale and integrated with volumes
determined by drillings and ERT. Quantitative results were delivered to the client.
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Antarctic frontiers as revealed from a decade of aerogeophysical exploration
Fausto Ferraccioli
British Antarctic Survey, Cambridge, UK
Introduction
Antarctica is the least known continent despite being a keystone in the Gondwana, Rodinia and the
Columbia supercontinents. Conventional geological studies are hampered by the thick ice sheets that
cover over 99% of the continent. Because of its impacts on global sea level rise, the past, present and
future behaviour of the Antarctic ice sheets is also a focus of major geoscientific research.
Airborne geophysics is a key tool to investigate both the Antarctic ice sheets and the underlying
continent. Modern airborne geophysics is interdisciplinary and includes the simultaneous acquisition
of laser altimetry, radio echo sounding, gravity and magnetic data. This enables comprehensive studies
of ice sheet surface, internal ice sheet structure, ice thickness, subice landscapes and hydrology,
subglacial geology and deeper crustal architecture. Although international airborne geophysical
investigations in Antarctica have been common practice since the 1970’s, the last decade has been a
“golden age” for airborne geophysics with almost 2 million line km of new data collected. The
International Polar Year (2008-09) in particular was a major springboard to launch ambitious cuttingedge aerogeophysical exploration efforts over Antarctic Frontiers.
Here I review some of these major exploration efforts with emphasis on projects where the British
Antarctic Survey was involved (either in the surveys and/or in the interpretation), focussing mainly
(but not exclusively) on the geological research strands. I will present six airborne geophysics case
studies, including the Gamburtsev Subglacial Mountains and the Aurora and Wilkes Basin regions in
East Antarctica, and the Amundsen, Bellingshausen and Weddell Sea regions in West Antarctica (Fig.
1). Finally, I will provide a brief outlook on future directions for Antarctic airborne geophysics.

Figure 1: a – Antarctic airborne geophysical profiles shown in red and project names of the case
studies. For ICECAP (not flown by BAS) the survey area is shown in yellow; b – Case study areas
superimposed on Antarctic bedrock topography (Fretwell et al., 2013). Abbreviations: GSMGamburtsev Sublgacial Mountains; ASB: Aurora Subglacial Basin; TAM/WSB: Transantarctic
Mountains & Wilkes Subglacial Basin; WARS: West Antarctic Rift System; ASE, BSE & WSE:
Amundsen, Bellingshausen and Weddell Sea embayments. Other survey areas: DML: Dronning Maud
Land, AP: Antarctic Peninsula & our latest 2013 survey over the Recovery Frontier (white rectangle).
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The Gamburtsev Subglacial Mountains case study
The Gamburtsev Subglacial Mountains (GSM) are the most enigmatic mountain range on Earth as
they are located in the middle of the East Antarctic Craton and are buried by the East Antarctic Ice
Sheet (EAIS). This mountain range provided a major nucleation site for the Antarctic ice sheet. The
paradox of their Alpine relief coupled with their cratonic location has baffled earth scientists since
their discovery over 50 years ago.
The AGAP project was a flagship project of IPY that acquired 120,000 line km of airborne
geophysical data (Bell et al., 2011) that help unveil crustal architecture and uplift mechanisms for the
GSM (Ferraccioli et al., 2011). The geophysical data define a 2,500-km-long Paleozoic to Mesozoic
rift system surrounding the GSM. A thick high-density lower crustal root has been imaged from
gravity modelling and receiver functions and may have formed during Grenvillian (or perhaps PanAfrican) age assembly of East Antarctica. Rifting may have triggered phase/density changes restoring
some of the root buoyancy and causing flexural rift-flank uplift. Permian rifting was likely followed
by Cretaceous intraplate strike-slip faulting associated with Gondwana break-up and this may have
triggered the initial uplift of the modern GSM. Flexural models suggest however that their Alpine
topography is mainly due to peak-uplift induced by Cenozoic valley incision.
The Gamburtsev Mountains case study demonstrates the utility of airborne geophysical research in
imaging subglacial landforms at mountain range scale (Rose et al., 2013; Creyts et al., 2014), studying
crustal architecture, and providing fundamental constraints for modelling intraplate mountain building
in relation to tectonic processes, such as continental rifting and isostasy (Ferraccioli et al., 2011).
The Aurora and Wilkes subglacial basin case studies
Wilkes Land is a key region for comprehending linkages between East Antarctica and Australia within
Gondwana and earlier supercontinents and for appreciating the role of tectonic boundary conditions on
EAIS behaviour. Despite it importance, it has until recently remained one of the largest regions in
Antarctica where even basic geological knowledge was lacking.
Two major airborne geophysical exploration efforts including the multi-year ICECAP initiative and
the WISE-ISODYN survey (Ferraccioli et al., 2009; Jordan et al., 2013a) are shedding unprecedented
insights into this frontier. New magnetic, gravity, and subglacial topography data allow the region’s
first comprehensive geological interpretations. Several lithospheric domains within the Mawson
Craton and the East Antarctic continuation of the Albany Fraser Orogen of Australia and their
bounding faults, including the inferred suture between Indo-Antarctica and Australo-Antarctica and
subglacial sedimentary basins, such as the Aurora and Knox Subglacial Basins and the Sabrina
Subglacial Basin have now been identified (Aitken et al., 2014). Pre-EAIS tectonic features provide
first order controls on subglacial topography, which in turn influences ice dynamics. The identified
distribution of sedimentary viz. crystalline bed is a key boundary condition that needs to be
incorporated into future assessments of both paleo and modern EAIS dynamics and stability.
In the Wilkes Subglacial Basin aeromagnetic data image the subglacial extent of a Jurassic Large
Igneous Province and reveal major Precambrian and Paleozoic faults that provide structural controls
on the margins of the basin (Ferraccioli et al., 2009). Different phases of tectonic evolution, such as
Neoproterozoic rift margin development, Cambrian back-basin, Jurassic volcano-tectonic rift and
minor graben formation in Cretaceous to Cenozoic times have been interpreted (Ferraccioli et al.,
2009). The thinner crust beneath the basin imaged from airborne gravity may be the result of a
combination of tectonic and erosional processes ranging in age from Cambrian to Cenozoic times
(Jordan et al., 2013a). Overall, the Aurora and Wilkes basin case studies demonstrate the utility of
aerogeophysics in investigating basement architecture, magmatism and sedimentary basins in both
cratonic and craton-margin environments, and their utility in defining variable topographic and
geological basal boundary conditions, which may in turn affect EAIS behaviour.
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The Amundsen- Bellingshausen and Weddell Sea embayment case studies
The West Antarctic Ice Sheet (WAIS) is the largest marine-based ice sheet left on Earth. Its potential
instability in response to ocean and climate change has been a cause of concern for several decades.
The most rapidly thinning part of WAIS according to recent satellite observations is the Amundsen
Sea Embayment (ASE) region, which until recently, was also one of the least known frontiers.
Extensive joint US-UK aerogeophysical observations were carried out over the ASE as part of the
AGASEA-BBAS project and form a key basis for studying this rapidly changing part of WAIS.
Airborne radar unveiled the deep basins that underlie the Pine Island and Thwaites Glacier (Fretwell et
al., 2013). The subice topography provides key boundary conditions and constraints for modelling
potentially unstable WAIS behaviour.
It has long been known that the West Antarctic Rift System (WARS) forms the lithopheric cradle for
parts of the WAIS, but the location of rift basins and their deep crustal architecture in the ASE was
poorly constrained prior to our extensive aerogeophysical studies. 3D inversion of aerogravity data
revealed that Pine Island Glacier is underlain by ca 20 km thick rifted crust, the thinnest observed
beneath the WAIS. In addition, estimates of lithosphere rigidity (Te), based on isostatic models and
gravity anomalies yield a Te of 5 ± 5 km, which is comparable to modern rift systems such as the
Basin and Range Province. Spectral analyses of airborne gravity data indicates that the WARS also
underlies the Byrd Subglacial Basin beneath the neighbouring Thwaites Glacier. A zone of thinner
crust is also identified near the area’s subaerial volcanoes lending support to a recent interpretation
predicting that Marie Byrd Land is a major volcanic dome within the WARS (Damiani et al., 2014).
The identification of thinned rifted crust beneath the ASE is important in order to better constrain
variations in geothermal heat flux and its effects on WAIS dynamics.
The neighbouring Bellingshausen Sea Embayment sector of the WAIS, which is also exhibiting
dynamic thinning, has so far remained largely unexplored with modern airborne geophysics.
Nevertheless a handful of airborne radar profiles collected during NASA operation IceBridge and a
few reconnaissance oversnow lines have recently led to the hypothesis that dynamic thinning in the
WAIS may be steered inland along glacially overdeepened rift basins that connect to the adjacent
continental shelf (Bingham et al., 2012). New aerogeophysical studies are a high priority to: a) better
comprehend the structure and the evolution of the northern segment of the WARS and; b) to test the
hypothesis that these rifts play a key role in transmitting oceanic-driven change inland, promoting
WAIS instability.
The Weddell Sea sector of the WAIS had not been studied with airborne geophysics since the early
80’s. Extensive aerogeophysical observations were performed in 2011 over the catchments of the
Institute and Moeller ice streams flowing into the Weddell Sea and have led to the discovery of deep
subglacial basins indicating that this part of the ice sheet may potentially also be subject to marine ice
sheet instability (Ross et al., 2012). Other discoveries include the identification of prominent channels
at the edge of the ice shelf (Le Brocq et al., 2013), recognition of variations in bed roughness (Rippin
et al., 2014), the discovery of ancient subglacial channels linked to a former more dynamic WAIS
(Rose et al., 2014) and variations in englacial structures interpreted as reflecting Holocence changes in
WAIS dynamics (Bingham et al., 2015 JGR in review). The data have also enabled studies of an active
subglacial lake and new models of future ice sheet behaviour. New views of the inland extent of the
Weddell Sea Rift and its boundary with the enigmatic Ellsworth-Whitmore block have also emerged
from airborne gravity and magnetic data analyses (Jordan et al., 2013b).
Overall these aerogeophysical studies over the WAIS demonstrate its utility for providing key
boundary conditions for studies of WAIS dynamics and unveiling tectonic and magmatic patterns
associated with subglacial rifts, as well as forming a foundation for future modelling efforts targeted at
estimating e.g. geothermal heat flux, which is one of the largest unknowns in Antarctica.
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Conclusions and Future Outlook
This has been a golden decade for Antarctic airborne geophysics. Airborne geophysics has become
increasingly international, more interdisciplinary, has achieved the first coverage of major challenging
frontiers, and has led to significant discoveries relevant for ice sheet studies, subglacial geology and
deeper crustal architecture research. Many projects have bridged the gaps between geophysics,
geology, glaciology and geomorphology. The global geodetic and the satellite communities are also
getting increasingly interested in Antarctic frontiers and, with the availability of ever improving
satellite gravity and magnetic global models, including gradient data, exciting new opportunities lie
ahead.
However, in the current economic and funding situation major European-led aerogeophysical projects
are becoming increasingly difficult to mount. Hence major prioritisation exercises are required to
define future targets. Some major poles of ignorance where either no or little aerogeophysical data
exist, such as the Recovery-South Pole region and Prince Elizabeth Land are high priority for
surveying. Exploration efforts in the Recovery Frontier have already begun. The availability of longerrange and reliable UAV’s promises to be transformative for higher resolution surveys, which are in an
infancy stage in Antarctica. However, major technological development is required before the full
suite of equipment currently available in fixed wing configuration can be used on UAV's.
There is clearly a need for increased public domain release of recent international aerogeophysical
datasets. Regional to continental-scale compilations of the gravity and magnetic data are essential
near-future priorities, following the highly successful BEDMAP-2 radar data compilation (Fretwell et
al., 2013). Much remains to be done to link the new aerogeophysical data and models with geological
data, including planning ambitious cutting–edge drilling initiatives and developing improved 3D
models of subglacial geology and crustal structure and more realistic process-oriented models.
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Introduction
This study presents a semi-automatic sequential hydrogeophysical inversion method for the integration
of resistivity data and lithological borehole information into groundwater models in sedimentary areas.
Large scale airborne geophysical EM-surveys play an increasingly important part in the geological
mapping of the subsurface especially in a hydrogeological context. Airborne EM surveys provide
valuable information of the geological structures and the lateral heterogeneity than boreholes cannot
reveal due to the spatial scarcity (Jørgensen et al., 2003). However, boreholes play a key role in
linking the resistivity to the different lithological and hydrological classes. Today, geologists and
hydrogeologists in most cases interpret AEM-derived electrical resistivity distributions manually along
with borehole observations within the context of a given geological setting. Due to the discrepancy
between hydrological and geophysical parameter spaces the challenge is to translate the electrical
resistivity distribution into hydrogeological classes.
Our results suggest that a competitive groundwater model can be constructed from densely sampled
resistivity models from AEM surveys together with borehole information, using the procedure
outlined below.
Methodology
The methodology below is described in larger detail in Christiansen et al (2014) and Foged et al
(2014). The petrophysical connection between hydrological parameters and geophysical parameters
varies spatially within survey areas and to an even larger degree between survey areas. This means
that a global, fixed petrophysical connection is non-exisisting. In this paper, the connection between
hydrological and geophysical parameters is managed by a translator function with spatially variable
parameters.
Figure 1: The translator function and 3D
translator function grid. The translator function
returns a weight, W, between 0 and 1 for a given
resistivity value. The translator function is
defined by the two parameters mlow, and mup.
In this example the mlow, and mup parameters
correspond to 40 Ωm and 70 Ωm respectively.
Each node in the 3D translator function grid
holds a set of mup and mlow. The mup and mlow
parameters are constrained to all neighbouring
parameters.
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In sedimentary areas, the distribution of mainly clay and sand will be the governing factors for the
groundwater flow. Hence, a model describing the clay content can be used for forming hydrological
zones. In boreholes we describe the cumulated thickness, or clay-fraction, in intervals (this is our
observed data). On the other hand we have geophysical resistivity models, which through a translator
model (figure 1), will translate the resistivities into clay fraction through a weight on the resistivities
(this is the forward problem). The translator model is a very simple function defined in a regular grid
with two parameters per node, a lower and an upper parameter. The inverse problem seeks the
translator model that results in the best fit between the clay fractions described in the boreholes and
the clay fractions computed from the resistivity models. The best translator model from the inversion
process is lastly applied to the resistivity models, thereby forming a 3D-clay fraction model. This
output thus holds the integrated information about the amount of clay layers from both the boreholes
and the geophysical resistivity models.
The clay fraction model can be used directly in setting up hydrological units simply by grouping the
clay fraction values in into a number of intervals, as done in e.g. figure 2. However, we quickly found
that the structural information herein was too limited for the hydrological model. We therefore decided
to bring the structural information from the resistivity model back in through a K-means clustering
algorithm using the principal components of the resistivity models and the clay fraction models.
This output was evaluated in a full scale groundwater model calibration, and the result is compared
with a calibration result from a reference hydrostratigraphic model.
Examples
The Norsminde case area is located in eastern Jutland, Denmark and covers 156 km2 (Refsgaard et al.,
2014). The modelling area has a high degree of geological complexity in the upper part of the section.
The area is characterized by Palaeogene and Neogene sediments covered by glacial Pleistocene
deposits. For the lithological logs a fixed lithology code list is available from the national database and
all different types of clay layers are easily identified, and the clay fraction values can be calculated.

Figure 2: Northwest–southeast cross section through the Norsminde area. Top)
The resistivity section. Middle) Clay fraction section and bottom) 5-cluster section
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For the model area, approximately 700 boreholes are available. The major part of the model area is
also covered by SkyTEM data and adjoining ground based TEM soundings. The SkyTEM survey was
performed with a dense line spacing of 50 m for the western part and 100 m line spacing for eastern
part. In total 2000 line km were flown with a total of 106,770 1D resistivity models.
Figure 2 shows a cross section though the area with displays of the resistivity model, the caly fraction
model and the cluster model. A horizontal slice in the 3D resistivity and clay fraction model is shown
in Figure 3 together with the cluster model.

Figure 3:
Left: Horizontal slice at 6 m.b.s.l
in the 3D-resistivity model.
Right: corresponding slice in the 3D-clay
fraction model.
Bottom: The same slice in the Cluster model.
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The resulting image of the clay-sand distribution includes both the resistivity data and the borehole
data, which means that a global, non-varying translator model would not have produced the same
image. Needless to say, neither would the borehole information alone. The cluster model shown
formed the direct input to a groundwater model calibration with any adjustments. This structural
model was then used for calibration and validation with the major results shown in Table 1.

Table 1: Groundwater model calibration. The framed numbers show that the automatic
clustered model performed as good (or actually slightly better) than an existing reference model.
Conclusion
We have presented an approach for automatic integration of large-scale airborne EM models into
groundwater models, which is traditionally a very time-consuming process. The approach uses
existing borehole data, which together with the resistivity model forms a clay fraction model. This
clay fraction model is then clustered together with the resistivity models for structural input to form a
5-6-cluster model that can be used readily as input into a hydrostratigraphic model. In the example we
show competitive behaviour of the proposed method compared to a reference model.
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Summary
Technological advancements result in the continuous development of geophysical acquisition systems
allowing for an ever-increasing amount of data recorded within a distinct time period. Current airborne
geophysical databases covering intermediate sized survey areas comprise usually billions of digital
readings. The sheer size of the available amount of information and rapid data acquisition capacities
are increasing the pressure on Earth scientists to accelerate the data processing and information
extraction procedures. We review the strength and weaknesses of current classical data analysis and
integration approaches relying heavily on the skills and experience of a human interpreter and
statistical approaches analyzing data sets strictly numerically. We highlight the need to develop new
and intelligent data mining approaches suitable to combine and learn the strengths of the statistical and
classical data analysis and integration approaches which may bear the potential to advance our
understanding of geological processes and interrelations.
Introduction
Technological advancements result in the continuous development of geophysical acquisition systems
allowing for an ever-increasing amount of data to be recorded within a distinct time period. Additionally,
a combination of various geophysical techniques is often used to explore the survey area, e.g., for
identification of potential exploration targets. Current airborne geophysical databases covering
intermediate sized survey areas comprise usually billions of digital readings. In many cases the
geophysical database is supplemented by satellite imagery, geochemical and mineralogical sampling as
well as mapped geological information reflecting at least in parts the insights of a human expert based on
subjective visual analyses and process understanding. The sheer size of the available amount of
information and rapid data acquisition capacities are increasing the pressure on Earth scientists to
accelerate the data processing and information extraction procedures (Paasche et al., 2014).
Data integration and information extraction
The traditional approach
Traditionally, the various data sets available in the study area are successively analyzed by human
interpreters. This approach may follow a traditional data exploration strategy by first formulating a
hypothesis based on subjective experience or geological process understanding and secondly exploring
the available data in order to prove the hypothesis right or wrong. Visual exploration of mapped data
sets, filtered data sets or attribute maps derived from a data set, e.g., gradient information, is an
important analysis tool in this approach. Individual features in the data sets analyzed by a human
interpreter may comprise the occurrence of significant ridges/edges in the mapped data, changes in the
absolute values recorded with regard to time and/or space, as well as texture changes in the mapped
data with regard to time and/or space. Additionally, a human interpreter may weight the significance
of the information extracted from different data sets and based on different analysis features, such as
edges or texture. Such a spatially varying weighting of the informational value of complementary data
sets becomes important when it comes to the integrated analysis of data sets acquired by a technical
sensor system, e.g., a geophysical device, and (partly) subjective information, e.g., achieved by visual
inspection of material distributions at the Earth’s surface. While a well-maintained and operated
technical system will provide readings that are always a composite of measurement errors and true
information about the ground with varying fractions of both components, the subjective (visual)
inspection will often result in records of perfect (true) information, if the human expert’s experiences
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allowed to deduced the right information from the visual inspection, or fully wrong, i.e., when the expert
might have overseen information. While techniques exist to estimate the error levels of sensor systems,
e.g., by analysis of repeated readings or readings with largely overlapping sample area, the quality of
mapped information relying on human experience and skills is usually not quantitatively accessible.
Over time, a human interpreter’s experience will grow and the ability to balance the informational
contribution of individual data sets and visual detection features will likely improve. Nevertheless, the
weighting of information may happen in an at least partly subconscious manner resulting in a
significant subjective component inherent to the final integrated interpretation. This subjectivity
prohibits making quantitative statements about interpretational risks, i.e., providing a numerical
measure of the trustworthiness of the resultant interpretation. Furthermore, human (subjective)
interpretation results cannot be used for straight-forward interpolation of sparse information, e.g.,
geochemical samples in the survey area (Figure 1).
Current statistical approaches
In the last decades, a number of statistical techniques have been developed and employed to analyze
airborne geophysical data sets objectively and rapidly. For example, many approaches have been
developed to detect ridges/edges in mapped potential field data. Many of these approaches have been
limited in their analytical breadth, i.e., they were only applicable to one data set at a time, or they were
only capable of detecting a distinct type of feature, e.g., edges/ridges of similar spatial width. Other
statistical approaches have been developed to separate the information of multiple fully or partially
collocated complimentary maps into a number of segments outlining piecewise similar regions in a
multi-method database. Some of those require an algorithmic learning procedure, which may be based
on subjective training prohibiting objective analyses. Purely data driven approaches are often based on
cluster analyses or artificial neural network classification techniques. These approaches are based on
numerical algorithms allowing for an objective analysis and integration of multiple data sets with
unknown and complex interrelations. However, partitioning cluster analysis, such as k-means or fuzzy
c-means, numerically integrate disparate maps into a classified map by solely analyzing the measured
values, while ignoring information about spatial neighborhoods of a distinct reading or texture
information. Here, cluster analyses are used on the hypothetical basis that the mapped readings bear
sufficient information for meaningful classification. Compared to the complex multi-feature analyses
of human interpreters the amount of information analyzed by these methods is very limited. However,
these algorithms are repeatable and allow for a numerical separation of structural heterogeneity
present in multiple geophysical and complementary maps from the measured attributes itself, e.g.,
electrical conductivity of magnetic susceptibility. This allows in many cases for a numerical appraisal
of the quality of the finally produced maps in the sense of fuzziness or probabilities, e.g.,
trustworthiness measures for detected ridges/edges or zonation assignments. Such structural
uncertainty information can be used to define optimal sampling positions for sparse additional
observations, e.g. geochemical probing, and the interpolation of these sparse measurements without
the need of geostatistical techniques, such as variogram analysis and kriging (e.g., Paasche et al.,
2014). Fuzzy or probabilistic statistical pattern recognition, such as fuzzy cluster analysis, describes
the heterogeneity present in all underlying input data sets on all scales covered by the mapped data.
However, since in most cases only a single decision criterion is analyzed, e.g., edge or measured
value, these techniques do not allow for an intelligent integration of technical and subjective
information, which may result in undesired negligence of geological maps or other human expert
knowledge (Figure 1).
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Figure 1: Approaches towards structure-based analysis and integration of complex databases.
Data mining approaches
In data mining, no hypothesis is required about any expected relations between different data sets or
about the specific suitability of a distinct data set for a specific interpretational goal. Instead, the
available database is analyzed for a wide variety of features. This comprises the detection of
edges/ridges based on multiple information, variations in time and space of the measured values as
well as spatial and temporal texture variations in multiple data sets. The features to be analyzed should
resemble all possible visual analyzes done by a human expert. This requires the recognition of
subconscious and conscious decisions human interpreters are doing when analyzing data following the
traditional approach. In a second step, the response of all the multiple feature analyzes should be
integrated in a flexible manner allowing for balancing the contributions of the individual data sets, i.e.,
with regard to spatially variable error levels in data sets acquired by technical devices, as well as the
nature, technical or subjective, of the considered data sets. When formulating the algorithmic
components for feature analysis and feature integration, an algorithmic learning phase will most likely
occur. However, on a longer perspective, such automated data mining approach allows for learning
relevant features, feature integration and balancing rules and data types for specific interpretational
goals. Such purely data driven analysis and integration approaches would offer the full set of benefits
known from nowadays statistical analysis approaches, such as quantitative interpretation and risk
appraisal as well as the definition of optimal sampling points for the acquisition of sparse target
parameters and their interpolation based on all spatially continuous mapped data sets available. Such
algorithms can speed up the information extraction procedure when analyzing large multi-method
databases while following transparent feature and decision rules at the same time. At the same time,
data mining approaches could offer an overwhelming complexity of analyses and feature which bears
the potential to outperform the complexity of human analyses, since analyses are fully independent
from available geoscientific process understanding, which might be incomplete, yet. The geoscientific
expertise and process understanding is essentially required to validate the results achieved by data
mining approaches and to update geological process understanding on the basis of the revealed
informational features present in complex databases (Figure 1).
The potential of quantitative interpretation
In the following we will schematically illustrate the flow of a statistical or data mining based analysis
and integration approach (Figure 2). We begin by spatially outlining the survey area of interest and
collect a number of data sets covering the survey area fully or partially. This may comprise various

DGG/EAGE Workshop on Airborne Geophysics, 27th March 2015, Hannover, Germany

49

geophysical data sets. If the survey area covers several hundreds or thousands square kilometers,
airborne geophysical data sets will be usually considered. The geophysical data sets may be
complemented by other data sets acquired by technical devices, such as air photographs, or partly
subjective, pre-classified (sharply contoured) geological maps. Second, the goal of the survey has to
be specified. Typical examples could for example be to support geological mapping by providing an
integrated map based on all data sets segmenting the survey area in a number of zones, or detecting
linear features, such as dykes, anthropogenic constructions, such as railway lines or power lines. In
Figure 2, we decide for a zonation of the survey area. Note that the true zonation must neither be
known prior to data acquisition or analysis/integration nor assumptions about the expected zonation
have to be made. The first analytical step (step A in Figure 2) requires us to analyze all available data
sets according to one or more selected features allowing to find an optimal number and arrangement of
zones grouping the individual observations in our database. Note, that such analyses are not only
restricted to spatial variations in the survey area. If time-lapse information is available, the resultant
zonation pattern could outline temporal or even spatio-temporal changes. A number of studies have
been done in the past striving exactly to find an optimal zonation of multiple spatially continuous data
sets (e.g., Paasche and Eberle, 2011). If the structural heterogeneity of all input data sets is fully
separated from the attributes, e.g. the physical quantities measured, and described in the form of fuzzy
or probabilistic numerical information, a zonated map of the survey area and the trustworthiness of an
assignment of a pixel in the map to a distinct zone can be quantified. In Figure 2, color saturation
reflected the trustworthiness of the assignment of a pixel to a distinct zone. Such numerical
trustworthiness information allows for statements about risk analysis, e.g. detecting zones likely facing
effects of Earth quakes or quantifying mineral exploration potential. However, the final interpretation
aspect should always be related to the underlying informational database, which is fully in the
responsibility of the Earth scientist. For example, if historical information about the reported
experience of Earth quakes is integrated with morphological maps and geophysical information, an
interpretation of the finally achieved patterns with regard to potential seismic hazard risk appears
meaningful. Finally, the detected patterns should by validated by ground truthing (step B in Figure 2),
which could be done by a geophysical field campaign (e.g., Eberle and Paasche, 2012). Alternative
numerical methods can also be considered (e.g., Schröter et al., submitted).
Once we achieved such numerical information about spatial patterns reflecting the heterogeneity of all
input data, we can use it for defining optimal locations for the acquisition of sparse information about
additional parameters, e.g., soil moisture of chemical element abundance (Schröter et al., submitted,
Paasche and Eberle, 2010). Each detected pattern should be calibrated by at least one representative
sample of the target parameter (step C in Figure 2). Hachmöller and Paasche (2013) show, how fuzzy
pattern descriptions can then be used to interpolate sparse target parameter information, even if the
petrophysical relations to the underlying spatially continuous data sets are unknown.

Figure 2: Schematic flow of a fuzzy/probabilistic data analysis and integration approach
applicable to data mining and statistical analysis and integration techniques.
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Conclusions
Ever-increasing data acquisition speed urges the development of rapid data analysis and integration
approaches allowing for rapid and objective information extraction from complex geoscientific
databases. While traditional approaches relying on skills and experience of human interpreters offer
the analysis of various features in the database they lack objectivity, rapidity and allow usually only
for qualitative statements about the final interpretations. Statistical approaches available nowadays
show a promising potential with regard to more quantitative data analysis opening new directions with
regard to risk analysis, optimal sampling strategies and interpolation techniques. However, usually
they enable only the analysis of a small fraction of the available data sets. Data mining techniques are
expected to bear a unique potential to combine the strength of traditional and statistical approaches.
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Abstract
Because of its complex nature and the wide variety of controlling factors, the geological and mineral
resource interpretation of remote sensing data requires sophisticated interpretation methods. Artificial
neural networks (ANN) offer an unbiased data driven approach, as they are able to “learn” from
"examples" (e.g. known sites of mineral occurrences, known geological formations) and subsequently
transfer this “knowledge” into a larger area with similar data sets.
In the past, the application of the technology in geo-science was difficult due to its low awareness
level and problems to integrate it into geo-data processing algorithms. In this situation, the software
advangeo® was created to provide a normal GIS user with a powerful tool to use ANNs for predictive
mapping within a standard ESRI ArcGIS environment. Besides this, the approach provides useful
data-processing and data-analysis tools that are adjusted to the solution of special problems: geohazards and mineral deposits. Among others, there are algorithms for preparation of vector data,
vector/raster data transformation, analysis of raster data (incl. geophysical grids) and data processing
reliability analysis. The approach is able to add considerable value to existing data. In different case
studies ANN’s have shown their capabilities in modelling and prediction of a wide variety of
geological, environmental and geo-economic issues: mineral potential mapping, geological mapping,
environmental geology, geo-hazard potential mapping. The application of ANN technologies for data
interpretation offers important advantages, as they are applicable even if the relationships between the
depending variable (e.g. the rock type) and the controlling factors (e.g. remote sensing data) are not
really known, they consider many influencing factors, they work with available data, they are
comparable quick and easy to use, and they offer both qualitative (where?) and quantitative (where
and how many?) predictive features.
Method: Artificial neural networks
The ANN data interpretation approach is based on the functionality of a biological nervous system
being composed of many interconnected neurons (nerve cells), which receive process and transfer
information. After reaching a certain threshold, nerve cells are activated and forward information to
other connected neurons. During a learning process the interconnections are adapted. The simulation
of these biochemical processes in an ANN is realized by artificial neurons and the weights of the
connections (Backhaus et al. (2003) and Kriesel (2009)).
ANN are usually organized in layers. The network topology describes the number of layers (Figure),
the number of neurons in layers and the way of their interconnection: Important parameters are the
direction of signal propagation (forward / backward) and the type and level of connection (completely
connected / with shortcuts).
The used paradigm of ANN is the Multilayer Perceptron (MLP). It consists of 3 or more layers: The
input layer receives the values of the controlling parameters. The neurons of the hidden layer(s) and
the output layer process the weighted signals from the neurons of its previous layer and calculate an
output value applying an activating function. The output layer, typically consisting of only one neuron,
represents the dependent variable to be modelled.
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Figure 1: Scheme of a feed-forward artificial neural network
During the learning process the weights are adapted in an iterative process. In this process, the mean
squared error (MSE) between the expected outputs and the actual situation (between modelled and
training data) is minimised. The training is stopped after reaching a defined count of iterations
(epochs) or if the error falls below a defined minimum.
Integration of the method into GIS: Software advangeo®
The software advangeo® is implementing the ANN Multilayer perceptron (MLP) approach into the
standard ESRI GIS environment. The software is working with raster datasets.
Graphical User Interfaces and Functionality
Main components of the software are the Data & Model Explorer and the GIS-Extension (see Figure ).

Figure 2: Software advangeo® graphical user interfaces:
Data & Model Explorer (left) and GIS Extension (right)
The Explorer allows the creation and administration of projects including the organization and
processing of geo-data and the parameterization and calculation of the ANN models. In a step by step
process it guides the user through the various steps of model environment definition, data preparation,
ANN training and model verification. In the Explorer, the project and its data are organized in a
Windows like tree structure.
The project, the recorded working steps and all model data and metadata are stored. The database and
the physical data is located in a closed file structure allowing the simple copy and paste of projects
from user to user or to another storage medium. An overview of the architecture of advangeo® is
shown in Figure 3.
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Figure 3: The advangeo® software architecture
Workflow
Advangeo® consists of different modules, offering an integrated workflow which guides the user
through the different work steps of data pre-processing and model creation:
 Module “Base Data”: Definition of model base parameters i.e. origin, grid cell size, extent, outline
and spatial reference of the model area (Base raster and Project Area) and the creation of different
areas for training, testing and application,
 Module “Source Data”: Organization of Source Data, i.e. any kind of input data in different raster
and vector format, such as digital elevation models, geophysical raw data, sample points,
geological maps or land use maps.
 Module “Processed Source Data”: Creation of derived data sets as raster or vector data, e.g.
interpreting spatial relationships, derivatives; such as distance maps, slope direction maps,
lithological maps, interpolated geochemical data maps.
 Module “Model Input Data”: Generation of consistent raster data based on existing Processed
Source Data for its use in models with different user options, e.g. options for scaling, creation of
binary rasters from nominal data or fill NoData values automatically with a defined value.
 Module “Parameterized Models”: Parameterizing and training of ANN-models and application of
trained models.

Figure 4: The predictive modelling workflow
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Software extensions
Considering that the data modelling is carried out as a raster analysis, the neighbourhood of a pixel is
not interpreted. Therefore, all spatial information like the distance of a point to a fault or a certain
geological contact must be derived from source data information. This data processing requires an
extensive knowledge of data manipulation techniques as well as a lot of time. To support the user in
complex and often repeated steps of data preparation, two extensions for automated data processing
were implemented:
 Erosion Extension: processing of digital elevation models, soil maps and land use maps and the
combination of geological data with elevation model data
 Minerals Extension: automated processing of geological maps, classification of linear elements and
rock contact zones, processing of geophysical data and geochemical data, interpolation of point
data.
Both extensions consist of graphical user interfaces for data selection, execution of processing
operations and create ready to use model input data.
Case Studies: Gold potential mapping in
Ghana
Artificial neural networks (advangeo®) have
been used to create mineral predictive maps
for two areas in Ghana: the Lawra belt in the
NW of the country, and the Ashanti, Sefwi
and Kibi belts in SW Ghana (Figure 5).
Gold potential mapping in the Lawra belt
The Lawra belt in NW Ghana stretches N-S
over a distance of approx. 120 km. In this
area several gold occurrences are known,
but the level of knowledge is still low and
not comparable with the famous gold belts
in SW Ghana. Using the available airborne
geophysical data (magnetics, electromagnetics, radiometric data), the mineral
deposit database and the 1:1M Geological
Map, a series of gold potential maps was
compiled. Best results have been computed
by using a combination of geological and
geophysical data. The electromagnetics have
shown the best sensitivity compared with
radiometric and magnetic data.

Figure 5: The study areas in Ghana

The study area in SW Ghana comprises
about 60,000 km². Using the mineral
occurrence database, the geological map
1:1M, airborne magnetic data, and the
SRTM elevation model, various derived
datasets (see Figure 7, Figure 8) have been
created and used for both quantitative and
qualitative mineral predictive mapping.
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Figure 6: Gold Potential Mapping in the Lawra Belt

Figure 7: Pre-processing of magnetic data

Figure 8: Pre-processing of tectonic data
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Modelling results have been used for the evaluation of single prospects (see Figure 9).

Figure 9: Evaluation of prospects with regard to their potential
By using the quantitative modelling results, high potential prospects can clearly be separated from
prospects with less potential. The model can easily be upgraded with new exploration data.
As a result of the extensive data analysis and modelling, a gold potential map in a scale of 1:1,000,000
(see Figure 10) was created. This map provides an excellent base for exploration targeting, investment
promotion and small scale mining guidance.

Figure 10: Hard Rock Gold Potential Map 1:1,000,000
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Conclusions
Artificial neural networks are an efficient instrument to model the relationships between a depending
geoscientific parameter (e.g. the mineral potential, a geological unit) and the controlling factors (e.g.
airborne geophysical data, geological maps).
The approach is a consequently data driven, avoiding the biased influence of a scientist. The
knowledge of the expert is essential for the selection and preparation of input data and for the
validation of the results.
Advangeo® provides an effective software environment for data pre-processing, model generation,
and result visualisation. It is a tool to build up structured and comprehensible models within the
widely used ESRI GIS environment.
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technology.
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