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SUMMARY

The new generation of airborne electromagnetic (AEM)
surveys yield large data sets of thousands of line
kilometres. Parts of these data are often contaminated by
noisefrom varioussources, e.g. fences, power lines, which
corruptsthedatato a degree that it can no longer be used.
The problem intensifies in urban areas where the risk of
data corruption is highest dueto denseinfrastructure The
inversion of corrupted data risks interpreting spurious
subsurfacefeatures and flawed geological interpretations.
Therefore, in many cases, the corrupted data is identified
and culled prior to inversion. This process of culling
corrupted data is generally a manua task requiring
specialists to examine the data in detail, which is an
extremely complex and time-consuming process.

Recently, we proposed a deep learning expert system to
automate the complex AEM data processing workflows.
The proposed method uses a deep convolutiona auto-
encoder to identify corrupted data, and was trained such
that it generalises to diverse geological conditions and
various survey areas. In this study, we investigate the
generalisation capabilities of our deep learning method on
alarge AEM survey areain Northland, New Zealand. Our
approach takes ~ 600 s to process 3984 linekilometres of
data and displays strong spatial correlation for the data
identified as corrupted. The inversion results show vay
few potential anomalies in the model space which are
being inspected by a manua operator. In general, the
proposed approach is generalisable and displays high-
quality data processing within short amounts of time
which requires minimal further quality inspection.

Key words. airborne electromagnetics, data processing
deep learning, anomaly detection.

INTRODUCTION

Modern AEM systems collect large data sets of thousands of
line kilometres in short amounts of time for the purposes of
geological mapping, minera exploration, and environmentd
and engineering investigations (Smith, et al. 2004). The data
from AEM systems is of ten contaminated by noisefrom various
sources, e.g. electrical fences and power lines, which corrupts
the data to a degree that it can no longer be used. When
corrupted by noise sources, the data from AEM surveys are

Zara Rawlinson, Rogier Westerhoff
GNS Science

114 Karetoto Road, Taupo, New Zealand
Z.Rawlinson@gns.cri.nz

typically culled to avoid misrepresentation of the subsurface
The identification and culling of corrupt data is mainly a
manual task, which requires highly trained specialists to
examine the data in detail. The manua data processing
workflows are subjective, difficult to reproduce and time-
consuming. Theproblem increases dramatically in urban aress
where the risk of data corruption is highest due to dense
infrastructure. Nevertheless, neglecting these workflows may
create increased risk of inferring spurious subsurface features,
flawed interpretations, and incorrect conclusions.

Recently, we proposed a deep learning expert system (Asf, &
al. 2022) to automate the complex AEM data processing
workflows. We stressed that the proposed deeplearning method
is readily applicable to various geological conditions and
survey areas dueto itstraining conditions. As such, our modd
has been trained on a huge ensemble of geophysical resolvable
1-D subsurface models (Asif, et al. 2023) which is different
than standard deep learning methods that utilises the data from
existingsurvey areasto identify corrupt data, resultingin abiss
to local geological conditions (Andersen, et al. 2016).

Inthis study, weapply our deep learning expert system off-the-
shelf on alarge-scale AEM survey carried out in the south of
Northland, New Zealand. The survey was collected over 17
days and consists of 3984 line kilometres of data having ~
830,000 soundings. As expected, the automated processing
shows a high degree of spatiotemporal correlation for the
corrupted data. We also present the 1-D inversion results of the
automated processing, which shows few to no anomalies,
indicating that no or minimal quality inspection is further
required. Themanual quality inspection is time-consuming and
isin process at the time of submission, but the resultsfor the
automated and the manual processing will be included in the
presentation.

METHOD AND RESULTS

The proposed deep learning expert system makes use of an
unsupervised learning strategy, specifically auto-encodes,
where the most relevant aspects of the data are encoded into a
compact representation by dimensionality reduction. The
encoded features of the data are then decoded back to identify
any spurious datapatterns. This approach of auto-encodersfor
the processing of AEM data is discussed in detail in our
previous work (Asif, et a. 2022), where we show that the
proposed approach successfully identifies spuriousfeaturesin
AEM data and displays high-quality data processing.

In this study, we investigate the performance of the proposad
deep learningexpert system on asurvey areain Northland, New
Zedland. The survey was flown with the SkyTEM306HP
system (Gisselg and Nyboe 2017) with ~200 m line spacingand
3984 linekilometres of data, which were acquired in 284 lines.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



AEM data processing by deep learning

The survey flight lines are shown in Figure 1 that consist of
~830,000 point locations of the soundings. It can be obseved
in Figurel that some major infrastructure, e.g. the state
highway, runsin the middle of the survey areafrom Northwest
to Southeast.

Figure 1. AEM survey lines for Northland, New Zealand
shown on top of the Google Earth image.

Our expert system is applied off-the-shelf on the low moment
(LM) and high moment (HM) data of the raw AEM soundings.
It takes ~305 sto process the LM and ~307 sto process the HM
data. The automated processing keeps ~92% and rejects ~7%
of all LM soundings. The remaining 1% of the LM soundings
are marked as partially corrupted. In the context of HM data,
~90% of the soundings are marked as clean while ~8% are
marked as corrupted. In addition, ~2% soundings are marked as
partially corrupted.

Theprocessingresults of our automated approach are shown in
Figure 2. The bluepointsin Figure 2 represent the datamarked
as clean and therefore, kept for inversion. The data locations
with yellow points exemplify the soundings where the late
times are affected by noise and a part of the sounding is
removed. Furthermore, the orange points represent the data
completely removed in the automated processing. Sincethe LM
and HM waveforms aresignificantly different from each other,
we observe several instances whereonly one of themoment of
thedatais corrupted to noise. We also notethat thereis astrong

Asif, et al.

spatial relationship between the data marked as corrupted or
partially corrupted, especially for the HM data.

We also show the LM and HM processing results of the most
northwest flight line from the survey area in Figure 3. The
drastic change in the signal amplitude at the beginning and at
theend of theline is dueto thetransition zone between theland
and the sea, where the data over the seawater results in high

Flght etibade
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Figure3. Dataprocessng results of themost northwest line

of thesurvey area. The orangemarked data represents data

culled by the automated processing.

signal amplitudes. The data marked as corrupted by the
automated processing is represented by orange, while the data
marked as ready for inversion is shown in blue.

The survey areais inverted with the 1-D spatially constrained
inversion algorithm (Viezzoli, et a. 2009) using Aarhuslinv
(Auken, etal. 2015). We apply the commonly used settings with
a 30-layer smooth model discreisation with the starting layer
boundary at 3 m and the last layer boundary at 350 m. The
inversion takes atotal of 22 iterations andresults in adatamisfit
of 1.02. A misfit of one corresponds to a fit just within the
standard deviation assigned to the data. The inversion results
are shown in Figure4 in the form of mean resistivity maps of
depth slicesfrom 40 m to 50 m, and 240 m to 280 m. A visud
inspection on the mean resistivity maps shows some anomalies
in themodel spacefor thetransition zone between theland and
sea, which could bedue to 2-D or 3-D effects. Few anomalies
in theform of conductiveblobs arealso observed, which could
be dueto the corrupted data mimicking a geological response
however; adetailed analysis by a manual operator will reveal
further details, which will be discussed in the presentation.

CONCLUSIONS

We show that the proposed deep learning expert system is
generalisable and readily applicable for the data processing of
large-scale survey areas. The preliminary results on the data
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from Northland, New Zeaand indicate a strong spatial
relationship between the data marked as corrupted by our
automated approach. Additionally, the inversion results show
little to no immediate anomaliesin themodel space. However,
the processed data are being examined thoroughly for quality
control and to further comment on the automated data
processing results. Regardless, our results show that the
proposed approach is a significant step forward to completdy
automating the data processing workflows and minimise the
need for highly skilled specialists.
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Figure2. Data processing results for the LM and the HM data indicating the locations where the soundings are marked as
corrupted, partially corrupted and clean and ther efor e, hasbeen removed, partially removed or kept for inverson respectively.
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Figure4. Mean resstivity mapswith depth dicesof 40 m to 50 m, and 200 m to 240 m.
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SUMMARY

We present anew semi-airbornetransient electromagneic
(TEM) system, dTEM, for subsurfaceimaging. ThedTEM
system is designed for both imaging of groundwater and
mineral resources. Thesystemusesalarge ground loop for
transmitting energy into the ground. It’s a dual moment
system with peak current up to 30 A for high moment and
1-2 A for low moment. Thefast LM turn off timeis around
8 us from the beginning of the turn-off ramp. Thereceiver
coil isa high frequency, low noise, open air coil carried by
the drone as a slung load. The high accuracy
synchronisation between the transmitter and thereceive is
achieved by GPS, within less than 50 ns. The drone is
equipped with two lasers for determination of the attitude
and real-time image processing has been developed to
measure and control the movement of the receiver coil
with the dronein the airspace. Data from all sensors ae
continuously streamed to the ground station.

The system can be used for mapping of deep targets.
However, as the current waveform and sy stem bandwidth
iswell defined also more shallow layered targets can be
mapped. The latter makesit possibleto usethe system to
map shallow ground water aquifersin terrainsinaccesshble
for traditional ground-based TEM systems.

Key words. TEM, semi-airborne, Hydrogeophysics,
minera exploration, drone

INTRODUCTION

Thedevelopment of semi-airborne electromagnetic sy stemshes
been subject for numerous publications in the later years.
Making a search on Google Scholar reveals not less than 292
publications since 2019 with the word “semi-airborne” in the
titte. Much of the research focus on systems with a large,
grounded dipole transmitter and a lightweight receiver carried
by adrone. With afew exceptions the research is made in the
Chinese research environment.

Semi-airborne systems arein general simple systems compaed
to helicopter systems because the heavy source is not carried

Aalborg University, Denmark

Anders la Cour-Harbo
Aalborg University, Denmark

alc@es.aau.dk

together with the receiver. However, oncea 3D mineralisation
target has been identified, the semi-airborne systems give a
superior resolution because the offset between transmitter and
receiver isvaryingfrom the centre of the transmitter loopto 3 -
4 times the loop side length.

dTEM is still under heavily research and development but the
systemwill be presented includingreal survey data at the time
of the AEM2023 conference.

We focus on developing a system with a well-defined and
constant transmitter waveform and a receiver system with a
very high frequency bandwidth. The purpose of thesystem is to
give unbiased data from 10 ps after turn-off of the primary
currentin thetransmitter loop so the system can beused for 3D
mineralisation targets as well as layered Earth groundwater
targets. Thesourceisasingle turn ground loop. Thereceiver is
carried by alightweight drone and the movement of thereceive
coil is monitored by real time image recognition.

METHOD ANDRESULTS

The dTEM system consists of a transmitter, receiver, and a
drone. In the following we describe the specifications and
performance of each of these components. Thetransmitter and
receiver electronics is based on the newly developed
SuperTEM platform.

Transmitter: The transmitter is capable of transmitting up to
30 A witha 36 V power supply and about 1.1 ohmresistancein
the transmitter loop. A 1-ohm transmitter loop can be made of
a40 x 40m 2.5 mm? wire or a 100 x 100 m 6 mm? wire. The
transmitter operates at two aternating transmitter moments, 1)
alow and fast aternating moment of typically 1 Amp yielding
a very fast turn-off of a~8 ps and 2) a high and more slowly
alternating moment with a longer turn-off but with maximum
current output. Thetransmitter iswater cooled with aweight of
only 6 kg. The power supply can be made by 3x12 V lithium
batteries in series. The current and temperature of the
transmitter is kept strictly at fixed predefined values giving a
completely non-varying transmitter waveform. The timing is
madeby a4 MHz clock synchronised by the GPS PPS signal.

Receiver: The receiver has two channels with a bandwidth of
about 1 MHz. The sampling frequency is 4 MHz, 18 bit and it
has avariablegain which can beadded typically after 100 ps of
sampling. Data can be streamed to the instrument PC attached
with internet or they can be gated with upto 1024 gates in the
FPGA. It is standard to acquire512 logarithmic spaced square
gates, and during data processing use low pass filtering to

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



Semi-airborne loop source TEM system

remove vibration noise from the receiver coil and then create
tapered gates with a density of 8 - 10 gates/decay in time
(Larsen etal., 2021). Besides square gating, the FPGA controls
timing, A/D converters and if attached to a transmitter it
controls the pulsetimingand receives current andtemperatures.
As for the transmitter the timing is made by a 4 MHz clock
synchronised by the GPS PPS signal. Data are stored on the
instrument PCand only stacked dataare transferred by internet
to terminal for real-timedisplay. Thenoiselevel of thereceiver
board with shortened inputs is as low as 0.1 nV/VHz.

Receiver coil: Thedifferential receiver coil has a bandwidth of
about 500 kHz with an area of 20 m? and a diameter of only
75cm. The total weight of receiver electronics, battery power
supply and receiver coil arejust around 2 kg.

Drone: The droneis a lightweight drone of type DroneVolt
Hercules 20. We chosethis dronebecauseit can carry aslung
load of about 6 kg with a flight time of up to 30 min. Very
important, the autopilot is based on PX4 and is open source and
easily accessible. Thisallows usto control thedrone movement
in real-time which is important for controlling the oscillations
of the receiver coil 5-10 m below the droneto a minimum. The
droneis equipped with two laser atimeters and a downfacing
camera. The camera is used to track the movement of the
receiver coil and determinetherelative position with respect to
the GNNS position of the droneitself. The tether system can
changethe pitch of thereceiver coil to alwayskeepitlevel. The
dronealso has an onboard computer and radio for direct acoess
to the receiver unit.

Figure 1. The picture shows a prototype of the drone and
receiver coil flying at the Aalborg Universty drone test
facility.

Auken et al.

System verification: Several verifications tests has been made
to verify that the system can measure unbiased low noisedata
Results are not shown here but they can be summarised as. 1)
Transmitter, receiver and receiver coil has been verified
independently. The boards have also been built into one
instrument and this instrument has been verified to be capable
of reproducingthe Aarhus TEM test site (Foged et al., 2013) 2)
It has been verified that the noise from the electronic systams
on the drone does not induce noise in the receiver board itsdf
and it does not causeincreased noisein thereceiver coil. 3) and
finally, we verified that transmitter induced noise in the drone
does not couple into the receiver coil placed at 7-10 m below
the done.

All these verifications have proven that the system can receive
high quality biasfree datafrom 10 ps measured from begin of
the turn-off ramp until 13 ms.

Figure 1 shows an early version beingflown by aDJ M600 for
aerodynamic trials.

CONCLUSIONS

dTEM is still under heavily research and development but the
complete system will be presented includingreal survey dataa
the time of the AEM2023 conference.

dTEM is a semi-airborne TEM system with a well-defined
transmitter waveform in the ground loop, high frequency
bandwidth receiver and a unique drone carrier system. The
system uses a relatively small and cheap drone, open-source
auto pilot, and with areal timeimage processingto monitor the
movement of thereceiver coil. High quality bias free databegin
at 10 ps measured from begin of theturn-off ramp until 13 milli
second.

The system can be used not only to map deep 3D mineralisation
targets but also more shallow groundwater type targets.
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SUMMARY

Theexplosion in new airborne electro-magnetic surveysis
creating the need for less cutting of corners, better
honouring of the known physicsin thealgorithms, proper
use of all the system monitors.

The importance of a “good” starting model in a
deterministic, iterative, non-linear inversion, such as tha
provided by the 2.5D Moksha code, has been recognised
for many years.

This study touch bases on two project scale examples tha
collected by thesameaircraft. Clearly in the context of an
emerging continent wide AEM campaign to acquire
prospective surveys the implications fort these
developments are critical, in that these tools can also
manage complete surveys, no matter what line length ae
involved. This concentration of predicting geology
structures in depth sections hasdemonstrated the ability to
identify possible exploration targets and map steeply
dippingand folded geology in adeformed terrane. Equdly
important is then to create workflows and visualization
toolkitsto help interpreters, no matter what scale, or which
aspect of geology or rock properties they wish to
interrogate.

The lase-fare situation of accepting sub-optimal methods
for estimating potential field gradients has plagued, and
held back, the successful use of potential field geophysics
for too many years now. Almost all interpretation methods
are based upon estimating these gradients.

Key words airborne electromagnetic, inversion,
targeting, prospective survey.

INTRODUCTION

Significant breakthroughs are made by not cutting cornes.
2.5D Inversion (FWI, 2D-geology, 3D-sources) formulations of
Maxwell’s equations leads to inversion of airbome
electromagnetic (AEM) data.

Our approach with the Moksha application:

1. Links solving Maxwell’s equations numerically.

2. Takes into account al of the measured seconday
components (X, Y & Z)

3. Uses an adaptive noise estimation.

4. Considers topography.

5. Allows prior geology models, as well as a resistive hdf
space as a starting model.

Simge Ayfer
Intrepid Geophysics
simge@intrepid-geophysics.com

6. Automatically optimises the formation of the system of
globa equations, formulated in the complex frequency
domain.

7. Isbased upon aforward model algorithm for the above
that also can include both Induced Polarization and SPM.

Unlike 1D inversion methods, thereis no need for applying a
late time smoothing filter or using a sample-to-sample
averaging process. The vertical plane approximation used in
Moksha, isthe canvas on which an adaptive 2D finite element
mesh, is created.

All of thisis hosted in acommon earth 3D geology workbench
environment. The setup for any survey, involves creating a
system file, and aWizard multi-panel visualization set of tools,
to examine all aspects of the survey data, including decay
curves, and aides for leading the operators to what part of the
signal is consistent, and what part drops into the noise floor.

This has evolved (hundreds of surveys) into an established
practice on any/all AEM datasets This is, hosted in the
GeoModeller workbench to collate and create diredt
interpretation sections in their 3D context. This also includes
an evolving AP, based upon the GOOGL E protobuf messaging
technology, that leads to optimization, audit trails, re-usable
workflows, partitioning parts of the process across a set of
complimentary tools, that can be deployed, via the Docker
packaging, on any modern hardware (Except Fujitsu).

A second breakthrough applies to aeromagnetic datasets. Well
known, but ignored till now, Cauchy derivative by integration
theory stabilises thefield measurements. In thelast 12 months,
extensive R&D and calibration work has been undertaken to
verify the application of this theory to exploration geophysics
datasets. This allows for higher order gradients to be computed
that remain coherent, up to order 7 or better. Downwards
continuation follows, allowing the creation of depth sections.
Given a second high resolution depth section, the established
ideas about joint inversion involving magnetics and AEM ae
being questioned.

TheDugald River case study, (North Queensland) demonstrates
the ability of 2.5D AEM Inversion to image steeply dipping and
folded geology. Simultaneously Aeromagnetic datacollected in
the same survey, is used to show the magnetic field projeced
far below the surface, also imaging some of the same, but also
other aspects of the geology.

METHOD AND RESULTS

Merging the disciplines of AEM, TMI geophysics and 3D
structural geology continues to challenge software engineering
Full geophysical survey data, structural geology field data and
processed and inverted depth sections areto be rapidly linked,
created model spaceand rendered in a3D context. The support

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



Geology Structures in Depth Sections

of the implicit volume, potential field-based calculation engine
used in GeoModeller, gives added influence on any gradients
derived from the geophysics (Guillen et.al., 2008)

The new demonstrated workflow automatically takes any
airborne observed dataset and creates a 3D project and then best
fit vertical sections on aline-by-line basis. Not only AEM but
TMI, Falcon, gravity, all make use of this automation.

e TMI downward continued
e EM_X & EM_Z, FWI processed,

Case Study: Dugald River VTEM Survey

In 2017 Geoscience Australia contracted Geotech to acquire
approximately 15,000 line-km of VTEM AirborneEM datain
Mt Isadistrict, Queensland. The subset of theseregional survey
flight lines, coveringthe Dugald River geological synclineare
shown in Figure 1.

It isahistoric and present-day miningdistrict and also includes
theLady Lorettastratabound Zn Pb Agdeposit, and the Mount
Oxide and Capricorn (Mount Gordon) fault-bound brecciaand
replacement copper deposits (Hutton and Wilson, 1985).

Figurel. Dugald River areashowingthe AirborneEM VTEM
Plus survey lines overlain. Data acquired by Geoscience
Australiain 2017

Inversion resultis presented for linenumber 16101 in Figure 1.
TheMokshaFWI take account of variablereceiver-transmitter
geometry and make useof the recorded receiver pitch channd

FitzGerald and Ayfer

as well asthe vertical, along line and across line transmitter-
receiver separation. (Silic et a, 2018, Paterson, 2020,
FitzGerald et al, 2018)

Once completed, a process of presentation of the inversion
results as sectionsin the 3D common earth geology model for
the prospect areshown in Figure 2. A section is created for esch
survey line and then used to show each AEM geoelectric
prediction, aswell as the new style TMI downwards continued

sections.

In this part of Australia, thereis a conductive regolith, which
hampers the ability to penetrate much below 400m. Compae
thiswith areas in Canadaand Europe, where depthsgreater then
1000m are more routinely achieved.

Figure 2. Dugald River Full Waveforminversionfor thelLog
Conductivity property (units: mSm) shown in a 3D
Perspective.

For comparison, a1D inversion was also performed onthe same
line. The results for Line 16101 are shown on Figure 3 along
with the near-coincident geological cross section.

The FWI, using all the measured components of the B field
decays, improves the definition of steep conductors, and
produces a much cleaner section geometry at greater depths
through the higher sensitivity of ajoint inversion usingboth X
and Z components. The adaptive noise model strategy also
alows for final fine details to be teased out at depth.

Downward Continuation Method applied to Dugald River
Case Study

Figure 4 shows the TMI DC responses for the same airbome
survey line. Theresults are showing somedetail that AEM does
not see, somethin deeper dipoles to thewest. In the location of
the known synclines, theblack shales may well beremnant, as
positive/negative responses can be brought out via image
enhancements on the limbs.

Relatively shallow positive susceptibility contrast with a
polarity flip at depth (~250m asl). The plane on which the
changefrom positive (red) to negative (blue) may beinterpreted
as the lower extent of the source, so we suggest this is a
relatively high susceptibility body, compact in the lateral and
vertical dimensions. The bottom of the source is roughly
coincident with the conductive body imaged on the EM
inversion.
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Interpreted as sub-vertical positive susceptibility source with
considerable depth extent (i.e. no changein polarity at depth).
Thisfeature aligns with the dipping eastern edge of the highly
conductive EM response.

Similar in character to Feature 1, except the shallow low
suggests anegative susceptibility contrast with apolarity flip to
positive at depth (~250m asl). The planeon which the change
from negative (blue) to positive (red) may beinterpreted as the
lower extent of the source. Weinterpretthisasarelatively low
susceptibility body, compact in the lateral and verticd
dimensions. The bottom of is slightly offset from the easten
edge of the conductive body imaged on the EM inversion.

Figure 5 shows both the TMI and Log Conductivity sections
properly co-registered. Itindicates the synclines, and themore
resistive quartz rocks. The TMI downward continued results
show similar, and also different aspects of the geology. The
dipole anomaly responses in the magnetics, are not just
reflecting the inducing field, but also responding to the
geometry and remanence of the black shales.

Signal enhancements areacritical enabler for the non-specidist
to grasp the implied geological context. For AEM, the property
shown is the electrical conductivity rock property, so units of
microSeimens, whilethen taking itslog. Thedynamicrange is
usually 0to 3. For the TMI work, thesignal remains magnetic
intensity, so the units are nano-Teslas. What is shown, derives
from histogram stretching and a pseudo-colour lookup.
However, a cube root is also an appropriate enhancement, &
both positive and negative numbers are involved.

CONCLUSIONS

While this case study is at a relatively small scale, it still
effectively shows the contrasts between the AEM/FWI results
compared to the TMI/Cauchy Downward Continuation results.
Thedepth sections that directly reflect structures that show Hot-
Spots, folds, faults, in a way that a geologist can directly
appreciate, and also test by drilling, is amajor improvement and
cost saver.

In the near surface conductive terrain of North Queensland,
FWI still manages to seethrough cover and estimate both depth,
geology gradients and geometry.

This collection of predicting geology structures in depth
sections has demonstrated the ability to identify possible

exploration targets and map steeply-dippingand folded geology
in a deformed terrane. Equally important is then to create
workflows and visualization toolkits to help interpreters, no
matter what scale, or which aspect of geology or rock properties
you wish to interrogate.
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SUMMARY

Airborneelectromagnetic (AEM) methods are particul aly
well suited to coastal aquifer salinity studies, yet the
quantitative translation from bulk resistivity to fluid
salinity carries uncertainty that can impact mapped salinity
distributions and interpretations of the freshwater-saline
interface and hydrostratigraphic layers. A recent AEM
survey of the region near the Delaware Bay, USA
highlights several challenges common to coastd
hydrogeologic settings that may influence both qualitative
and quantitative interpretation. We use a Bayesian
inversion to estimate geophysical parameter uncertainty,
and results are integrated with hydrogeologic
measurements to develop quantitative interpretations of
salinity across the freshwater-saline interface in stacked
aquifers.

Key words airborne electromagnetic, salinity,
uncertainty, saltwater interface, coastal aquifers

INTRODUCTION

Coastal regions areamong the most densely populated parts of
theworld, and increasing coastal developmentis placing higher
pressureon thewater resources of theseregions. Groundwater
salinity can limit the beneficia uses of water, impacting
groundwater availability, and the salinity of groundwater-
surfacewater exchangealso plays animportantrole in estuary
and marine ecosystems. The dynamics of thefreshwater -saline
water interface (FSI) in coastal aquifers is influenced by
multiple stressors, including groundwater pumping, land
modifications, tidal flooding and storm surge, and changes in
hydrologic boundary conditions from regional inland
groundwater systems and risingsea levels. Large fluid density
contrasts across the FSl can lead to particularly challenging
groundwater modelling conditions, while salinity digtributions
are difficult to measure at the spatial resolution needed to
characterise the FSI (10s of meters) at scales relevant to
potential hydrologic stressors (many kilometers). An improved
understanding of the current location of the FSl and a better
understanding of the hydrogeologic framework of coastal
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aguifer systems are critical to the development of useful
groundwater flow and transport models, to establish baseline
conditions that can be used to assess changing conditionsin the
future, and to inform management of ecologica and water
resources (Michael et al., 2017; Stein et al., 2023).

Groundwater is an important component of the fresh water
supply of the Northern Atlantic Coastal Plain of the eastern
United States, representing 10-20% of total water withdrawals
in New Jersey and Delaware (Dieter et al., 2018). Therelative
importance of salinity distributions to modellingand managing
this critical aquifer system has motivated an AEM survey of the
Delaware Bay and surrounding near-shore environment as pat
of the U.S. Geological Survey’s (USGS) Next Generation
Water Observing System implementation in the greater
Delaware River Basin. Oneobjectiveof this programisto foster
innovation and development of water monitoring methods to
support modern water prediction and decision support systems.

AEM surveys haveanumber of advantages to mapping salinity
distributions in coastal aquifers. While well data are
fundamental to directly measuring salinity, wells can be
difficult to install and maintain in the marshy intertidal zones
where the most dynamic salinity conditions are expected to
occur, leaving substantial lateral and vertical gaps between
point observations. Electromagnetic methodsarewell suited to
estimating salinity distributions between wells, due to the
inherent sensitivity to conductive bodies, the strong
dependency between fluid conductivity and total dissolved
solids concentrations, and therelatively high salinity gradients
encountered acrossthe FSI. The airborne platform is uniqudy
suited to acquiring continuous dataacross land, tidal, and open
water environments with minimal disturbance to sensitive
ecosystems, whilecoveringlarge areasin arelatively short time
period. However, coasta aquifers present distinct
methodological challenges, including abrupt resistivity
contrasts and sensitivity limitations underlying strongly
conductive layers. Consideration of geophysical parameter
uncertainty in the context of specific hydrogeologic
interpretations is key to accurate salinity transforms and to
advancingthe useof AEM methods in coastal aquifer research
and resource management.

METHOD AND RESULTS
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Delaware Bay saline interface

AEM data acquisition over and adjacent to the Delaware Bay
was conducted with the SkyTEM 304M system in July 2022
(Figure 1). The survey extends from the Atlantic Coast to the
mouth of the Delaware River and encompasses both Delaware
and New Jersey shores. The survey was designed with 500 m
line separation in intertidal and near-shore regions where the
FSl is anticipated to occur, generally extending from 500 m
landward of the transition from the intertidal zoneto dry land,
approximated by a2 m land surfaceelevation contour, to 2 km
seaward of the shoreline. Flight lines traversing the Delaware
Bay occur at 3 km line separation wheremoregradual salinity
transitions were expected and to minimise overwater flights.
Additional lines extend inland following major river corridors
and selected inland bays.

The Delaware Bay survey presents several hydrogeologic
scenarios that lead to challenging inverse modelling and
reduced sensitivity zones that can impact the accuracy in
defining the FSI, quantifying groundwater salinity
distributions, and constraining important hydrostratigraphic
boundaries. These non-uniform sensitivity variations are
inherently tied to high-contrast conductivity layering and are
not fully captured by readily available depth-of-investigation
estimates or sensitivity estimates from regularized deterministic
inversions (Christiansen and Auken, 2012; Auken etal., 2015).
Theintroduction of seawater at the surfacein the intertidal and
near-tidal zones results in a strong surface conductor in
numerous locations (Figure 2 A), with reduced sensitivity to
underlying parameters. The FSI commonly occurs in the
intertidal zone and below this surface conductor, and defining
the relative uncertainty of transformations to total dissolved
solids or chloride concentrations is fundamental to quantitative
integration with groundwater models. Similar sensitivity
challenges occur in the underlyingconfined systems (Figure 2
B) and below the strongly conductive Delaware Bay itself,
where variations in subseafloor salinity is of particular interest
(Figure 2 C). In some locations, interruptionsin the modelled
lateral extent of moderately conductive layers associated with
clay-rich regional confiningunits correlate with the presence of
thin surficial saline layers, such as tidal stream channels,
making interpretations of the continuity of these units
questionable (Figure 2 D). Additionally, tidal inundation
changes throughout the period of data collection, resulting in
potential shifts in shallow conductivity structure.

To evauate the interpretational impacts of these various
sources of uncertainty, we are using a Bayesian inversion
approach (Minsley, 2021) utilising the open-source code
GeoBIPy (Foks and Minsley, 2020) to develop depth-
distributed resistivity probability distributions and layer
interface likelihoods. This probablistic approach is integrated
with groundwater and surface water salinity measurements,
lithologic records, borehole geophysical logs, and tide gauge
data to constrain resistivity-salinity relationships and refine the
hydrostratigraphic framework. A combination of probabilistic
categorical scenarios and lateral and vertical resistivity
gradients are being explored to develop interpretations of the
FSI  reflective of the geophysical and interpretationd
uncertainty of this challenging coastal environment.

Ball et al.

Figure 1. Map showing location of AEM flight linesfor the
Delawar e Bay survey alongthe eastern coagal plain of the
United States.
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Figure 2. Example of a deterministic laterally constrained inverted resistivity section across the Delaware Bay highlighting
some of the senstivity challengesto salinity mapping in coastal aquifers. Lettersindicate featuresdescribed in the text.
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SUMMARY

Electromagnetic imaging provides awealth of information
about the structure, composition, and processes within
volcanic systems. While deep-sensing techniques such &
magnetotellurics (MT) focus on the magmatic system,
airborne electromagnetics (AEM) is capable of mapping
active hydrothermal cells and their alteration produds,
faults, lava flows, water-saturated zones, and perched
aguifers. All these componentsareimportant to improving
volcanic hazard assessmentsand understanding magmatic
and hydrothermal processes at work beneath active
volcanoes.

We present two recent AEM studies at Y ellowstone and
Kilauea volcanoes. At Yellowstone, AEM studies map
conduits that connect heat and deep thermal fluids to
surface thermal features. We further identify a distinat
electrical signatureover hydrothermal domeswhich sheds
light on their formation and potential for hydrothermd
explosions. At Kilauea, AEM models image the structural
backbone of this complex volcano, including elevated
conductivity over the summit lava lake, along faults
accommodating collapse of the volcano’s south flank, and
along both the flankingrift zones that have sourced lavas
from fissure eruptions over the past two centuries. Work a&
both volcanoesis ongoing of merging AEM and MT data
sets to image these systems from the base of the crust to
the surface.

Key words. airborne electromagnetic, volcanic systams,
magnetotellurics, Y ellowstone, Kilauea

INTRODUCTION

Active volcanoes present a range of eruptive and non-eruptive
hazards (lava flows, pyroclastic flows, phreatic explosions,
lahars, etc.) yet these systems are notoriously hard to image
geophysically due to their large extent, steep and unstable
terrain, and general inaccessibility. To understand and mitigate
volcanic hazards requires detailed understanding of 1) the

structureof the volcanic edifice includingfaults, fractures and
collapse scars, 2) the three-dimensiona distribution of
subsurfacewater and alteration, and 3) thelocation and volume
of subsurface magmas.

Relative to most areas, volcanic systems are lithologically
homogeneous and offer a generally resistive ‘background’ for
imaging the effects of water saturation, hydrothermal alteration,
and melt, all of which serve to decrease bulk resistivity.
Electromagnetic (EM) methods also offer the opportunity for
true multi-scale imaging — with the combination of AEM and
MT methods providing a complete picture of a volcano’s
hydrothermal and magmatic system from 10s of metersto 10s
of kilometers.

The U.S. Geological Survey (USGS) has been imaging active
volcanic systems using AEM for over two decades. Early
studies focused on slope stability and lahar potential at Mounts
Rainier and Adams in the Washington Cascades volcanic arc,
USA by mapping water-saturated zones and regions of
hydrothermal alteration (e.g., Finn et al., 2001, 2007). AEM
models have also been used to constrain snow andice thickness,
providing estimates of the amount of water that could be
mobilised during lahars or debris flows (Finn et al., 2012).
Theseearly studies utilised frequency-domain EM systems and
were limited to the volcanic summits; more recent studies at
Mounts St. Helens and Iliamna (Peterson et al., 2021) employ
time-domain EM systems and cover theentirevolcanic edifice
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Multiscale EM imaging of volcanic systems

Figure 1. Electromagnetic surveys over Yellowstone
volcano (2016-2022). Background color represents
resgivity at 100 m depth from a kriged voxel of the (1D)
inverted AEM data. Regional faults in black; caldera
margin in white. Green line marks the location of cross-
section in Figure 3.

Past investigations were all at arc stratovolcanoes and, exost
for Mount St. Helens, arelimited to the shallowest parts of the
volcanic system (<100 m). We focus here on two new studies
at hotspot volcanoes — the mafic Kilauea shield volcano in
Hawaii and thesilicic Y ellowstonevolcano in Wyoming, USA.

Y ellowstone volcano, one of the largest silicic calderas on
Earth, drives more than 10,000 thermal features including a
variety of geysers, mud pots, hot pools, and fumaroles. The
primary volcanic hazard at Yellowstone comes not from
magmatic eruptions but from hydrotherma explosions
generated during rapid decompression of confined thermal
fluids. An AEM survey was flown to image the subsurface
plumbingthat links heat and fluids at depth to surfacefeatures
aswell as to understand the structure, controls, and triggers for
hydrothermal explosions. Through the addition of MT data
collected throughout the caldera (Figure 1), we seek to further
map the connection between the shallow hydrothermal systams
(<1-2 km depth) and the underlying heat source (silicic magmas
at 6-10 km depth) that drive them.

Kilauea volcano is one of the most active volcanoes in the
world, erupting nearly continuously for more than 100 years.
Fissure eruptions in 2018 along the Lower East Rift Zone
(LERZ), accompanied by collapse of the summit crater (Neal &
a., 2018), motivated AEM and MT surveysto providea post-
eruptive ‘snapshot’ of the system and to image structural
connections between the summit area, the LERZ, and
Southwest Rift Zone (SRZ) (Figure 2). The completed AEM
survey and ongoingMT surveyscover thesameareaand, when
combined, will image Kilauea from ~10 m to 10+ km depth.

Figure 2. Electromagnetic surveys over Kilauea volcano.
HVNP = Hawaiian Volcanoes National Park.

METHOD AND RESULTS

At Yellowstone and Kilauea, 4,200 and 2,100line-kms of AEM
data were acquired in 2016 and 2022, respectively, using a
SkyTEM 312 time-domain helicopter EM system (Finn et al.,,
2022a; Bedrosian et a., 2022). The surveys were designad to
capturethe entirety of each of these large volcanic systems. A

Bedrosian et al.

series of tightly spaced lines wereflown over the major thermd
basins at Yellowstone, augmented by widely spaced
reconnaissancelines spanningtheentirecaldera (Figure 1). At
Kilauea, flight lines encompassed the SRZ, the summit crater
(which hosted an activelava lake at the timeof flying), and the
LERZ (where fissure eruption occurred during the 2018
eruption) (Figure 2).

One-dimensional electrical resistivity models were estimated
using Aarhus Workbench laterally and spatially constrained
inversions (Auken et al. 2015). Early-time system response
data were modelled at both volcanoes to enhance imaging of
near-surface structure. Stochastic inversions (Minsley et a.,
2021) werealso carried out to better understand uncertainty and
depth-of-investigation of the resulting models. Specific to
Y ellowstone, spatially constrained inversion was carried out
beneath Y ellowstone L akewheredetailed lake bathymetry was
used as prior informationin the startingmodels to estimate sub-
lake resistivity structure more accurately.

The processing and inversion of the Kilauea AEM data are
challenging and require considerable manual editing. The high
resistivity of fresh lava flows and challenging terrain,
particularly near the summit area, result in extremely low signd
levels, sometimes with only ahandful of time gates rising above
background noise. In addition, one of only a handful of
worldwide VLF transmitters is on the nearby island of Oahu
and resulted in some degradation of the data. These dataaredso
challenging from an inversion perspective; the vast majority of
flight lines (Figure 2) transition from saltwater intrusion nexr
the coastline (~1Qm) to highly resistive lava flows
(~10,000 Qm). Such strong contrasts present challenges to
laterally and spatially constrained inversions- both in terms of
generating meaningful start models and with inversion
convergence.

Yellowstone: faults, fluids, and explosion craters

The distribution of thermal features at Yellowstone is non-
uniform, with their locations, until recently, thought to be
controlled primarily by the edges of relatively impermesble
rhyolite flows, where water flowing laterally from dista
sources can emerge. The AEM models haveinstead shown thet
most thermal areas arelocalised aboveregionsof low resistivity
(and low magnetic susceptibility) that are in turn associated
with regional and caldera margin faults, and extensivefracture
networks (Finn et al., 2022h). These gatia relationsare evidat
when examining subsurface resistivity in relation to regional
faults and surface geothermal features (Figure 1). The modds
further show evidencefor mixingof thermal fluids, which tend
to bemoreelectrically conductive, and local groundwater. The
balance of heat and fluid flux is a function of groundwater
elevation, which together influencethe nature and chemistry of
the resulting thermal fluids (acid sulphatevs neutral chloride).
Ultimately, it is the combination of the rhyolite heat source
beneath the caldera, active faults that present permeable fluid
pathways, and surface elevation that control Yellowstone’s
thermal features.

The northeast corner of the calderais where rhyolite melts are
shallowest and heat flow is highest. This is also where the
highest concentration of hydrothermal explosion craters
(HECs) are found, includingthe world’s largest known HEC at
Mary Bay (2.5 km diameter). HECs are considered one end
member of a hydrothermal system where energy, typically
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dissipated through convection, surface boilingand discharge is
limited by alow-permesability cap. Hydrothermal domes(which
have been speculated to be incipient HECs) and craters are
common beneath Y ellowstone L ake dueto the added confining
pressure of the water column, resulting in elevated fluid
temperatures (more energy in the system), higher heat flux
(larger AT at the lake bottom), and accelerated alteration rates.
Hydrothermal explosions may betriggered by perturbations to
the system such as earthquakesor asudden drop in lake-level.

AEM models beneath Yellowstone Lake reveal important
aspects of these systems. There is abundant evidence for
doming from parabolic conductors imaged within glacia
sediment and debris beneath the lake (Figure 3). These domes
are co-located with vents along their limbs and further aligned
with deep-seated faults that are mapped or inferred from
magnetic data. Many of the imaged hydrothermal domes have
moderateresistors at their centers that areinterpreted to reflect
less altered rock within a steam or vapor-dominated reservoir.
Independent evidence for vapor-dominated zones beneath the
lake comes from vent fluid temperature and chemistry in
addition to the type of alteration products on the lake bottom
(Fowler et al., 2019). Theelectrical signature of these domesis
like that of nearby Mud Volcano (Figure 1), where a vapour-
dominated system has been confirmed through drilling (White
eta., 1971).

Structure and alteration at Kilauea volcano

Modelling of the Kilauea AEM data is ongoing, but
observations can be made from map dices of the measured daa
Signal amplitudes at 25 pus (Figure4a), correspondingto depths
of 10-30m, are elevated due to high conductivity from
saltwater intrusion alongthecoastline (1). High conductivity is
also suggested in the northwest survey area (2) that was
blanketed by ash layers from explosive eruptions more than
2,000 years ago (Uwekahunaash). The summit crater (3)is dso
conductivedueto the ~300-acrelavalake and adjacent areas of
hydrothermal ateration exposed in the crater wall. High
amplitudes are also present alongthe chain of craters that mark
the LERZ (4), including at Pu’u O’0, the source of the longest
and most voluminous outpouring of lavain the last 500 years
along the LERZ (1983-2018). Finally, several linear features
south of the summit area are marked by high amplitudes that
follow faults of the Hilina Fault System (5), a series of
extensional faults accommodating progressive collapse of
Kilauea’s south flank.

At 225 ps decay time, corresponding to ~200 m depth, saltwater
intrusion (1) is more pronounced, extending 5+ km inland along
the entire coastline. The summit area (2) remains conductive,
wherenearly 400 m of lava havefilled the summit crater since
the 2018 summit collapse. Elevated conductivity is aso
suggested by severa linear tracks of high signal amplitude
along the LERZ (3) and SRZ (4). These features underlay the
source regions for nearly all lava flows since 1780 and may
reflect alteration halos surroundingthe sheeted dike complexes
that feed fissure eruptions along the two rift zones.

An inverted cross section (Figure 5) crossing the LERZ
provides amoredetailed window into thevolcano. A relatively
flat lavadeltaisimaged near thecoast, transitioninginland to a
thick package of resistive lava flows. Layering can be seen
within these lavas, possibly reflecting debris flows or more
extensive weathering during interflow periods. Saltwater

intrusion can be traced inland for more than 5 km before
resolution is lost beneath ~600 m of overlying flows.
Conductive porewaters further illuminate the composite nature
of the lava flows, revealing thin layering when saturated.
Finally, the cross-sectionis disrupted by aconductive zone, 2-
5 km in width that projects 300-400 m above the background
structure and aligns with the axis of the LERZ. As speculated
above, this may reflect hydrothermal alteration peripheral to the
sheeted dikes that feed fissure eruptions along the rift axis.

Figure 4. Secondary magnetic field amplitude at (a) 25 and
(b) 225 ps after current turn-off. High (low) amplitudesare
in pink (blue). Shaded regions show post-1778 lava flows.
Black dashed line indicates cross-section in Figure 5.

CONCLUSIONS & OUTLOOK

AEM surveys over two high-profile volcanoes provide
unprecedented views into their near-surface structure. At
Y ellowstone, fluid pathways have been imaged for thefirst time
and highlight the importance of faults and vertical fluid flow in
driving surface thermal features. Electrical models ove
Yellowstone Lake image vapour-dominated hydrothermd
domes and provide clues as to the processes leading to their
formation and their demise through hydrothermal explosions.
At Kilauea, structures in the AEM data connect the summit to
the flanking rift zones, where al recent fissure eruptions have
occurred. Additionally, a clear electrical signature is observed
along faults interpreted to accommodate collapse of Kilauea’s
south flank. Finally, models over the summit crater may provide
important constraints on thevolume of the evolving lavalake.
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Multiscale EM imaging of volcanic systems

All of thesefindings arethe result of imaging volcanic systems
from the surfaceto ~500 m depth. These depthsaretoo shallow,
however, to image a volcano’s magmatic system or to capture
the roots of the hydrothermal syslem. MT imaging is required
to study the critical connection between magmatic and
hydrothermal systems. MT modelling of the upper 500 m is
challenging dueto the high station density needed to constrain
these depths as well as issues of static shifts — atypeof biasin
MT datacaused by near-surfaceelectric-field distortion. These
limitations can be overcome by marrying the two methods. At
Yellowstone, we have used the AEM models to generate a
voxel of the upper 500 m which can then beembedded as prior
information into a three-dimensional MT inversion. Figure 1
shows a slice through the voxel generated for Yellowstone
Through this and other approaches approach we hopeto achieve
the first truly multi-dimensional models through a complex
volcanic system.
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Figure 3. Resigtivity cross-section through Yellowstone Lake. Profilelocation shown in Figure 1. Vertical exaggeration of 5:1.
S= steam-dominated zone; V=lake-bottom vent. Thick black lines indicate mapped or inferred faults. Thin black lines denote
hydrothermal domes; dashed lines are interpreted contacts.
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Figure 5. Resgtivity cross-section across Kilauea’s LERZ. Profile location shown in Figure 4. Vertical exaggeration of 2:1.
Dashed lines are inter preted contacts.
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SUMMARY

In the last 5 years, advances in receiver suspension and
receiver construction have made airborne electromagnetic
low-base frequency operation possible and greatly
improved the ability to explore in conductive
environments. We discuss the changes made to the
Xcalibur Helitem?, helicopter time domain EM, system to
enablelow basefrequency operation- firstat 15/12.5 Hz,
and then at 7.5/ 6.25 Hz.

The transmitter has also been redesigned to now use a
square input waveform at 50% duty cycle, with a rapid
turn-off. Atlow basefreguenciesthisresultsin along, hich
powered transmitter pulsethat still creates high frequency
signal.

Various data examples will be shown to illustrate the
practical advantages of the system updates. This includes
an example from Nevada where various Helitem? system
configurations were flown over a line of ground TDEM
data at different heights, as well as a Nickel exploration
project.

Key words. Time Domain Electromagnetics, Low base
frequency, Coil motion, Mineral exploration

INTRODUCTION

Increasingly, mineral exploration is targeting deeper depositsin
areas under cover and geophysical methods arebeingused as a
first pass screening tool. There is value in an airborne EM
system that is ableto penetrate conductive cover andis sensitive
to deeper deposits so that large areas can be explored quickly
and with greater confidence. However, it would be foolish to
ignore the response from near surface targets, or targets in
resistive host rocks.

Additionally, system upgrades have also been targeted at
specific commodities, such as Nickel Sulphides (NiS) and
Lithium brines (Li). The extreme conductivity of massive NiS
can causethe decay constant of a potential resourceto be very
large (Smiarowski and Macnae, 2013), necessitating low-base
frequency or ground EM surveys. Exploration for saline
groundwater thatis enriched in dissolved lithiumfaces asimilar
challenge. Unlike airborneacquisition, ground EM surveyscen
betime-consuming, very costly, andsuffer in difficult to acoess
terrain.

GOALSFOR SYTEM UPGRADES

In general, the team responsible for the Helitem system has
endeavoured to increase the system bandwidth. Initially, this
resulted in the Helitem MultiPulse system, which employed a
short (1 ms), low moment square pulse at the end of the
standard half-sine offtime. The increase in high frequency
power above 2 kHz can be seen in Figure 1. This overlapped
with the lowering of the transmitter base frequency from
30/25Hz to 15/12.5Hz to be the first step in achieving
generaly broadband datafrom AEM systems.
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Figure 1. Current waveformfor a halfsine-only pulse (red)
and MultiPulse (top panel) and their calculated power
soectra (bottom). At low frequencies, thepower spectra are
the same but at high frequencies ( > 2 kHz) the MultiPulse
wavefor m has significantly more power.(Smiarowski, et al,
2018)

Morerecent developments have used further refinementsin the
receiver suspension system to decrease the base frequencies
even further to 7.5/6.25Hz. This can be seen in Figure 2,
where the receiver corner frequency has been moved from
25Hz to 6 Hz, and general electronic noise has also been
reduced.

Rz géas! Prasdd
i
%
I
"

e ™"

. crrm -
v 1 ¥ o 10 1

Frequency [Hj

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



Helitem? — Broadband AEM Data

Figure 2. Receiver power spectra collected with the
transmitter off for Helitem generationsfrom 2015 (orange
line) and 2019 (blue line).

In conjunction with this the transmitter waveform has been
redesigned to now use a square input waveform at 50% duty
cycle, with arapid turn-off. Atlow basefrequencies this results
in along, high powered transmitter pulsethat still creates high
frequency signal amplitude.

FORRESTANIA REPEAT LINE

The Forrestania EM test range is situated approximatdy
~350 km east of Perth. Two discrete bedrock conductors wee
defined during previous geophysical exploration — drilling
intersected barren, disseminated to semi-massive pyrrhotite and
pyrite bodies hosted in granite. We will concentrate on the
western conductor (IR2) which is of limited areal size (<75 m
X 75 m), shallow depth (<100 m), high conductance (>7000 §
and moderate dip (30-40degrees). This conductor is well
defined by surface and downhole EM and makes for an
interesting airborne EM target (Gilgallon et al, 2019).

Figure 3 compares the EM response measured before and after
the system changes and contrasts data collected over the
Forrestaniatest site, 7 years apart. The system changes can be
summarised as follows:

Helitem generation 2012 2019

Base frequency 25 Hz 12.5 Hz
Transmitter pulse 6 ms half sine | 20 ms square
Offtime 14 ms 20 ms

Peak dipole moment 1500 kAm? 560 kAm?2

Thedramatic differencein noiselevel isclear at the left-side of
each profile; thisis made possible from changes to thereceiver
coil itself as well as its suspension system. Theanomaly in the
centre of the profile is due to sulphide mineralisation. The
response at the right side of the profile is due to conductive
overburden. A subtle difference between the profiles is the
relative amplitude between the central anomay and the
overburden response. The central anomaly is relatively larger
for the system using a longer energisation pulse (right-side
image). A longer pulse maximises the response from the vay
conductivetarget. This is critical for detecting targets at depth
or in conductive overburden.
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Figure 3. Log and linear-scale EM Z dB/dt response (top
and middle, respectively) with a Conductivity-Depth Image
shown in the bottom panel. Left column shows result from
a 25Hz survey flown in 2012 while right image shows a
result from a 12.5 Hz survey flown in 2019

Burrows, Murray, Konieczny

NEVADA TEST LINE

An acquisition program in Nevada required two different
Helitem? system configurations to beflown over atest line for
verification purposes. Thetest line aso had ground TDEM
soundings to be used as a calibration. The two systeam
configurations tested can be summarised as follows:

Helitem transmitter 35 m loop 21 m loop
Base frequency 7.5 Hz 30 Hz
Transmitter pulse 33 ms square | 5 ms square
Offtime 33 ms 12 ms

Peak dipole moment 560 kKAm? 100 kAm?
Turn off ramp 450 us 50 ps

e sl

o,

Figure4. A) Satelliteimage of test line locationin Nevada,
USA. B) 35 m loop differential conductivity section.C) 21 m
loop differential conductivity section. Both sectionsB and C
use the same linear colour scale, and extend to 500 m depth
(125 m scale divisons shown)

The test line contained features with a wide variety of
conductivity and depth ranges and, in general, provided agood
comparison of theimaging capability for the two systems. The
system specifications weredesigned to focus on opposite ends
of the depth / bandwidth spectrum. The 35 m configuration wes
imaging deep features and the 21 m configuration was imaging
shallow features.

Comparing the Differential Conductivity images in Figure 4,
the 35 m system was ableto penetrate through some portions of
a conductiveplayain the eastern portion of the test line, while
also detectinga subtlefeaturein theresistivewestern portion of
the line. The lower moment 21 m system did not penetrate &s
deeply, especialy in the conductive portions of the test line.
However, due to its very rapid transmitter turn-off (50 ps) the
near surface content of this datais greatly improved, as is the
ability to map moderately conductive features in the western
portion of theline.

NICKEL EXPLORATION
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The Julimar Complex is located within an inferred 1200 x
100 km Ni-Cu-PGE province that follows the western margin
of the Yilgarn Craton about 70 km north east of Perth. Itis a
mafic-ultramafic layered intrusive complex, the structure of
which has been delineated with high-resolution regional
airborne magnetics in an area of poor exposure. The Helitem?
survey was designed to test for conductorswithin and proxima
to the Julimar State Forest associated with magmatic Nickel
Sulphides. The survey successfully imaged the known
mineralization, and the outlined three new extensive EM
anomalies within the Julimar State Forest — Hartog, Baudin and
Jansz.

In September 2020 a 6.25 Hz Helitem? survey was flownin an
attempt to understand the conductive response of the
Gonneville discovery, and to identify similar mineralized
zones. As can be seen in Figure 5, a large conductive zone
extends directly north of Gonnville, termed the Hartog
anomaly. The conductive Hartog anomaly is offset 500 m to
1,000 m west of the magnetic anomaly, and is coincident with
Ni-Cu-Pd anomalism in soil sampling that is comparable to
Gonneville. The amplitude of the EM response of the Hartog
anomaly is amost double that of Gonneville, and once
permission is obtained to access the state forest the anomaly
will be drill tested.

Figure 4: Perspective view looking north of, A) Gonneville
mineralisation with magnetic data background, B)
Gonneville mineralisation with EM data background.

CONCL UDING REMARKS

The redesigned Helitem system, now called Helitem? has
allowed for anincreasein the general bandwidth of the system.
Theability to operateat low basefrequenciesis possibledueto
a complete receiver system redesign, including the receiver
suspension system. Additionally, the ability to accurately
control the waveform allows thetransmitter turn off time to be
chosen based on the near surface sensitivity required.

Theadvancement of airborne EM systemsto collect dataat ever
lower base frequencies has been occurring for some time and
will likely continue. This advancement fits with the exploration
for deeper, under cover deposits, and to some extent for vary
conductive Nickel Sulphides.
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SUMMARY

TheGeological Survey of New South Wales (GSNSW) in
the Department of Regional NSW, Mining Exploration &
Geoscience, has an online application, called MinView,
which allows users to view and download geoscientific
data, including airborne electromagnetic (AEM) survey
data and inversion sections. Much of the AEM data are
from surveys acquired in collaboration with Geoscience
Australia and other NSW state government departments.
Other surveys were acquired by exploration companies.
Exploration companies arerequiredto submit geophysica
datato the government. After 5 years the datacan be made
publicly available.

Dataisfree to download and its useis covered by CC-BY
copyright, which givestheuserstherightto usedistribute
adapt, remix or build upon so long as attribution is given
to the author. This abstract provides the reader with
instructions on how to access AEM data on MinView.

Key words. AEM, airborne electromagnetic, MinView,
NSW.

INTRODUCTION

MinView is a leading, world-class online application that is
easy and free to use. It contains more than 500 layers of
geoscience-related layers, including geophysical data and
images. GSNSW is the custodian of 190 AEM surveys. Open-
file AEM data can be accessed through MinView. There are:
e 16 government-acquired surveys (totalling 78 GB)
that cover large areas with widely spaced lines, and
e 30 GB of open-file company AEM data, that cover
smaller areas with closely spaced lines.

VIEW AEM SURVEY AREASIN MINVIEW

Navigate to https://minview.geoscience.nsw.gov.aw. On the
left-hand side of the screen is a blue ‘Add layers’ panel that has
awhite right-facingarrow. Click onthewhite arrow and a new
panel will appear with a search bar at the top. Type ‘aem’ into
the search bar and the list of layers will reduceto those that
contain AEM data, such as ‘Geophysical imagery’ and
‘Geophysical surveys’. On the ‘Geophysical surveys’ layer
click on the down arrow. Survey data is separated into
‘Company geophysics’ and ‘Govemment geophysics’. Click on
the down arrow on either option to reveal ‘Airborne
electromagnetic’ (Figure 1). Click on the square blue button

with awhite plus sign to add the survey areasto MinView map
(Figure 2).

DOWNL OAD AEM DATA FROM MINVIEW

Use thestepsin the previous section to add AEM survey aress
to themap view. Then click on an AEM survey area. A window
with survey details will open (Figure 3). If the datais open-file
there will be a blue link in the column named ‘Data
availability’.

Click onthelink and a new window will open. Thefile sizeis
displayed with adownload link in bluetext (Figure4). Click on
the bluetext to start thedownload. Someof thesefiles are very
large so ensure you have a good internet connection before
starting a download.

Generally, an AEM download includes a zip file that contains
folders with standard namessuchas grids, images, located daa
vectors and reports (these are logistics, acquisition and or
processingreports). The datain open-file exploration compay
surveys is as it was submitted to the government.

VIEW AEM SECTIONSIN MINVIEW 3D

Recently acquired government AEM surveys have geolocated
AEM sections available for viewingin MinView when in 3D
mode. 3D sections are called ‘curtains’and are not available for
download. To view curtains search for ‘aem’ in the ‘Layers’
panel and under the ‘Geophysical imagery’ drop down menu,
add a set of AEM curtainsto the map (Figure 5). The curtains
are displayed above the ground as MinView does not support
underground data. Each set of curtainsis displayedwith verticd
exaggeration to best display the curtain, so each section can be
seen with minimal overlap (Figure 6). Inversion methods and
colour keys areuniqueto each survey. To view the colour-key
movethemouseto themap layers panel, wherethe name of the
survey curtainsis displayed. Click onthe arrow to the right of
the text (it points to the right) to reveal a panel with metadata
and the colour-key. The arrow changes direction after it has
been clicked on. To removethe new panel fromtheview, click
on the arrow that now points left.

Tip: to tilt the display press ‘ctr]” and left mouse button and drag
the mouse.

USEFUL LAYERSTO MINVIEW FOR AEM
INTERPRETATION

There are over 500 layers available in MinView. Many are
useful in AEM interpretation such as those for drill holes,
waterbores, NSW Seamless Geology (Figure 7), minera
occurrences, other geophysical imagery, infrastructure layes,
watercourses and soil maps.

CONCLUSIONS
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Free AEM data over NSW, Australia Carlton

The GSNSW has 108 GB of open-fileAEM data that isfreely to view recent government-acquired AEM sections alongside
availablethrough MinView. MinView is apowerf ul application 500 other layers.

for NSW geoscience data, that allows you to view and

download AEM data. A 3D functionin MinView enables usas

LIS | Regional s ces we
NSW | NSW

Figure 1 Screen capture of MinView showing AEM layer selection.
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Figure 2 Screen capture showing company and government acquired AEM surveys.
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Figure 3 MinView window showing available AEM surveysand their details.
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Figure 5 AEM survey curtains, in 2D mode.
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SUMMARY

In the Chaine des Puys (CdP, France), volcanic edifices
and their emissions cover the weathered conductive low-
permeable basement and fill the paleo-valleys, hiding the
groundwater flows. The 3D delineation of such buried
watersheds can be achieved studying variations of
conductivity related to primary geological contrasts as
well as secondary weathering-induced contrasts.

We used AEM data to delineate the geometry of the
undercover volcanism-basement interface in the northen
part of the CdPand derived watersheds. Despitethe hichly
resistivevolcanic cover, our processingallowed structurd
imaging up to a depth of investigation of 330 meters in
average.

The processingand inversion of AEM data highlights the
interface between a strongly resistant volcanic cover
(~10%-10°Q.m) and a decametric conductive weathered
horizon at the top of the basement (30-300 Q.m).

We picked the weathered horizon of the basement on
several resistivity profiles, to build an elevation modd of
its top. The newly derived watersheds noticeably differ
from the ones proposed in literature.

Key words. AEM, Electromagnetics, Volcanism, Chaine
des Puys, Hydrogeology

INTRODUCTION

The Chaine des Puys (CdP, center of, France) is a North-South
alignment of about 80 volcanic edifices includingcinder cones,
lava domes and maars (purple in Figure 1). Outcropping

g.martelet@brgm.fr

volcanic formations are young (~100ka to ~6.7 ka) and
preserved from ateration (Boivin et al., 2017). Theylay on a
Variscan granito-gneissic basement (beige and brown in Figure
1), strongly faulted and weathered (Merle et al. 2023 and
references therein). Alluviums and colluviums of the plateau
and tertiary sedimentary rocks of the Limagne Basin (East of
studied area) are referred to as “sediments” in Figure 1.

The CdP is an important ground water reservoir for various
usages, but suffer from climate change, as precipitations
decrease. In thiscontext,agood resource management requires
astructural knowledge. Because of the high permeability of the
volcanic formations and the relatively low permeahility of the
top of the basement, the geometry of the volcanism-basement
interface constraints water flows. Therefore, severa authors
have recognized its importanceto derive realistic watershed
geometries (Joux 2002; Aumar 2022).

We use airborne electromagnetics (AEM) to image this
interface within the Northern part of the CdP. The geo-
electrical configuration is appropriate for AEM (i.e. arather
conductive layer overlain by a resistive layer as commonly
inferred in such volcanic context). However, thevery important
resistivity of thecover makes thevalorisation of the AEM data
challenging, as the signal decreases extremely quickly.
Acquisition parameters were thus optimized and a rigorous
processing was performed.

The structures of the CdP have been investigated by ground
geophysics, mainly at local scale using electrical resistivity
tomography providing heterogeneous information density.
Geo-electrical context was thenceforth established. Volcanic
layers show high resistivity (~10%10°Q.m), magnetic
susceptibility (~102Sl) and great permeability. Basement is
less resistive, especialy its weathered horizon (~102Q.m)
amost amagnetic (~10"4Sl) except for monzonitic intrusion
(referred as “magnetic basement” in Figure 1) and with a
comparatively very low permeability due to its weathered
surface.
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METHOD

Data

BRGM (the French Geologica Survey) has conducted a
helicopter-borne multi-physic survey operated by SkyTEM
Surveys ApS over the Northern part of the CdP. Transient
electromagnetic, magnetic and gamma-spectrometric datawere
acquired along 1018 km of flight lines, locatedin Fi gure 1.

Regarding AEM, the SKkyTEM 304 system (Sorensen and
Auken, 2004) was used. SkyTEM systems have the
particularity of emittingtwo different magnetic moments, alow
moment (LM) and a high moment (HM), in order to
characterize the near-surface and greater depths respectively.
TheLM and HM parameter aregiven Tabl e 1. Theduration
of the sequence had been reduced, andthe stack size, increased,
to adapt the survey the expected high resistivity of thevolcanic
cover.

Magnetic 3,000 Am?2 145,000 A.m?
moment

On-time 800 s 2.500 ms
duration

Off-time 533 ps 4.167 ms
duration

Stack size 300 180
Number of gates @ 22 22

Firg gatecenter | 0.535 ps 72.7 ps
time

Lagt gate center = 428.5 ps 3.642 ms
time

Table 1: Acquistion parameters for the low moment (LM)
and the high moment (HM)

Processing & inversion

We only used AEM and magnetic data in this study and we
focusonthe AEM datain the following. We processed AEM
data following the procedure described in Reninger et al.
(2020). In order to remove the remaining noises from the
dataset, we complete the processing by a manual editing.

We invert AEM data using Aarhus Workbench
(HydroGeoPhysics Group). We used Spatially Constrained
Inversion (SCI) described in Viezzoli et al. (2008) to invert
dataconsideringvery early times (from 2 ps), thanks to system
response modelling procedureimplemented in the Workbench.
1D soundings imagingtheresistivity variationswith depthwere
obtained. Each 1D soundingis defined by 40 layers whosethe
thickness increases logarithmically with depth from 2m to
80m, for a total thickness of 880 m. Latera smoothness
constraints were function of atitude.

RESULTS

Average depth of investigation, as defined in Christiansen and
Auken (2012), is above 330 m for the whole survey and more
than 400 min volcanic context, which is more thanthe expeced
thickness of volcanic products.

Ciolczyk & al.

Fi gur e 2 shows atypical resistivity profile acquired over
thevolcanicformations (locatedin Fi gur e 1). Thevolcanic

cover displays resistivities rangingfrom a few thousands up to
one hundred thousand ohm-meter (max: ~79 kQ.m for the
cross-section shown in Figure 2). The weathered layer at the
top of the basement stands at about a hundred ohm-mete.
Underneath basement shows a wide range of resistivity and
numerous structures such as faults or contacts between
lithologies that are beyond the scope of this paper. Thus, AEM
allowed clearly imaging the expected volcanic-basement
interface, as seenon Fi gur e 2, under most of thevolcanic

cover.

We manually picked this interface on the different resistivity
profiles, resultingin about 4000 sampling points of theinterface
on resistivity soundings within the volcanic area. We always
consider thetop of theconductivelayer as top of the basement.
This seems consistent to us for most of the survey as this
conductivelayer is continuous with limited thickness variation
and isinterpreted as the weathered horizon as observed in wells
and underground gallery. However, afew picked points might
locally require a different interpretation; especially unde
volcanic edifices where the shape of the conductive anomaly
changes (see sub-volcanic structures, Figure 2) and might be
due to other processes.

We interpolated the picked points with minimum curvature in
the volcanic area and we extended the interface outside
volcanism usinga Digital Elevation Model (DEM, RGE ALTI
5m, IGN). Fi gur e 3 displays the elevation model of the
interface and the derived watershed limits (red) compared to
those usually considered so far in the literature (in blue, from
Livet et al. (2009)). Somewatershed in crystallinedomain are
the results of edge effects and should not be compared (white
hatched limits). The interpretation of conductive anomalies
under some volcanic (generaly basic) edifices would lead to
lower altitude estimation of the basement, then, to different
watershed limits, mainly between Volvicand Argnat as East of
theblack ellipseis under an alignment of cones (northern blak
ellipseon FI gur e 3). Elsewhere, those anomalies are not

local crests, so they havevery littleimpact on watershed limits.

Thereis no consensus about watersheds limits in the area and
another model is proposed by Aumar (2022) based on ground
spontaneous potential measurements and field observations.

As we providea new image of the substratum topography, we
consequently define new drainage divides. As remarkable
examples, thelimit between Tiretaine watershed and Nohanent-
Durtol watershed is strongly modified, and so is thetriple point
between Volvic, Argnat and Louchadiére & Come (southen
black dashed ellipsesin Fi gure 3). These evolutions ae
yet to be confronted to hydrogeological data such as specific
flowrate. Ground water flows will be updated as well,
constrained by the new interface, alowing revising the
vulnerability of the aquifer to pollutions.

CONCL USION

AEM allowed us to image underground resistivity contrasts
between basement and the volcanic cover and inside the
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bedrock itself. We the obtained the geometry of the contact
between the two formations. The buried volcanism-basement
interface clearly displays paleo-thalweg, which were filled by
lavaflows (Fi gur e 3). Theonly cluethat remains of these
paleo-thalwegs at the outcrop are often thedirection of thelava
flows themselves. This shows the necessity of geophysicd
method to investigate and to constraint actual ground water
flows and watersheds.

With these results, we show that AEM, with an appropriate
processing, is asuitablemethod in volcanic context to delinede
the clay-rich conductive horizon of weathered basement, even
under very highly resistive and thick lavas with an average
thickness of 103 m and often more than 200 m. In addition,
AEM alows imaging a very complex basement with strong
lateral and vertical resistivity contrasts highlighting
discontinuities, structures and faults.

The results we present are part of an on-going PhD thesis, and
are submitted to evolution. Anuncertainty isyetto be defined
onthe obtained interface. Furthermore, modellingthe contrast
of petromagnetic properties of the basement and volcanic rokks
will beused to better interpolatethe interface and estimate the
error on its depth/altitude.
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SUMMARY

Acquiring and processing AEM datain different regions
of the world require different approaches and procedures
to deliver the best data. Four case histories arediscussed
to illustratethe effect of jungles, mountains, electrical and
magnetic storms on AEM and ancillary data. Lesson
learned as well as current approaches to deal with
challenges in this region are presented. There is no “on-
size-fits-all” processing workflow and critical evaluation
of dataan survey conditions arerequiredto deliver the best
data.

Key words. AEM, data processing, noise.

INTRODUCTION

NRG has acquired and processed Xcite AEM data from many
different parts of the world, including Canada, Southern and
Central Africa, Australia, and Southern Asia.

Even though the systems havethe same designsand the laws of
physics apply equally acrosscontinents, different regions of the
world each bring their own challenges for operations,
acquisition, and data processing. Vegetation, topography,
electrical storms, magnetic storms, climate, and anthropogenic
noise all influence AEM data.

With modern datascience trendingmore and moreto automated
and artificial intelligence (Al) applications, it is important to
incorporate training environments and models that are
representative of all the varieties of noisethat are encountered
in the world.

CASE HISTORIES

Casehigory 1

Location: Central Africa
Challenge: Jungle

In central Africawe were confronted with the most impressive
jungle environment. AEM data interpretation is very strongly
dependent on accurate altitude measurements, and this proved
to bethe biggest challenge in thisregion. Thetreesthereareup
to 50m tall and dense understory vegetation fills the gaps
between them. The Xcite system is equipped with a GPS and
laser altimeter on the transmitter frame as well as a GPS and

stronger laser atimeter mounted on the helicopter. The two
GPS’s and altimeters allow for correlation between instruments
as a continuous control on accuracy, and provide redundancy if
one of the instruments happen to fail during a flight.

With the range of sensors available the transmitter frame (end
receiver) atitude above ground is measured directly using the
frame-altimeter (Altr) ans also calculated as:

Altr c= Alty — (GPSH_z— GPSF 2),
where,
Altr: Frame Altitude Measured
Altr c: Frame Altitude Calculated
Altn: Helicopter Altitude Measured
GPSH z Helicopter GPS Elevation above mean sea level
GPSF z Frame GPS Elevation above mean sea level

Performing this calculation, and accounting for any offsets in
sensor placements on the helicopter, Altr and Altr ¢ values
should exhibit the sametrendsand vary in absolute value by the
vertical offset of the frame from the helicopter.

Additionally, two sets of pseudo-altitudes can be calculated as:
PseudoAltr = GPSr z- SRTM, and
PseudoAlty = GPSH_z- SRTM.

These two channels should coincide with the respective laser
atimeter readings and is used as an external control on altitude
and GPS measurements. InthecalculationsSRTM refersto the
Shuttle Radar Topography Mission dataacquired and published
by NASA (NASA JPL, 2013).

Dense vegetation cause inaccurate laser atimeter readings
when the signal is reflected off the tree canopy instead of the
ground. Thisisnotan uncommon occurrencein theworld and
weusefilters that pick thelargest values as indicative of ground
response and cull the lowest values (tree top reflections) to
process atimeter data when vegetation is present. SRTM data
are used as a control measurement under the assumption tha
the lower radar frequencies are more reliable in penetrating
vegetation cover than laser altimeters, even though lateral
resolution is significantly less.

Following standard altimeter calibrations we commenced the
survey, yet the altimeter and GPS data from the initial flights
did not seem to make sense (Figure 1). Under normd
conditions the pseudo-altimeter data would match the filtered
laser altimeter data very closely when averaged over aline. In
this case, therewas a large difference, averaging closeto 25 m,
which is by far not accurate enough for an AEM survey. The
puzzling aspect was that the laser altimeters seemed to have
better penetration through the trees than the radar.

It turned out that in extremely densejungles SRTM data arein
fact not reliable (Bourgine and Baghdadi, 2005), and that high
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samplingand proper filteringof thelaser altimeters gave more
accurate results than the SRTM and GPS combination.

"

Figure 1. Laser altimeter data (grey), filtered laser
altimeter data (black) and pseudo-altimeter data (red) for
frame(top) and helicopter (bottom) sensors.

Case higtory 2

Location: Southern Asia
Challenge: Mountains

Helicopter flying characteristics vary significantly between
steep ascents and descents, with the ascents being generally
morestable. Drapingto nominal heights of 30m - 40mis never
realistically achieved in rugged terrain. On steep slopes the
realized altitudes, as well as frame orientation, vary greatly
along lines and between adjacent lines. In addition to the
aviation challenges, mountainous regions tend to be very
resistive, resulting in weak AEM responses even at nomind
altitudes.

From a processing perspective, levelling this type of data
presents a rea challenge, because we know that data from
adjacent lines with sharply varyingaltitudes should not have the
same amplitudes (as opposed to principles weusefor levelling
in flat topographic regions), but we do not have an efficient
process to determine what these values should be.

One approach to test for proper levelling is to use conductivity
grids calculated from CDI or 1D inversion agorithms and
requirethat thesegrids besmooth, i.e., without linear artefacts
visible along flight lines.

In collaboration with Des Fitzgerald (Intrepid Geophysics) and
Jovan Silic (Jovan Silic & Associates) | have performed modd
studies to test whether this approach is an effective way of
evaluating AEM data in rugged terrains. The process was
straightforward, and consisted of applying CDI (Combrinck,
2008) and GALEI 1D inversion (Brodie, 2016) algorithms to
forward modelled responses generated with 2.5D modelling
software(Silicet al. 2015; Silic etal., 2016). Themodels wee
based on an actual recorded survey flight path, but with simple
halfspace and two-layer earth models substituted for the true
conductivity distribution. Even with all parameters explicitly
known and specified, including dtitude, tilt and system
description, the 1D algorithms could not recover the
conductivity models without introducing flight line artefacts.
Strong correlations between deviations from the true model
data and topographic regions (highs, lows and slopes)

Combrinck

confirmed that in areas with rugged topography, CDIsand 1D
inversions are not sufficient to recover true conductivity
models, or to beused as atest for levelling efficiency (Figures
2 and 3).2.5D or 3D inversions are needed to account for AEM
responses originating from rugged terrain.

Oneoption that has shown some promisein conductive regions
isto level data based on decay constants correlationrather then
AEM response values.

Case higory 3

Location: Central and Southern Africa
Challenge: Electrical storms

Depending on the location and time of year electrical storms
generate spheric noise and have a significant effect on AEM
data.

When the spherics frequency is less than the stacking width
post-stack de-spiking filters are sufficient to deal with spheric
noise. However, if spherics affect data at more frequent
intervals the stacked noiseresponsesoverlapand non-linear and
low-passfiltersfail to effectively removethe noisesignatures.
(Figures 4 and 5).

| have developed an in-house filtering procedure that operaes
on a combination of stacked and pre-stacked datato remove
spherics noise. Thisprocedureisvery effectiveandhas allowed
us to continue with production even in afternoons which
typically would not have been an option in the past due to
increased electrical storm activity.

. _-_a_-'.--r.-\.._. FAE - g Ty e a—
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Figure 4. Latetime dBdt-X [pV/(Am"4)] channels over a
350m horizontal disance. Panel 1: Pre-filtered, stacked
data with spheric noise spikes occurring more frequently
than the stacking width results in overlaps. Panel 2: Data
with spheric events filtered out usng an in-house
procedure. Panel 3: Data from panel 1, filtered with
gandard despike (non-linear and low-pass combination)
filter. Panel 4. Data from panel 2, filtered with standard
despike (non-linear and low-pass combination) filter.
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Figure 5. The same combinations of data as in Figure 4,
presented over a horizontal disance of 3000m, illustrating
the effective removal of noise while preserving small
anomalies.

Case higtory 4

Location: Canada
Challenge: Geomagnetic storms

The final example is from Northern Saskatchewan in Canada
This survey presented an interesting combination of 60Hz
powerlines and alevel G3 magnetic storm. The storm was so
intensethat the local power grid was shut down for threedays.

At thetime of the magnetic storm the X cite AEM and magnetic
survey had to be paused because of increased late time noise
and because the magnetic diurna data variation was out of
specification. Wealso got somevery interestingresults around
the powerlines (Figure6). No amount of filtering could get rid
of the enormous response dueto the magnetic storm. Theonly
option was to wait it out and then we had a few bonus flights
while the power grid was still down and where we could
measure signatures of an inactive powerline.  Building a
database of signatures for different types of noise is necessay
in thedrivefor more automated processing and interpretation

CONCLUSIONS

Depending on the geographic location and time of year AEM
surveys areperformed, different challenges areencountered to
provide high quality data. There is not a one-size fits all
processing workflow that will aways results in the best data.
Critical analysis of thedata and survey conditions arerequired
to pick the best processingoptions, and often design new ones,
in order to deliver the best results.
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Figure 5. dBdt-Z data [pV/(Am"4)] with a powerline
regponse during grid blackout (top), powerline response
during normal operations (middle) and powerline response
during G3 magnetic sorm. Horizontal extent of 5,000 mis
shown.
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Figure 2. Thereceiver/tranamitter altitude(top left) and digital terrain model (DTM) (top right). The black lineson the DTM
represent the flight path and thedBdt-Z[10] (0.065 ms) and dBdt-Z[38] (2.67 ms) gridsfor the HS 100 model aredisplayed on
t_rle bottom left and bottom right respectively.

Figure 3. Conductivity-depth dicescalculated with GALEI at 50 m depth (left) and S-layer differential transform at 150 m
depth (right) for the HS 100 model.
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SUMMARY

Climatechanges are strongly afecting water supply dl around the
world and Northern Itdy does not make exception to this. In
addition, pollutant contamination due to human, both industrid
and faming, attivities isincreasingly spreading in the high Po
Plan region and its laerd valeys. Hence in 2021 an AEM
survey has been conducted, aming a the identificaion of
unknown waer resarvoirs, on an aea of about 200 km? |ocated
West of the Garda Lake. A time-domain transient EM system
(SkyTEM) has been used to perform arborne messurements.

To address the complex depositiona environments typicd of the
subdpine region, the resulting geophysicd data joint with
lithologicd daa collected from wels in the last decades, have
been interpreted through a cognitive goproach.

Where neither dectromagnetic nor lithologicd data were
available, anumber of ground TDEM tests has been performed to
cover the lack of knowledge.

The 3D geologicd modd has been constructed manudly as a
voxe modd with lithofacies atributes supplemented by severd
bounding surfaces. Two different modelling methods have been
combined, namey smooth and sharp, dlowing to get the
geologicd complexity.

Stating from the geologicd modd and based on an ad hoc
piezometric campaign, carried out inthe meanwhile on the same
aeq, two 3D FEM flow modds has been developed, namey a
steedy-state one and atransient one.

These achievements have dlowed us to understand complex
operaiond situaionsand to manage them with robust avareness.

In the light of these promising results, we have decided to extend
the investigation on awider areq, covering further 1700 km?.
The whole activity will provide adetailed database, from which
impressive multidisciplinary epplications can be infered.
Amongst them, priority will be given in kettling drought effects,
assessing groundwater vulnerability and evauaing geotechnica
phenomeng, such as saurated loose sand liquefaction.

Key words: airborne, cognitive approach, geological
model, flow model, operational managing.

INTRODUCTION

“Ensure availability and sustainable management of water and
sanitation for all”. This statement introduces the 61 goal
claimed by United Nations in the Sustainable Development
Goals for 2030. Facing this goal requires, firstly, the
identification of new water reservoirs for future generations.
But thisis not enough. The same importance does take the
assessment of impacts arising from current land managemet,
in terms of traditional and emerging pollutants, and the ability

to predict how climate change scenarios could affect the
hydrogeological cycle.

On al these themes depends not only drinking water
availability, but also sanitation, hygiene and water-related
ecosystems survival. Hence, the major scopes of the present
work.

The region we live in, located between the Alps’ piedmont
district and the high Po Plain region, suffers from pollution
induced by industrial activity, large-scale agriculture and
intensivelivestock farming. In addition, inthelast years alack
of groundwater recharge during the fall and winter seasons is
observed. This phenomenon can be related to the modified
rainfall characteristics, since the usual long-duration moderate
precipitations are increasingly replaced by short-duration
intenseevents. In such situation, anumerical groundwater flow
model becomes fundamental for a water public utility.

Usually, hydrogeological assessments and predictions are made
on the basis of boreholesfromwells. Evenif hundreds of daa
from wells are available in the study area, they mainly
concentrate near residential zones, alongthe Chieseriver, hence
large extensions of land arelackinginformation and, dueto the
peculiar complex geological structure, additional data within
the deficient portions of land are needed.

We find that investigations by airborne electromagnetism of the
time-domain type could be the more appropriate, detailed,
time-saving and money-saving method to gain this target,
following the remarkable examples al around the world
(Aukenetal., 2017; Ley-Cooper & Richardson, 2019; Munday,
2013; Kang et al. 2022; Knight et al., 2018).

As pioneeringexperiencein our province, weconducted afirst
campaign in 2021, when 212 km? were flown in less than
15days (Figure 1). This has led to a great amount of data,
processed and interpreted by a cognitive approach, which
involved a multidisciplinary team made of geophysicists,
geologists and hydrogeologists.

As aresult, we havegot 120 thousand geophysical models (60
thousand with smooth inversion and 60 thousand with sharp
one). From them a 3D geological model and two 3D flow
models, for steady -state regime and transient oneas well, have
been obtained. These first results have provided insightful
explanations of well-known operational problems, unresolved
till now.

Given these promising achievements, a second campaign has
been started in March 2023, covering further 1.717 km? in
97 days. This new survey ams at even more challenging
targets, deemed essential for a sustainable and responsible
management of land and geo-resourcesuse. Hence, present and
future efforts are oriented towards drought effectsmitigation by
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artificial recharge of shallow aquifers (San-Sebastian-Sauto &
al., 2018; Sendrés et al., 2020; Teatini et a., 2020) and
groundwater protection (Thomsen et al., 2004). Geotechnicd
applications are in our sights as well, such as landslides
mapping (Thiery et a., 2021; Pfaffhuber et al., 2010), seismic
bedrock tracking (Christensen et al., 2015), evaluation of waste
bodies conditions (Hammack et al., 2010) and liquefaction
hazard assessment.

METHOD
Time Domain Electro-Magnetic method

To obtain information at basin scale and high depths, a
helicopter electromagnetic survey was carried out, with the
SKyTEM system (Sgrensen & Auken, 2004). Thisis atime-
domain helicopter electromagnetic system (TEM) designed for
hydrogeophysical, environmental and mineral investigations
(Viezzoli et al., 2012).

With thetime-domain method, the sgnal amplitudeismeasured
as a function of time. The system mainly consists of a
transmitter coil (Tx) and a receiver loop (Rx). A currentis
transmitted in the Tx loop and is abruptly turned off. This
generates an electromagnetic field, which induces an electrical
currentin the surroundings, which in turn induces a seconday
magnetic field. The receiver coil records a series of voltages
related to the changein the secondary magneticfield over time
(dB/dt), which provide information on the electrical
conductivity of theground. Thevoltages arerecorded throuch
time windows (gates).

The sampling approach is based on using the same number of
gates per decade of time. The gates have a width increasing
logarithmically with time, a configuration called log-gating
(Munkholm & Auken, 1996).

Theraw data acquired in 2021 were processed and inverted by
EMergo, who has been asked to develop two different
geophysical models, in order to achieve the most reliable
geological modelling, by means of two different inversion
methods: smooth and sharp.

By the smooth inversion the half-spaceis discretised in severd
layers whose thickness logarithmically increases with depth.
Thisinversion strategy gets the solution that involves agradud
variation of model parameters in space.

Figure 2a shows an example of smooth inverson. In the
magnified boxes, the gradual transition between two different
layers is shown: a shallower resistive layer (~ 200 Q-m) and
deeper conductivelayer (~1 Q'm). Theresistivity of these two
layers ranges gradually from 200 Q'm to 1 Q'm. Generally
speaking, this condition is satisfied in sedimentay
environments, with parallel sub-plane geometries, wherefacies
exhibit broad lateral continuity and an effectivevertical gradud
variation.

The sharp inverson (Vignoli et al., 2014) promotes the
reconstruction of blocky solutions, using a parametrisation
characterised by several layers(like smooth inversion strategy),
by minimising thevolumewhere the spatial model variationis
non-vanishing.  Sharp inverson reconstructs electrical
subdomains in which parameters are free to change under a
certain threshold. This approach ensuresthat the results are
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consistent with the measured datawhilefavouring, at the same
time, theretrieval of horizontal abrupt changes. In addition, the
focusing regularization can also be applied in the horizontd
direction, in order to promote the reconstruction of lateral
boundaries such as faults (Vignoli et a., 2014).

Figure 2b shows an exampleof sharp inverson. The magnified
boxes show how the transition between two bodies can be
defined, when a sharp contrast in electrical properties
characterises them.

In general terms, this inversion strategy is more suitable than
smooth inversion when the layer has an effective sharp spatid
variation of model parameters. For example, it applies suitably
where structural elements or magmatic intrusions do prevail in
the investigation area.

Data cognitive inter pretation and overall framework

The geological model is developed with a cognitive approach,
in which all availabledata (AEM data surface geological map,
stratigraphic boreholes, etc.) and the overal conceptud
geological knowledge are combined and translated into a
manually interpreted 3D model (e.g., Sapiaet a. 2015, Haoye
etal., 2015, Jorgensen et al., 2013).

For the overal model construction, we used the software
package GeoScene3D (https://geoscene3d.com/). This
software promotes the visualisation of data by cross sections,
horizontal sections, map views and 3D view (Jargensen et al.,
2015).

As stated by Jargensen et al. (2015), the cognitive layer model
is developed as aframework model consisting of layers that ae
defined as bodies between surfaces. These last are, in turn,
controlled by interpretation points defined in space and
manually digitised and attached to cross sections, horizontd
sections, boreholes, geophysical sections, etc., accordingto the
modeller's geological interpretations. Most interpretation
points are attached to cross sections that were gradually moved
through the model space and checked against perpendicular
moveable cross sections. The interpretation points are
instantaneously interpolated into surface grids, providing an
instant overview of the surface or boundary being modelled.

In addition to the cognitive approach, the geological model
takes its robustness upstream of the process, during the AEM
survey itself. During the 2021 campaign, the continuous
interaction between A2A geologists and EMergo geophysicists
made possibleto copewith themany difficultiesinherentin the
study area and to better plan the acquisition of the following
days.

The information interchange between geologist and
geophysicist during the survey has led to the best geological
interpretation, achievablefrom the numerical processing of rav
data. This interaction resulted in a good knowledge of the
subsurface, which was used as abasis for geological modelling.

Groundwater model with FeFlow
Three-dimensiona numerical modelling was performed using

FeFlow 7.4 software (Finite Element subsurface Flow system -
WASY GmbH), based on thefinite element method (FEM). The
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Darcy’s equation of flow is solved within a grid-discretised
domain (mesh).

The choice of the FeFlow code is justified considering the
complex geometries of the subsurfacein thestudy area. With a
finite element software, it is possible to implement a
groundwater model without making simplifications to the
geometries elaborated during the geological modelling phase.

In a first phase of the work, we set up a 3D-type problem in
which a steady-stateflow was simulated. In a second phase of
the work the 3D-type problem considered a transient flow.

Both models were implemented by consideringaflow without
mass and/or heat transport, within a saturated aquifer under
unconfined conditions, considering a free water table surface.

For the implementation and calibration of the steady-state
model, we used the piezometric values collected during the
2021 monitoring campaign. The hydraulic properties of the
aquifer were defined from literature data and field tests, while
the conductance of the riverbed was defined from literature
values only (e.g., Chen et al., 2013; Naganna et a., 2017;
Stewardson et a., 2016; Tang et a., 2018).

The transient model was implemented from the calibrated
steady-state model, where the hydraulic conductivity of the
aquifer and the conductance of theriverbed were automatically
calibrated by aPEST analysis (J.E Doerthy & R.J. Hunt, 2010).

The transient modelling was carried out in two phases. In the
first phase, the hydrological dynamics for the year 2020 was
modelled, based on the time series coming from hydrologicad
model returned by the software TOPKAPI. The purposeof this
phase was to calibrate the model so that the groundwater
recharge dynamics could be optimally reproduced. For the
calibration, four representative reference points have been
considered. In particular, the Pearsoncorrelation coefficient ()
and the root mean square deviation (RM SE) were assumed &
statistical criteria

Whitin the second phase, threefuture climate scenarios modds
(RPC8.5, RPC4.5 and RPC2.6) was developed, for the years

between 2071 and 2080, assuming as a starting point for the
boundary conditions the time series modelled by TOPKAPI.

RESULTS
3D geological model

The 3D geologica model, developed by the AEM data, is
shown in Figure 3.

Figure 3. 3D geological model.

By developingthe 3D geological model, we could identify two
different geological domains: fluvial domain and glacia
domain (Figure 3).

The glacial domain, covering the Eastern portion of the study
area, is characterised by an alternation of heterogeneous
deposits due to the presence of glacia depositiond
environments. The overall thickness is quantified in
approximately 300 m and lays on the bedrock.

The fluvial domain, pertaining to the western portion of the
area, is characterised by therecent fluvial deposits of the Chiese
River, mainly composed of coarse gravels and pebbles,
delimited in depth by deep fine deposits.

It is worth noting that, from the geological model, the two
domains appear to be separated, dueto bedrock risng. Theonly
portion where the two domains come into contact is the
southernmogt part of the model where they overlap in angular
unconformities.

Finally, by reconstructing the geometries of theglacial domain,
we have observed that on the coast of GardaL ake (eastern limit
of the geological model) the slope of the glacial deposits and
the rise of the bedrock ensurethat no interconnection between
the lake and the aquifer is possible.

Groundwater model results

The fluvial deposits of the Chiese River represent the main
aquifer in the study area, therefore the 3D groundwater flow
simulation focused on the recent and current fluvial deposits.

The 3D steady-state groundwater model has been initialy
calibrated manually by trialsand errors and, successively, by
an automatic procedure with PEST.

The achieved resultsreturn a RMSE of 0.53 mand an average
absolute error of 0.42 m (Figure 4). The piezometry from the
model and thedata collected duringthe piezometric campaigns
show avery good agreement. Moreover, the model is able to
takeinto account the effects given by the geometry of thefluvid
aquifer, by the external inputsrelated to surfacewater (Chiese
River, percolation and lateral flow) and by the lateral inputs
from the carbonate bedrock (West side of the studied area).

The 3D transient model was calibrated using trialsand errors.
Groundwater levels from the 2020 time series in the 4
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observation wells were used as comparisondata(Figure5). The
final calibration of the model resulted in an RMSE of 1.91 m
and an average correlation coefficient (r) equal to 0.73. In
particular, themodel is able to reproducethedifferent recharge
dynamics in the areas identified during the hydrogeological
characterisation phase.

After this calibration phase, the three future climate scenarios
were applied. Scenario RPC2.6 is considered the optimal
scenario, close to the current meteo-climatic values. Scenario
RPC8.5 represents the most unfavourable case, while the
scenario RPC4.5 is intermediate between the two previous
ones. As far as the modelled water balance volumes are
concerned, variations consistent with the meteoclimatic
forecasts are observed. In particular, for al three scenarios a
negative aquifer storage (loss) is observed. The order of
magnitudeis approximately 10 m¥/day. A 35%increasein loss
between the RPC2.6 and RPC8.5 scenariosis obtained. Thisis
mainly dueto thereduction in volumes exchanged between the
river and the aguifer (with a 10.5% reduction in the river's
contribution) and between the bedrock and the aquifer (with a
3% reduction in the lateral water supply).

SURVEY 2023

The recent campaign, started in March, has covered the mgor
part of the district area (Figure 6). Inside it, we have
distinguished four different compartments, according to
different geo-lithological and structural peculiarities.
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Figure6. District under inveétigation: province of
Brescia, in Northern Italy (modified from
WWW.or iginalmap.it).

This new survey does not represent amereaerial expansion of
the previous one. In fact, thanks to progressive expertise
acquired in progress, we could focus onthe several applications
that deserve attention (Figure 7).

In the mountain zone, efforts are devoted to the identification
of proper sites for perforating new drinking water wells in
fractured rock masses.

In the Western Garda Lake area, opportunities for new
enhancementsin recent neotectonics activity come to the fore.
In the plain portion, artificial recharge of shallow aquifers and
groundwater protection are priority targets.

Gisolo et al.

The southernmost part of the Po Plain, apart from drought
problems affecting agriculture, suffersfrom poor geotechnicd
characteristics and coseismic effects, like loose sand
liquefaction.

At present, all these targets arein progress. Hence, in itinere
preliminary results will be presented.

CONCLUSIONS

Starting from this pioneering experience for lItaly, a great
amount of work is in progress and an even greater quantity
awaits us for the future.

Theonly conclusion, up to now, isthat AEM methods together
with cognitive interpretation for geological modelling do
represent the most promisingtool in facing environment-rel aed
problems and climate changes. From them, technicians,
georesources managers and politicians can no longer escape.
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Figure 1. Aerial overview of the flight linesfrom 2021 survey, with contour plotsof the electrical sections (from Google
Earth).

Figure 2. 2D section of smooth (a) and sharp (b) electrical model. Grey curvesrepresent DOI (Depth of Investigation).
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Figure7.  Survey 2023. Flight zones and specific topicsto deal with.
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SUMMARY

It is nowadays widely accepted that Induced Polarization
(I1P) effects can affect Airborne Electromagnetic (AEM)
measurements. Modellingthe AEM datawith adispersive-
resistivity allow to properly retrieve the halfspace
parameters avoiding high inversion misfits and wrong
structures. Even if the Airbornel P(AIP) modellingitisa
known and controlled practice, there are still some open
questions regarding the complexities of this modelling
approach. Most of this lie into the AIP sensitivity to
geological targets, othersinits capability in integrate with
the ground IP and other more about the parametricd
management during the inversion process. To contribute
onthe AEM-IPmodellingfield of research, with thiswork
we performed two joint inversions on real data modelling
AlP effects. For the first experiment we jointly inverted
AEM-IP fixed-wing data with helicopter-borne data. For
the other experiment, we jointly modelled ground DCIP
and helicopter-borne  AEM data, modelling AIP
parameters. With these experiments we retrieved tha
inductive airborne | P can contribute, in term of sensitivity,
to theground IP modelling procedure and that fixed-wing
airborne data have a good sensitivity to chargeable
geological targets as well as helicopter-borne platforms.
Morein general, it has been seen that inductive | Pcontans
complementary information for modelling | P effects.

Key words. Airborne Electromagnetics, Airborne |P,
Fixed-Wing measurements, Ground | P measurements.

INTRODUCTION

Airborne Electromagnetic methodologies represent nowadays
one of the most common and effective techniques for large
scale resistivity mapping in mineral exploration and
environmental issues (Flisetal., 1989; Smith, 1989; Smith and
Klein, 1996; Kratzer and Macnae, 2012; Viezzoli et al., 2013).
At the same time, it is recognized and subject of a growing
interest, that AEM measurements are sensitive to Inducsd
Polarization (IP) effects when acquired over a polarizable
halfspace (Kratzer and Macnae, 2012; Viezzoli et a., 2013).
Theseeffects are given by the physics of polarizable materids
that are able to complete afull charge and dischargecycleina
finite time interval when subject to an external electric field.
The polarization ion-movement generates apolarization current
that is is add, under the quasi-static approximation, to the pure
EM currents induced in the ground by the AEM system. This
currents interaction will inevitably manifest itself into the
secondary magnetic field generated with their flow and tha is
recorded by the system’s receiver (Flis, 1989). The IP effeds

are thus detectable with atypical signaturein EM data: afast
decay that can culminate, if the polarization currents dominae
the EM currents (opposite sign duringdischargingphase), to a
change of sign of the EM signal. Under these conditions, the
general relationships between the measured voltages versus
time and depth (from which derivethe correlation between the
conductance and the data sensitivity) are compromised if the
capacitive behaviour of theground is not considered (Viezzali
2017, Smith and Klein, 1996). It follows that modellingthe AIP
effects when they affect the AEM data is crucial to recove a
correct parametrization of the investigated halfspace and to
properly fitthedata. Theillustrated physics behaviour is modd
with the well-known dispersive resistivity models (such &
Cole&Cole, Maximum Phase Angle, Constant Phase Angle...)
typicaly used for galvanic DCIP data and that make the AEM
data modelling effective but more complex at the same time.

Themodelling effectiveness is demonstrated by ground proven
correct structures recovery such as cover thicknessss,
conductivebodies top and bottoms, chargeableanomalies, and
more (Viezzoli et al., 2017). Moreover, with a recent study
(Dauti et al., 2023), it has been shown how AIP can provide
significative information for exploration purposes providing
airborne chargeable anomalies confirmed subsequently by
ground DCIP acquisitions.

All these contributionsand confirmations madethe Al Pinterest
increase in industry and in academia in the last decades.

With this work we will thus focus on AEM data modelling
considering IP effects, illustrating two attempts of AEM-IP
joint real data modelling. The joint inversions are carried
between:

- AEM helicopter borne and galvanic DCIP data
- AEM helicopter borne and AEM fixed-wing data

Both the experiments aim to usethe AEM-IPdatasensitivity to
increase the spectral content modelling of the acquired
inductive (or galvanic) data.

For the first joint inversion, between airborne and ground IP,
we wanted to verify if and how AEM-IP data are able to
integrate the ground DCIP sensitivity to recover the dispersive
resistivity of theground. Aswell known, thetwo methodologes
work at different base frequencies and are considered, at this
state of the art, spectraly sensitive to different and not
compatible geological features (Macnae 2016). At this regad,
given its spectra range, the airborne |P measurements ae
considered sensitive only to low time constants (quick
polarization) and high chargeabilities only that, geologically
speaking, is translatable to fine grained materias like clay,
aterations or non-economic minerals.
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Regarding the second experiment, between helicopter-bome
and fixed-wing systems, wewanted to verify if the fixed-wing
systems are sensitive to the same geological features of
helicopter-borne platforms and are able to contribute to the
model resolution. The fixed-wing systems were historically
considered not able to detect |P effects, given their in-offss
geometry that does not allow to uniquely relate negative
voltages to | P effects (contrary to concentric loop helicopter-
borne platforms), and to their bigger system footprint (lower
shallow resolution). Anyway, recent studies (Viezzoli et al.
2021, Dauti et al., 2022), showed that it is possible to
theoretically detect |P effectsfor fixed wing dataand that it is
satisfying model them.

With this work we thus want to contribute to the understanding
of the sensitivity of the AIP spectral content in AEM data
modelling.

METHOD AND RESULTS

The experiment set up and their results will be separatdy
treated and illustrated in detail in the sections below.

Helicopter-Borne and Ground DCIP joint Inversion
modelling AIP

The Airborne EM data have been acquired thelast springwith
the NRG XCite Time Domain 25Hz base frequency system,
illustrated in black linesin figure 3. Asintroduced, for the same
area 18 SyscalPro lines (0.125Hz of basefrequency, 50% duty
cycle) of ground Time Domain DCIP have been acquired.

Figure 1. Survey location. In black the Airborne EM lines
aredisplayed, in red the DCIP.

The datasets have been modelled with a consistent modelling
procedure, with a 2D forward response formulation for the
DCIP data (Fiandaca 2013) and 1D for the TDEM (Fiandaca
2012). Themodelling approach proposed by Fiandaca allowsto
model the full-voltage decay (instead of the integral
chargeability), the transmitter waveform and the receiver
transfer function, increasing the procedure accuracy in
recovering the spectral parameters. These features have been
modelled both for the Airborne EM than for the Ground DCIP.
Regarding the model-space parametrisation, we used the
Maximum Phase Angle (MPA) Cole-Cole re-parametrisation
(Fiandaca et al., 2018; Madsen et al., 2018) instead of the
classical Cole-Cole model re-arranged by Pelton (1978). The
MPA Cole-Cole model is a re-parametrized form of the classic
Cole-Cole, where instead of mg and 7p we used the maximum

Dauti et al.

phase gmax and the phaserelaxation time 7o. The phaseof the
complex conductivity can be defined in termsof both equations
land 2 as:

¢(w) = atan (M) = atan (p"(w)) (eg. 1)

ar (W) o (w)

The phasereaches his maximum ¢max at an angular frequency
we=1/T9 8S:

B o"(l/rw)) B (p"(l/rw))
Pmax = atan <—al(1/rw) = atan PRVRY (eg. 2)

Furthermore, the model space of the MPA Cole-Colemodd can
be written as:

MMPA Cole—Cole = { PO, Ppnrrys Toy C}

The MPA parametrisation allows to minimize the correlations
between the Cole-Cole mo and C using the poorly correlated
¢max and C, and to improve the resolution retrieved from
inversion | P data of the classical Cole-Cole model.

Theinversions have been performed with theinversion schame
proposed by Fiandacaet al., 2023 that uses voxel model mesh
to map the solved parametersviaan interpolation of the forwad
mesh solutions. The decoupling of the model mesh and the
forward mesh alows to work with more flexible and
manageable spaces (forward and model) to perform joint
inversions and timelapsinversions. Inour inversion procedure,
in order to increase the parametrical resolution and the phase
sensitivity in depth, we parametrized the spectral parametas
(T, C) on an independent mesh respect to resistivity and
phase, with different lateral constraints and verticaly fixed
(as proposed by Viezzoli and Fiandacain 2021).

Theinversion results for the lines on which we performed the
joint modelling are presented in Figure 2. In the figure we
compared the results for AEM chargeability section only, the
modelled DCIP chargeability, and the joint inversion modd of
the two. Interms of inversion misfit, we obtained: AEM only:
1.10, DC only: 4.2, IP only: 1.2 and, for the joint inversion,
AEM joint: 1.18, DCjoint; 4.9, IPjoint: 1.20. The misfits ae
thus comparable and satisfying considering the standad
deviations of each dataset. Asvisiblefrom theresults, thejoint
inversion model merges the sensitivities of the two
methodologies and add the information of the ground DCIP to
the chargeablebodies. Itis also visible how the AIP modelling
add information to the joint inversion and, at the same time,
accept the ground DCIP sensitivity.

Helicopter-Borne and Fixed-Wing joint Inversion
modelling AIP

For our experiments we used datafrom a GEOTEM peepfixed-
wing system (Annan, 1990) acquired in Northern Territories,
Australia, in 2010 and some overlapping (Figure 3) government
VTEM helicopter-borne data acquired in 2009. Geologically,
the investigated areais a classical Australian environment with
a conductive cover over a resistive bedrock; the aim of the
investigation was the estimation of the cover thickness for
exploration purposes.

From a geophysical point of view, the differences between the
two systems are many and are reflected in the acquired data
The dipole moment for the fixed wing GEOTEM system is

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



almost the double of the VTEM one and, geometricaly, the
offset configuration (and a 15-year-old technology) does not
alow to properly monitor and measure the receiver bird
position  producing strong modelling complexities.
For our modelling procedure we used the theoretical bird
position, with areceiver horizontal offset of 70 m and averticd
offset of 50 m respect the craft.

Figure 3. In black: GEOTEM’s lines; in green: VTEM’s
lines.

As workflow, we firstly manually processed the EM data to
assess the noise level for the two systems, to improve the SN
and to delete artifacts. Then we proceed with thejointinversion
of the overlappinglines using, as before, the approach proposad
by Fiandaca et al., 2023 and usingthe MPA parametrization &s
presented in Equations 1 and 2. In Figure 4 an example of a
jointly modelled couple of lines is presented. The presented
models are cropped with the depth of investigation (DOI). This
iscalculated as Fiandacaet al., 2015, based on an approximated
covariance analysis applied to the model output from the
inversion while considering the data standard deviations.

In the figureis interesting to see how the chargeability has a
good resolution and follows, aso in depth, the conductive
shallow layer modelled in the resistivity model as expected
from the geological information of the area.

CONCLUSIONS

With this contribution we shown that the AlP spectral content
can significatively contribute to the dispersive-resistivity
modelling when jointly modelled with other techniques
(galvanic Induced Polarization) and between different airborme
systems (fixed wing and helicopter borne platforms).

First, it has been demonstrated that is successfully possible to
jointly model Airborneand GroundIP. In particular, it has bemn
shown how the airborne | P contributes to the sensitivity of the
modelling procedure and accepts the ground sensitivity in the
inversion procedure. Important is to underly how therecovered
structure not only changes (if comparing galvanic-only or
inductive-only inversions) in terms of resistivity modelling but
also in terms of chargeability. This importantly evidence tha
the spectral content of airbornedatais complementary and can
add information to the ground DCIP.

Regarding theairborneinversions, itis possibleto jointly modd
helicopter borne and fixed-wing AEM data considering IP
effects. The inversion process, as expected, converged to the
resultant model using the different sensitivities of the two
systemsfittingthedata. Thedifferent sensitivities aregiven by

the different system’s features (such as footprint, geometry,
height of flight, dipole moment...) and the obtained results
merge the features of both.
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Figure 2. Top left: DCIP chargeability only. Top right: AEM chargeability model for the selected line only. Bottom: Joint
inversion chargeability model of DCIP and AEM for the selected line.
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chargeability cross section of same selected lines. Both the linesare cropped with the DOI.
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SUMMARY

Inthis paper, | discuss a method to obtain reliable noise
estimates for airborne electromagnetic (AEM) surveys
based on thereversible-jump Markov chain Monte Carlo
method. In addition to estimating electrical conductivity
and thickness using 1D layered-earth models, themethod
provides estimates of theadditive error required to make
all measurements of a repeat line agree. The noise
estimates can also be obtained from asingle line where
repeat line information is unavailable. The resulting
additive noise estimates then can be used in a general
deterministic inversion. Analysis of inversions shows
that model regularisation has little effect at depths where
the data is informative. This improves the reliability of
the inverted models, since it is the noise-adjusted data
which is informing the model.

Key words: airborneelectromagnetics, noise, RIMCMC.

INTRODUCTION

The airborne electromagnetic (AEM) method was originally
developed for usein mineral exploration whereby an explorer
searched the survey datafor signalsthat indicated prospective
mineralisation targets. More recently, AEM is increasingly
applied to near surface investigations for groundwater
exploration, hazard identification and geologica mapping.
Products from AEM surveys for the newer applications
usually include conductivity-depth inversions generated from
the collected survey data. Inversion of AEM data is a
complicated task dueto incompleteinformation, the difficulty
of the inverse problem to be addressed, different systems
offered for service, and estimation of theutility of the datafor
the purposefor which the survey was flown. With increased
focus on the near surface for resources such as groundwater,
the inversion task needs to address resolution of conductive
features in the ground.

Inversion of AEM data for electrical conductivity models
involves many factors that need to be addressed. Some factors
must be addressed prior to the survey being flown and are
governed by such things as system availability, cost of
acquisition, and the goal of the study. Other factors are part of
the inversion problem itself. Theseinclude: thedescription of
the AEM system to be modelled, discretisation of the model
used to estimate conductivity, the choice of inversion
algorithm, and the amount of regularisation needed to ensure
reasonable convergence. Perhaps one of the most important
factors that needs to be mentioned, and onethat is closely tied
to model regularisation, is estimates of noise in the AEM
survey data. Noiseisany unwanted signal that interferes with
the electromagnetic signal transmitted and received by the
AEM sensor. It can be generated by various sources such as

man-made structures, power lines, lightning, and atmospheric
disturbances, but can also be caused by the variation in the
earth's natural electromagnetic fields and the geology of the
survey area. Different types of noise can be present in AEM
data, but they are generally classified as random and
systematic noise. Systematic noise, caused by a specific
sourcethat produces aconsistent pattern of interference in the
AEM data, can often be corrected by identifying the source
and applyingappropriate correction methods. Random noise
is caused by the statistical variation of the electromagnetic
signal received by the AEM sensor. This noise is difficult to
remove as it is not correlated with any causes.

Accurate estimation of noise levels in AEM survey data is
necessary since they directly influence the accuracy and
reliability of thedata. Thiscan havea profound impact on our
interpretation of the subsurface geology. Despite the
importance of obtainingaccurate estimates of data noise, there
is little in the literature that describes how we obtain them.
The purpose of this paper is to address this apparent
shortcoming.

DETERMINING NOISE INAEM SURVEY DATA

It can be difficult to determine the noise characteristics of
AEM survey data since the effective use of many of the
systems available depends upon them being airborne to
operate effectively. That is, there is little opportunity to
operatethem at full capacity while ontheground. To address
this, many contractors now offer measurements of high-
dtitude data. With the transmitter operating at full capacity,
the AEM system is taken to extreme altitude in the assumption
that the signals measured by the receiver coils will be
uninterrupted by earth responses. These measurements offer
an understanding of the noise floor of the receiver assembly:
the measurements of thereceiversin theabsence of any signal
other than the system itself. This is a good first step to
understanding the bias of the system. An example of high
dtitude noise recordings is shown with the solid lines in
Figure 1.

Green and Lane (2003) suggest a different strategy for
estimating noise in survey data through use of repeat lines.
Theassumption hereis that the system should always measure
the same responses over the same survey transect. They
recommend characterising noise as either additive or
multiplicative in nature, meaning that noise levels for a given
delay time are composed of some base level of noise plus
some factor multiplied by the signal itself at that delay time.
This can be written as

0 = ,/Ufwza + (G4 - d)?,

where g;is the noise at delay time i, d; is the measured data
for that delay time, and ¢;,,, and o;,, arethe additive noise
term and the multiplicative factor, respectively. It should be
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noticed that the noise term g; enters the data misfit equations
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Figure 1. Noise etimates from an AEM sysem. Solid
black lines show the high-altitude measurements, while the
dashed lines show the estimates from a Green and Lane
(2003) analysisof repeat lines.

as an additiveterm when used in this manner. An example of
an additive noise estimatefollowing this method is show with
dashed lines in Figure 1.

One of thedrawbacks of the method of Green and Lane (2003)
is that repeat lines are impossible to replicate exactly due to
the platforms beingairborne. Differencesin altitude can have
a profound effect on the measured response. Another
drawback isthat many older surveys do not have repeat lines
flown (or are not availableas part of the delivered data); so, a
compromise must be sought. In my approach, | assume that
while repeat lines may not have the same measured responses
due to variations in acquisition, they should have the same
earth and noise model provided the repeat lines are flown
reasonably closetogether. At each station of the repeat lines,
differences between the recorded data and the forward
response for each station can therefore be classified as ‘noise’.
Noisein this senseincorporates variations in measurement at
each station, but also encompasses the choice of model used to
determine the earth response.
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Reversble-jump Markov chain Monte Carlo

To achieveestimates of electrical conductivity distribution and
noise for the repeat lines, | employ the Reversible-jump
Markov chain Monte Carlo (RIMCMC) method described by
Green, (1995) with a few modifications similar to those
employed by Minsley et a., (2021), but with some
modifications.

We begin by ensuring that sampling of the repeat line data is
consistent across aregular spacingalong the survey line. The
simplest way of doing this is by taking stations from each
repeat line that are close enough that we can assume they are
measuringthe samevolume of theearth (eg, Reid et al., 2006)
or by resampling the data to a regular spacing. For every
station, we create a 1D layered-earth model of variable
electrical conductivity layers (and thickness) and a common
noise estimate for every delay time of the system. Usingm.
to describethe model at station s, themodel is composed of k
layers of resistivity p with thickness t to describe the earth,
and n values of o to describe the additive error applied to the
n delay times for the j measurements at location s. Notice
that the variables in bold are vectors.

At every iteration in the chain, a new model m' is proposed
from the previous model m.. The new model is accepted or
rejected based on the Metropolis, Hastings, Green (MHG)
algorithm according to the following acceptance criterion «
p(my) p(dim;) q(mg|m’'y) i
"p(my) p(dlm,) q(m’Im,), " |
where p(m.)/p(m.) is the prior ratio of the models,
p(dlmy) /p(dlm,) isthe likelihood ratio of the data given the
models, g(m.|m’' )\g(m’' . |m.) istheproposal ratio, and J is
the Jacobian governing changes between dimensions. Of
special interest in this paper is the data likelihood function
p(d|m.) which will change at every iteration due to choices
of perturbations in k, p,t,or . We write the likelihood
function as

a(m;|m,) = min |1

(dlm)—i; (—1((f( t,k)
P = L el T\ 2 e

- dsi)TCd(a)(f(p' t:k) - dsi))>

where f(p,t k) is the predicted data given the model
parameters, d.; is the measured data at station s for
measurement i ,and C,(o) the data covariance matrix that
models the error in the system responsible for the
measurements.  In this paper, C,(o) is assumed to be

diagonal.

0 - e = _
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Figure 2. An example of the posterior mean conductivity section resulting from the RIMCMC process.
Blanked areasare dueto a wide spread of accepted modelsrelative to the prior conductivity.
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Model proposals are based on the usual choices for MHG
samplers. At every iteration, we choose to: create a
conductivity interface, destroy a conductivity interface,
change the structure of the existing model (by creating and
destroyingrandom interfaces, or vice versa), or changing one
of the n noise parameters in . For each station, severa
chains (8) are run for many iterations (3x10%). Severa
thousand models are excluded from the beginning of each of
the chains, and the results are accumulated.

RESULTS

Figure 2 shows a posterior mean €lectrical conductivity
distribution transect for the example discussed earlier. Areas
that aremadetransparent reveal that the spread in conductivity
of the accepted modelsis similar to the prior probability of the
conductivity proposals(and, therefore, lessinformative). The
section looks reasonable, and thereis clear structure to depths
of approximately 300 mAHD. Figure 3 shows the mean
distributions of the marginalised noise estimates for every
model inthe reduced RIMCMC chains, and for every station.
The distributions are shown in shaded blue, while the mean
additivenoisevaluefor each delay time is marked by the solid
gold line. The mean values from the gold line are chosen to
represent the average additive noise values for the entire
survey. Also shown are the high-altitude (black), the Green
and Lane (2003) noise estimates (red), and an RIMCMC noise
estimate conducted on only one line. Clearly, the RIMCMC
noise estimates are consistently higher than the high-altitude
noise estimates, but mostly lower than the Green and Lane
(2003) estimates.
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Figure 3. Estimates of additive noise for each delay time of
both sysems. The blue colour variations show the
digributions of the noise egimates. The solid gold line
shows the peak of the digtributions and is taken as the
average measurement noise for the entire survey. The
solid black line is from high-altitude tests, the red line is
the Green and Lane (2003) estimate, and the purplelineis
from an analysis conducted with only one repeat line.

What if you don’t have repeat lines?

The purple lines in Figure 3 show the result of an RIMCMC
noise analysis conducted with only one of the repeat lines.
Instead of usingall 4 linesto estimate noise, thechainsarerun
using only one measurement per station. Noise is estimated
from each model in thechain. We can seethat theuse of only
one line exhibits similar noise levels, indicating this method
can be used if there are no repeat lines available.

Effect on regularisation in inversion

Having determined an average noise estimate for the entire
survey based on several repeat lines, it is useful to see the
effect the noise estimates have on deterministic inversion.
Figure 4 shows smooth 1D layered earth inversionmodels for
a wide range of model regularisation values. In this case, an
isotropic exponential regularisation with a 25 m correlation
length was chosen for the model regularisation; the
regularisation matrix was the sameand only theweighting was
changed. The prior resistivity was chosen to be 104 Qm. A
depth of investigation line (DOI) (Christiansen and Auken,
2012) for each inversion is shown in white. The figure shows
little variation in inverted conductivity models above the DOI
line. This indicates that the model regularisation has little
effect in determining model structure where the models are
informed by thedata, whichis precisely what is desired in the
inversion.

CONCLUSIONS

Inthis paper, | have adapted the results of previous authors by
using a reversible-jump Markov chain Monte Carlo method
that, in addition to yielding conductivity-depth information,
provides us with noise estimates for airborne electromagnetic
surveys. The noise estimates are shown to be similar to the
repeat line method of Green and Lane (2003) but are
significantly greater than the high-altitude measurements
provided. The additive RIMCMC noise estimates can be
applied to the entiresurvey. Themethod can be applied when
there are no repeat lines available. Analysis of the RIMCMC
noiseestimates show that model regularisation has little effect
at depths where the signa is informative in generating
electrical conductivity models.
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SUMMARY

Passage of the Sustainable Groundwater Management
ACT (SGMA) in California has resulted in the need for
improving the understanding of groundwater aquifers to
support groundwater managers in developing and
implementing groundwater management plans and
actions. The California Department of Water Resources
(DWR) has supported this effort by implementing the
Statewide AEM Survey Project, where data are collected
in areconnaissance grid across California’s priority basins.
Raw, processed, inverted, and interpreted AEM data as
well as digitized lithology and e-logs are made publidy
available and novel tools have been developed to support
data accessibility.

With the Statewide AEM Surveys nearing completion,
DWR is undertaking an effort to utilize the Statewide
AEM Survey dataset along with other existing data
(surface geophysics, lithology logs, e-logs, geologic cross
sections) to provide an improved understanding of basin
characteristics. To support this task, new tools are being
developed that will analyse al data available to produce
refined, texture and hydrogeologic models. Resultswill be
archived in DWR’s California Groundwater publication
and Basin Reports and models will be available to
visualizethrough new and innovative 3D, GI S-based toals.

To support thiseffort, DWR will also be conductingPilot
Studies that will include the collection of additional data
with the goal of filling data gaps and addressing specific
SGMA implementation questions. The first Pilot Study
will be conducted on the eastern side of the San Joaguin
Valley in California’s Central Valley and will include the
collection of infill AEM data, as well as other ground-
based geophysical surveys.

Key words. AEM, California, Sustainable, Groundwater,
Statewide,
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The historic passage of California’s Sustainable Groundwater
Management Act (SGMA) in 2014 set forth a statewide
framework to help protect groundwater resourcesover the long
term (California Assembly Bill 1739, Senate Bill 1319, and
Senate Bill 1168, 2014.). SGMA requires local agencies to
formgroundwater  sustainability agencies (GSAS) for
groundwater basin’s defined as high- and medium-priority.
GSAs develop and implement groundwater sustainability plans
(GSPs)to avoid undesirable results and mitigate
overdraft within 20 years.

DWR servestwo roles to support local SGMA implementation:
1) regulatory oversight through the evaluation and assessment
of GSPs and 2) providingongoing assistanceto locals throuch
the development of best management practice
guidance, financial assistance, and technical assistance.

DWR has a long history of characterizing California’s
groundwater basins and providingtechnical assistancethrouch
DWR’s Basin Characterization efforts under California’s
Groundwater, Bulletin 118 (California Code of Regulations,
California Department of Water Resources 2020b). California’s
Groundwater archives and documents groundwater basin
characteristics, available datawithin the basin, and groundwaer
management activities through the 5-Year Update, Basin
Reports, and CalGW Live.

As a part of DWR’s Basin Characterization effort, DWR
supports locals in improving their basin’s hydrogeologic
conceptual model through the collection and compilation of
relevant data Data and information that DWR collects or
cataloguesincludes lithology and geophysical logs, location of
dry wells, groundwater €elevation levels, interferometric
synthetic apertureradar data, extensometers, crop mapping and
drilling new wells.

In 2021, DWR’s Basin Characterization data collection effort
expanded to include the Statewide AEM Survey Project. The
goa of the project is to improve the understanding of large-
scale aquifer structures across groundwater basinsand support
refinement of texture models, hydrogeologic conceptud
models, and groundwater flow models. As apart of the project,
AEM data are collected in all high- and medium-priority
groundwater basins, where data collection is feasible and all
data and reports are made publicly available (California
Assembly Bill 1755, 2016). To support dataaccessibility, DWR
has developed novel tools to allow the datato beviewed online
by the general public.
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CA’s Statewide AEM Surveys

As the Statewide AEM Survey Project nears its completion,
DWR is starting the next phase of the Basin Characterization
effort where all new and existing data will be compiled and
analysed to provide an improved understanding of basin
characteristics.

METHOD AND RESULTS

In 2018, CaliforniaProposition 68 was passed, which provided
DWR with $12 million to collect AEM data in California to
support the implementation of SGMA (California Department
of Water Resources, 2020). From 2018 through 2020, a s& of
AEM Pilot Studies was undertaken by Stanford University, the
Kingdom of Denmark, local groundwater agencies, and private
consulting firms to determine the optimal workflow of AEM
datacollectionin California. Knowledge gained from the AEM
Pilot Studies was used to support the development of DWR’s
Statewide AEM Surveys.

As a part of the Statewide Survey Project, DWR and their
consultants (Ramboll, SKkyTEM, Sinton Helicopters, GEI,
Eclogite Consulting, and Aarhus University) are collecting
AEM datain a coarse, reconnaissancegrid with aline spacing
of approximately 3 by 13 km. Thegrid was defined to allow the
maximum amount of data to be collected within the defined
groundwater basins while capturingthe geologic heterogeneity
unique to California. The survey grid was oriented to capture
local geologic features and to lines were modified to cover arees
of interest defined by local, state, and federal agencies. Survey
lines werefurther modified to avoid saf ety and electromagnetic
noise sources, like buildings and structures containing people
or confined livestock, heavily trafficked highways, powerlines,
vineyards, etc.

Prior to the start of the surveys, DWR undertakes a robust
outreach effort to ensurethe public are aware of the project and
that alow-flying helicopter will bein their area. Thisincludes
meetings with local GSAs, sendingnotification letters to parced
owners within the vicinity of the flight path, social media
announcements, and media advisories. DWR also keeps the
public aware of the survey schedule through an online Survey
Schedule StoryMap.

After data collection, thedataare processed and inverted by the
consultant. Dataat all stages (raw, processed, and inverted) ae
provided to DWR and published on the California Natural
Resources Agency Open Data Portal. Inverted AEM data can
be viewed on DWR’s AEM Data Viewer, an online, GIS-based
tool that displays electrical resistivity values as Point Clouds,
which points located within the centre of the AEM datainterva.
Thetool alows users to zoom and view the data from various
angles without the data being downloaded or the use of
specialised software (Figure 1). DWR also makes the formatted
Point Cloud files publicly available so that technical users can
download and view the data along with other relevant datasets
in a Gl S-based platform.

AEM data are interpreted for coarse fraction (texture) and for
an initial hydrostratigraphic cluster model through the
integration of other supporting datasets, including lithology
logs, e-logs, water quality, and water levels. Two lithology logs
and e-logs per Public Land Survey Square Mile along a survey
flight line are quality controlled (for location accuracy and
lithology description) and digitized. Water quality and water
level data were utilized in the interpretation only when the

Dlubac et al.

density and quality of data were appropriate. All digitized
supporting data are made publicly available and locations ad
metadata can be viewed on DWR’s Supporting Data Viewer.

With the Statewide AEM Surveys nearingcompletion, DWRis
undertakingthe next phase of the Basin Characterisation effort
where all AEM coarse fraction data will be incorporated with
other existing data (surface geophysics, lithology logs, e-logg,
geologic cross sections) and analysed to provide an improved
understanding of basin characteristics. To support thistask, new
tools are being developed that will analyse all data available
within abasin to develop refined, 3D hydrogeologic and texture
models. The results of these analyses will be available to
visualise through new and innovative 3D, GIS-based tools,
which will be updated on aregular basis as new dataand tools
become available.

To support Basin Characterization and the implementation of
SGMA, DWR will aso be conductingPilot Studies to address
SGMA implementation initiatives and fill data gaps. The Pilot
Studies will include the collection of additional data based on
review of the reconnaissance AEM data and local SGMA
implementation initiatives, like groundwater recharge, surface
water groundwater interaction, subsidence, vulnerable
domestic wells, disadvantaged communities, seawater
intrusion, base of fresh water, etc. Additional data collection
methods may include infill AEM, t-TEM, floaTEM, NMR
logging, e-logging, installing new wells or reactivating existing
wells, CPT, etc.

The first Pilot Study will focus on providing information to
support floodplain rehabilitation, groundwater recharge, and
domestic well assistance activities. The study areais located
within the Kings and Madera subbasinsand concentrated onthe
eastern side of the San Joaquin Valley, between the Upper San
Joaquin and Fresno Rivers. The Pilot Study will include AEM
infill data collection followed by ground-based surveys. The
results from the Pilot Study are expected to be available by
Winter 2023/2024 and available to support local and state
groundwater management decisionsin the event of another wet
water year.

Data VAiewer displayihg AEM dﬁ@l
asa Point Cloud in an online, GIS-based platform.

CONCLUSIONS

DWR’s Statewide AEM Survey Project has provided high-
quality AEM data across the medium- and high-priority
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groundwater basins and has providedlocal GSAswith aunique
dataset that improves the development and implementation of
their GSPs and project and management actions. DWR’s
commitment to open access to data has resulted in the
development of novel tools which has made viewing data
accessible to the general public and increased the public’s
understanding of geophysics. The success of this project has
allowed DWR to continue with the next steps of Basin
Characterization and the collection of additional geophysicd
data and the development of new tools to improve the
understanding of groundwater basins.
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SUMMARY

The interest on Induced Polarization (IP) in AEM data
(AIP) has significantly increased in recent years, both
within the research community and in the industry.
However, the inversion of AIP data is particularly ill-
posed, especially when spectral modelling, such as Cole-
Cole modelling, is used. Furthermore, the comparison of
AIP and galvanic ground I P inversion modelsis hindeed
by thefact that the | P effect is usually modelled differently
in the inductive and galvanic computations.

In this study we present a new inversion software
EEMverter, which has been developed to model IP in
electric and electromagnetic (EM) data within the same
inversion framework. In particular, three specific goals
have been identified within EEMverter’s development: i)
to allow multipleinversion cycles that mix, sequentially or
simultaneously, 1D, 2D and 3D forward modelling, for
diminishing the inversion burden; ii) to alow the joint
inversion of AIP, ground EM-IP and ground galvanic IP
data; iii) to allow time-lapse inversions of AIP, EM and
galvanic |P data.

EEMverter has been tested on several AEM and AlIP
surveys, also in conjunction with ground EM and ground
galvanic IP data in joint inversion. In this study, the
inversion of the VTEM AIP survey over theValen Cu-Ni
deposit is presented, highlighting the improvements in
model resolution when compared to standard inversion
approaches.

Key words: Induced Polarization, Joint Inversion, 1D, 2D,
3D, galvanic

INTRODUCTION

The induced polarization (IP) phenomenon in airborne
electromagnetic AEM data (AIP) presents a challenge to
exploration in many parts of the world. It is a well-known
phenomenon since Smith and Klein (1996) first demonstraed
the presence of |Peffects, which have beenfurther discussad by
severa authors (e.g., Marchant et al., 2014; Macnae, 2016;
Viezzoli et al., 2017). IP-affected AEM data are often
interpreted in terms of the Cole-Cole model (e.g., Marchant et
al., 2014; Viezzoli et al., 2017; Lin et al., 2019), but the
inversion problem is particularly ill-posed: for a 1D inversion
of a single sounding four parameters have to be retrieved for
each model layer. Furthermore, AIP and ground |P modelling
are usually carried out in different inversion frameworks,
makingdifficult adirect comparison of theresults. In this study
we present anovel inversion software, EEMverter, specificdly
developed to model electric and electromagnetic data taking
into account the IP phenomenon. Three distinctive features
have been implemented in EEMverter: i) 1D, 2D and 3D
forward modelling can be mixed sequentially or simultaneoudy
in the iterative process within multiple inversion cycles, for
diminishingthe computational burden; ii) thejoint inversion of
AIP, ground EM-IP and ground galvanic IP data is fully
supported with acommon |P parameterization; iii) time-lapse
inversions of AIP, EM and galvanic IP data is possible with
both sequential and simultaneousapproaches. In thefollowing
the implementation of EEMverter is described, with examples
of synthetic and field inversion results.

METHOD

In EEMverter the inversion parameters are defined on modd
meshes which do not coincidewith theforward meshesused for
data modelling: the link between model and forward meshesis
obtained interpolating the model mesh parameters into the
forward mesh discretization, as done for 1D AEM in
Christensen et a. (2017), in 3D galvanic IP in Madsen et al.
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(2020) andin 3D EM in Zhang et al. (2021), Engebretsen et d.
(2022) and Xiao et al. (2022a). This spatial decouplingallows
for defining the model parameters, e.g. the Cole-Cole ones, on
several model meshes, for instance one for each inversion
parameter. In this way, it is possibleto define the spectrd
parameters, like the time constant and the frequency exponent
in the Cole-Cole model, on meshes coarser than the resistivity
and chargeability ones, vertically and/or horizontally, with a
significant improvement in parameter resolution.

For each dataset of the inversion process, adistinct forwad
mesh is defined. The interpolation from the model parametas
M defined on the model mesh nodesinto the valuesm; at the
subdivisions of the it" forward mesh is expressed through a
matrix multiplication, in which thematrix F; holds theweights
of the interpolation, which depends only on the distancss
between model mesh nodes and the subdivisions of the it
forward mesh:

m;=f(M)=F;-M 1)

In EEMverter 1D, 2D and 3D forward & Jacobian computations
have been implemented. In particular, Transient EM data are
modelled in 1D following Effersg et a. (1999); in 3D the
forward solution is carried out in frequency domain, with the
finite element method, both with tetrahedral elements or with
the octree approach, similarly to what has been done with the
time-steppingtime-domain approach in Zhanget al. (2021) and
Xiao et al. (2022a). Thefinite element approach is used also for
frequency-domain galvanic computations in 2D (Fiandaca et
a., 2013) and 3D (Madsen et a., 2020). Thetransformation to
time-domain is obtained through a fast Hankel transformation
(asin Effersgetal., 1999) for both theforward response and the
Jacobian. In particular, the time-domain Jacobian in the it
forward mesh is computed as:

Jniop=4"T Joirp )

Where thematrix T holds the Hankel coefficients, the matrix A
implements the effects of current waveform, gate integration
and filters and the frequency-domain Jacobian J,,. rp is
calculated in 1D through finite difference and in 2D/3D using
the adjoint method and the chain rule as in Fiandaca et al.
(2013) and Madsen et al. (2020):

do*

]m,-,FD zl"*.i-a_m.- ©)

where] g« . is the Jacobian of the i" forward mesh with respedt
ado*
am,’
of the complex conductivity versusthe model parameters. This
approach, contrary to thetime steppingapproach, allowsto use
any parameterization of the P phenomenon in the inversion.
Finally, the Jacobian of the model space J; is computed
summing the contributions of al forward meshes up
(Christensen et a., 2017; Madsen et a., 2020, Zhang €t al.,
2021), using the domain decomposition with aforward mesh
for each soundingin 3D EM computations (Cox et al., 2010;
Zhang et al., 2021):

Ju =2 m Fi" @)

to the complex conductivity ¢* and isthepartial derivative

Thetotal Jacobianis used for computingtheinversion modd in
aLevenberg-Marquardt linearized approach as follows:

M,Hllj =M, i+ [Ju;"Cqa Inui+ R Cr; 'R; +
Al []MJ.T C,'-(d—f,;)+R" CRJ-_lRI- ‘M, ;|
®)

In equation (5) the subscript | indicates that the inversion
process can besplit in several inversion cycles: ineach cycle |
itis possibleto changetheforward computation for each dateset
(e.g. from 1D to 3D), as well as to insert/remove
data/constraints from the objective function. Figure (1) shows
the 3-cycle inversion scheme for AlP inversion, in which the
parameters of the Maximum Phase Angle (MPA) Cole-Cole
reparameterization (Fiandacaet al., 2018) are defined in two
distinct model meshes: the resistivity p and the phase ¢ vay
both horizontally and vertically (Figure 1a), but the time
constant  and the frequency exponent C vary only
horizontally (Figure 1b), for increasing the sensitivity of the
spectral parameters.

a) b)

7, C
c)
Firg inversion cycle:

Automatic starting model
through 1-layer 1D inversion

d)
Second inversion cycle:
1D forward/Jacobian

\

)

Third inversion cycle:
Mixed Fon
1D/3D oD

Figure 1. EEMverter multi-cycle inverson scheme for 3D
AEM inversion with Induced polarization. a) Model mesh
for resgtivity p and phase ¢, with depth variability, with
red polygonsrepresenting AEM frames. b) Model mesh for
relaxationtime t and frequency exponent C, without depth
variability. ¢) First inverson cycle for computation of
automatic starting model, with 1D forward meshes (grey
bars) composed by only onelayer. d) Second inversion cycle
with 1D forward/Jacobian computations, with vertical
discretization of the 1D forward meshes (grey bars). €
Third inverson cycle with mixed dimensionality of the
forward/Jacobian meshes. 1D for the soundings with red
framesand 3D for the soundings with blue frames (left: 3D
Mesh; right: subset of the 3D mesh and 1D meshes)
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The3-cycleinversion comprises: i) afirst cyclewhich findsthe
best starting model without vertical variability of the
parameters, through the use of a single-layer 1D forward mesh
(Figure 1c); ii) a second cycle with 1D forward/Jacobian
computations; iii) a third cycle that switches to 3D
computations the soundings in area with strong contrasts in
electrical properties.

Figure 2 presents the model and forward meshes for a joint
inversion, in which 1D AEM and 1D ground EM computations
are combined with 2D galvanic computations.

a) b)

9

Figure 2. EEMverter multi-mesh inversion scheme for
Joint inverson of inductive and galvanic data. a) Model
mesh and data positions: red polygons for AEM frames
blue squares for ground TEM frames, magenta line for
galvanic 2D profile. b) Galvanic 2D forward mesh. ¢
Ground TEM frames (blue squares) and corresponding 1D
soundings (grey bars). d) AEM frames (red polygons) and
corresponding 1D soundings (grey bars).

Figure (3) presents the time-lapse approach of EEMverter, in
which all the models of all the time steps can be inverted at
once, without the need of relocatingthe model meshes whenthe
positions of the acquisitions vary among the time steps, as in
Xiao et a. (2022b).

Figure 3. EEMverter multi-mesh inversion scheme for
Time-Lapse inversion. a) Model mesh corresponding tothe
firg Time-lapse acquisition (red polygons). Model mesh
corresponding to the second Time-lapse acquisition (blue
polygons), identical to the firs model mesh despite of the
different sounding positions. ¢) Forward meshes (grey barg
of the firs acquistion (red frames). d) Forward meshes
(grey bars) of the second acquistion (blue frames).

RESULTS

Thejoint inversion of AEM, ground EM and galvanic IP daa
through EEMverter is presented in Dauti et al. (2023) in
applications related to mineral exploration and in Signora et al.
(2023) for the characterization of the HydroGeosl Te, the | talian
reference and calibration site for hydrogeophysical methods
under development in Brescia, Italy.

ﬂ.le)

[] =
B
BE o B - £-3 . — (8 BT
L —

Figure 4. Synthetic model and inverson rewlts a)
resgivity section of a MPA IP smulation of electrical
properties; b) inverson model of DCIP data; c) inversion
model of AEM+ground EM data; d) inverson model of
AEM+ground EMHTEM data; €) joint inverson of all
inductive and galvanic data.

In both cases a unique inversion model in terms of MPA
parameterization is able to describe both inductive and full -
decay galvanic data, with data misfits very similar to the ones
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obtained with independent inversions, in contrast to the findings
of Christiansen et al. (2007). Figure 4 presents the resistivity
section of a synthetic model that mimics the electrical
properties (both conduction and polarization) of sand, clay ad
consolidated formations, based on the petrophysical relations
described in Weller et al. (2015), together with the inversion
model of inductive and galvanic data. In particular, four
differentinversion results are presented: direct current and full-
decay induced polarization (DCIP) galvanic data, with 10 m
electrode spacing and 2D gradient sequence; AEM + ground
EM data, with soundingdistance of 40 m; AEM+ground EM +
tTEM data(Aukenetal., 2019), with tTEM soundings evay 10
m; all data together in ajoint inversion scheme.

The joint inversion presents much better resolution capability,
with theinductiveand galvanic datacomplementing each other
inresolvingboth conductive and resistive layers. The same kind
of improvementisfound in Signoraet al. (2023) with field data
Another exampleof joint inversion of AEM and galvanic VES
datain EEMverter, without |P modelling but with integration
with resistivity logsis presented in Galli et al. (2023), wheethe
asymmetric minimum support norm (Fiandaca et al., 2015) is
used for an automated rejection of conflicting borehole
information. A similar approach isimplemented in EEMverter
also for automatic processing of AEM data (2021).

The second EEMverter inversion presented in this study isthe
AlP inversion of four lines of the VTEM survey carried out on
theValen Cu-Ni deposit, in South Australia, consistingof 1108
soundings, with the approach presented in figure (1), but
without thefinal 3D inversion cycle, which will be presented &
the conference.

Table 1 presents a comparison of the sensitivities of the four
Cole-Cole parameters, in terms of maximum elements of the
Jo'C, ], matrix, for two cases: 1) no vertical variability for
7 and C (i.e. T and C defined on the mesh of Figure (1b); 2)
vertical variability for t and C (i.e. T and C defined on the mesh
of Figure (1a). Coarseningthe spatial discretization of t and C,
allowing no vertical variability, causes an increase in their
sensitivity more than ten-fold, with a significant improvement
in resolution and decrease in correlations among parameters.

Figure 5 shows the inversion model of the four MPA
parameters of the Valen data, while Figure 6 presentsthefit of
one line, plotted in EEMstudio (Sullivan et al., 2023). Very
good fit is reached in the inversion, with the IP modelling
decreasing the overall data misfit of more than 20%, when
compared to the resistivity-only inversion.

Table 1. Maximum element of thematrix J ,TC, ™Y/ », for the
firg iteration of the Valen inverson, without vertical
variability for t and C (Figure 1b) and with vertical
variability (Figure 1a).

parameter | Max J,"C, "), value | Max  J,7C,7Yp
t and C without | value, T and C with
vertical variability vertical variability

p 3.5E+03 3.5E+03
| omax 2.1E+02 2.1E+02
T 6.5E+01 5.9E+00
C 3.2E+02 1.7E+01

CONCLUSIONS

We presented EEMverter, a novel inversion software for
electric and electromagnetic data with focus on inducd
polarization. Threedistinctive features have been implementsd
in EEMverter: i) 1D, 2D and 3D forward modelling can be
mixed sequentially or simultaneously in the iterative process
within multiple inversion cycles, for diminishing the
computational burden; ii) the joint inversion of AlP, ground
EM-IP and ground galvanic IP datais fully supported with a
common | Pparameterization; iii) time-lapseinversions of AIR,
EM and galvanic IP data is possible with both sequentid and
simultaneous approaches.

We tested EEMverter on several synthetic and field data sefs,
with AIP inversions alone and in joint inversion between: i)
different AEM systems, ii) AEM and ground based EM data
and iii) AEM, ground EM and galvanic full-decay DCIP data
In particular, the synthetic example of joint inversion of AEM,
ground EM and DCIP data presented in this study shows a
significant improvement in spatial resolution, with inductive
and galvanic data complementing each other in an excellent
retrieval of both conductive and resistive anomalies. The fidd
exampleof the AIP inversion of the VTEM data acquired over
the Valen Cu-Ni deposit shows a significant improvement in
data fit in comparison with the resistivity-only inversion.
Furthermore, the definition of the spectra Cole-Cole
parameters in a separate inversion mesh without verticd
variability allows to enhancesignificantly their resolution. We
believe that EEMverter, with its common inversion
environment for theIPinversion of inductiveandgalvanic daa
will help in closing the gap between electric and
electromagnetic datain AEM applications.
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SUMMARY

TEMPEST’s origins lie in the difficulty half-sine AEM
systems had in mapping the Australia’s dryland salinity.
This resulted in the development of the SALTMAP
system, a collaboration between World Geoscience Corp
and CSIRO. Thiswas a 500 Hz squarewave system with
excellent high frequency response, full-waveform digitd
acquisition, processing, calibration and bird positioning
With the advent of the CRC for Australian Minerd
Exploration Technologies (CRCAMET) and an industry
push for an Australian system with deeper penetration, the
SALTMAP System was taken to alower base frequency
(25 Hz) and higher power while retaining as much higher
frequency response as possible. The previoudy
implemented signal processing and calibration was
retained enabling areliable conversion to Step Response
for ease of interpretation.

The development history of TEMPEST is a result of
collaboration between company, university and
government research. Fundingcamefrom adiverserange
of sources, government grants, collaborative indusry
funds and WGC.

However, like most other fixed-wing systems, it was
caught up in the consolidation and subsequent decadd
changes in ownership that started after TEMPEST firgt
became operational. But the consolidation was good for
TEMPEST. At the end of 2000 it was operating on a
platform that had limited power and an airframe tha
constrained the bird to ashape that made coil motion noise
difficult to reduce. The merger with Geoterrex brought
new aircraft, better coil suspension and extensive
operational experience that took TEMPEST to anothe
level of operational efficiency.

Key words. TEMPEST, AEM, History

A HISTORY

TEMPEST is Australia’s first home-grown Fixed Wing AEM
system. Yet it has its origins, as do most AEM systems, in
Canada. The story starts with World Geoscience Corporation’s
(WGC) purchase of Questor, the holder of one of the two
licences for Tony Barringer’s half-sineINPUT system in 1987.
The other licence was held by Geoterrex and competition wes
inevitable.

When WGC brought Questem to Australiain 1989 (Cunnean,
2022) that competition was manifest in two areas, traditional
massive sulphide search and salinity mapping. Based in WA,
with its increasingly recognized dryland salinity problems,
WGC saw the opportunity to capture market share using its
local knowledge and contacts. But it soon became clear that
neither Questem nor Geotem (the Geoterrex system) was suited
to a problem where the users were demanding near surface
information. Looking back, arguments about whose first off -
time channel was the best seem overwrought.

This led WGC to propose a new fixed wing system with
improved high frequency performance. The opportunities for
new technology wereobvious. Questem (like Geotem) was now
(1990) adigital system and it was clear that there were more
opportunities to take advantage of new technology that could
monitor and thus compensate for system variables such as
aircraft orientation and transmitter current,

SALTMAP, a collaborative effort with CSIRO funded by a$1.7
million government grant, was the result. It was a 500 Hz
aways-on square wave with 10pus switching giving a
bandwidth of 50 kHz. The sensor, made by CSIRO, was athree-
component coil set using printed circuit board construction
techniques. High bandwidth digitization at ~100 kHz (tweaked
to avoid VLF contamination), streamed datafor pre-stack noise
(especially sferic) rejection before stacking was implemented.
Thecoil suspension was very rudimentary andthebird waslong
and thin to fit under the only available aircraft, a Britten
Norman Trislander.

Processing included wavelet-based sferic rejection, stacking,
Fourier domain calibration and deconvolution of thetransmitter
waveform and corrections for aircraft orientation and bird
position. Transformation to step response was the final stage.

Through the early 90’s SALTMAP flew a number of surveys
for land management applications and competed against the
DIGHEM system but although the high frequency performance
was excellent it was not enough. Even for the groundwater
applications, awider band-width was necessary.

By 1993 the pressure also increased for deep probing AEM.
BHP and Aberefoyle were supporting Geoterrex in the
development of a high power, low base-frequency system. It
was felt that competition was needed and AM I RA proposedtha
there be a CRC to address the issue of AEM in Australia and,
as a component, support the development of a competitive
system. The CRC for Australian Mineral Exploration
Technologies (CRCAMET) was proposed and won fundingin
the first round of the new scheme. The participants were
AMIRA, CSIRO, WGC, Macquarie University, Curtin
University, Geoscience Australia (GA) and GSWA.

CRCAMET set up programs in AEM for Geological/Regolith
Mapping/Salinity, AEM Auto-interpretation and AEM
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Systems. The objectives of the AEM Systems program wereto
transform SALTMAP into a system which provided:

e  Geological mapping of both the regolith and fresh rock.

e  Detection of targets of economicinterest to depthsof about
300 m.

e A dramatic increase in the cost-effectiveness of AEM by
cutting the data acquisition cost for each line km.

And, because there was no funding for a new, more powerful
aircraft, to do most of this by reducing noise, calibrating and
system monitoring!

To do all this the transmitter waveform was changed to lower
frequency (25 Hz minimum) and went to a 50% duty cycle
square-wave with 38 us turn-off operating at much higher
power. Thiswas enabled by theavailability of IGBT devicesto
replace the older, less suitable (and thus more complex)
MOSFET technology. The insertion of an off-time was
necessary for the system to carry a magnetometer.

Thesensor system evolvedas well. The CSIRO team in Sydney
builtatwo component (X and Z) bird (Y was added later) with
aluminium coils and a centre-of-mass suspension. The coil set
was still long and thin to fit the cigar-shaped shaped bird under
the Trislander.

The signal processing from SALTMAP was extended by
including corrections for airframe response and increasing
attention for primary field removal. Because the primary fidd
removal involves an extrapolation of the datato zero frequency
or, equivalently, infinitely latetime, therewas always a model,
either explicit or implied, for theground responsein conductive
environments. This is always be a problem for on-time EM
methods and it forces us focus attention on the problems of
noiseat low frequency. Somethingthat was difficult given the
constraints on bird design.

But technical challenges were not the major consideration,
money or rather the lack of it, was a serious constraint in the
early days of the CRC. The grant for CRCAMET was ~$8.3
million over seven years was spread amongthetwo universities
CSIRO and WGC. It did not allow for a big expansion in
existing capability. This changed in 1997 when WGC won a $9
million grant for Project CERBERUS which planned to include
TEMPEST in a multi-sensor airborne geophysics platform.
This enabled the expensive phase of flight testing and
debugging of the system and brought Richard Laneon as AEM
Systems Program leader at a critical time.

The publication of the first substantial paper onthe TEM PEST
system (Lane et. al. 2000) marked a hinge point in the system
development. The CRCAMET was wound up and World
Geoscience merged with Geoterrex inside Furgo.

But this consolidation was good for TEMPEST. At the end of
2000 it was operatingon a platform that had limited power and
an airframethat constrained thebird design in ways that made
coil motion noisedifficult to reduce. The mergewith Geoterrex
brought new aircraft, better coil suspension and extensive
operational experiencethat took TEMPEST to another level of
operational efficiency.

From a performance perspective a big change was the
improvementin low frequency/latetime performancethat was

Andy Green

achieved by integrating the Geoterrex bird configuration and
coil suspension. This improved late-time noise by a factor of
five. Other technical improvements followed with more
accurate position and orientation sensing for the bird.

After the Trislander TEMPEST operated on a Skyvan (2001 —
2016) and a CASA 212 (2007 to 2017). Generally, operation
was with a single turn loop but two surveys have been
conducted in SuperTEMPEST modewith two transmitters eech
driving a separate two turn loop. In South Africa TEMPEST
was migrated to aCessna208B whereit operated from 2004 to
2015. It came back to Australiainits currentform on a C208B
Supervan 900. There are three systems installed with more
under construction.

Theend of the CRCAMET also saw the start of an operationd
phasewhere TEMPEST was used for increasingly large surveys
for land management and then, gradually, for the UNCOVER
initiative for “unlocking Australia's hidden mineral potential”.
It was here that the inclusion of GA in the CRCAMET paid
benefits for the TEM PEST technology. Richard Lanemoved to
GA and it becameastrongsupporter of regional AEM surveys,
providing supervision for most surveys and developing new
inversion software suitable for these regional surveys.

CONCLUSIONS

TEMPEST is one of the few fixed wing AEM systems still in
active use, if intensity of use is a measure of successit is
certainly that. Helicopter systems have occupied much of the
market for sulphide detection and detailed environmentd
mapping while TEMPEST has occupied (you might even say
made) anichefor regional scalesurveys. Thishappened, in pat,
because it’s origins in salinity mapping demanded wide
bandwidth, careful signal processingand cost effectiveness. But
it would not have achieved success so quickly without the
incorporation of technology that came with the worldwide
consolidation of AEM systems. It had its heritage in Canada,
it’s conception in Australia and gained it’s maturity in South
Africa. Itis, in the end, the product of an international effort.
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SUMMARY

In the recent decade Deep Learning have revolutionised
fields such as computer vision and image understanding
However, its usefor the solution of inverse problems have
been limited. In this work we examine the use of degp
learning for the processing and inversion of airborne EM
data. Preliminary results show that by incorporating degp
learning it is possible to eliminate many of the artefacts
that are commonly observed in airborne inverson
alowing us to obtain much more reliable inversions tha
fit not only the data, but also our a-priori information.

Key words. AirborneEM, deep learning, ADMM, priors.

INTRODUCTION

Airborneelectromagnetic (EM) is a commonly used technique
to obtain images of the subsurface over largevolumes of land.
Theability to fly large areasin ashort time makeairborne EM
one of the most common method for mineral exploration,
mapping of underground aquifers, and understanding near
surface geology, Visoly et-al (2009).

Airborne EM datais highly challenging toinvertin 3D. Thisis
because it requires the solution of many forward problemsin
3D. However, in recent years, big strides have been made that
allow for such an inversion. As a result, 3D inversions of
airborne EM are possible, leading to much more reliable 3D
models that can beinterpreted by geologists, Haber et-al (2014).

Nonetheless, inversion of EM datahas somemajor drawbadks.
In particular, any inversion tends to have some undesired
artefacts. 1D inversions are known to smear 3D objects in an
effect sometimes refers to as pant-legs while 3D inversion of
conductive targets in a very resistive background tend to
generate rings. Theseartefacts are dueto the fact that airborne
EM is an ill-posed problem. As such there are many solutions
that fit the data and therefore, theinversion algorithm needsto
navigate itself to a region that yields geologically reasonable
models. Standard regularization techniques havedifficultiesin
doing so. Therefore, we am to derive a data driven
regularization that yields models with somedesired characters.

To thisend, we usedeep learning (seeLeCun (2015)) tolearn
adatadriven regularization that yields models that not only fit
the data, but also have some desired properties. Our inversion
algorithm is based on the Alternating Direction Methods of
Multipliers (ADMM), Sun et-al (2016) that allows us to
separate the data fit from the regularization. Initial results

Christoph Schwarzbach
Computational Geoscience Inc
christoph@compgeoinc.com

demonstrate our ability to obtain feasible models that fit the
data with much less artefacts compared with standard
inversions

METHOD

We consider the acommon AEM survey where we write the
forward problem in a generic form as

Fm)+e=bji=1,..,n @)

Here F is the electromagnetic forward problem, mis the (log
conductivity € is noise and b are the data. We assume to have
ngsources, each yields us datathat is measured over sometime
channels.

A model is typicaly obtained by approximately solving a
regularized optimization problem of the form

ISIFm~blv Z+Rm) ()

The objective function is devised of two parts. Thefirg is the
data fit and the second is the regularization. Since the problem
is ill-posed, different regularization yields different inversion
results. Whileit is possible to solve the optimization problen
usingmany different methods, in this work weusethe ADMM
method. The advantage of the method is that is alows the
separation of the optimization into two main parts. The firstis
simply fitting the data and the second is “correcting” the model
such that it ismore geological. Eachiteration of the algorithm
can be written as follows

1. Approximately solve the problem for m by

approximately minimizing éZIFL-(m) —bjlv 2
starting from m=z, obtainingm ¢

2. Stz =2my—z

3. Approximately solve for m by minimizing R(m)
starting from z;.

4. setz=z+m—m;

We focus our attention of the third step in the algorithm.
Standard inversion techniques that involve smoothnes
typically use a combination of derivatives to compute the
regularization R and its derivatives.

Deep learning allow for awholenew family of regularisers. In
particular, we aim to use deep convolutional network as a
regulariser.

We focus our attention onregularisers such asUNet and Resnet.
Both methodstakein z;  and return an approximatemodel m

Both networks contain typically millions of parameters to be
learned.
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In order to learn the parameters we start from a known modd
m, and use the algorithm with a network that is used as a
regulariser in step 3. We then compare the results of the
inversion to the “true” solution. The parameters of the
regularization function are then changed in order to better
recover the true model. In order to not over-fit one particular
model werequireto have many modelsto train on. Thisrequires
some model builder that is based on geo-statistics or other
technique for model building. After training the model, one
obtains aregularisation that does the best work in recovay of
the true model given the data and the a priori information thet
isencoded in thetrainingdata. Duringthetrainingonetypically
uses avalidation set to estimate the performance of thetraining
and to avoid over-fitting the data.

RESULTS

Our model problem is made of a simpleexamplewheredatais
collected aboveathin highly conductive plate embedded within
avery resistivebackgroundin 3D. The dataisthen inverted in
3D obtaining a model that presents ringing. Such artefacts are
very common when inverting highly conductive targets in
highly resistive background and they are an artefact of the
reduced sensitivity just below the transmitter.

- l - |
Figure 1. The smple model used to demonsrate the
artefactsthat can be observed when attemptingto invert a

3D model using smoothness type regularisation. Left, the
true model, right, the recovered one

We show the ringing effect by observing a 2D slice from the
model at adepth of 50 meters in Figure 2.

Figure 2. Horizontal dice through the smple model that
demonstrate the ringing. Left, the true model, right, the
recovered one.

Haber & Schwarzbach

After usinga deep learning regularizer we obtain themodel in
Figure 3. This model have completely eliminated the ringing
effect yielding a much more geologically feasible model.

Figure 3. Horizontal dice through the smple model that
demonstrate the ringing. Left, the true model, right, the
recovered one using deep learning.

CONCLUSIONS

In this abstract we have presented preliminary studies for the
incorporation of deep learning in airborne inversion. We have
seen that usingregularisation that is based on deep learningcen
yield much more geological results eliminatingsome of the well
known artefacts that are commonly observed in theinversion of
airborne data.
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SUMMARY

Over thelast five years, TEMPEST development efforts
have centred around extending bandwidth, improving
system geometry measurements, improving the signd
processingand makingthe system morerobust, integrating
additional instruments on the platform, modernising
hardware and building additional TEMPEST systems.

Pioneered by Geoscience Australia’s AUSAEM project,
global demand for regional and country scale Airbome EM
has increased significantly. The datais being used for a
broad range of applications, with geophysical mapping to
improvethe understanding of geology at regional scale and
mapping the thickness and character of the regolith
remaining popular use of the data. However, increasingly
TEMPEST data is being used for groundwater resource
assessment, -evaluation of the effectiveness of in-fill EM
in particular areas and by someinnovative companies and
individuals to aid in the search for critical minerals.

This paper presents a summary of the improvements
currently in development and/or implemented on the
TEMPEST system since the AEM 2018 conference and
how these efforts were designed to improvethe platforms
utility as a cost effective and capable regional Airbome
EM mapping system.

Key words. TEMPEST, Regional Mapping, System
Improvements

INTRODUCTION

Until recently, only asingle TEMPEST system was available
for commercial deployment. Whilst this limitation no longer
applies as additional platforms have, and continue to be built,
the TEMPEST development program designed five years ago
had not anticipated this increase in system availability.
Consequently, the R&D plan contemplated that each
improvement would be astandalone project whose success and
faillure had few or no interdependencies and could be
implemented quickly in order to minimise system downtime.

Extending the bandwidth of the system was considered a
priority to address the growing demand for regional aquifer
delineation and the anticipation that explorers are looking
deeper in their quest to find in-demand natural resources.
Historically, improving near surface resolution or increasing
the depth of penetration would require design trade-offs tha
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usually traded one of these improvements for theother. For a
multi-utility system, these compromises could no longer be
made. This necessitated that we combine the use of great
engineeringand innovative new ideas sothat these choices wae
avoided wherever possible.

In keepingwith the compartmentalised approachto R& D, these
bandwidth extension efforts were broken into 4 projects :
e New coil suspension system for robust operation
below 25Hz,
e  Purpose-built dataacquisition and timing system for
highspeed sampling and real time processing, a
e Receiver coil-set with improved high frequency
response and low noise amplifiers
e New (patented) concept in Transmitter design.

As demonstrated by Brodie et al. (2023) measurement of the
System Geometry, especially when the AEM transmitter and
receiver arenot co-planar, is an essential ingredient to obtaining
accurate conductivity inversions. Multiple GPS receivers and
Inertial Measurement Units (IMU) were implemented to
accomplish this task. Conceptualy simple, the precise
synchronisation of datathat is needed, a requirement to avoid
conductive surfaces or magnetic material near thereceiver coils
and the need to transmit some of this datafrom thebird proved
to be an engineering challenge.

With some exceptions, the majority of the TEMPEST signal
processingbeingdeveloped in the late 1990°s and early 2000’s
included algorithms that were appropriate and practical at the
time. New spheric rejection techniques (not based on
wavelets), VLF noise suppression and more robust system
response deconvolution have been implemented, both in the
real time and post mission software. Whilst noise levels
improvements can be noted, the new software allows for
completeflexibility of ADC samplerates and a framework for
the relatively simple addition and selection of new signal
processing algorithms.

Finally, the addition of peripheral sensorsto complement the
usua Magnetics and (sometimes) Radiometrics flown with
regiona EM is becoming a client driven necessity. This
includes the addition of an iCORUS-X strap-down gravimeter
as the most important addition, with a gyro-stabilised frame
cameraand a variable samplingrate laser altimeter as standard
peripherals. Ensuring the synchronisation of the data is now
accomplished using PTP and NTP protocols in an Internet of
Things (10T) network aboard the aircraft.

SYSTEM IMPROVEMENTS

Bandwidth extensions to the TEMPEST system target a
reduction of thebasefrequency of operation and an increasein
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the useable high frequency end, without comprising signal to
noise at either end of the spectrum.

Supported by numerous paperson the effect of base frequency
on skin depth, a reduction in base frequency was an early
endeavour. In the case of most EM systems, the reduction in
basefrequency is limited by the ability to filter out coil motion
noisefrom the signal induced by the transmitter. Whilst there
are numerous ways to accomplish this, a mechanical isolator
has proven to bethe most effective and reliable method over the
last few decades, with inertial suspension systems being our
choice. However, in contrast to Helicopter EM Systemswhich
have fewer receiver size restrictions, the space within a Fixed
Wing Towed Bird is considerably more limited, and using a
derivative of a Roberts Linkage mechanism was not an option
for very low base frequencies. In conjunction with UWA
(Sunderland et al, 2017), and over a couple of Australian
Research Council grants, we have anew suspension system thet
has operated successfully at 12.5 and 6.25 Hz. Some challenges
remain, as we would like to include direct gyroscopic
measurements of coil velocity, but the concept has been proven
and system commercialisation is well underway. Figure 1
shows the TEMPEST Spherical/Rotational |solator

Figurel: UWA-Xcalibur Spherical Isolator

Theextension of the system bandwidth into higher frequencies
required a number of developments, each of which would
provide an incremental system improvement, but only
collectively would they providethe necessary uplift required by
the design objectives i.e. to significantly improve TEMPEST’s
ability to resolve conductivity contrasts in the near surface.

Considering that Skin Depth is inversely proportional to the
square root of frequency, increasing the system bandwidth &
the top end should improve the TEMPEST s performance in the
near surface. Less obvious was the benefits of “Broadband”
versus “Narrowband” TEMPEST to the depth of investigation
as shown in Figure 2, the forward modelling having been
performed more than a decade ago. However, the necessay
electronics, high speed 24 bit Analogue to Digital Converters,
FPGA devices capable of synchronisng timing signalsin the
MHz range and the timing precision needed wasn’t readily
available until afew years ago.

Hage et al.
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Figure2: An example of aset of depth attenuation curves. System
noiseleve isshown at theblack horizontal line Thevertical orange
line shows when theresponse of a narrowband system window 6,
or broadband window T 14 drops below the noise leve with the
corresponding depth of investigation.

High speed dataacquisition also providedavisual confirmation
that the transmitted waveform exhibited a number of “nulls”,
areas of poor Signal-to Noiseratios as predicted for a50% duty
cycle square-wavewith a 36 uS ramp time as implemented on
TEMPEST. These nulls do not shift with reduced base
frequency as shown in Figure 3 below.

ey
£T 00 M
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Power Spectra of Tempest Transmitter “Nulls”
characteristic of a 50% duty cycetransmitter waveform

Figure 3 :

Decreasing the ramp time, i.e., increasing the transmitter
switching time and/or using a complex waveform allows usto
tailor the transmitted power at higher frequencies by reducing
the prevalence of “nulls” within the bandwidth of interest.
Figure 4 illustrates the effect of faster transmitter switching
time on the power spectra at the high frequency end of the
bandwidth of interest.
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Figure4: Theoretical power spectra of TEMPEST waveformwith
faster switching

In keeping with the incremental approach to system upgrades,
two methods of increasingthe switching speed were/ are being
pursued. Thefirst is an engineering approach, where we use
higher voltages across the transmitter loop during switching
time. This necessitated the use of higher voltage electronic
devices, but provided an incremental, albeit small,
improvement at relatively low risk.

The second approach, inherently riskier, spawned the second
ARC project with UWA and isthe subject of a recently lodged
patent (Sunderland, Steele etc a). Called Multi-Step, this
innovative concept calls for acomplex wavef orm whose power
spectraclosely matches that of TEMPEST (albeit with different
phase characteristics). Thiscriterionwas imposed to ensure thet
the systems response deconvolution remained a stable
operation. The multi-step waveform is shown in Figure 5,
noting that a 3-level implementation would be equivaent to
TEMPEST in its currentimplementation and that 7 and 9 level
implementations are practically implementable. Using smaller,
faster steps allows for considerableflexibility inimproving the
transmitted power at the high frequency end without
compromising the low frequency SNR.
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Figure5: Various Multi-Step Waveforms

Considerable effort over the last year has been expended on
improving the TEMPEST Signal Processing, with the view of
real time implementation where possible and streamlining the
post-processing workflow.

Spheric rejection operates on the raw (high speed) data stream
and uses a robust statistical method which does not rely on
tuning parameters.

Post stacking, the previous deconvolution result has been
augmented with the variance at the various transmitter
frequencies obtained from the high-dltitude reference line.
Figure 6 illustrate the weights derived from the variance.
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Figure6: Tikhonov Regularisation used during Deconvolution of
TEMPEST System Response

Improvements have also been made to our Coil Motion
correction and HPRG correction algorithms.

In order to improve the efficiency of TEMPEST operations, a
signal processing technique has been developed to replace the
necessity for a high-altitude reference line at the start of each
survey flight. This approach still requires a high-atitude
referenceto be collected at the start of a survey and possibly &
regular intervals, but the daily requirement is replaced with a
low altitude repeat line. Whilst not an advantage during clear
sky operations, this technique alows for a survey flight to
proceed when weather prevents the aircraft from flying at the
requisite 3000 feet Above Ground Level for the calibration.

Figure 7 shows theminimal differences obser'vedwhen usinga
repeat line reference compared to oneacquired at high-altitude

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 3



5 Years of Tempest Development
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Figure7 : QC Plot from the USGS 2020 Tempest data comparing
High AltitudeReference to Repeat LineCalibration data . Thede-
correlated transfer function dearly gives a good match with the
ideal signal power.

As TEMPEST is primarily a regional mapping tool, the
concurrent acquisition of magnetics and radiometrics (when
required) are standard requests. Measuringthe magnetic field in
the presence of the perturbating EM field can be challenging
and requires attention during upgrade programs. From Mid-
2023,theiCORUS-X strap-down gravimeter is astandard add-
on to the TEMPEST system. This instrument provides
<1 mGAL noise levels for long wavelength gravity
measurements (100 second filter) as a complement to the
regional EM data.

In order to provide the flexibility and ability to accomplish
many of these upgrade projects, it was necessary to devdop a
new Data Acquisition system (DAQ). Based on High End
Commercial Off the Shelf the Linux Based machine, provides
a modern interface for our onboard operators as well as
allowing remote login by support technicians to assist with
diagnostic on the ground or in flight where internet connection
isavailable. In addition to the application specific, hand tail ored
code required for the EM system, the DAQ additionally hosts
an Internet of Things (I0T) server using an application called
Node-Red which alows for the simple integration of
inexpensive environmental sensors as necessary and system
operation from a mobile phone/tablet if convenient. With
precise timing being provided by a separate GPS Disciplined
NTP/PTP server, thetight synchronisation of peripheral datais
maintained. Wi-Fi access is available for the interfacing of
remote, lower data rate sensors. Sensors supported in this |OT
environmentincludeagyro stabilised HD (1920 x 1080 pixel),
wideangle still frame camera(1to 4 Hz), Inertial Measurement
Units, GNSS Sensors, a 10-50 Hz Laser Altimeter, and any

Teo Hage, Eric Steele, Peter Wolfgram

commercia sensor support by Node-Red. Figure 8 shows a
screen grab from the new data acquisition system.

AT

Figure8: TEMPEST Linux Based Data Acquisition Systen — An
enabler for many of the technologies implemented or still in
devel opment.

With 5 TEMPEST systems under construction, primarily to
meet the demand for regional EM mapping projects, Tempest
developments will benefit by having an increasing number of
platforms to validate new developments and bring them to
market in a timely manner. With the origina single system
constraint, thiswill almost certainly resultin an increased pace
of innovation.

CONCLUSIONS

Thefive years sinceAEM 2018 havebeen an active period for
various Tempest system developments. With a continued push
to extend bandwidth above and below current capability, and
by various other system improvements weare hopeful that the
TEMPEST EM system will have increased utility for country
scale regional mapping projects, with applications in Mineral
Exploration, Ground Water Resources, and environmentd
management.
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SUMMARY

Open-source softwareisincreasingly beingadopted by the
geophysics community. Their emergence has greatly
reduced the time required for students and researchess to
be able to implement and explore new ideas, and having
new developments implemented in an open-source projet
facilitates technology transfer and collaboration betwean
research and commercial organizations. SmPEG is an
open-source project for geophysical simulations and
inversions. In this abstract, we providean overview of the
capabilities and recent advancements in SmPEG that ae
relevant to the airborne electromagnetics community.

Key words  Numerica simulations,
computational methods, software.

inversion,

INTRODUCTION

Therearenow anumber of simulation and inversion codesthet
are open-source and allow use and adaptation by academic and
commercial groups. An open-source model of development and
dissemination of scientific software facilitates reproducibility
and extension of the code to new applications, reducing start-
up time for students and researchers. These codes can also be
valuable to groups with established codes, as they can be an
additional tool for testing, or for extending functionality.
Werthmueller, et al., (2020) provides an overview of 4 open-
source codes for simulating 3D electromagnetic (EM)
problems. SImPEG is one such code that supports forwad
simulation and inversion of time and frequency domain EM
data, including for controlled and natural sources (Cockett et
al., 2015). The SmPEG project was started in 2013 with the
aim of accelerating research by building a modular, open-
source code-base, and importantly, by fostering a community
of researchers interested in solving inverse problems with
geophysical data.

SIMPEG supports a variety of data types, including gravity,
magnetics, DC resistivity, induced polarization and
electromagnetics. Methods for solving 3D EM forward and
inverseproblems wereimplemented 3D EM early in the project
(Heagy et al., 2017), but muchprogress has beenmadein recant
yearstoimprovetheefficiency and expand thefunctionality of
the codebase. In this abstract, we highlight the advances

relevant to the airborne EM community. Usingan exampleof a
synthetic Z-Axis Tipper survey, we illustrate the forward
simulation and inversion capabilities of SSMPEG and compare
the results to those obtained with UBC-GIF Fortran software.

ELECTROMAGNETICSIN SIMPEG

SIMPEG provides a framework for forward simulation and
gradient-based inversion of geophysical data. With respect to
EM methods, it contains functionality for simulating and
inverting Maxwell’s equations in 1D and 3D (and for some
problems, 2D).

The 1D forward simulationsin timeand frequency are based on
semi-analytic solutions in the wavenumber-frequency doman
and leverage empymod for the digital filters (Werthmiller,
2017). Inversions can be laterally or spatially constrained ad
usestandard L2 normsor sparse/ compact L1 or LO norms. For
arecent example, see Kang et al. (2022).

For 3D simulations and inversions, SmPEG uses a staggered-
grid finite volume approach to discretize Maxwell’s equations
in space. Supported mesh typesincludetensor, cylindrical, and
OcTree meshes as well as curvilinear meshes. Tetrahedrd
meshes arecurrently being developed. Themeshingand finite
volume operators are contained in the discretize package, which
isapart of the SMPEG project. For both thefrequency andtime
domain simulations, thereare multiple formulations that can be
used. TheE and B formulations discretizetheelectric field on
edges and themagnetic flux density on faces, whiletheH and J
formulations discretize the magnetic field on edges and the
current density on faces. Table 1 provides asummary of the
different implementations. Having multiple implementations
has proven valuable for testing of the code, as it enables usto
check for internal consistency. Further, somediscretizationsae
better-suited for a given problem than others. For example, if
simulating or inverting with fully anisotropic physicd
properties, the choice of formulation and physical property
(conductivity or resistivity) matters; wewould use conductivity
with the E-B formulation and resistivity with the H-J
formulation to avoid the need to invert the physical property
matrix, which becomes densewhen properties are anisotropic.
All implementations use aright-handed coordinate sy stem with
z-positive up.

In contrast to codes that are provided as an executable where
the user interacts with the code primarily through input and
output files (possibly through agraphical interface), SmPEG is
provided as a Python library where the user has access to al
components of thesimulation and inversion programmatically.
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For example, in EM, this enables the user to access and
visualize fields and fluxes for a given simulation. This ability

Heagy et al.

has proven to be valuable for understanding the physicsin
research and educational applications (Oldenburg et al., 2021).

Table 1: Summary of the E-B and H-J formulations of Maxwell’s equations.

Formulation | Time domain equations | Frequency domain equations Boundary Physical Fields, fluxes
conditions properties
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JXn
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Accessingthe full flexibility of SmPEG reguiresthat the user
be comfortable working with Python code. However,
commercia groups have developed graphical interfaces that
can be used to run the codes, makingthem moreaccessibleto a
wider community of users. The open-source MIT license
facilitates commercial use and adaptation; as a project, we
encourage collaboration and participationfrom commercid and
academic groups.

Our initial implementation efforts focussed on developing the
modular framework and structure of the codebase to facilitate
research. As such, flexibility, and ease of extending the code
are priorities. The codebase has matured with usage and
contributions from the community, and in conjunction, there
have been advances in the Python ecosystem that can be
leveraged to improve efficiency. In particular, SmPEG now
has capabilities to be parallelized using a domain-
decomposition approach similar to that describedin Yang et al.
(2014). The forward simulation is broken up so that it can be
run on a collection of smaller meshes that cover a subset of the
survey, while the set of parameters we invert for are still
represented on aglobal mesh as shownin Figure 1. Frequency
domain problems can also be parallelized over frequency. We
leverage parallelization frameworks in Python, such as Dask
(Rocklin, 2015), to enabledistributed computingon acluster or
on the cloud.

local mash

global mesh

Figure 1. Domain decomposition approach where we invert
for a model on the global mesh but solve the forward
problem and compute sensitivities on the local mesh.

Inthe sections that follow, wedescribe thetime, frequency, and
natural source codes implementationsin SmPEG, highlighting
advancements relevant to the AEM community. Followingthis,
we provide a synthetic example of an airborne Z-Axis Tipper
EM (ZTEM) simulation and inversion. We compare the
SIMPEG results with those obtained using the UBC Fortran
code E3DMT version 2 (https:/e3dmt.rtfd.io). Finaly, we
conclude with a discussion of next steps for the SmPEG 3D
EM codes.

Controlled Source Time Domain EM

The time domain implementation uses a backward Euler
discretization in time. Theuser providesthetime discretization.
Sources can be airborne, on the ground or positioned in
boreholes, and they can be inductive or galvanic sources. For
wires or large-loop sources, the wire path can be provided.
There are also other simple source types such as dipoles and
circular loops that areimplemented. The default simulation uses
a step-off waveform, but the user can specify different source
waveforms. Receivers can measure electric field, db/dt or
magnetic fields, and these receivers can have arbitrary
orientations.

Controlled Sour ce Frequency Domain EM

Similar to thetime-domain code, in thefrequency domain code
the source can be galvanic or inductive, and again sources and
receivers can be positioned arbitrarily. Relevant to AEM
surveys, receiverscan beat any orientation, which enablesTMI
data to be used, such as in SAM-type surveys. Receivers can
measure total or secondary fields, such as for DIGHEM or
RESOLVE surveys.

Natural source frequency domain EM

The natural-source EM code leverages the same forward
simulation engine as the controlled source FDEM codes. The
natural source EM code uses a primary-secondary approach,
with a 1D primary field. A total field implementation, which
uses boundary conditions to capturethe effects of theinducing
field is in progress. For natural source methods, the data are
transfer functions. SMPEG includes common transfer
functionssuchasMT or Tipper data and the ability to support
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arbitrary transfer functions. Thisincludessurveys with many B-
field measurements and a few E-field measurements, which is
relevantto AEM surveys, aswell as surveys with many E-fidd
measurements and afew B-field measurements, which might be
collected as a part of a DCIP survey. Notethat sincethe same
simulation codeis shared for all frequency domain methods, it
is straightforward to use a controlled source with data that ae
transfer functions, for exampleina CSAMT survey wherethe
wire location is known.

Inversion

We formulatethe inverse problem as an optimization problem
where we minimize a data misfit and model norm term

ming(ml ) = pa(m) + pdm(m)s.t.dq

< ¢q4

SIMPEG contains classes for definingthe datamisfit ((;bd) and

regularization (¢m; options for the regularization include
standard L2 norms, as well as capabilities for sparse and
compact norms (Fournier & Oldenburg, 2019). SmMPEG also
contains routines for performing optimization and updating
parameters such as the trade-off parameter # during the
inversion. We generally use second-order optimization
methods, such as Inexact Gauss Newton, or Projected Gauss
Newton when bound constraints areimposed on themodel. To
use such methods requires that we compute products of the
sensitivity and its adjoint with avector. For the EM simulations
implemented in SMPEG, we havethe ability to form and store
the sensitivity matrix, which is useful for problems that are
sufficiently small or when domain-decompositionis used to
break up the problem. Alternatively, in memory-limited
applications, we can opt not to form the sensitivity matrix and
instead compute products of the sensitivity and its adjoint with
avector. With these pieces, we can then go ahead and perform
an inversion.

EXAMPLE
Setup

As an example, we use the L-block model shown in Figure 2.
Theblock is 1 Qm and it is embedded in a 100 Qm half-space
it extends from 400m to 1200m depth. We discretize the modd
using an OcTree mesh with core cells of size 200m x 200m x
100m. Weconsider aZTEM survey with frequencies10 Hz, 50
Hz, and 200 Hz. The data locations are indicated by the white
dots in Figure 2.

Figure 2. Model of a conductive L-shaped block in a
halfspace. The block is 1 Qm and the background is 100
Qm. The block extendsvertically from a depth of 400m to
1200 m.

Forward Simulation

The forward simulation is performed using a primary-
secondary approach with the E-formulation; a 1D primary is
computed usinga 100 Qm halfspace. With SimPEG, users can
choose to access the fields and fluxes that are computed as a
part of theforward simulation. In Figure 3, we show the current
density and anomalous magnetic field due to the conductive
target for theat 10 Hz for asingle source polarization. Currents
are concentrated in the conductive target, producing an
anomalous magnetic field, which is reflected in the datathat we
measure.

Figure 4 shows the simulated data. On theleft we show thereal
and imaginary components of both Tzx and Tzy at 10 Hz; on
the right, we show a corresponding profile of dataat all three
frequencies. Thedashed linesshow the datacomputed usingthe
UBC E3DMT code. Both codes discretize electric fields on
edges and magnetic flux density on faces. The exact same mesh
and model were used in both codes. We can see the solutions
arein good agreement.

Figure 3. (a) Cross section of the imaginary part of the
current density along the line Y=4000N for a single source
polarization; (b) orthogonal cross section of thereal part of
the anomalous magnetic flux densty along X=2500E. (c)
Depth dice of theimaginary part of the current density and
(d) depth dice of the magnetic flux density.
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Figure 4. Smulated tipper data for the L-block model.
Panels on the left show the 10 Hz data while panels on the
right show a profileof datafor all 3 frequencies. Thecolored
lines show the SMPEG resultswhile the black dashed lines
show the UBC E3DMT simulation results.

Inversion

We invert the simulated datausingboth SmPEG and ESDMT.
Thereare 2028 datatotal. A 5% relative error is assigned to all
frequencies, afloor of 0.01 isusedfor the 10 Hz and 50Hz data,
while a floor of 0.005 is used for the 200 Hz data. We use a
standard L2-norm regularization with smallness and first-order

smoothness applied in each direction (X =2.5e-5; &, = ay=

1, a, = 0.25). We use the same f-cooling schedules in both
codes, starting with avalue of 0.01 and decreasingby afactor
of 5 every 3iterations. The referenceand startingmodels are a
100 Qm half-space.

Both inversions converged to comparable misfits. The SmPEG
inversion converged in 7 iterations to a fina Y-factor of
¢q/ P4 =0.47. TheUBC E3DMT inversion convergedin 8

iterationsto a Y -factor of 0.55. The SmPEG inversionran with
the simulation parallelized over frequencies using Python’s
built-in multiprocessing library. It completed in 15 minutes.
The UBC inversion was parallelized over frequencies using
MPI and it took 11 minutes.

Figure 5 shows the inversion results obtained using SmPEG
(left) and the UBC E3DMT code (right). Therecovered modds
are comparable, resolvingasmoothed version of our L -shaped
target, as is expected.

Heagy et al.
| |
. ‘ . ‘
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Figure 5. Recovered models obtained by inverting the
synthetic ZTEM data using (a, ¢) SMPEG, and (b, d) the
UBC E3DMT Fortran code. Panels (e), (f) show the data

resdual for thereal part of Tzx for the SmPEG and UBC
models, respectively.

CONCLUSIONS & NEXT STEPS

Work continues to advancethe capabilities and efficiency of the
SmMPEG EM codes. Future releases of SmPEG will include
support for multiple parallelization frameworks (e.g. Dask,
MPI, and others) and utilities to support breaking up large
simulations so that subsets can berunin parallel. Other aress of
research include incorporating petrophysical and geologic
information into the inversion as well as the joint inversion of
multiple geophysical data sets. In conjunction, we are
developing a suite of forward simulation and inversion
examples that compare SmPEG results with those from the
UBC GIF Fortran codes. These haveproven to bevaluablefor
testing and validating both codes and identifying areas where
both code bases can be improved. Importantly, we are also
taking steps to improvetheusability of SmPEG. Thisincludes
an emphasis on the development of documentation and
tutorials. Our hopeis that by making 3D EM codes available
and accessible, it will increase the use and value of EM
geophysical datain solving geoscientific problems.
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SUMMARY

The diverse field of geophysics comprises many data
formats and archival conventions, often separated by
specialty (e.g., electromagnetic, seismic, potential fields).
Airborne geophysical methods exemplify this complexity,
with critical auxiliary information on survey and system
parameters, required to fully utilize and understand the
data, often detailed separately throughout dense reports.
An open, portable, self-describing datastandard is needed
to increase the interoperability, comprehensibility, and
long-term archival of geophysical data. Here, we propose
anew Geophysical Survey (GS) datastandardthat usesthe
NetCDF file format, in conjunction with extensionsto the
established Climate and Forecasts (CF) metadata
convention. We have also developed an accompanying
open-source Python package, GSPy, to provide methods
for producing and interacting with GS-standardised files.
We utilisethe advantages of the NetCDF format to attach
metadata directly to the data, and organise distinct, but
related, datasets into groups within ahierarchical structure
while leveraging the binary format to producesmaller file
sizes. A root Survey group contains global metadata about
the geophysical survey, and all data groups are located
within the Survey. To simplify operations, data are
categorised based on geometry as either Tabular
(unstructured) or Raster (structured) datasets. Community
development and adoption of a NetCDF-based data
standard can greatly improve how these complex
geophysical datasets are shared and utilised, increasingthe
accessibility and impact of geophysical surveys.

Key words data standards, NetCDF, open-source
software, geophysics, airborne geophysics

INTRODUCTION

The storage and documentation of scientific data are critical
factors guiding how the data are ultimately used, shared, and
understood. Within the field of geophysics, there is an
abundance of data formats varying both within and across
subdisciplines and methods(e.g., electrical, magnetic, seismic,
electromagnetic, radiometric, and gravity). At a basic level,
geophysical datasets share the common features of recorded
measurement values, system information, coordinate
information, and auxiliary metadata. However, the structure
and complexity of data varies widely by method,
instrumentation, acquisition design, and the specific
measurement modalities (e.g., frequency-domain or time-
domain electromagnetics). Dueto this diversity, many different
file formats and documentation protocols are in use across the
geophysical community, none of which meet the FAIR

Contracted to U.S. Geological Survey

Burke J. Minsley
U.S. Geological Survey
Denver, CO, USA
bminsley@usgs.gov

(Findability, Accessibility, Interoperability, and Reuse)
principles, include key metadata directly with the data in a
single file, or organise data in an architecture that facilitates
transferability between open-source software, web services,
and geospatial systems. Establishing a community -supported
open data standard that meets all thesecriteria for geophysicd
data formatting and organisation could greatly simplify the
management and usability of these valuable datasets.

Airborne geophysical surveys are in particular need of
standardisation, as these datasets exemplify the challenges
discussed, with amultitude of systems, instrumentation, survey
design, and data types. Furthermore, auxiliary information
about the dataset and survey are often necessary for accurate
processing and interpretation, and yet they are most often
contained in separate supplementary files or contractor’s
reports and not directly accessible with the data values. This
fundamental metadata includes information on the survey
eguipment, spatial positioning, timing, as well as details about
acquisition parameters, instrument characteristics, and post-
processing details. Past efforts to standardise airborne data
formats include the national geophysical database (GERDA)
format developed by the Geological Survey of Denmark and
Greenland (GEUS) (Mgller et al. 2009) and the Australian
Society of Exploration Geophysicists (ASEG) General Data
Format (ASEG-GDF2) (Dampney, Pilkington, and Pratt 1985;
Pratt 2003). Both formats have advantages; GERDA uses a
well-organized structured relational database, while ASEG-
GDF2 is an open ASCI|-based data structurefor general point
and line data with accompanying metadata files. However,
neither meet al the criteria outlined above (open, transferable
self-describing). Additionally, gridded dataand products often
accompany airborne datasets and come in many binary and
ASCII raster formats (e.g., TIF/GeoTIFF, ARC/INFO, GXF,
Geosoft GRD, Surfer GRD, etc.); some are compatible with
open software tools while others are proprietary formats that
require paid software subscriptions.

Asdemand for and usage of airborne surveyscontinueto grow,
an open, communal data standard is needed to handle the
complexity of these datasets while ensuring maximum
accessibility and interoperability. To this end, we present the
newly developed Geophysical Survey (GS) datastandard basad
on the Network Common DataForm (NetCDF) file format and
the Climate and Forecast (CF) metadata convention (Unidata
2023; Eaton et al., 2022), alongwith the GSPy Python toolbox
to facilitate creation and handling of GS standardised files.

METHOD AND RESULTS

In James, Foks, and Minsley (2022), wefirstintroducedthe GS
data model and GSPy software tool with the primary goals of
assimilating geophysical data from a variety of file formats,
geometries, and geophysical methods into acommon and open
datastructurethat can be broadly shared and utilised. Wechose
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the NetCDF fileformat as thefoundation for the GSdatamodd
due to the advantages NetCDF offers for 1) efficient metadaa
documentation attached to datasets, 2) joint storage of related
datasets, 3) space-saving binary files with additional packing
and compression options, 4) scalability for large-scae
computing, and 5) accessibility and transferability to other
software and web services. NetCDF was first established in
1989, but Unidata continues to provide development and
support for newer NetCDF versions and related software
(Unidata2023), with thelatest version (NetCDF-4) built on the
HDF5 (Hierarchical Data Format) storage layer (Rew et al.
2006). As such, use and support of NetCDF is steadily
increasing, especially as datasets are becominglarger and more
complex, e.g., “big data” approaches (Ramapriyan and L eonad
2021; Sun et a. 2022).

GSData Standard

In the GS data model, geophysical data, metadata, and survey
information are stored within asingle, self-describing, NetCDF
file (Figure 1). Multiple related datasets (such as raw data,
processed data, and derived models and products) are attached
to asurvey as separate groups within a hierarchical structure
Each file contains aroot Survey group containingkey metadata
information about the survey and enclosed datasets (i.e., the
who, what, where, why, and when). All datagroupsare attached
to the Survey group and are categorised by the nature and
geometry of the values to ease data handling. The Tabular data
group contains unstructured data, such as scattered points or
lists of values, i.e., airborne data collected along flight-lines.
Conversely, the Raster group contains structured, i.e., gridded
data. Multiple datasets attached to Tabular and Raster groups
are indexed (e.g.,, /survey/tabular/0 and /survey/tabular/l)
(Figure 1). Metadatais attached as general attributes to each
group, aswell asdirectly to individual dimensions, coordinates,
and data variables. The GS standard follows the Climate and
Forecast (CF) Metadata Conventions (Eaton et a. 2022) to
ensure maximum portability, but also adds custom metadata
components specific to the needs of geophysical datasets.
Lastly, all groups share a “spatial ref” coordinate variable
definingthe coordinatereference system of the datathat allows
datasets to be accurately visualized within geospatial software
(e.g.,, QGISor ArcPro).

GSPy: Python toolbox

The open-source Python package, GSPy, serves as a basic
toolkit to build, explore, and export GS-standardised datases
(Foks, James, and Minsley 2022). The extensive Xarray Python
package provides the primary architecture of DataArrays and
Datasets upon which all GS groups are constructed (Hoyer and
Hamman 2017). Each individua data variable, or Survey
metadata component, form a DataArray, which is a labelled,
multi-dimensional array containing 1) “data™ a multi-
dimensional array of data values, 2) “coords”: a dictionary of
the data coordinates, 3) “dims”: the dimensions for each axis of
the data array, and 4) “attrs”: an attribute dictionary of key
metadata (e.g., names, units, null values) (Figure 1). Variables
arecombined into Xarray Datasets, which have dimensions and
coordinates that reflect those of the DataArrays, as well as
metadata attributes that describe the collection. In the GS
structure, each group (Survey, all Tabular and Raster groups),
are individual Xarray Datasets. Since the Survey group is
strictly metadata, its data variables (DataArrays) only contan
attributes (no numerical data, coordinates, or dimensions).

James et al.

The current GSPy functionality focuses on data conversion,
with methods to read multipleinput dataformats (CSV, ASEG-
GDF2, and GeoTIFF) and output aGS-structured NetCDF file.
Metadata is passed to GSPy through user-prepared JSON files.
The Survey group is created directly from its associated JSON
file, whereas each data group is passed both a dataset-specific
JSON file (containingthe dataset attributes, variable metadata,
and higher dimensions) and all associated data files to be
combined into distinct Xarray Datasets. The Survey group’s
method “write_netcdf” exportsthe Survey to a single NetCDF
file along with all attached datasets as indexed groups within
their respective category (Tabular or Raster) beneath the
Survey group following the GS hierarchy (Figure 1). In the
exampledataset presented in James, Foks, and Minsley (2022),
eight input data files (four tabular CSV files and four raster
GeoTIFF files) totalling 3.47 GB on disk were combined into a
single, 1.93 GB, GS-standardized NetCDF file resultingin a
44% reduction in filesize. The GSPy package, documentation,
and example codes and datasets can be found at
https://doi.org/10.5066/POXNQVGQ, (Foks, James, and
Minsley 2022). The GSPy package is intended to facilitate
implementation of the GS data standard but is not required if
users have other approaches to generate GS-standardisedfiles.

CONCLUSIONS

To address the pressing need for a community -supported
geophysical data standard, we developed the GS standard ad
accompanying GSPy open-source Python package to meet the
goas of 1) defining an open-source format satisfying the
requirements of FAIR data publication standards, 2) storing
multiple related, self-described datasets together in a clear,
standardised hierarchical structure, 3) implementing detailed
documentation of dataset- and variable-specific attributes
directly attached to the digital data, ensuring dataset integrity,
longevity, and interoperability, 4) defining dimensions and
coordinates, along with a coordinate reference system for
accuratevisualisation and representation, and 5) usingaforma
that is transferable between operating systems, open-source
computational software, web services, and geospatial systems.

Adoption of the GS standard for airborne geophysical datafills
a particular need for an open-source, community-wide standard
that ensures accurate archival of critical metadata jointly with
digital datasets. Moreover, establishment of a NetCDF-based
open data standard for a broad range of geophysica survey
types can greatly improve how these complex datasets are
shared and utilised, making the data more accessible to a
broader science community and the public. The concepts and
structures implemented in the GS standard are purposefully
general (i.e., Survey, Tabular, Raster groups) to accommodate
many different types of data that can be described by these
broad categories. Thecurrent functionality supported by GSPy
v0.1.0 is limited; however, by developing the standard and
package as open source, we aim to leverage the broad
geophysical community to contribute to the continued
development of robust datastandard requirements and tools to
facilitate their use.
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Figurel. Geophysical Survey (GS) data standard. (a) Datasetsarestructured into a hierarchy composed of threefundamental
groups. The Survey group is located at the highest level and contains general metadata about the dataset. Data groups are
attached to the Survey and separated by geometry into either Tabular datasets (unstructured (scattered), such as from CSV
files) or Raster datasets (structured (gridded), such asfrom GeoTIFF files). Datasetsareindexed within their respective group
type, and each contains general and variable-specific attributes, defined dimensions, and coor dinates. (b) Tabular data have, at
minimum, anindex dimension representing individual measurements. Additional dimensions for data variablesaresupported,
such asgatetimes, frequencies, or model layer depths. The x and y coordinatevariables (of dimension index) provide spatial
referencefor themeasurement locations. In Raster datasets, thecoordinatesarealso thedimensions of thedata. For all datasets
the coordinate variable “spatial ref” is required and contains key elements defining the coordinate reference system and

allowing the NetCDF fileto be accurately displayed in geospatial software. All required components and attributes arenoted
with a * marker.
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Combined ground-UAV TDEM survey over gold prospect in Baikal-
Patom Highlands (eastern Russia) with detection of AIP effect.
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SUMMARY

The study is describing a combined ground-UAV TDEM
survey, carried out over one of the gold prospects in
Eastern Russia. A drone-mounted receiver was used to
measure TDEM response from ground, excited by a
transient field powered linetransmitter. Effect of Airborne
Induced Polarization was detected in the data, so the
collected data were further inverted using a Cole-Cole
model approximation in order to extract the four physicd
parameters, which werethen mapped and interpreted in an
attempt to delineate mineral exploration targets.

Key words. TDEM surveys, UAV, AIP, minerd
exploration, inversion, interpretation

INTRODUCTION

Study area is situated in Baikal-Patom highlands, Eastern
Russia (NE part of Irkutskregion, Figure 1). From geological
standpoint, the area under study is a part of Bodaibo
synclinorium, known to host a black-schist pack rich in
sulphides, which also include notable Au deposits and large
number of Au occurrences (Figure 2, see page 4).
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Figure 1. Locationof the study area in NE part of Irkutsk
region, Russa.

The prospect was a subject to combined ground-UAV TDEM
survey aimed at delineating new potential exploration
targets on the flanks of a known gold deposit (Figure 3).
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Combined ground-UAV TDEM survey over gold prospect in Baikal-Patom Highlands
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Figure 3. Geological setting and UAV flight lines over
expected gold prospect.

The geological units shown in Figure 3 include mainly rifean
deposits (Imnyakh, Aunakit, Vacha and Anangra suites),
overlain by quaternary deposits (Tarasovaet al., 2020; Chugeev
et al., 2022). Imnyakh suite consists of limy shists with
interbedded marbles, sandstones and limestones. Aunakit suite
consists of metasandstones and carboniferous schists. Vacha
suite consists of micaceous schists, clays and sandstones. All
except for Imnyakh suiesare hogtinginterbedsof carbonifeous
schists, which are highly conductive, as well as highly
magnetic. Aunakit suite hosts intensive sulphide mineralization
with rocks folded heavily at steep angles reaching 20 — 60°. The
thickness of quaternary overburden does not exceed 10-20 m
over the area under study.

METHOD AND RESULTS

The survey was carried out using the combined groundUAV -
TDEM technology, which employed a 1.4 km long ground
transmitter (Tx) lines separated at 1.2 km between one anothe
and a PDI-50 receiver loop with Mars 2.0.2 receiver device
mounted on the UAV carrier at average 40-60 m altitude above
theterrain (dependingon thetreecover). The UAV used for the
survey was an in-house made €electric multirotor electrical
apparatus, capable of carrying 4 kg of maximum load for
approximately 15 minutes. The load consisted of receiver
sensor and supplementary electronics with a total mass of
approximately 4.5 kg (Figure 4).

Kamininski et al.

Figure4. The UAV-mounted PDI-50 TDEM receiver.

Theflight lineseparation was 75 m. The Tx lines were powered
by 1.35t0 1.85 A current operatingat at 10 ms on-timeand off-
time intervals with a standard boxcar waveform. Off-time
measurement intervals are presented in Table 1.

Gate| Starttime(ms) | End time (ms) | Centre (ms)
1 0.01000 0.01697 0.01349
2 0.01587 0.02400 0.01994
3 0.02245 0.03394 0.02820
4 0.03175 0.03810 0.03493
5 0.03564 0.04276 0.03920
6 0.04000 0.05388 0.04694
7 0.05040 0.06048 0.05544
8 0.05657 0.06788 0.06223
9 0.06350 0.07620 0.06985

10 0.07127 0.08553 0.07840
11 0.08000 0.09600 0.08800
12 0.08980 0.10776 0.09878
13 0.10079 0.12095 0.11087
14 0.11314 0.13576 0.12445
15 0.12699 0.15239 0.13969
16 0.14254 0.17105 0.15680
17 0.16000 0.19200 0.17600
18 0.17959 0.21551 0.19755
19 0.20159 0.24190 0.22175
20 0.22627 0.27153 0.24890
21 0.25398 0.30478 0.27938
22 0.28509 0.34211 0.31360
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23 0.32000 0.38400 0.35200
24 0.35919 0.43103 0.39511
25 0.40317 0.48381 0.44349
26 0.45255 0.54306 0.49781
27 0.50797 0.60956 0.55877
28 0.57018 0.68421 0.62720
29 0.64000 0.76800 0.70400
30 0.71838 0.86205 0.79022
31 0.80635 0.96762 0.88699
32 0.90510 1.08612 0.99561
33 1.01594 1.21912 1.11753
34 1.14035 1.36842 1.25439
35 1.28000 1.53600 1.40800
36 1.43675 1.72410 1.58043
37 1.61270 1.93524 1.77397
38 1.81019 2.17223 1.99121

Table 1. Measurement time intervals. All times are
referenced to Tx current shutdown.

Themeasured datawere processed and recorded into adatabase
as transients, which were later subject to inversion using
MARSLD software (Pesterev, 2012; Parshin et al., 2021),
modellingthe data dispersiveelectrical resistivity model (Cole-
Cole parameter approach). Some transients are strongly
affected by the Airbornelnduced Polarization (Al Peffect) with
presence of negative values of measured dB/dt (EMF data).
Figures 5 and 6 show examples of AlIP affected transient
modelling attempts using fixed and variable Cole-Cole
parameters.
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Figure5. Inversion of aselected transient using fixed Cole-
Cole parameters.
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Figure 6. Inverson of a selected transent usng varying
Cole-Cole parameters.

As it is suggested by comparing figures 5 and 6, fixing some
Cole-Cole parametersresultsin poor transent fit, especially for
negative recorded voltages.

Eventually all TDEM data were inverted using the Cole-Cole
model with simultaneous recovery of four Cole-Cole
parameters. In current abstract we focus only on recovered
resistivities and chargeabilities presented for further reference
Figure 7 shows a3D stitched model of 1D electrical resistivity
recovered from Cole-Cole inverse modelling.

Figure 7. Electrical resgtivity 3D stitched model.
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The resistivity and chargeability parameters, recovered by the
inversion were further used to delineate new potential
prospecting areas. Figure 8 shows cross-sections of profile 12
with outlined low resistivity and high chargeability targets. It
should be noted that the recovered chargeabilities show lowe
sensitivity to deeper objects and chargeable property recovay
by means of geophysical inversion usingthe Cole-Cole model
is mainly distributed in the top 50-70 m from surface (Figure
8).
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Figure8. Cole-Coleinversonresultsfor datarecorded over
profile 12. (a): Electrical resistivity. (b): Chargeability.

The anomaly example shown in Figure 8 can be followed on
several neighbouring profiles, which makes it a valid
exploration target. Figure 9 shows the anomaly selection in
resistivity section sliced at 500 m absolute elevation.

Figure 9. Electrical resdivity section with interpreted
conductive anomaly (dashed line).

Thereareno chargeability anomalies, which can befollowed to
depths below 100 m below the surface (due to sensitivity
issues), however therearetwo suchanomaliesinterpretedin the
near-surface (Figure 10) with no conductive response, which
however still makesthem valid exploration targets, asthey are
in the bedrock and may be associated with low-grade
disseminated sulphidization areas. These two anomalies have
been recommended for ground geochemical verificationand the
measured geochemical data are currently being processed.

Kamininski et al.
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Figure 10. Chargeability depth section with interpreted
conductive anomaly.

CONCLUSIONS

In conclusion it must be stated that this despite multiple
combined ground-UAV surveys flown to date with the
described system, this is the first example of rather strong
recorded Induced Polarization (AIP) effect. Inversion and
interpretation of this effect not only allows more accurate
recovery of electrical resistivities (Figures 7 — 9), but also
allows recovery of chargeabilities from UAV TDEM data,
which may be useful in delineating valid targets for follow-up
geochemical/exploration program.
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Figure 2. Geological position of study area (after Tarasova et al., 2020)
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SUMMARY

We compare various compensation methods for the
EQUATOR system and for severa modifications of the
airborne electromagnetic system EM4H: with a
transmitter loop attached to the fuselage of Mi-8
helicopter, with a loop attached to the fuselage of An-3
aircraft, and with aloop towed by Eurocopter AS350B3.
We consider two ways of the transmitter signals
interference modeling: in the form of a stationary
systematic component of the measurements and in the
form of astationary field vector rigidly connected to the
transmitter. To implement the second approach, the
EM4H and the EQUATOR use two additional dipoles to
determine the relative location of the transmitter and the
receiver. At high altitude, in the absence of aresponse
from the ground, the following statistical parameters of
the signals remaining after interference compensation
were analyzed: the standard deviation and the difference
between the minimum and the maximum values.

Key words. compensation; relative electromagnetic
positioning; magnetic dipole; EM4H; EQUATOR

INTRODUCTION

Airborneelectromagnetics (AEM) is one of the most popular
geophysical methods used in mineral exploration around the
world (Legault, 2015). Their differenceliesbothinthedesign
of the transmitter and the receiver, and in the method of
compensating for various interferences.  Sensitivity of
measuring equipment is constantly growing. Hence, it is
necessary to carry out an analysis of the correspondence
between data processing methods and the level of sensitivity.
Inthiswork, we determinethe degree of adequacy of existing
models and methods for compensating for existing
interference to the modern level of equipment sensitivity.

The main source of interference are uncontrolled eddy
currentsthat occur in the conductive elements of the carrying
frame. In the case when the field sources are installed on an
airplaneor a helicopter, these currents can createafield that is
about 1% of theprimary field. This significantly complicates
the further separation of the secondary field from the ground
against the background of the primary one (Vovenko et al,
2013). The simplest method is to take into account the
interference field as a constant. This method is unreliable,
since the field of eddy currents depends on the changing
relative position of thetransmitter and thereceiver of thefield.
Themorecomplicated way is based on the changing geometry
of the installation. To determine the relative position of the
receiver and the alternating magnetic field transmitter, we
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solve the inverse problem. It consists in determining the
parameters of the dipole according to the parameters of the
field that it creates (Smith, 2001; Pavlov et al, 2010;
Tkhorenko et al, 2015). The analysis was carried out using
the data of the EM4H (Vovenko et al, 2013) and the
EQUATOR (Moilanen et al, 2013) systems widely used in
modern surveys. Beingtimedomain system, EQUATOR also
provides frequency domain data for analysis.

FORMULATION OF THE PROBLEM

Airborneelectromagnetic system includes a transmitter and a
receiver (Figure. 1). With the help of the former, the primary
field is generated. The latter, in the case of systems,
considered inthework, islocated in atowed bird and registers
the parameters of the secondary field. When measuring an
aternating field, the eddy current field must be taken into
account. It occurs in conductive structural elements of the
transmitter loop (AM). This influence is the cause of
interference AH, which in practice is much larger than the
amplitude of the anomalous component of the field. The
vector AM is assumed to be constant, allowing for the
geometry stability of the conductive parts of the aircraft or
other elements on which the loop is mounted. The vector AH
is not constant, since the relative position of the transmitter
and the receiver changes.

Figure 1. Airborne electromagnetic sysem EM4H. R -
transmitter-receiver radius vector; M - vector of the
magnetic moment of the exciting dipole; AM - vector of the
magnetic moment of the eddy current field; H - magnetic
field vector of the exciting dipole; AH — eddy current field
vector.

Obviously, the effect of interference must be taken into
account. For this to be done, acompensation is carried out,
the essence of which is to move the system to a high altitude
(700 m), where the responses from the ground can be
neglected. The parameters of the eddy-current field are
defined there. Next, corrections are introduced into the field
measurements at the height of the survey.
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We havevarious approachesto the compensation method. |f
the receiver makes small movements relative to the
transmitter, we can assumethat the eddy-current field strength
vector is constant in the receiver coordinate system. This
method, based on the subtraction of the constant componet, is
used in many modern systems and is called “nulling”.

Another approach is based on the variability of the AH vector.
For this an analysis of therelative spatial and angular position
of the transmitter and the receiver is carried out (Vovenko et
al, 2013).

COMPENSATION WITH REFERENCE TO
THE CHANGING RELATIVE POSITION OF
THE TRANSMITTER AND THE RECEIVER

In this paper, we consider €l ectromagnetic systems, which are
systems with a controlled source. Usually we can represent
the primary field afield of adipole (Smith, 2001). Pavlov et
al (2010) and Tkhorenko et al (2015) wrote it in a matrix
form. Let us rewrite therelations for the field in the form

1 RRT

- m( - M =oRM (1),

where H is the magnetic field vector, R is the position vector
of the receiver relativeto thetransmitter, M isthevector of the
magnetic moment of the dipole, | is the 3x3 identity matrix.

According to Vovenko et al (2013), the relation between the
measured field, the generated moment, and the relative
position of the transmitter and the receiver was derived. Itis
represented by the matrix Q(R), which is absolutely the same
for the dependence of AH on AM:

AH = Q(R)AM  (2).
Case with 2 additional dipoles

It is proposed to introduce two additional dipoles with
moments M, and M, . With their help, the magnetic moment
vector of the eddy-current field AM can be represented as a
linear combination of known vectors:

AM = koM + kyM; + k, My, k; €R - (3).
Applying (2) for (3), we get the same representation of the
eddy-current field vector, where the coefficients will be the
same as in expression (3):

AH = koH + k,H, + kyH, (4).

The compensation step allows to determinethe coefficients ko,
ki, k2 by the least square method. We minimize the quadrature
response component and bring the in-phase response
component to the same vector at all operating frequencies of
the primaty field (the main sounding dipole usually excites
several harmonics).

Case with 1 additional dipole

We have asked ourselves if it is possible to solve the
compensation problem using only one additional dipole.
Barabanova and Barabanov (2021) noted that there is a
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solution. Namely, the authors proposed an algorithm for
solving the problem of electromagnetic positioning using the
field of two dipoles. As a result, the following nonlinear
expressions can be derived:

H'y, = F,(H,Hy), H'y = F,(H, H,) (5)-

That is, we can substitute the true dipole with a calculated
vector, for example, through the vector product of two
available dipoles:

H,=QR)(MxM,), H; = UR)(MXx M,) (6).

Using (5), we can pass to a linear combination of the eddy-
current field vector by substituting the obtained dependence
into expression (4).

AH = koH + kyHy + k, (Fy(H,Hy)) — (7),
AH = koH + ky(F, (H,Hy)) + k, H,  (8).

Aswe have mentioned, the receiver is moving with respect to
transmitter, which affects the measurements obtained. It is
also important that the value of the spatial displacement of the
receiver and the transmitter during flight usualy does not
exceed 10 m. This observation gives a hope that dependence
(5) can be linearized, while the accuracy of the linear
approximation will be sufficient to perform the compensation

Then equations (7), (8) can be rewritten as:

AH = po H + piHy = poH +pH,  (9).

Therefore, it is possible to use only one additional dipole M;
or M, . Further, wetest this hypothesis on aseries of dataset of
the EQUATOR system and various modifications of the
EM4H systems obtained during survey flights by
Geotechnologies, Aerogeophysica and by Norilsk branch of
A.P. Karpinsky Russian Geological Research Institute.

COMPARISON OF COMPENSATION METHODS

Thecomparison of various compensationmethodsfor several
modifications of the EM4H system was carried out: with a
transmitter loop attached to the fuselage of Mi-8 helicopter,
with aloop attached to the fuselage of An-3 aircraft, and with
aloop towed by Eurocopter AS350B3. (Figure 2).

Figure 2. Loopsingallation for EM4H modifications.
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The EQUATOR system now exists only in a towed version
(Figure 3).
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Figure 3. Loopsingallation for EQUATOR system.

At high dtitude, in the absence of a responsefrom theground,
we analized the following parameters of the signals remaining
after interference compensation: the standard deviation and the
difference between the minimum and the maximum values.
The results of the comparison are shown in tables (Table 1,
Table 2) and figures (Figure 4, Figure 5).

Thetables contain the standard deviation (RMS) and peak-to-
peak (max-min) for the quadrature component of the field.
Under ideal conditions of no interference, it should beequal to
zero. Thevalues are shown after compensation of thereceiver
systematic offset (nulling, Figure 4B, Figure 5D, Figure 6D),
also after determining the geometry parameters using the first
(Figure 4A, Figure. 5B, Figure. 6B), the second (Figure 5C,
Figure 6C) or two (Figure 5A, Figure 6A) additional dipoles.
In the case when a fixed wing aircraft was used, the second
additional dipolewas absent (Figure. 4). One of the columns
of the tablesis the improvement factor, derived as the ratio of
the corresponding values when using the nulling and the
compensation using only the first additional dipole.

\
’ !

; 1
'vf‘\,‘.".’“ i OWY YUY

o

Figure4. Quadraturecomponent for theAn-3aircraft at 4
frequencies. A - after compensation, with usng the
measurements of the parameters of the additional dipole;
B — nulling.

CONCLUSIONS
The best compensation result is given by an approach that

takes into account the movement of thereceiver relative to the
field source. This is true for the EQUATOR and for all

versions of the EM4H system.

For both towed systems when the transmitter is far from the
helicopter fuselage, there is no eddy current field at low
frequencies (77-540 Hz). However, a high frequencies
(greater than 2 kHz) it is significant. Therefore, the
installation geometry must betaken into account. This is also
necessary for systems in the time domain, while high
frequencies are associated with the early time gates.

Figure 5. Quadrature component for the Mi-8 helicopter
at 4 frequencies. A - after compensation, with using the
measur ements of the parameter s of two additional dipoles;
B - using the 1% dipole, C - using the 2nd dipole, D -
nulling.

A

)

Figure 6. Quadrature component for the EQUATOR at 4
frequencies. A - after compensation, with usng the
measur ements of the parameter s of two additional dipoles;
B - using the 1°¢ dipole, C - using the 2™ dipole, D -
nulling.

We use alinear model of the eddy current field as a function
of the field of two dipoles. Thisis just as effective as using a
full linear expansion inthreedipoles. Therefore,itis possible
to perform thereceiver positioning described by Pavlov et al.
(2010) with use of the field of two dipoles in a linear
formulation.
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Table 1. Statigticsfor various compensation methods at high frequencies (8 kHz — EM4H, 6kHz — EQUATOR).

nulling 1%and2"dipoles 1%dipole 2" dipole  |[improvementfactor
4,53 2,17 2,1 RMS
Airplane
41,92 15,04 2,8 max-min
Helicopter 2,37 1,01 1,92 1,92 1,2 RMS
Fixed 14,97 13,01 12,76 13,16 1,2 max-min
Helicopter 20,27 1,16 1,28 1,37 15,8 RMS
Towed 92,88 8,14 8,10 9,34 115 max-min
11,04 1,15 1,17 1,42 9,44 RMS
EQUATOR -
53,47 9,59 10,08 10,75 5,30 max-min

Table 2.Statigticsfor various compensation methods at low

frequencies (130 Hz - EM4H, 77 Hz - EQUATOR).

nulling 1%and2"dipoles 18dipole 2" dipole | improvementfactor
12,61 2,52 5,0 RMS
Airplane
121,53 21,42 57 max-min
2,82 1,42 1,46 1,4 1,9 RMS
HelicopterFixed
14,18 8,42 8,29 8,62 1,7 max-min
) 1,73 1,44 1,46 1,46 1,2 RMS
Helicopter Towed
10,70 10,09 9,65 9,16 11 max-min
0,29 0,22 0,22 0,23 1,3 RMS
EQUATOR -
1,84 1,56 1,59 1,71 11 max-min
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SUMMARY

As partof the Hawke’s Bay 3D Aquifer Mapping Project
(3DAMP), airborne electromagnetic data have been
collected over several basins. Theproject was athree-year
initiative (2019 — 2022) jointly funded by the Provincid
Growth Fund (Kanoa Regional Economic Development &
Investment Unit), Hawke’s Bay Regional Council
(HBRC) and GNS Science (GNS). Theobject of the study
isto improvethehydrogeological model of thearea using
aresistivity model that extends to 300 m depth. The modd
was generated from an airborne TEM (SkyTEM) survey
that covered theregion at alinespacingof 170 — 250 m. A
total of 7780 line-km was flown in a period of 4 weeks.
Supporting data includes ground-based geophysicd
surveys (TEM, resistivity, and seismic reflection lines),
and detailed geological data from a set of research
boreholes. A total of 6800 boreholes exist in the
catchments but the majority areless than 30 m deep. A se
of 30 deeper boreholes across theareawith more detailed
geological information provide valuable control on the
SKyTEM processing and modelling. The integration of a
3D model developed from the inversion of the SkyTEM
dataand ground geophysics data, displaysthe geometry of
the fluvial systems (gravel), marine incursions (silt and
clay), and complex faulting that affects the deposition of
the sedimentary units. Work is ongoingto develop modds
of aquifer potential based on hydrogeological facies tha
will improvetheundergtanding of the groundwater system.

Key words: Aquifers, SkyTEM, boreholes, groundwater,
Hawkes Bay, New Zealand

INTRODUCTION

Groundwater isthefocus of moreresearch in New Zealand due
to increasing demands on water for urban and agricultural
development. Hawkes Bay is a region on the east coast of New
Zealand that has a wide range of fruit, vegetable and wine
production in addition to traditional farming. Additional water
resources are needed to support the economic growth of region
includingtheurban centres. The Hawkes Bay Regional Council
(HBRC) has implemented a long-term plan to have better
information and tools to makeinformed decisonson water use
Mapping the aquifers in more detail and providing subsurface

geological datathat can be used to improvethe hydrogeologicad
flow models.

Airborne electromagnetic mapping of the top 300 m of the
subsurface over an areaof 1940 km?was undertakenin 2020 as
the main phase of geophysical investigations of the aquifer
systems (Figure 1). The project follows on from several large
aquifer mapping exercises undertaken over the period from
1970 to 2000 (Dravid and Brown 1997, Francis 2001). Borehole
data, ground geophysics, and hydrogeologica models from
theseearlier studies areincorporated in the current project. The
processingof the Sky TEM dataresulted in adense array of one-
dimensional resistivity models that were compared to the
existing data and a revised 3D geological model has been
produced for regions wherethedataare sufficiently dense. The
ground-based DCresistivity, TEM, and seismic datashow good
correlation with the SKyTEM inversion results. The detailed
lithological datafrom aseries of research wellsindicatethat the
SkyTEM has mapped the following targets :

1) Holoceneriver gravel formations (shallow aquifer)

2) Holocene marine sediments (Heretaunga only)

3) Deeper gravel fromations (Last Glacial Maximum
and older)

4) Pliocene — Pleistocene limestone (bedrock)

Figure 1. Location of the survey area on the easern coast
on a) North Idand (NZ). The three areasare shown in b)
Heretaunga, Ruataniwha, and Poukawa/Otane.
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METHODOL OGY

The SKyTEM 312 is a helicopter deployed transient
electromagnetic system which utilises a dua moment
transmitter to provide a shallow focused transient curve (low
moment) and a deep focused transient (high moment). The
survey was undertaken by SKyTEM Australia. The transmitter
isan octagonal loop suspended 30 m below the helicopter. The
generator and receiver controller are suspended on the cable
between the transmitter loop and the helicopter (Sorensen and
Auken 2004). The receiver coils (horizontal and vertical) are
mounted at the rear of the transmitter loop. The high moment
signal is generated usingatypical current of 110 A and 12 tums
of the 342m? transmitter loop (dipole moment is
451,000 Am?). Thelow moment signal is generated using 2
turns of the loop and a smaller current of 6 A (dipole moment
is 4100 Am?). The high moment and low moment signals are
interleaved with a repeat frequency of 25Hz and 275Hz
respectively. The turn-off time of the low moment transmitter
is14 psand thedecay of the signal is measured using27 gates
over aduration of 1 ms. The high moment transent has22 gates
between 0.3 and 14 ms. By flyingat 90 km/hr thetransients are
able to be stacked to improve signal to noise ratios, yet still
yield a soundingevery 17 — 25 m on the ground. The high
moment data penetrate to depths of 300 m so thereis significant
overlap inthevolume of the earth sampled at each measurement
point.

Thedataweredelivered to GNS Sciencein both raw format and
Geosoft XYZ files. Rawlinson et al., (2021) describe thework
undertaken within the AGS WorkBench to remove effects of
the major sources of man-made noise (powerlines, roads,
railway lines, and buildings). The Aarhus inversion algoritm
(Auken etal., 2015) was used to produce aspatially constrained
inversion of al of the data over each of the three study aress.
The inversion was checked to ensure with the misfit was
acceptable and model smoothness appropriate for both laterd
and vertical changesin resistivity. Figure 2 shows the resistivity
across a part of the survey areain the Heretaunga Plains, at a
depth of 30 m below ground level.

Figure 2. Averageresgivity at a depth of 25-30 m below
ground level. The digital elevation model and a selection of
the research boreholesin Heretaunga are also shown.

BOREHOLE INFORMATION

Kellett et al.

The areas have adense network of over 6800 water wells but
the average depth of the wells is less than 35 m (Tschritter et
al., 2021, 22). Each of the areas shown in Figure 1 have some
existing hydrogeological models and subsurface geological
data are available from research boreholes in the top 100 to
200m. The current project included drilling three wells over
75m deep with detailed geology and hydrogeologica
sampling. In the Heretaunga and Ruataniwhablocks additiond
deeper geological data are available from five petroleum
exploration wells drilled between the 1970’s and early 2000s.
The research wells contained moredetailed information on the
lithologies, sediment ages, physical properties (density, grain-
size, and natural gamma), and hydrogeological properties.
Figure 3 shows a SkyTEM section through two key wells
(Awatoto and Well 2) that illustrates the following :

1) The marineincursion during the Holocene produces
a clay-rich layer that is seen as a shalow low
resistivity layer in the SkyTEM models.

2) The Early Holocene and Late Pleistocene gravel
seguence has a high resistivity.

3) Thebaseof thegravel sequenceiswell imaged by the
SkyTEM system and there may be a deeper aquifer
present within the last interglacial or earlier
Pleistocene glacial interval at 200 — 400 m depth.
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Figure3. SkyTEM inverson models on a section through

the Well 2 and Awatoto on the Heretaunga Plains (see
Figure 2).

GROUND GEOPHYSICAL DATA AND
INTERPRETATION

In the Heretaunga Plains, the older DC resistivity soundings
(Risk 1974) have proved to be useful in supporting the
interpretation of the SkyTEM data. Some of the soundings are
in areas that have been covered by urbandevelopment andwere
not covered by therecent helicopter survey. The DCresistivity
data are sensitive to the resistivity of the top 20 — 50m and
provide some independent control on the presence of high
resistivity (>500 Q.m) gravel deposits and thin low resistivity
clay-rich zones. In more recent times and as part of the design
phase of the SkyTEM survey, ground-based TEM data were
collected in Heretaunga and Ruataniwha. The combination of
Zonge TEM and NanoTEM soundings correlate well with the
SKyTEM inversion models. The groundTEM models derived
from sites at the research wells provide a link to the closest
SkyTEM model that could be up to 500 m away based on the
distribution of flight lines.

Seismic reflection data were collected as part of the petroleum
exploration programs across al three areas. The seismic
sections are useful for identifying the major boundaries
between geological units. The Hawkes Bay region lies in the
accretionary wedge of the Hikurangi subduction zone with
thick Quaternary basins overlaying and incorporated into a
complex fold and thrust belt that is composed of Tertiary
limestone, sandstone and mudstone (Beanland et al., 1998). At
the edges of the shalow basins and over some anticlinal
structures within each basin, these consalidated unitsare within
the depth of investigation of the SKyTEM system. The
resistivity models reflect the changes in porosity and clay
content of the bedrock (e.g. Figure 3).

Figure 4 shows a SkyTEM transect in the Ruataniwha blodk
that crosses over a series of anticlines and synclines separated
by thrust faults. Seismicreflections are produced by changesin
thedensity and sonic velocity of the sediments. Thereis often a
correlation between electrical resistivity and both density axd
velocity because of the dependence of all three properties on
porosity. Onelimiting factor with the seismic reflection datais
the poor resolution in the top 100 m due to the focus of the
petroleum exploration data on deeper targets. However, the
gravels that dominate the top 100 m of the unconsolidated
section are apparent on the seismic as azone of low reflectivity
with a sharp base. Thisreflector marksthetransition from hich
resistivity at surfaceto lower resistivity at depth in the SkyTEM

data. The package of silt and sand, represented by low
amplitudereflections and low resistivity, below thegravel unit
isthicker inthe synclines. Thetop of the Tertiary siltstoneand
limestone unitsis clearly seen in the seismic as aset of stronge
and higher frequency reflections. The SkyTEM models show
higher resistivity in these layers where they are thicker on the
limbs of the anticlines.

CONCLUSIONS

TheSkyTEM 312 system has provento beavery effectivetool
in mapping a large area of Hawkes Bay (New Zealand) in
support of groundwater aquifer mapping. Despite the area
having several urban centres and extensive infrastructure
associated with the horticultural industry, the survey produced
a 3D resistivity model of thethree areas surveyed with ahigher
level of detail than was previously known. Integratingthe new
SkyTEM inversion models with ground geophysical data and
detailed borehole geology has helped provide some constraints
on the extent of modern river gravel deposts, thick sequences
of gravel laid down duringthe Quaternary glacial intervals, and
marine incursions during the inter-glacial times that spread
clay-rich sediments across coastal parts of the region. The
Pliocene-Pleistocene limestone bedrock, that forms a potential
deeper aquifer, was imaged on the edges of the basins. The
seismic reflection data provide some regional context for the
structure seen in the deeper parts of the SKyTEM inversion
models. Work is ongoing to improvethe transformation of the
resistivity model into hydrogeological facies.
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thelithology, GroundTEM and SkyTEM models. The ground surface isshown on both sections by the brown horizon.
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SUMMARY

Induced polarization (IP) effects may have significant
impact on airborne electromagnetic (AEM) data. They
lead to dependence of apparent resistivity on the
frequency of the signal. The classic approach to
modelling IP consists in deriving analytical models of
frequency dependent resistivity of each layer of the
model. However, the amount of parameters for such
model grows fast with the number of layers. Hence the
problem of numerical inversion becomes intractable due
to high dimensionality and ill conditioning.

This work suggests an approach to overcoming this
problem. Weshow that the effects of | P are concentrated
in relatively small number of layers and proposeasimple
algorithm for finding them. The results of inverting real
data showing strong | P are presented.

Key words inversion, airborne electromagnetics,
frequency domain, Cole-Cole model.

INTRODUCTION

Over the past few years the induced polarisation (I1P) effects
have become a subject of intensive research in the field of
airborne electromagnetics (AEM) data processing (Kaminski
and Viezzoli, 2016). Thereasonforitisthatin many practicd
applications not taking IP into account leads to problems in
fitting parameters of the model.

There exist severa explanations for this phenomenon. One
point of view is that IP should be attributed to properties of
minerals under study. Several works are devoted to
construction of materials which possess the property of charge
conservation (Gurin etal., 2019). Theexperimentsconducted
in laboratory suggest that in the presence of inhomogeneity
(such as granular structure) the environment may show
frequency-dependent conductivity. Another point of view is
that | P effects are caused by purely geometric properties of the
surface.

One of the main practical indicators of IPis the presence of
negative response in time domain or, equivalently, negative
in-phase response in frequency domain (Karshakov and
Moilanen, 2019). Inthefirst part of our work weshow that |P
model based on Cole-Cole approach can produce results
having this property. After this, we derive an inversion
methodology which provides a compromise between number
of parameters and explanatory power. Finally, we show
results of fitting this model to real data and compare them to
non-chargeable model.

Institute of Control Sciences
65, Profsoyuznaya Street,

All computations are done in the frequency domain.
Parameters of the system (frequencies, typical altitudes,
relative position of emitter and receiver) correspond to those
of areal AEM system EQUATOR (Moilanen et al., 2013).

METHOD ANDRESULTS
Model formulation

In problems which require computing equivalent resistivity it
is customary to use horizontally layered model (Zhdanov,
2009). This simplification leads to reduced amount of
computations while providing good explanatory power. The
model enables one to derive the response to the field of
vertical magnetic dipole explicitly. Namely, for a given
frequency w the vertical component of the responseis

H,(w) = u(ng, z, hy, w)J, (nyr) nédno,

wherej, isthe zero-order Bessel function of thefirstkind, r is
the horizontal shift of the receiver with respect to the dipole
axis, hy isthealtitude of the dipoleabove the ground, z is the
dtitude of the receiver. Here u is the two-dimensiona
spectrum of the potential of the secondary field:

Mexp (=ng (z+ 1)) n, —nyR*
2 n, + ngR”’
where M is the amplitude of the dipole moment and R™ is the

reduced spectral impedance of the medium. For K layersitis
given by the formula

n
R* = tanh (n,h, + tanh ™ (= tanh (nyh, + -+ (ng_yhg_,
ny

u(ng, z,hy, w) =

Ny _
+tanh 1 =X=5 ),
ng

_ 2 iopy
forn, = |ng— o ,Remn, > 0.

In the above formula u, = 4m x 1077 H/m the magnetic
permittivity, p, is theresistivity of k’th layer.

Thepossible approach to solvingtheinverse problem (that is,
estimating resistivities and thicknesses of the layers) is the
Kaman filter. The presence of non-linearities advocates the
use of variants of Kalman approach, such as Extended and
Iterated filters (Karshakov, 2020). Since these methods rely
on gradient approximation, there are no easy-to-check
theoretical guarantees of convergence. Hence in order to
analyse real data, one often has to run the algorithm severa
times with different initial conditions and hyperparameters.

The formulas above are derived through explicit analysis of
Maxwell equations. In the presence of environment
inhomogeneous with respect to vertical coordinate only,
equations can be uncoupled and reduced to second-order
linear ones. Therefore, from mathematical point of view, p,
can be complex or even frequency dependent (as soon as we
produce computations in spectral domain).
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Theeffect of IPisusually modelled by introducing resistivity
of a special form, governed by Cole-Cole equations (Cole and
Cole, 1941, Pelton et al., 1978):

1
P =po <1 m (1 1+ (iarr)c))'

wherep, isDC currentresistivity, m is chargeability constart,
T isarelaxationtime, ¢ isaphaseconstant. Equations of this
formfirst occurred in papers devoted to slow electromagnetic
processes (suchas electrochemistry), but later were applied for
modellingother phenomena, including AEM data processing.
It should be noted that the Cole-Cole equation is not the only
one used in literature (see Dias (2000) for excellent review),
but other models include more parameters, which makes
computation problem intractable in practice.

Another thing to noticeis that the function (iwt) € has several
branches, and hencewe must choose among a set of possible

. . T . T
values. Indeed, i = exp (z * ;) = exp (L * (;+ 271'k)> for
integer k. Hence after raising it to the power of ¢ we obtain

exp (i Cz—n) exp (i szﬂ) ... as possible values, al distinct as
soonas ¢ and w areincommensurable. We further remark on
this issue in the next section.

Theoretical considerations

As it was aready mentioned, one of the main practical
indicators of IP in frequency domain is the presence of
negative in-phaseresponse. Wetried to obtain it in simulation
by posingoptimisation problem Re H,(w) — min and solving
it over w and resistivity parameters. Itturned outthatin order
for the problem to have negative solution one must have
Re p;, > 0,Im p, > 0 for resistivity of at least one of the
layers. However, the vanilla Cole-Cole model with i€ =
exp (i Cz—") isuncapable of producing such resistivity. Hence
we have chosen another branch of the function, taking i¢ =
exp (i ‘r’zﬂr) The results of simulating half-space model with

parameters p = 1000 OQm,m = 0.5,7 =0.001 s,c = 0.5 are
presentedinfigurel. There we present three curves for each
graph: quadrature (Im) and inphase (Re) components in
frequency domain and off-time signal in time-domain. Index
“IP0” is related to the branch number 0 with i€ = exp (L' Cz—n),

“IP1” is related to the branch number 1 with i® = exp (i Szﬂ),
“nolP” isrelated to p = p,.

However, it isnot clear why we should choose this branch of
power function instead of any other. One of the possible
approaches would beto introduce additional phase parameter
in Cole-Cole formula and search for branch of the form
exp (i¢). But this leads to functions with singularities in the
domain and is a subject of further investigation.

If the model has al resistivities determined by Cole-Cole
formula, thenumber of parameters is high. Hence one needs
an additional regularization in order for theinverse problemto
be tractable. We adopted a hypothesis that chargeability is
determined by relatively small number of layers (1-3). To find
these layers, we fitted a model with one chargeable layer and
non-chargeable others. After varying the depth in which
chargeability was located, we could obtain residuals between
model prediction and measured response. For some depths,
the residual turned out to be severa times lower (30-40 as
compared to 150-200) than for others. Although it was still

Karshakov and Khliustov

too high to consider any of obtained result a good fit, this
procedure enabled us to make a choice as to which layers
should be chargeable.
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Figure 1. The response of half-space model in frequency
(quadrature and inphase) and time domains

Thissimplealgorithmisvalid only for small sections of data,
since the actual profile can change significantly on large
scales. When the residual of final model becomes too high,
one needs to repeat the procedure and determine new depths
of chargeable layers.

Main results

Here we provide results of real data processing based on our
approach. Thedataconsisted of responsesfor 15 frequencies
ranging from 77 to 15000 Hz, with in-phase and quadrature
components measured for each. We used model with 25
layers with thickness of i’th layer equal to 4 * 1.1085" meters.
The first step of the algorithm consisted in fitting the model
which had frequency dependent resistivity in one of 25 layers.
An example of relative discrepancy (determined by formula
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Figure 2. Theresdual of model with one chargeable layer
(a) Chargeability in layer # 2(b) Chargeability in layer #5
The second graph clearly exceedsthe first

It is easy to see that by locating chargeability in layer #2 we
decreaseresidual significantly compared to locating it in layer
#5.

It turned out that in order to decrease the residual one must
locate chargeability in layers 2, 4,6 and 7. In order to further
decrease the number of parameters we changed consecutive
layers 6 and 7 to one layer with thickness equal to the sum of
respective thicknesses. Hence we had to fit amodel with 33
parameters. The resulting relative discrepancy is given in
figure 3. It is easy to see that residual does not exceed 10,
which may be considered a good fit.
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Figure 3. Theresdual of the final model

Figure 4 gives values of Cole-Cole parameters for each of the
layers obtained by model.

Figure 5 showstheresults of datainversion. The survey was
carried out in Siberia, in the permafrost region. The melting
zoneis considered to bethemain source of chargeability. We
would like to point out the following features. First, after
applying the chargeable model for the inversion, we see
horizontally continuous layers. Second, even in the case of
positiveinphaseresponses (left part), the chargeability model
provides more adequate solution according to known local
geological properties: thelower conductive layer is presented
along the whole flight trajectory.
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Figure 4. The Cole-Cole parameters. time consant,
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Figure 5. The inphase response curves and inversion
reaults for the models with (top) and without (bottom)
char geability.
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CONCLUSIONS

In thiswork we studied the problem of inverting AEM datain
the presence of IPeffects. We considered horizontally layered
onedimensiona model with frequency dependent resistivity,
given by Cole-Cole formula. It has been shown that I P effects
are mostly determined by local properties of environment and
are concentrated in asmall number of layers. Based on this,
we suggested an approach to choosingthe depth of chargeable
layers by fitting several simpler models and analysing
residuals.

For a demonstration of our approach, we analysed real data by
estimating parameters of our model. We used dataset obtained
by the EQUATOR AEM system. The environment
demonstrates signs of |P presence, most likely connected to
ice melting.

Further research directions include formalizing the procedure
of chargeable layer identification. Some additional
investigation should be conducted on choosingthe appropriate
branch of complex-valued resistivity function, discussed
above.
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SUMMARY
The earth is composed of layers of rock of differet
lithology, with sharp boundaries between them, so surdy
it is better to use layered AEM models than smocth
models? However, this idealised cartoon model is
complicated by thefact that most electrical conductanceis
through porewater of varying salinity rather than throuch
the rock matrix, and by factors, such as weathering
gradients, which will induce gradients in physicd
properties. This paper discussed experiences with tryingto
uselayered, rather than smooth, inversions of AEM data.

Key words Airborne electromagnetics, layered-earth
model, inversion

INTRODUCTION

Most airborne electromagnetic (AEM) inversions are smooth
1D inversions, stitched into a section under the flight line.
Individual decay curves are inverted for a conductivity
distribution which is smooth in the depth direction
(Farguharson & Oldenburg, 1993; Christensen, Reid, &
Halkjesr, 2009; Brodie, 2016), sometimes including lateral
constraints between adjacent soundings. These conductivity
sections are then interpreted, typically by choosing some
conductivity threshold to represent ageological or groundwater
feature of interest.

However, we know that the earth is not smooth. A glance & a
geophysical borehole log will show that there is variation in
physical properties at all scales. In particular, there are often
sharp boundaries between different lithological units. If
different units have differing porosity, then we could expect
them to have different electrical conductivity, especially in the
sedimentary environments conducive to modelling using 1D
codes. Thequestion is, can weuse our knowledgethat the earth
is composed of layers to improve inversion results?

This talk looks at inversion using a layered model, where the
layers areintended to represent geological units. An advantage
is that the model is parameterised in terms of depths to
geological layer boundaries, which are quantities that we are
actually interested in, rather than having to draw lines on a
coloured section. Another advantage is that, if the earth’s
conductivity readly is layered, then we ought to get a better
result.

In order to assess this approach, therearea few questions tha
need to be addressed:
1. What is the consequence of amodel with the wrong
number of layers?

2. In most earth materials, the electrical conductivity is
through water in the pore spaces, rather than through
the rock matrix, which meansthat water content and
salinity strongly affect the electrical conductivity. So,
to what extent do conductivity changes parallel
geology, rather than possibly cross-cutting
groundwater differences?

3. How does the water table affect the conductivity
structure? We know that rocks remain conductive
when partially saturated, and Archie’s law, along
with modifications to account for clays, gives us an
indication of the relationship between saturation and
conductivity. So, there should be a drop-off in
conductivity above the water table, but what does it
look like?

4. Many geological processes probably result in
gradients in physical properties, rather than sharp
changes between homogeneous units. Examples ae
chemical weathering processes in the regolith, and
upward-fining or -coarsening sequences in
sedimentary rocks, both of which couldwell result in
electrical conductivity gradients. To what extend can
these be detected in AEM data? And how useful is
some kind of average property?

This talk is an attempt to make a start in addressing some of
these questions.

MODELLING AND INVERSION

Forward modelling has been done using the freely-available
AMIRA P223 code Airbeo (Raiche et a. 2007), which
computes the response of a 1D layered earth. The code is
capable of including induced polarisation effects as well as
simple induction. For 2- and 3-D situations, an approximate
forward model computes the 1D response due to the earth
directly beneath each sounding point.

Inversion has been done using bespoke python agorithms,
mostly built around the scipy optimization least-squares code
Theinversionsare2D or 3D, andinclude lateral constraintsin
the form of distance-based prior covariances between modd
parameters (see, e.g. Tarantola, 1987). Generaly, the
covariances are between parameters of the sameclass, such as
between thicknesses or conductivities of a given layer, with
zero prior covariance between classes. | have (mostly) chosn
to model conductivities using an exponential covariance,

D(rl,r2)>.

Cr (my,me) = o103 €xp (f T

Here my and mp represent, for example, the conductivity of a
given layer at two points, ok and rk are the conductivity of and
location of pointk, D( ., .) isadistance, and L isthe correlation
scalelength. Large values of L imply large correlation lengths,

which would be appropriate for well-mixed sediments in a
channel, for example. | have modelled thicknesses using a
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Gaussian functional form (where the argument to the
exponential is squared).

DO LAYERED MODEL SWORK?

An examplethat gives some confidenceto theideaof modelling
AEM usinggeological layersisshownin Fi gur e 3.Avery
densegrid of boreholes was mapped, and geology characterised
as being in oneof four categories: alluvium/colluvium, channd
sediments, saprolite, and basement. Each of these units was
assumed to have a homogeneous conductivity. Water table
depth information was also available, and the water table was
modelled as splitting whatever layer it passed though into wet
(conductive) and dry (resistive) sub-layers. An inversion wes
donefor thelayer conductivities, with thelayer thicknesses and
water table depths fixed at values interpolated from borehole
measurements (King and Gonzalez-Alvarez, 2018). Althouch
this is a dramatic over-simplification — we know that the
saprolite conductivity will vary internally with degree of
weathering, and the water table effectis more complicated than
a simple extraboundary, for example — the fit to the data is
remarkably good. A second-passinversion, thistime allowing
conductivities of the different layers to vary from fid to fid,
produced convincing results. Fi gur € 1 shows an example

where a 3D region has been inverted, this time holding the
conductivities fixed at the values determined from the line
inversion, but allowing thicknesses to vary.

avvum "
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Figure 1. 3D example of homogeneous-layer inversion. Here
layer conductivities were held fixed, and thicknesses were
allowed to vary.

WHAT CAN WE IMAGE?

Figure 2 compares two inversions of the same decay: asmoocth
model, and alayered model where the depths have been fixed
according to thosein a nearby borehole. While the models are
very different, thefitto thedatais ailmostidentical. This shows
how little we can determine using AEM data alone. It makes
much moresenseto use AEM inversions asakind of hypothesis
test: a hy pothesised geological can be parameterised in terms of
its unknowns, say, thethicknesses of afixed number of layers,
and an attempt can be made to fit the data. If data cannot be
fitted, then the hypothesis should be rejected.

In the context of this talk, this large ambiguity means that, if
(and only if) the layers can be characterised as homogeneous,
or nearly so, then a meaningful inversion for layer thicknesses
can be done, and the layered model is useful. If individud

King

geological layers have conductivities that vary internaly as
much as they do between layers, then the approach is doomed
to failure.

An interesting point to note regarding this example, is that the
layered model requires the addition of a water-table effect
(splitting the shallowest layer into two) in order to fit the data.
The smooth model also shows an increase in resistivity at the
surface. Thisalsoillustrates that, although the water table might
be more complex than a simple split into wet and dry, that
simple split might be the best we can image with most AEM
systems.

Observed and Best-Fit Decays Smooth Result Layered Result

EM Response dB/dt [pVA~ m~%]

01 1y
b

1071 10° 100 100 102 10° 10" 10% 10°
Time [s] p [Qm] p[am]

Figure 2. Comparing smooth and layered inversions. The
layered-inversion boundary depths were constrained by a
nearby borehole. Large model differences can nonetheless
have small differences in data fit. (a) Observed and
predicted data. The inset shows resduals scaled by data
errors. (b) and (c) Smooth and layered model resigivitiesvs
depth. (d) Nearby borehole log used to constrain depths.

CONCLUSIONS

In many cases that | havelooked at, modellingthe earth as aset
of near-homogeneous layers, and including thewater tableas a
“layer splitter”, is able to successfully fit AEM data. Where
layer depths are known at a singe sounding, layer
conductivities determined at that sounding can be used to
determine thicknesses away from that point. However, the
inherent ambiguity of AEM inversion means that this can only
bedoneif thelayer conductivities can be constrainedto be close
to homogeneous.
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Figure 3. Aninversion for homogeneouslayer conductivities, where layer thicknesses are fixed at valuesinterpolated between
dense bor ehole measurements. The water table, whose depth isalso fixed from bor ehole measurements, ismodelled as splitting
alayer into wet (conductive) and dry (resistive) sub-layers. Boreholesareoblique totheflight line. Thefit isremarkably good,
considering how simple the model is.
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SUMMARY

A ZTEM natural field helicopter EM and magnetic survey
was flown over the Berg copper-molybdenum-silver
projectin the Huckleberry district, near Houston in centrd
British Columbia, Canada. Mineralisation at Berg
surrounds a quartz monzonite intrusion. Analyses of the
airborne geophysical responses, using 2D-3D inversions,
show combined well-defined ring-like resistivity low
surroundingaresistive coreand similar annular magnetic
high and low signatures over the known and suspeced
porphyry deposits, similar to those previously found in
ZTEM surveys over other porphyry deposits in the
Western Cordillera. A minera targeting approach is
implemented that uses a semi-automated, machine-
learning (ML) assisted method that includes: Structurd
Complexities (SC), Self-Organizing Map (SOM)
classifications, and Supervised Deep Neural Network
(SDNN) targeting of the geophysical data. The new
targeting approach has identified both the Berg and
Bergette porphyry copper occurrences, as well as two
others our areas for follow-up that alsohost known mined
showings.

Key words. Porphyry copper, ZTEM, electromagnetics,
resistivity, magnetics, 3D inversion, mineral targeting.

INTRODUCTION

In May 2021, Surge Copper Corp. announced plansfor a new
district wide exploration program over its Ootsa and Berg
Projectsin the Huckleberry district, near Houston, northcentrd
British Columbia, including a ZTEM (Z-axis Tippe
Electromagnetic; Lo and Zang, 2008) geophysical survey
(Surge, 2021). The Ootsa-Berg project (Figure 1) is host to 4
advanced porphyry projects, including the undeveloped Berg
copper-molybdenum-silver porphyry deposit. In June-July
2021 a ZTEM helicopter natural field electromagnetic and
magnetic survey was flown over Ootsa-Bergand theresultstha
focus on the Berg porphyry copper deposit and nearby
occurrences are described in this study.

The Berg and Ootsa properties are adjoined on the west side
with Berg project lying immediately northwest of Imperial
Metals’ Huckleberry porphyry Cu-Mo-Ag mine and mill
complex, and the Ootsa property to the southeast (Figure 1).
The two properties cover a total combined area of >120,000
hectares and encompass the Seel-Huckleberry-Berg porphyry
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trend. The Berg claims were initially prospected in the late
1920°’s by Cominco but the Berg porphyry system was
discovered by Kennecott following trenching and drilling in
1964. Subsequent exploration drilling by operators Placer
Dome, Terrane Metals, Thompson Creek Metals, CenterraGold
and now Surge Copper total over 56,000 m in 224 holes. A
resource estimatein 2021 established ameasured and indicated
mineral resource of 610 Mt grading 0.27% Cu, 0.03% Mo and
3gt Ag. The Berg deposit currently remains undeveloped
(Norton et al., 2021).

OOTSA-BERG PROPERTY LOCATION
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Figure 1: Ootsa-Berg Property location, showing nearby
Huckleberry Mine and regional deposts in north central
British Columbia (modified after Purich et al., 2016).

ZTEM (z-axis tipper electromagnetic; Lo and Zang, 2008;
Legault et a., 2012) helicopter natural field EM has been
widely used in porphyry copper exploration for >15 years in
mappingresistivity contrasts that characterize porphyry copper
deposit alteration systems (Hoschke, 2011). ZTEM case-study
examples over porphyry deposits include Lo and Zang (2008)
in Safford, Arizona, Holtham and Oldenburg, (2010) at
Bingham Canyon, Utah, Izarraet al. (2011) at Copaquire, Chilg,
and Burge (2014) at Cobre Panama. ZTEM examples in
Western Cordillerainclude Sattel et al. (2010) at Mt Milligan,
BC, and Leeetal. (2017) at Morrison, BC, and Paréet al. (2012)
at Pebble, Alaska.

The Berg ZTEM-Magnetic case study has been presented in
Legault etal. (2022). This paper adds to that study by presenting
a new targeting approach, described in Legault (2023ab) tha
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uses a semi-automated, machine-learning (ML) assisted
approach that includes: Structural Complexities (SC), Self-
Organizing Map (SOM) classifications, and Supervised Dep
Neural Network (SDNN) approach to mineral targeting.

Geology and Mineralisation

Berg (Figure 2) is a classic calc-akaline Cu-Mo porphyry
deposit, which are typically marked by complex alteration
zones that areusually centred around an intrusive complex. The
Berg mineralisation forms an annulus along the contact
between the 50 Ma quartz monzonite stock and the hornfelsad
Hazelton Group volcanic rocks and quartz diorite which it
intrudes (Norton et a., 2021).

OOTSA-BERG MINERAL OCCURRENCES & ZTEM SURVEY
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Figure 2: Plan view of the Ootsa-Berg porphyry project,
showing the four main porphyry occurrences (Berg,
Ber gette, Ox, Seel) and nearby Whiting Creek prospect and
Huckleberry Mine (green sar), with ZTEM flight lines
(Berg-black & Ootsa-blue) overlaid on contoured
topography (modified after www.sur gecopper.com).

Hypogene mineralisation at Berg is characterised by severd
generations of veining. Disseminated mineralisation containing
copper and molybdenum is only important in the outer anulus
of the quartz monzonite stock and in the adjacent volcanic roks
and quartz diorite. Associated alteration envelopes are either
potassic or sericitic. A well-developed supergene enrichment
blanket is superimposed on the hypogene mineralisation, and
consists mainly of chalcocite, covelliteand digenite, with trace
amounts of copper oxides in the overlyingleached cap. The
surroundingphyllicand propylic alteration zones are typically
poor in Cu+/-Mo sulphides (Norton et al, 2021). Mineralisation
at Berg isopen to depth and outward from the Berg monzonite
Stock. The deposit has been shown to have excellent vertical
continuity with significant mineralisation intersected greater
than 550m below surface (www.surgecopper.com).

Another known mineral occurrence of importance on the Berg
property is the Bergette prospect that lies 10 km east of the Berg
deposit (Figure 2-Figure 3). Bergette consists of alarge gossen
and mineralisation is marked by strong Cu-Mo responsein
soils, across a2x5 km northeast trending zone. Limited drilling
and mapping indicate that Bergette is underlain by Hazleton
Group volcanic and sedimentary rocks, intruded by
granodioritic Sibola stock. Sulphides occur in breccias and
fractures. An AeroTEM 111 (Allard, 2007) helicopter TDEM

Legault et al.

survey over the Berg-Bergette areain 2010 shows that Bergette
has a similar size resistivity response (Norton et al., 2021).

At the Tara/Sibola occurrence, roughly 5.5 km NE of Bergette
(Figure 2 & Figure 3), low-grade porphyry-style mineralisation
ishosted in afelsic stock and occurs within the central part of a
broad gtz-sericite-pyrite ateration zone (S. Ebert, SCC, pers.
comm., 03-2022).

METHOD AND RESULTS
Helicopter ZTEM Natural Field EM and Magnetic Survey

Helicopter-borne geophysical surveyswerecarried out over the
Ootsa-Berg Project from June 8th to 30th, 2021, on behalf of
Surge Copper Corp. Principal geophysical sensorsincludedaz-
Axis Tipper electromagnetic (ZTEM) system (Lo and Zang,
2008), and acaesium magnetometer. Two Geotech ZTEM base
station sensors measured the orthogonal, horizontal X and Y
components of the natural EM field. Data from the three coils
are used to obtain the Tzx and Tzy Tipper (Labson etal., 1985)
in-phaseand quadrature components at six frequenciesin the 30
to 720 Hz band. A total of 4,224 line-kilometres were flown,
including approximately 1,779 line-km at Berg, along 300m
spaced, north-south oriented flight lines and 3 km spaced east-
west tie lines. The nominal EM bird terrain clearance was 85
metres, and magnetic sensor clearance was 100 metres. The
Berg survey block is relatively rugged, with >1,600 m of verticd
relief, particularly in the Berg porphyry region (Figure 2).

TOTAL MAGNETIC INTENSITY (REDUCED-TO-POLE)

Figure 3: Total magnetic intensity (reduced to pole),
showing Berg porphyry and other occurrencesfrom Figure
2, and highlighting some featuresof interest.

ZTEM and Magnetic Survey Results

Figure 3 presents the reduced to pole (RTP) total magnetic
intensity results, and the corresponding Berg porphyry and
other mineral occurrencesfrom Figure2. The magnetic results
highlight a prominent, large (~1.5x1.5 km), magnetic low
feature centred on the Berg porphyry, which is in turn
surrounded by areverse C-shaped magnetic high. Worthwhile
noting that similar ring-like magnetic patterns observed over
the porphyry copper cluster at Cobre Panamaareinterpreted to
represent demagnetized areas due to porphyry-related phyllic
alteration (Burge, 2014; Legault et a., 2016). Conversely,
Bergette lies within a magnetic high but is indistinct
Tara/Sibolaoccursinlow magnetic rocks but lies adjacent to a
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small, intrusion like magnetic high feature. Other distinctive
circular or ring-likemagnetic high and low signatures are noted
across the Berg Project.

The RTP magnetic data were then analysed for structurd
complexity (SC), using the Geosoft CET (Center for
Exploration Targeting) grid analysistool (Holden et a., 2012).
The CET SC analysis tool outputs two parameters: i) the
Contact Orientation Density (COD), and the Orientation
Entropy (OE). Figure 4 presents the SC-derived COD image
As shown, the structural complexity highs are concentrated in
areas with porphyry occurrences.

MAGNETIC CONTACT OCCURRENCE DENSITY (COD)

Commet Cucwsmncn [mnany £ 00y

Figure 4: Structural complexity (SC) analyss of magnetic
data, showing the Contact Occurrence Density (COD), over
mineral occurrences and inferred faults (dashed lines), and
magnetic ridges.

Figures 5ab present the ZTEM tipper data, displayed as both
Total PhaseRotation and Total Divergence (DT; Lo and Zang,
2008) at the 90 Hz frequency. The TPR and DT image map
resistivity variationsin plan, in addition to artefacts caused by
topography (Sattel and Witherly, 2012). The TPR and DT
image highlights the pronounced circular or ring-like pattern
anomaly over the Berg porphyry, which also agrees with the
annular geology and ateration patterns that occur within the
deposit. Similar ring-like patterns are observed in ZTEM dda
over other porphyries in Western Cordillera, such as Pebble,
Morrison, and Mt Milligan, and elsewhere. Other circular/ring-
like DT signatures arealso defined acrossthe Bergsurvey ares,
includingat Bergette, whereas Tara/Sibolalies alongstrike with
alinear conductive featurein the TPR and DT (Figure 4ab).

A) ZTEM TOTAL PHASE ROTATED (TPR) IN-PHASE (090 Mz)

Figure5: a) ZTEM In-phase Total PhaseRotation (TPR) at
90Hz, and b) Total Divergence(DT) at 90Hz, showing Berg
porphyry and other occurrences from Figure 2, and
highlighting some featuresof interest.

ZTEM and Magnetic Inversion Results

The ZTEM data have been converted to equivalentresistivity -
depth distributions using 2D and 3D ZTEM inversions, with the
Geotech Av2dtopo code (Legault et al., 2012) and UBC
MT3dinv code (Holtham and Oldenburg, 2008), respectively.
Both the 2D and 3D inversionsaccount for topography and used
500 and 750 ohm-m half-space apriori start models,
respectively. Figure 6apresents the 2D resistivity depth slicea
-300m and Figure 6b presents the 3D inversion result at -300m
depth. Both depth slices are shown with identical colour bars
(~100-3k ohm-m). Theimages in Figure 5ab resemble each
other reasonably well, includingwell defined conductive centre
that coincides with the main Berg porphyry. However, the 3D
inversion depth slice defines additional conductive anomalies
not observed in 2D, particularly over Bergette.

Figure 6 presents the corresponding 3D magnetisation
amplitude depth slice at -300m, obtained from the Geosoft
VOXI MVI 3D inversion code (Ellis et a., 2012), which
accounts for magnetic remanence. Berg is clearly marked by a
ring-like magnetisation high that surrounds a low magnetic
core, most likely reflecting alternating magnetite enrichment
and depletion due to hydrothermal ateration. In contrast, as
seen inthe RTP results, Bergette and Tara/Sibolaboth coincide
with high magnetisation amplitude signatures.
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Figure6: a) ZTEM 2D resgtivity depth dice at -300m depth,
and b) ZTEM 3D resigtivity (red polygon) at -300m depth,
highlighting some featuresof interest.

MVI 3D MAGNETIZATION AMPLITUDE DEPTH SLICE (-300M)

Figure 7: 3D MVI magnetisation amplitude depth dice at -
300m depth, highlighting some features of intereg.

Figure 8 presents the multi-parameter 2D and 3D inversion
results as cross-sections along north-south line L1200 across
the centre of the Berg porphyry copper deposit. Figures 7bc
comparethe ZTEM resistivity cross-sections obtained using 2D
and 3D inversion. As shown, the ZTEM signatures from both
inversions over Berg porphyry, which feature a slightly more
resistive inner core that is surrounded by a more conductive

Legault et al.

outer shell, agreewith theannular lithologic, mineralisation and
ateration halo known to exist at Berg. The 3D inversion results
further suggest that Berg’s conductive phyllic halo extends to
great depth as well as outward into the country rocks. Figure 7a
presents the corresponding 3D MVI magnetisation amplitude
section for L1200. The section shows that Berg occursin a
relative magnetic susceptibility low, likely reflecting magnetite
depletion due to porphyry related hydrothermal alteration.

ZTEM 3D Synthetic Modeling

Results of 3D ZTEM synthetic modeling of the schematic Berg
porphyry deposit are presented in Figure 9. The ZTEM
modelling utilized an unstructured tetrahedral grid and a
mimetic finite difference code based on the MT modelling
program presented by Jahandari and Bihlo (2021). Figure 9c
shows the calculated tipper response for 90 Hz. The ZTEM
tipper values successfully indicate the presence of the porphyry

deposit model, significantly overprinted by topographic effects.
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Figure 8: Multi-parameter 2D-3D inversion cross-sections
along north-south L1200 across Berg por phyry deposit: a)
3D MVI magnetisation amplitude inversion; b) 3D ZTEM
resgivity inversion, and c) 2D ZTEM resgtivity inverson.

A) 3D SYNTHETIC MODEL FOR I!IG PORPHYRY (PLAN VIEW)
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B) 30 SYNTHETIC MODEL FOR BERG PORPHYRY (SECTION VIEW)

I8 vy o A Layer
00

[ FXINe
« SO agy

»

. (“"
S ok O ST w. ,
f:’;mi‘ I Sy U

. b

g S iV

e T
-

T8 o i
- A ~ay

Figure 9: 3D ZTEM synthetic model for Berg porphyry
depost: a) Plan view of 3D model showing ZTEM tipper
sites on topography approximated using tetrahedral grid
mesh design; b) NS cross section view showing tetrahedral
grid mesh design of subsurface resstivity model.

Mineral Targeting Porphyry Copper Deposits

Using recent examples of semi-automated, machine-learning
assisted targeting using airborne geophysics applied to orogenic
and epithermal gold-silver (Kwan and Legault, 2023; L egault
et al., 2023), a similar mineral targeting approach has been
tested for hidden porphyry copper deposits using the Berg
ZTEM and magnetic survey results. The approach usesasemi-
automated, machine-learning (ML) assisted method that
includes: Structural Complexities (SC), Self-Organizing Map
(SOM) classifications, and Supervised Deep Neural Network
(SDNN) targeting of the geophysical data.

€) IN PHASE (REAL) COMPONENTS FROM SYNTHETIC 3D MODEL
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Figure 10: Calculated In-phase tippers for 3D ZTEM
synthetic model of Berg porphyry depost presented in
Figure9.

Self-Organizing Map (SOM) are useful tools in analysing and
classifying multiple datasets. The magnetic SC data (COD +
OE), the 3D ZTEM inversion data (-300m resistivity depth-
slice), and the 3D MVI inversion data (-300m magnetisation
amplitude depth-slice) wereused as inputs and classified using
the Geosoft SOM GX tool (https://geosoftaxdev.atlassian.nef).
Asshownin Figure 11, the anomalous SOM classes (12t0 17)
coincidewith theknown porphyry copper occurrences, namdy
Berg and Bergette, as well as lesser showings.

SELF-ORGANIZING MAP (SOM) CLASSES

Figure 10: Self Organizing Map (SOM) reaults, showing
anomalous SOM classes covering all the known porphyry
copper occurrences, including Berg and Bergette.

The final mineral targeting step used the Supervised Deep
Neural Network (SDNN) module in Google TensorFlow
version TF2.30 (https://www.tensorflow.org/). Thetraining of
the SDNN was performed on the Berg deposit area(Figure 12)
usingthemagnetic COD and OE layers, the SOM classification
results, the ZTEM 3D -300 m resistivity depth slice, and the
MVI 3D -300 m magnetisation amplitude depth slice
information,. The top 3.3% probability was selected for
porphyry targeting (Figure 11b).
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Figure 12: (A) Berg depost training area for SDNN, (B)
top 3.3% target probability cut-off for targeting.

The SDNN targeting was then applied to theentire Berg survey
area, using similar multi-parameter data inputs as used in the
initial SDNN training. Figure 12 presents thetop 3.3%targeting
probabilities over the DEM data, and the selected targets, T1-
T4, whichinclude Berg (T1) and Bergette (T2) aswell as two
other targets that also host known mineral showings and
therefore represent potential areas for follow-up.
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SDONN TARGETING PROBABILITIES AND SELECTED TARGETS
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Figure 12: The SDNN top 3% probabilities over the DEM

data and the selected potential porphyry targets(T1-T4),
including Berg (T1) and Bergette (T2).

CONCLUSIONS

TheZTEM and magnetic results from the Berg Project present
an excellent opportunity to study the geophysical signatures
over an undeveloped yet significant porphyry copper deposit
and the surrounding region. The Berg survey has led to the
successful characterisation of the known porphyry deposit
based on resistivity and magnetic susceptibility. The ZTEM
survey results, assisted by 2D and 3D inversions, appearsto
map al the known porphyry deposits and occurrences at Berg,
includingthe Bergette target. 2D-3D inversion analyses appear
to confirm the bedrock source of conductivity that extend from
surface to >500m depths. The magnetic and ZTEM results at
Berg closely resemblethose previously found in ZTEM surveys
in the Western Cordillera, such as Morrison, Pebble, and Mt
Milligan, including alteration-related, ring-like conductive
highs that surround higher residtivities in the core and similar
ring-like magnetic highs surrounding magnetic lows in the
porphyry centres. The magnetic response is expected to be
caused by magnetite enrichment in the outer halo and depletion
inthecentre. Theincreased conductivity within the mineralized
porphyries at Berg show reasonable correlation with moderate
to weak intensity phyllic alteration associated with hypogene
mineralisation.

Finally, an approach for porphyry targeting has been tested,
which uses asemi-automated, machine-learning(ML) assisted
method that includes: Structural Complexities (SC), Self-
Organizing Map (SOM) classifications, and Supervised Degp
Neural Network (SDNN) targeting of the geophysical data. SC
analysis of magnetic results has shown a close relationship
between areas of structure intersection density and orientation
diversity and the known porphyry occurrences. The SOM
analysis showed the most anomalous classes coincidewith the
known porphyry copper occurrences, and other showings.
Finally, the SDNN analysis, using Berg deposit as a training
area, identified four main target areas that include both Berg
and Bergette, aswell astwo other known mineral showings and
that represent potential areas for follow-up.

Legault et al.
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Reconciling the previously incompatible through the continental

scale AuUsAEM survey

Alan Yusen Ley-Cooper*, Ross C. Brodie, Anandaroop Ray and Neil Symington

Geoscience Australia,

SUMMARY

Geoscience Australia (GA) has acquired hundreds of
thousands of line kilometres of airborne electromagnetic
(AEM) data over the years to better understand the
Australian subsurface. A morerecent planned approach of
acquisition has been the AusAEM programme. This
systematic effort has delivered extensive detailed
conductivity-depth-modelsover large swaths of land. This
effort will deliver a continental-scale, long lasting
geophysical dataset. Simultaneously, GA's in-house
processing and inversion codes enable the seamles
integration of conductivity models from both helicopter
and fixed wing systems, compatibility of X and Z
component data from the same survey, as well as the
reconciliation of historical and recent datasets. Of
particular note, is the reprocessing of data using the
magnitude of the measured magnetic field in the plane of
the inline flight direction. It deals with many transmitter-
receiver geometry problems and leads to glitch-free
subsurface images. GA’s efforts in advancing the
modelling and inversion codes haveverified the presence
of geological units at deeper depths in stratigraphic
seguences than we were able to resolve pre-2016. The
concerted development of a strategic acquisition program
together with modellingand inversion codes have allowed
us to stitch together a nearly continent-wide dataset.

Key words Airborne electromagnetics, Australia
exploration; regional studies, time-domain AusAEM,
Inversion, GA-LEI, HIQGA.

INTRODUCTION

Using an aircraft for mapping the electrical conductivity of
subsurface materialsis non-invasiveand cost-effective. AEM
surveying is a geophysica method that assists in
understanding the composition, internal architecture and
thickness of its vast sediment cover to unveil Australia’s
hidden geology.

Australia has a long history of AEM use. Some early
acquisition trials date back to the early 1990s. Since then,
AEM surveys have become an important tool for various
applications, and are increasingly essential for exploring
minerals, groundwater mapping, and environmental studies.
To further understand the country’s subsurface, Geoscience
Australiahas acquired hundredsof thousandsof kilometres of
airborne electromagnetic data over the years. The recent
AUusAEM programme was designed to systematically acquire
AEM across much of the continent (Ley-Cooper etal. 2020).
This effort has delivered extensive detailed conductivity-depth
models over large swaths of land at a scale that previoudy
seemed unlikely to be accomplished or found useful.

The effort invested in planning and acquisition aswell as the
modelling will lead to a new generation of active source
geophysics to complement GA’s continental-scale legacy
passive geophysical datasets such as the magnetic (Milligan et
al. 2009), gravity (Laneetal. 2019) and radiometric (Minty e
al. 2009) compilations. Results of the AusAEM imaging
(Figure 1) has aready started showing rich dividends in
spurringeconomic activity in the search for minerals, as well
as the conservation of water resourcesin rural Australia We
areconfidentthe AUSAEM dataset will beakey componentin
ensuringasustainable and prosperousfuturein Australiaaswe
transition to a green economy.

METHODSAND RESULTS

Harmonisng AEM models from helicopter, fixed-wing,
historic and current datasets.

Given the extent of the AUSAEM programme (over 200,000
line-km and increasing), we have hadto cater to the acquisiion
of time-domain electromagnetic data using both helicopter-
borne and fixed-wing systems. The two types of AEM
platforms have noticeable differences in their acquisition
parameters including flying heights, transmitter dipole
moments, waveforms, transmitter and receiver geometries,
frame types and aerodynamic stability, speed of acquisition,
and receiver gate times.

When dealingwith various AEM datasets acquired at regiond
to continental scales, unlike for potential field data, simple
levelling from surveys and different systems would yield a
patchwork of channel datawith a high degree of incoherence
Instead, as data are acquired, we invert them to conductivity
with similar inversion parameters, while taking care that
acquisition parameters such as flying height and geometry
remain within a small set of humanly achievable, safe and
acceptable bounds. Inversion enables the conversion from
transient electromagnetic decays measured in Teslas or Volts
into individual quantitative conductivity-depth models, which
we stitch together as subsurface profilessuitablefor geologicd
interpretation. We use the AEM conductivity and depth
models as proxies for near-surface geological architecture and
natural resource (e.g., groundwater aquifers or sulphide
deposits) or natural hazard (e.g., saline intrusionsin drinking
water) hosting materials.

Despite their dissimilar characteristics, al AEM systems
should ultimately model and image broadly similar subsurface
geology. Geoscience Australiahas developed asuite of open-
source algorithms GALEI (Brodie 2015) and HiQGA (Ray et
al. 2022), which can deterministically and stochagtically invet
data collected by most currently operational AEM instrument
systems. We have derived al the AusAEM conductivity
sections from these GA open-source algorithms. As detailed
next, this is done by a careful treatment of acquisition
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AusAEM Continental-scale

parameters, without using processed “nominal” values for
transmitter-receiver (Tx-Rx) geometries.

A crucia step in the development of GA codes and AEM
system calibration is semi-quantitative subsurface validation
by overflying different systems over the same geology and
high-altitude flights over the Menindee test range in New
South Wales. This also allows us to measure survey noise
levels and understand inversion stoppage criteria

Reconciliation of fixed-wing Bx and Bz magnetic field
component data, through a vector -sum inversion.

In most fixed-wing systems, becausethe Tx is mounted onthe
aircraft, Tx height above ground and orientation (roll, pitch
and yaw) are routinely measured as part of navigation.
However, the imprecise knowledge of Tx-Rx relative
geometries and estimating the Rx bird position in fixed-wing
aircraftis particularly challenging for modelling conductivity.
Inaccurate geometry information propagates into subsurface
conductivity images, making inversion impossible, incorred,
or in the best-case, noisy.

When using secondary-field data processed under the
assumption of anominal orientation-geometry with imprecise
primary-field removal, we routinely have found that the Bx
and Bz data can often be independently inverted to different
conductivity models but cannot simultaneously be inverted
with the same model. As discussed previously, this problen
usually stems from inaccurate decomposition of the primay
and secondary fields in the initial data processing and the
subsequent inaccurate estimation of the system geometry
calculated from the poorly determined primary-field. To
circumvent this, for GA’s inversion of TEMPEST fixed-wing
data, we invert thetotal field (primary plus secondary) Bx-and
Bz component data jointly to derive a layered conductivity
model regularised via a reference model and smoothness
constraints. To find an acceptable data misfit, we find it is
necessary to solve for three extra geometry parameters as in
Figure2. Panel (1) Rx pitch, (2) Tx-Rx vertical (Dz) separation
and (3) horizontal (Dx) separation. The need to solvefor these
geometry parameters holds despite efforts to calibrate and
record the geometry and orientation with GPS and the Rx bird
inertial measurement unit (IMU) in fixed-wing systams
(Brodie et al. 2019). We use these IMU values as a starting
estimate, instead.

In a separatetypeof inversion, we have been usingas data the
magnitude of the vector sum of the B field in the inline flight
direction. Inthisformulation, theresultingin-plane amplitude
datais derived using equation 1.

Bump = /BZ+ BZ . @)

Dedling with Bamp instead of joint Bx and B, reduces the
number of unknown parameters we need to solve for in our
inversions, as the formulation in (1) is independent of Rx-
pitch.

An examplefrom our separate XZ-component joint inversion
and combined XZ-vector-sum inversion (Figure 2) shows a
line segment from the AusAEM Western Resources Corridor
dataacquired over the Kimberley Region in WA. The geology
mapped in this area by Gellatly and Derrick (1967) and
Phillips et a. (2018), established that the Kimberley Group
consists of sandstone, basalt, siltstone, and carbonate rocks,

Ley-Cooper et al.

occasionally intruded locally by dolerite. Zhan (2022) recently
concluded that the siltstone components of the Pentecost
Sandstone, and the underlying Elgee Siltstone, could be
mapped in the AusAEM profiles because of the conductivity
contrasts within the surrounding resistive sandstone units.

In Figure 2, panel (4) shows an overall better datafit for the
modelled Bamp vector sum (blue) than our joint Bx and Bz
(black) expressed as a single value (PhiD). The closer the
value isto one, the greater the model represents the observed
data. In Panel (5), we show the observed (black), and modelled
(coloured) Z-component data for the joint Bx and Bz -
inversion, and similarly (6) the X-component data for the same
joint inversion. Alternatively, panel (7) shows the observed
combined XZ vector-sum inversion input data (black) and the
corresponding modelled (coloured) data. Panel (8) shows the
jointinversion results and (9) thevector sum inversionresults
as conductivity sections.

The geology in the leftmost 40 km of the section (panels (8)
and (9)), shows layers of aternating conductivity within the
asymmetric synclines, which is consistent with the mapped
bedrock geology by Phillips et a. (2018). Panel (9) (vector-
sum inverted section) shows a deeper coherent conductive
layer associated with siltstonesthat has not been imaged in (8).
In addition, sub-horizontal conductors are resolved more
discretely in (9) than in (8), at 30 km and 50km distancesfrom
the right side of the section.

Patching the new data with the old legacy data or vice-
versa

Hundreds of thousands of line-km of AEM data have been
flown by the exploration industry and hydrogeologistsall over
Australia. The largest Australian state, WA, reports the
acquisition of closeto 800 individual surveyssincethe 1990s,
of which only 35 have been acquired by the government.
Similar trends of private-to-public acquisition are expected in
other states. However some of theselegacy datasets will have
missing information and may never have been quantitativey
modelled. To extract useful subsurfaceinformation from these
disparate AEM datasets, we need to invert them usingsimilar
procedures to the more modern regional surveys. Previous
work by Ley-Cooper etal. (2015, 2016) and morerecently by
Muleand Brodie (2023), have shownthe value of reprocessing
historic data with more modern inversion schemes.

As part of GA’s work in assessing regional groundwater
resources, we reinverted 36,000 line-km of high-resolution
AEM data acquired originally for mineral exploration. These
11 surveys from the Musgraves region of Western and South
Australia (Symington et a. 2022) were flown with the
SPECTREM system. Thiswas aset of challenging surveysin
which the actual geometry of the system was not known, and
the primary field had been removed during the original
processing. Following the primary field reconstruction
process and converting the data from ppm units to Femto
Teslas as outlined by Ley-Cooper & Brodie (2013), the
reprocessed data were successfully inverted using the XZ-
vector-sum inversion. The new conductivity-depth structure
recovered from these surveys are quite compatible with those
obtained from a fixed-wing system as part of the AusAEM
survey (Figure 3). Theintegrated conductivity models from
both surveys will be used to map palaeovalleys for assessng
regional groundwater resources, and shows the value of legacy
data.
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CONCLUSIONS

To reconcile differences in AEM systems and models from
different surveys through geophysical inversion, we use a
consistent approach across surveys, different systems and
historical datasets. This means the same mathematical
algorithms and constraints are applied to the dataset —
regardless of the equipment used. This ensures that the
resulting models are comparable and can be used to make
meaningful interpretations of the subsurface.

The in-house development of GA's codes alow for the
flexibility to reprocessthedatain innovativeways, e.g., using
a vector sum magnitude of the measured components. This
approach makes the conductivity models smoother, providing
more lateral coherence at depth. It effectively deals with
needing to know the Rx-pitch exactly and reconciles the
measured and modelled data better.

For inversion of measured voltages and fields to
conductivities, we use electromagnetic physics, and High-
Performance Computing tools to estimate the geology of the
subsurface. Theseimprovements lead to better imaging, as in
the case of Kimberley, where we have helped delineate a
sequence of sandstones and siltstones within a known
syncline. The benefits of our acquisition and technical
development efforts as part of AUSAEM are many, from
improving our ability to map the subsurface for minerals,
energy and groundwater purposes, to extending the utility of
fixed-wingsystemsfor thewider METS(Mining, engineering
and technology services) sector.

ACKNOWLEDGEMENTS

The authors acknowledge Geoscience Australia’s Exploring
for the Future Programme (https://eftf.ga.gov.au). The
valuable input of many colleagues from across Geoscience
Australia, has helped throughout the different stages of the
AUSAEM programme. This work is published with the
permission of the CEO, Geoscience Audralia. Any mention
of trademarks, firms, or product names is merely for
descriptive or illustrative purposes and does not imply
endorsement by Geoscience Australia.

REFERENCES

Brodie R.C., 2015. User Manual for Geoscience Australia’s
airborne electromagnetic, inversion software. Geoscience
Australia. https://github.com/GeoscienceAustralia/ga-aem

Brodie R.C., Ley-Cooper, Y., Lockwood R. and Murray D.
2019 AusAEM Year 1: Some aspects of quality control and
calibration. AEGC Extended Abstracts 2019 (1), 1-5.

Gellatly, DC and Derrick, GM 1967, Lansdowne, Western
AustraliaGeological Survey of Western Australia, 1:250 000
Geological Series Explanatory Notes, 26p.

Lane, RJL. ; Wynne, P.E. ; Poudjom Djomani, Y. ;
Stratford, W.R. ; Barretto, JA. ; Caratori Tontini, F. (2019):
2019 Australian National Gravity Grids: Free Air Anomaly,
Complete Bouguer Anomaly, De-trended Global |sostatic

Residual, 400 m cell size (includes Point Located Data).
.dataset. http://pid.geoscience.gov.au/dataset/ga/133023

Ley-Cooper, A. Y., & Brodige, R. C. (2013). Inversion of
SPECTREM AEM datafor conductivity and system
geometry. ASEG Extended Abstracts, 2013(1), 1-4.

Ley-Cooper AY, Munday T, Gilfedder M, Ibrahimi T,
Annetts D, and Cahill K, 2015, Inversion of legacy airborne
electromagnetic datasets to inform the hydrogeological
understanding of the northern Eyre Peninsula, South
Australia,Goyder Institute for Water Research Technical
Report Series No. 15/50, Adelaide, South Australia.

Ley-Cooper AY, Munday T, Gilfedder M, Ibrahimi T, and
Cahill K, 2016, Analysis and reinterpretation of historical
AEM data sets: McArthur Basin, NT. Conference: Annual
Geoscience Exploration Seminar (AGES) Proceedings ,At:
Alice Springs, Northern Territory Volume: 2016

Ley-Cooper, A.Y ., Brodie, R.C., and Richardson, M., 2020.
AusAEM: Australia’s airborne electromagnetic continental-
scale acquisition program, Exploration Geophysics 51(1):
193-202, DOI: 10.1080/08123985.2019.1694393

Milligan, PR, Minty, BRS, Richardson, M and Franklin, R.
2009. The Australia-Wide Airborne Geophysical Survey -
Accurate Continental Magnetic Coverage. ASEG Extended
Abgtracts 2009 (January 1, 2009):
https://doi.org/10.1071/ASEG2009ab075.

Minty, B, Franklin, R, Milligan, P, Richardson, LM and
Wilford, J 2009, 'The Radiometric Map of Australia,
Exploration Geophysics, vol.40, no.4, pp. 325-333.
https://doi.org/10.1071/EG09025.

Mule, S. and Brodie, R.C (2023). Leveraging the true value
of historic AEM data sets with quantitative inversion. AEGC
Extended Abstracts, 2023(1), 1-5.

Phillips, C, Maidment, DW and de Souza Kovacs, N 2018,
Lansdowne, WA Sheet SE 52-5 (2nd edition): Geological
Survey of Western Audtralia,1:250 000 Geological Series.

Ray A., Taylor R., Symington N., Brodie R.C. Ley-Cooper
Y. and Moghaddam N. F., 2022, High Quality Geophysical
Analysis software package.
https://github.com/GeoscienceAustralial HIQGA .jl
Geoscience Australia eCat |d 146706

Symington, N., LeyCooper, Y., Smith, M. 2022. West
Musgrave AEM conductivity models and data release.
Geoscience Audtralia, Canberra.
https://dx.doi.org/10.26186/146278

Zhan, Y 2022, Airborne electromagnetic survey, northern
Western Australia: an integrated interpretation of selected
features: Geological Survey of Western Australia, Report
234, 78p.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 3



Figurel. Current extent of theinverted AUSAEM survey conductivity sections (red=conducting, blue=resistive), projected over
acontinental filtered Bouguer gravity map. The contiguous continental AEM coverageiswhat Geoscience Australia aspiresto

acquirein the near future.
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Figure?2. Representative conductivity-depth section of a~120 km long line ssgment from AusAEM Western Resour ces Corridor
Line 4130001, from the northern Kimberly in the WA, flown North-South. Details of panels arein the text. In panel (8), we
show a section derived fromthestandard separateXZ joint inverson GALEI algorithm, andin panel (9), weillustratea section
from GALEI combined vector-sum XZ inversion. Models derived by the vector sum XZ inversion highlight improvementsin
the coherence at depth, have a better resolution of sub-horizontal conductors and removal of glitches between individual

soundings at the base of the conductivity section.
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Figure 3. AUSAEM Western Resource Corridor regional dataacquired in 2022, integrated with legacy industry data acquired
in 2009. New inversions seamlesdy delineate the dendritic patternscharacterisic of palaeovalleys acrossboth surveys.
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subsurfaceinformation. By inverting closely spaced soundings
SUMMARY acquired rapidly by low-flying aircraft travelling at speeds of

The High Quality Geophysical Analysis (HIQGA)
package is a framework for geophysical forwad
modelling, Bayesian inference, and deterministicimaging
A primary focus of the code is production inversion of
airborne electromagnetic (AEM) data from a variety of
acquisition systems. Adding custom AEM systems is
simple using a modern computational idea known as
multiple dispatch. For probabilistic spatial inferencefrom
geophysical data, only a misfit function needs to be
supplied to the inference engine. For deterministc
inversion, a linearisation of the forward operator (i.e,
Jacobian) is also required. For fixed wing geometry
nuisances, probabilistic inversion is carried out using
Hierarchical Bayesian inference, and deterministc
inversion for these nuisances is done using BFGS
optimisation. Thecodeis natively parallel, and inversions
from a full day of production AEM acquisition can be
inverted on thousands of CPUs within afew hours. This
dlows for quick assessment of the quality of the
acquisition, and provides geological interpretas
preliminary  subsurface conductivity images and
associated uncertainties. These images are used to creae
subsurface modelsfor arange of applications from naturd
resource exploration to its management and conservation.

Keywords: Inversion, open-source, Julia, airborng
electromagnetic, Occam, Bayesian.

INTRODUCTION

Airborne electromagnetic (AEM) methods are a mainstay for
geophysical imaging of the top hundreds of meters of the
Earth’s crust. While AEM has been in use for decades (Palacky
and West, 1991), until relatively recently, it has been used
largely as a “bump finding tool”. To be explicit, currents are
induced in the earth using a transmitted, time varying pulse
from an airborne antenna, in accordance with Faraday’s Law.
Thesecondary magnetic field dueto theseinduced currents ae
then picked up by an airbornereceiver. For a system operating
in the time domain, the induced response is often anomalous
(i.e., has “bumps”) in the presence of conducting
heterogeneities within resistive host rock. While these bumps
are useful to first order for locating anomalous ore bodies,
quantitative physics modelling to match the earth responsg
typically through an inversion routine, provides far more useful

over ahundred kilometres an hour, large swathes of land can be
surveyed quickly. High performance inversion tools can then
generate images of the earth’s conductivity structure down to
approximately 300 m depth. Theseimages allow for geological
interpretation of the subsurface for avariety of purposes from
geotechnical investigation to natural resource exploration,
management and conservation (see Brodie, 2010 for an
overview).

While there exist various software packages for inverting AEM
data, e.g., the Aarhus Workbench (based on Auken and
Christiansen, 2004), therearefew which are open source (e.g.,
the Python-based SIMPEG, Heagy et al., 2017), and handle
most commercially available AEM systems (e.g., the C++ code
GA-AEM, Brodie, 2016). Of the just-listed references, GA-
AEM is fully open source, capable of inverting hundreds of
thousands of soundings in parallel and can carry out both
probabilistic and deterministic inversion of production AEM
data. In this work, we present HIQGA, a Julia language
(Bezanson et al., 2017) based code which is open source, and
caninvert high-density productionAEM datain an HPC (High
performance computing) environment. For AEM data, it is the
only codebase we are aware of which can carry out both
probabilistic and deterministic inversion, while taking fixed-
wing geometry nuisance parameters into account.

METHODS

HiQGA is a multi-physics inference and imaging codebase
which is agnostic to the spatial dimension of the geophysicd
modelling and inversion being carried out. For probabilistic
inversion, HIQGA uses a Gaussian process (GP) based trans-
dimensional inference scheme (Ray and Myer, 2019; Ray,
2021). For deterministicinversion, it uses an Occam inversion
scheme (Constable et al., 1987) with a within-bounds
modification. Given the “multiple dispatch” capabilities of the
Julia language, for any new geophysical method added to the
framework, no HiIQGA source code needs to be modified.
Available functions are simply imported and extended, leading
to arich codebase suitablefor both prototypingand production
work. Juliais also natively parallel, obviatingthe use of bolt-on
parallelisation after serial code has been written. The
framework provides a natural testbed for joint inversions of
geophysical data— from an optimisation or inference point of
view, different types of geophysical observationsare equivalent
oncea negativelog likelihood (i.e., misfit function) normalisad
by dataerrors is provided.

The production AEM codes arefor 1D earth models, based on
thetime domain codes in Blatter et al. (2018). For deterministic
AEM inversion wherenuisances arealso inverted, thisis done

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



HIQGA AEM inversion

in a two-stage scheme employing Occam for conductivities and
a barrier enforced BFGS (Nocedal and Wright, 2006) for the
nuisance parameters. Probabilistic AEM inversion for any
geophysical nuisances is donethrough aHierarchical Bayesian
scheme (Gelman, 2006) with onereversiblejump Markov chan
step (Green, 1995) for conductivitiesfollowed by aMetropolis-
Hastings (Metropolis et al. 1953; Hastings, 1970) step for the
nuisances. This is done within an efficient parallel tempering
framework to overcome local likelihood maxima (Swendsen
and Wang, 1987).

TheHiQGA codebaseis easy to install and availablewithin the
Julia ecosystem. Fromwithin Julia, aninstallationis as simple
as issuingthe following command from the package manager:
Pkg> add HiQGA. All that is required is a computer with
internet connectivity. Under the permissive MIT license, source
code is available on Geoscience Australia’s (GA) GitHub
repository. Detailed install instructions for both a PC
(MacOSWindows/Linux) and a supercomputer environment
are available at
https://github.com/GeoscienceAustralia/HiIQGA.jl. A numbe
of examples to get started can aso be found in the examples/
folder at the above URL.

RESULTSAND IMPLEMENTATION DETAILS

A demonstration of the various kinds of AEM inversion
HiQGA can perform is shown at one sounding location in
Figure 1. The AEM data in the figure are from a TEMPEST
fixed-wing survey.
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Figure 1. Deterministic and probabilistic inversion of AEM
data at a sounding close to a logged bor ehole. Induction log
values are shown with a blue line, and determinigtic
inverson results taking geometry nuisances into account
are shown with a dashed red and white line. Higher
probability resigtivities are shown with hotter shades, and
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the5th, 50th and 95th posterior percentiles of resistivity are
shown with dashed black and white lines.

Deterministic inversion of a single sounding is quick and
completes within tens of seconds on one CPU. Probabilistic
sampling of one sounding requires 6-8 CPUs in parallel and
convergence to the Bayesian posterior conductivities requires
between 2 to 4 hours, dependingon the AEM system. However,
the confidence with which we can make geological
interpretations is far greater when using a probabilistic
inversion. Thisis evident from an inversion of data from a
SkyTEM 312 helicopter AEM system over the Upper Darling
floodplain, as shown in Figure 2 (deterministic) when
compared with Figure 3 (probabilistic). When studying
variation in the percentiles of conductivity acrossall soundings
in a line, far more interpretive detail can be gleaned when
contrasted with examining a single deterministic estimate of
conductivity across the line. This holds true for fixed-wing
systems aswell, as shown in Fi gur e 4 (deterministic) when
compared with Fi gur e 5 (probabilistic) for the TEMPEST
system flown over the Menindeetest linein New South Wales,
Australia. The location marked with a dashed vertical line
between 10 and 11 km line distance was previously examined
in detail in Figure 1. Irrespective of whether the reference
model for a deterministic inversion is resistive or conductive
the probabilistic inversion posterior conductivity percentiles
and their variation with depth give aclearer indication of how
conductivities behaveat depth. Thisis especially critical when
we lose sensitivity to structure with depth.

Finally, sinceall soundingsareinverted in parallel, bothin the
deterministic and probabilistic case, an entire day’s production
with over 100,000 soundings can be quality checked rapidly.
All soundings can be inverted deterministically within a few
hours, and afew subset lines or soundings of interest can dso
be probabilistically inverted within hours, given that the time
for one soundingisthe time for all soundingsif enough CPUs
are available. If the number of CPUs is less than what is
required to invert a set of soundings in one go, soundings ae
inverted in batches till all soundings in the set are exhausted.

CONCLUSIONS

We have presented the open-source Julia package HiQGA .jl,
which can carry out both probabilistic and deterministic
inversion of AEM data inclusive of geometry nuisances.
Algorithms available for this are trans-dimensional GP +
Hierarchical Bayes and Occam’s inversion + BFGS. The
usability barrier is low, as installation on a desktop computer
(Windows, MacOS or Linux) only requires installation from
within the Julia ecosystem. Examples can be run and plots
generated in notebook fashion, to provide quick intuition on
AEM system responsesand sensitivity to subsurface structure
The code is HPC ready, making it suitable for inverting large
datasets which now cover much of Australiaat 20 km between-
line resolution (Ley-Cooper et a., 2020).
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displays subsurface conductivity at metres above Australian height datum (mAHD). Notethe fine conductive near surface
layering, aswell asambiguity in thislayering between 17 km and 7.5 km line distance.
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Figure 3. Probabiligic inversion of thesame AEM data used inl Figure?2. Different percentiles of conductivity change similarly
for more certain features. Near surface structure between 17 km and 7.5 isnow clearly interpretable, compared to Figure 2.
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Figure 4 Deterministic inversion of fixed-wing data from the TEMPEST system. Asbefore, the first row from the top
indicatesfit to the data and the second row showstranamitter loop height. The next few rows show the receiver height (z_rx),
receiver inline distance to transmitter (x_rx), and the receiver pitch (pitch_rx) — with measured and inverted values given by
dashed and blue lines respectively. The bottom row showsthe inverted conductivity section. A lensshaped resstive structure
isclearly visble within Menindee Lake at line disancesfrom 6 km — 14 km.
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Figure 5. Probabilistic inversion of the same AEM data used in Figure 4. Again, smilar featuresin all percentilescan be
inter preted with confidence. It isquite certain that the subsurface at datum height below 0 m isresigivein the north-western
half of the line, when compared to the south-eastern half. Such a determination ishard to make from Figure 4 alone.
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SUMMARY

The BIPTEM project was funded by several companies
and developed a 1 MAm? transmitter which was tested
with a concentric loop B field inductive magnetometer in
2017. A report on the system was presented at AEM18.
With the rotation sensing and inertial navigation
technology availableat that time, motion noise corrections
to thecollected data did not perform well enough to justify
further substantial investment and the project was
mothballed.  Following improvements in fibre-optic
technology, and the announced future commercid
availability of breakthrough quantum rotation sensors,
Newmont funded research to improvethe BIPTEM systam
and test its ability to map | P targets.

Many experiments and flight tests were conducted, and
extensive software developmentswere undertakento bring
the system to full operation. Paralel modelling and
ground experiments showed that the optimum system for
IP effect detection has a large Tx and a horizontd
component Rx (separated by about 300m in the Slingram
geometry.

Key words. B field TEM Airborne IP Slingram

INTRODUCTION

Initial developments towards an airborne IP system were
conducted from 2011-2016 in AMIRA Projects P1036 and
P1036a. The AMIRA project developed and tested airborne
electric field sensors and the 3-component RMIT University
ARMIT B field sensor, but the RMIT proposal to continue
developmentin P1036b wasnot funded. I ndependently, Source
Geophysics, Monex Geoscope and Thomson Aviation
developed the hardware for an AEM/AIP transmitter and
receiver to house the ARMIT B field sensors.

Post the AMIRA projects, tests using a different (BIPTEM)
inductive magnetometer with concentric loop geometry
followed in 2017, but the available Russian molecula
electronic technology (MET) rotation sensors proved
inadequate to measure rotations accurately enough for the
required corrections to motion-noise affected B field data. The
project was then mothballed, with awatching brief focussed on
rotation measurement technology.

In 2021, new inertia navigation sensors (INS) came on the
market, and inexpensive sensors were announced for future
(2023) commercialisation at an order of magnitude or more
increased sensitivity; with afractionof the cost, szeand weidht
of other technologies With technology becoming available to

Duncan Massie
Monex Geoscope
duncan.massie @
monexgeoscope.com.au

Paul Rogerson
Thomson Airborne
Griffith, NSW
paul@thomsonair.com

address the shortcomings of the 2017 BIPTEM experiments,
Newmont Inc, CD3D, Thomson Airborne and Monex
Geoscope agreed to fund further development and field testing
of the BIPTEM system.

SYSTEM DESIGN

Choice of Sensor

Thereareseveral choices to bemadein an airborne EM systam
that is designed to measure | P effects. Thereare potentially 3
possible sensor choices to measure EM fields containing IP
information. These and the relevant considerations are
Electric E field sensors (1). Theoretically the electric field is
much more sensitiveto | Peffects than the magnetic field which
requires significant current flow to be detectable. One
implementation of such sensorswereinvestigated over adecede
ago in AMIRA Project P1036, and while the sensors had
sufficient sensitivity, atmospheric signals (coupling to rapidly
varying earth-ionosphere electricfield, wind carried charge on
dust particles) dominated observed responses

Coil dB/dt sensors (2) amost universally used in airborne EM
systems. These sensors have aresponse that falls off as 1/f
towards low frequencies, and hence havereduced sensitivity to
the slow decays characteristic of |P effects.

Magnetometers (3) measuring B fields which are much more
sensitive to | P effects that dB/dt sensor (Figure 1)

l T EZEETH
—
o — 4B dt
’E 0.5
Fo
-
0.5

10" )

time (ms)
Measured ground IP responsas with SQUID and coil

Duetal 2017

Figurel: Comparison over polarizableground of measured
decays between coil and SQUID sensors using the same
transmitter and receiver locations.

There are 3 B field vector sensor types commercialy usad in
electromagnetic geophysics: Fluxgates (which are too noisy),
SQUIDS (logistically inconvenient, Foley et al, 1999, Stolz &
al, 2022) and Inductive Magnetometers. (commonly used in
MT and AMT systems). Therearealso two types of inductive
magnetometers: feedback (e.g. Zonge) or current sensing (eg
ARMIT, Macnaeand Kratzer, 2013). nductive magnetometas
haveinternal noiselevel substantially less than ambient (sferic)
and rotation noise, so were chosen for BIPTEM.
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Motion Noise

Having settled on aninductive B field sensor, we choseacube

geometry based on an expired/abandoned UNB patent (duPuis i X
et al, 2008) which ensured orthogonality between inductive
magnetometers (Figure 2). Figure 3 shows asuspended test jig ! -

of the sensor layout on aplywood cubewith attached GPS and
inertial navigation IMU sensors.

Figure 4: Bz sensor coupling to the Earth’s magnetic field
Be changeswith rotationsR about thex and y axes, and can
be expressed as trigonometrical functions of the rotations
Rx, Ry and coupling angles 6, ¢ .

-

(e

Figure 2: Patent US7375529B2 Figure 10 depicting a good
layout for inductive magnetometer sensors with a high
moment of inertia (resstanceto rotation)

The reason motion (strictly rotation) noise is important is thet
magnetometers couple to the earth’s magnetic field Beg,
nominaly say 50,000 nT in amplitude. BIPTEM inductive
magnetometers have a sensitivity better than 0.5 pT, which is
more than 100 million times smaller than Be. Figure 4
illustrates that only rotations about the x and y axes affect the
magnitude of the z component measurement Bz due to the
earth’s field.

It is of note that inductive magnetometers do not have “DC”
magnetic field sensitivity, and as suchdo not detect Be directly,
but rather measure any changes due to coupling in the
bandwidth of the sensor/system from say 0.1 Hz to 50 kHz.

v i e Py »
Figure3: Test jig with 3 (x,y,z) component B field sensors
with rotation measuring hardware.
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Figure 5: Effect of rotation corrections (motion noise) on
measured B field during overflight of a transmitter

Figure 5 shows the result of motion noise corrections using
about 50 seconds of streamed datawith measured rotations and
an assumed background magneticfield. Quiteclear isthat away
from the transmitter, the predicted response matches the
observed data, and that corrections reducethevariationsseenin
the measured data
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Figure6: A central x directed horizontal sensor hasequal
and opposte senstivity to the circulating EM induced
current and reverse polarization currents either side of it.
If the surficial polarizable conductor isuniform, then there
isno net responsein the X (or Y) components at the central
position. A vertical Z component sensor responds to

circulating reversed |P currents froma largeregion within
and just outside the transmitter loop.

System Geometry Consderations

Most published studiesof | Peffects as seen from inductive EM
sources have used coil sensors measuringtherate of change of
the magnetic field dB/dt. Most IP effects seen in ground EM
have been attributed to clays. Smith and West (1988) outline
the threerequirements for | Peffects to significantly exceed the
responses from EM induction. They can be simplifiedin time
domain to:

1) Thetransmitter must couplewell to aregional or locd
conductor so that induced polarizingcurrents are large at early
delay times

2) The induced EM current must decay close to zero
within the measured time window

3) The polarization current must bewell coupled to the
receiver

The most common case where these 3 conditions are met has
been the Z component of coincident or concentric loop
geometry used on the ground or in helicopter TEM surveys
(Macnae, 2016) with sensitivity illustrated in Figure 6.
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In the case of Slingram geometry (moving Tx with separated
Rx) we will seethat alarge loop transmitter and ahorizontal X
component receiver satisfy these 3 conditions. This geometry
was aso recommended in the duPuis et a (2004) patent
application as illustrated in Figure 7.

Fid. 1a

FilG. 1B

Figure 7. Suggested survey geometry from Patent
US7375529B2 to minimise primary and maximise
secondary field.

Figure 8 shows the sensitivity to | P effects of a magnetic field
sensor located 300 m from atransmitter loop. Thiscalculation
shows that the x component has simple coupling to any IP
reversed currents in the near surface.

X component IP sensitivity

— %
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x (6 |
> :
-500
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Figure8: Slingram geometry X and Z component senditivity
to a 40 m deep polarizable sheet conductor. This
incidentally would be the senstivity of an airborne
Slingram system flying at a height of 40 m over a surficial
polarizable conductor. The x component issmply coupled
to the smoke ring current, whereas the Z component has
both positive and negative contributions.

Macnae et al.

Figure 9 presents aBz vertical component profileflown over a
transmitter loop operating with a 50% duty-cycle and 12.5 Hz
repetition rate. The typical pattern of crossovers migrating
away from the transmitter on either side is inductive of the
conductive regolith in this location. The negatives located
directly under the transmitter at late delay times (yellow
profiles) indicate the presence on polarizable near-surface
material.

S133000 GHAS00 KIEM00 153000 B125800 5304000 §104200
Figure9. 12.5Hz Z component data from a profile flown
directly over a ground Tx has late time negative indicative
of polarizable clays in the regolith with T1p =15 ms

Figures 10 and 11 show verticad Bx and horizonta Bh
component decays measured in aground survey with a B field
sensor and Slingram geometry. Consistent with sensitivity
analysisthat Bz |P anomalies may haveeither sign or bezero.
The Bz component has a far smaller time window where
negative | P effects dominate the EM decay.

pliA

L N SRS U L e = i
i G5 0 . BE i L A
Log ety {ms)

Figure 10: Bz decay 300 m from Tx loop. There is a small
IP response visble at latedelays. The black profile shows a
corrected EM decay. Both measured and corrected data
appear noisy at latedelaysonthe logarithmicvertical scale.

FIELD TEST

A field test of the BIPTEM system in Slingram mode is to be
conducted on April 19™ just after the deadline for abstract
submission. Field testing requires an airborne transmitter as
well as separated receiver, and wehavedesigned and tested a1
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MAm? rigid transmitter to provide sufficient dipole Moment for
effective data collection (Figure 12). Because the induced
current “smoke ring” moves downwards and outwards, and it is
necessary to have a receiver well-coupled to the reversed |P
currents, wewill usetwo helicoptersto carry thetransmitter and
receiver (Figure 13)

-0

4 5 0 e 1 1% 2
Lo Deisy (ma
Figure 11: Corresponding Bx decay 300 m from Tx loop.

There isa much larger IP response visble from medium to
late delays. Again, noise is evident at late delays in the
original and corrected data.

Figure 12: The transmitter in flight, with a 3 component
BIPTEM sensor in the centre

CONCLUSIONS

MeasuringairborneB fieldsto detect | P effects (and excellent
conductors) presented a large number of challenges. These
included design of a transmitter loop and sensor suspension
systems that do not conflict with patents in the field. The
biggest challenge however is measurement of rotations and the
Earth’s field to sufficient accuracy to permit rotation noise
corrections.

Many experiments and flight tests have been conducted with
prototype, and extensive software developments were
undertaken to bring the system to full operation. Paralel
modelling and ground experiments showed that the optimum
system for IP effect detection has alarge Tx and a horizontd
component Rx (separated by about 300 m in the Slingram
geometry.
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SUMMARY

The lower Mississippi River Valley spans over 200,000
square kilometres in parts of seven states, encompassing
areas of critical groundwater supplies, natural hazards,
infrastructure, and low-lying coastal regions. From 2018 —
2022, the U.S. Geological Survey acquired over 82,000
line-kilometres of airborne electromagnetic, radiometric,
and magnetic data over this region to provide
comprehensive and systematic information about
subsurface geologic and hydrologic propertiesthat support
multiple scientific and societal interests. Most of the daa
were acquired on aregional grid of west-east flight lines
separated by 3 — 6 kilometres; however, severa high-
resolution inset grids with line spacing as close a&s 200 m
were acquired in targeted areas of interest. Approximatdy
8,000 line-kilometres were acquired along streams and
rivers to characterise the potential for surface water-
groundwater connection, and another 6,000 line-
kilometres were acquired along the Mississippi and
Arkansas River levees to characterise this critical
infrastructure. Here, we present a summary of the data
along with several examples of how they arebeingused to
inform regiona groundwater model developmet,
inferences of groundwater salinity, identification of faults
in theNew Madrid seismic zone, and leveeinfrastructure

Key words. airborne electromagnetic, lower Mississippi
River Valley, groundwater, hazards, levee infrastructure

INTRODUCTION

The Mississippi Alluvial Plain (MAP) hosts one of the most
prolific shallow aguifer systemsin the United States but is
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experiencing chronic groundwater decline over much of its
spatial extent. The Mississippi River Valley alluvia aquifer
(MRVA), the surficial aquifer within the MAP region, was
amongthe most heavily withdrawn aquifersfor irrigation in the
United States in 2015 (Lovelaceet a. 2020). Furthermore, the
Reelfoot riftand New Madrid seismic zoneunderlietheregion
and represent an important and poorly understood seismic
hazard (Frankel et a. 2009). Despiteits societal and economic
importance, the shallow subsurface architecture has not been
mapped with the spatial resolution needed for detailed scientific
studies and prudent resource management.

Here, we present airborne electromagnetic (AEM), magnetic,
and radiometric observations, measured over 82,000 flight-line:
kilometres, which collectively provide asystem-scal e snapshot
of the entire region of more than 270,000 square kilometres
(Figure 1). This work nearly doubles the extent of regional
airborne geophysical coverage originally completed in 2019
(Minsley etal. 2021), extending coverage south to the gulf coast
of Louisiana as well as expanding laterally to cover recharge
areas of the Mississippi Embayment and the Chicot aquifer
system. Additional cooperator funding was leveraged to
investigate the confining unit in Shelby County, Tennesse &
well as improve coverage of the entire Mississippi River and
Arkansas River levees within the study area.

We developed detailed maps of aquifer connectivity and
shallow geologic structure, inferred relations between structure
and groundwater age, identified previously unseen
palaeochannels and shallow fault structures, and characterised
variability in the surficial fine-grained deposit on which the
levee system is built. This work demonstrates how regional-
scale airborne geophysics can close a scale gap in Earth
observation by providing observational data at suitable scales
and resolutions to improve our understanding of subsurfaoe
structures. In addition to supportinga range of applications
today, comprehensive and foundational data collection efforts
support a large ‘decision-space’ that will contribute to future
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studies with emergent sets of questions benefiting from
expanded knowledge of regional geologic and hydrologic
properties.
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Figure 1. Airborne geophysical flight lines collected from
2018 - 2022.

METHOD AND RESULTS

Data acquisition and processing

Airborne geophysical datawerecollected over multiple phases
from 2018-2022. Datawere collected with both the helicopter
frequency-domain Resolve AEM instrument and the fixed-
wing Tempest time-domain system. One-dimensional electricd
resistivity models were recovered for the Resolve data using
Aarhus Workbench (Auken et al. 2015) and for the Tempest
data using GALEI (Brodie 2017). Both radiometric and
magnetic data were acquired together with the AEM surveys
(Figure 2A,C).

Native-resolution models (~30m spacingfor Resolveand ~150
m spacing for Tempest) are investigated along flight lines in
specific areas of interest. However, given thewidely spaced (3—
6 km) flight lines and regional nature of the investigation
covering a large area, we aso produced a coarse three-
dimensional gridded resistivity grid that combines data from
both sensors (Figure 2B, Figure 3). Resistivity models from
each AEM instrument werekriged separately onto acommon 1
kmby 1 km grid with 5 mvertical intervals. Thetwo grids were
then combined using a depth-weighting function that favours
the Resolve models at shallow depths, transitioningto Tempest
models towards the maximum depth of investigation for
Resolve (Minsley et al. 2021).

Hydrogeology

Regional-scale resistivity models agree with  known
hydrogeologic structures and areasof high groundwater salinity

Minsley et al.

(Figure 2B, Figure 3), and provide additional detail needed to
refine the geometry of hydrologic structures and variability
within units. Binned resistivity classes were the basis for
several interpretive products derivedfrom the AEM data; these
include thickness and extent of shallow confining materials,
connectivity between the surficial aquifer and deeper geologic
units, and connectivity between the aquifer and streams and
rivers (Minsley et al. 2021).

The configuration of different resistivity classes, inferred to
havedifferent hydrologic properties, were used to inform both
regional and inset groundwater models in the study area.
Resistivity classes were used to inform layering of the
groundwater models duringmodel construction, then to assign
initial valuesto the agquifer properties, streambed conductance,
and recharge zonation in the calibration process.

Resistivity models and their derived interpretive products,
together with the radiometric dataand in situ measurements of
groundwater chemistry and water quality have been
incorporated into machine learning algorithms to predict
distributions of manganese and arsenic (Knierim et a. 2022)
and groundwater salinity in the surficial aguifer. A separate
multi-method machine learning model incorporates
geophysical information aong with hydrologic and
climatological variablesto predict monthly groundwater levels
with uncertainty bounds for the MRVA from 1980 throuch
2020 (Asquith and Killian 2022).

Hazards

In northeast Arkansas and southeast Missouri, west of the New
Madrid Seismic zone, a previously undocumented fault was
identified along multiple AEM profiles spanning an along-
strikedistance of morethan 100 km. Fault offset of about 50—
75 m is observed, clearly extending at |least to the base of the
shallow surficial aquifer (Minsley etal. 2021). Several shallow
features attributed to sand boils caused during past earthquake
liguefaction events are identified along several higher-
resolution Resolve flight paths.

Infrastructure

Resistivity models from flight lines acquired aong the
Mississippi River and Arkansas River levees were classified
into 10 groups usingak-means clusteringalgorithm. Individud
clusters identify resistivity models that share similar layering
structure and lithologic characteristics. Cluster numbers were
mapped back to positions along the levees in order to identify
regions of interest for follow-up investigation with drilling or
other ground-based methods.

Outreach

We have focused on raising community awareness about
airborne geophysical surveysand the value provided by these
data throughout the project. Outreach efforts have included:
multiple stakeholder and public events held during survey
operations, presentation of datainterpretations, and publication
of online geonarratives that describe the results of the
geophysical surveysforthegeneral public. We developed a3d-
printed physical model interpreted from a subset of our AEM
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data for use as a communication tool and handout for
cooperators and other officials (Figure 4).

CONCLUSIONS

Airborne geophysical dataextend our view into the subsurface
transforming our ability to inform three-dimensional mapping
from catchment to basin scales in a cost-effective and
systematic approach. Here, we demonstrated that system-scde
airborne geophysical data of thelower Mississppi River Valley
provide a robust platform from which to address a host of
subsurface questions with important scientific and societal
applications.
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Figure 2. Gridded airborne geophysical results. (A) Ternary radiometric map showing relative abundance of Potassum (K),

Thorium (Th), and Uranium (U). (B) Electrical resigivity at a constant elevation of 20 m below sea level. (C) Residual magnetic
intensity.
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Figure 3. South-northresigivity cross-section. Gridded resisivity models areshown along a ~1,100 km cr oss-section fromthe
Louisana gulf coas onthe left, wher e elevated groundwater salinity can be seen asa low-resigivity lensin the near surface, to
the upland area outside the alluvial plain in southeast Missouri (white dotted line, Figure 2b). The subsurface resigivity
architecture closely correspondswith the top surfaces of hydrogeologic units (colored lines, Mississppi Embayment Regional
Aquifer Study (MERAS) model (Hart, Clark, and Bolyard 2008)).
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Figure 4. Outreach and communication examples. (top-right) Open-house events were held during survey operations to
provide opportunities for media and the public to view the AEM survey equipment and learn about the project. Follow-on
meeting sessions were held with cooperatorsto review datasets and discuss interpretations. Photo credits. Roland Tollett
(USGS) and Randy Hunt (USGS). (top-left) A physical 3d-printed model of three layersinterpreted from the AEM data
collected over one of the high-resolution survey blocks in Missssippi is a useful communications tool and handout for
cooperators. Photo credit: Department of the Interior. (bottom) Online geonar rativeswere created to present both regional
and high-resolution insst AEM datasets in a smplified format to showcase the survey results to public audiences. The
geonarrativescan be found at:

https://www2.usgs.gov/water /lower mississppiqulf/map/regional SM.html
https:.//www2.usgs.gov/water /lower missssppigulf/map/shellmound SM.html
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SUMMARY

Groundwater salinisation is a serious problem affecting
numerous areas of the world, and Neretva’s delta in
Croatia is one of them. Airborne electromagnetics is
aready widely used to feed data-driven decision and
management processes with accurate (hydro)geomodds
and, by doing so, to mitigate the detrimental effects of
salinisation.

In this perspective, in 2021, an airborne electromagnetic
survey was flown over about 100 km2. Theoverall god of
the survey was to better understand the hydrogeology of
the plain leading to a more quantitative assessment of the
saltwater intrusion and possible preferential paths.

Here, we present the results of data processing and
inversion. Webuilt a(pseudo-)3D resistivity model bassd
on 1D forward approximation. And we compareit against
ground-based electrical measurements. Accordingto the
available boreholes, freshwater is related to a relatively
resistive unit.

Key words, inversion, saltwater intrusion, airborne
electromagnetics, frequency-domain, time-domain.

INTRODUCTION

Over the past years, airborne electromagnetics (AEM) has
become a key tool to tackle hydrogeological problems
(Christiansen et a., 2006; Viezzoli et a., 2010; Ageev et al.,
2022; Knight 2022). Specifically, numerous works have bemn
devoted to investigating groundwater salinisation problems
(Palamaraet al., 2010; Ball et al. 2020; Tosi et a., 2022; Billy
et al., 2022). Generally, duringcoastal surveys, itisreasonadle
to expect quite low resistivity values: in the order of 0.2-0.3
Q-m for the seawater, and about 0.3-0.8 Q-m for the seafloor.
In our case, the task was to detect and characterisearelatively
resistive layer supposedly at around 100-m depth. The target
was quite challenging because of such aconductive overburden.
The area under investigation was the Neretva Deltain Croatia
(Figure 1). Originally, therewere swamps, but now, theareais
actively used for agricultural purposes. Whiletheriver itself is
significantly affected by seawater encroachment, aquifers are
less impacted by saltwater.

In terms of AEM measurements, in addition to the problems
connected with the reduced signal penetration due to the
electrically conductive environment, issues are due to the
presence of sources of anthropic noise. In fact, together with

Giulio Vignoli
University of Cagliari
Via Marengo 2,
09124 Cagliari, Italy
gvignoli@unica. it

Veljko Srzi¢
University of Split
Matice hrvatske 15,
21000 Split, Croatia
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several power lines crossingtheinvestigated area, the northem
portion of the survey is characterised by the presenceof a DC-
powered railway.

The AEM system used to perform the survey is EQUATOR
(Figure 2). EQUATOR has been developed by
Geotechnologies LLC as a tool providing EM data both in
frequency and timedomains (Moilanen et al., 2013; Karshakov
et al. 2017; Moilanen 2022). Such a system was necessary to
meet the goals of theproject: high productivity (it can fly at 150
km/h), high vertical and lateral resolution (dueto the capability
to measure on-time and its 77 Hz base frequency) to infer the
presence and characteristics of thin/shallow sand and clay
lenses. On the other hand, to cope with the anthropic noise,
instead of the commonly used spatial filtering (Kang et al.
2022), we managed to effectively removetheindustrial noisein
the frequency-domain by suppressing uniquely the disturbed
frequencies. At the sametime, the combination of thehigh base
frequency and the conductive environment could have
prevented reaching investigation depths of 100-150 m but, as
showr;_i_n the following, this did not happen.

41
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Figure 1. Overview of the survey area in Croatia.

DATA PROCESSING AND NOISE REMOVAL

Sometimes, industrial noise contaminates specific frequencies,
close to harmonics of 50 Hz. In the Neretva survey, the most
significant interference was found in the channels: 848 Hz (near
the 17™ harmonic of 50 Hz) and 540 Hz (near the 11
harmonic). In case of considerable amplitude of the industrial
noise, also other harmonics were distorted. Clearly, from a
time-domain perspective, noise components with low
amplitude can impact merely the (low amplitude) late-time
channels, whereas noise components with larger amplitudes
might be able to significantly distort also earlier time gates
(Figure 3). As an indicator of the presence of significant
electromagnetic coupling, the 2nd-order variation of the un-
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normalized adjacent Im(B(f)) values (at 848 Hz) has been used:
when such a variation was larger than a predefined threshold,
distortions were expected in all time-domain channels. The
hatching area in Figure 1 shows where the noise levelis higher
than the selected threshold; hence it is clear that almost half of
the entire survey area is potentially heavily affected by
anthropic noise and, without the proper data conditioning, the
inversion of the measurements would lead to artifacts and
possible misinterpretations.

Figure 2. The AEM syssem EQUATOR during theNeretva
survey in Croatia.

METHOD AND RESULTS

Generally, AEM data are inverted via 1D forward modelling
approximations assuming that the subsurf ace can be reasonably
represented locally by a 1D resistivity parametrisation
(Guillemoteau et al, 2011). In this framework, in order to
enforcespatial coherenceto the results and provide (quasi-)3D
resistivity reconstruction of the investigated volume, severd
schemes have been implemented (e.g.: Viezzoli etal., 2009; Ba
etal., 2021; Kloseet a., 2022). Analternative, and extremely
efficient, approach to ensure both vertical and lateral spatial
consistency of the retrieved resistivity model (while, clearly,
fitting the data equally well) is based on the iterated extended
Kalman filter (Karshakov, 2020). Indeed, thisistheapproach
used for the inversion of Neretva's dataset. In particular, the
used parametrisation consisted of 20layers, and weinvertedthe
observed data uniquely to retrieve the layers' resistivity. The
initial model was a homogeneous half-space with resistivity
equivalent to apparent resistivity at 77 Hz. One additiond
advantage of the approach based on the Kalman filter is that it
naturally provides thevariances of the estimation error, which
can beused for the calculation of the stochastic estimability of
each layer (Golovan and Parusnikov, 1998). Inthisway, each
layer can be also characterised in terms of estimation quality
and, consequently, the local penetration depth for each
measurement location across the survey areacan be effectively
assessed.

Inthecaseof the NeretvaDelta, saltwater intrusion is occurring
due to several factors, including climate change and human
activities: rising sealevels are causing seawater to encroachin
the river and the surroundingaquifers (Lovrinovié¢ etal., 2021;
Lovrinovi¢ etal., 2022). Thisisexacerbated by the overuse of
groundwater for irrigation, which leads to a depletion of
freshwater resources andan increasein theamount of saltwater
entering the aquifers. In addition, the possible wrong siting of
wells might endanger the quality of different aquifers by
inadvertently connecting them. In this respect, it is worth
noticing how the ground-based geophysical investigation - in

Moilanen

particular, the performed electrical surveys - could not detect
thedeep conductor. On this matter, Figure 4 shows an example
of electrical tomography not capableto properly reconstruct the
deep low resistive anomaly.
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Figure 3. Indugtrial noise distortion on AEM data. Upper
chart — the geometry of the sysem; central charts —
imaginary and in-phase components of frequency domain

data; bottom chart — time-domain data.

Similarly, in Figure 5, the bottom layer, as retrieved from the
AEM data inversion, is characterised by a resistivity of 0.5.
Q-m and unknown thickness. In this context, such a low
resistivity is a clear indication of saltwater presence, and in
these cases, particular care should be putin siting the wells. In
this respect, drilling should avoid areasin which the saltwater
level could beparticularly shallow (e.g.: theleft sideon Figure
5) and/or depths for which the pumpingwell could intersect unit
saturated with saltwater (e.g.: the right part on Figure 5, in
which theDrillhole 1 stops at the top of the last resistive unit).
In Figure 6, we compare the stratigraphy deduced from
Drillhole 1 against the electrical resistivity profile retrieved
from the AEM data. To verify the survey proposals severd
drillholes were drilled (Figure 7). No freshwater has been
found beneath the clay confining unit.

CONCL USIONS

Groundwater resources need to be investigated and
characterised to alow their most effective protection and
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management. Thisis particularly truein case of coastal aquifers
endangered by climate changes, subsidence, sealevel rising, or,
more often, overexploitation concurrently causing saltwater
intrusion.

In our specific case, we make use of the large coverage and
dense sampling typical of AEM datato retrieve a (quasi-) 3D
reconstruction of the subsurface resistivity distribution and, in
turn, of the complex geology of the Neretva Deltain Croatia.

In particular, the characteristics of the AEM system EQUATOR
allowed us to meet the requirements of high spatial resolution
and to naturally perform an anthropic noise removal in the
frequency domain (preserving amost all the collected
soundings).  Despite the conductive environment, the
investigation depth could reach the remarkable depth of 225 m.

The AEM results have been corroborated by the numerous
ground-based measurements and the information from
boreholes. Inthenear future, the hydrogeological model based
on thegeological interpretation of the AEM results will beused
for scenario analyses and to undertake the most effective
initiatives to counteract the salinisation of the area.
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Figure 4. A geoelectrical cross-section retrieved by ground-
based measurements (upper chart) compared with the
AEM reault.
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Figure 5. Resigivity section asretrieved by the AEM data
(lower chart) with the corresponding data misfit (upper
chart) and the location of Drillhole 1 (in red; See Figure 6).
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Figure 6. Stratigraphy of Drillhole 1 compared againg the
corresponding resistivity vertical profile asinferred from
theinversion of the AEM data.
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SUMMARY INTRODUCTION

Thepresence of athick and complex transported regolith cover
in many parts of Australia, represents asignificant impediment
to critical minerals exploration. The Musgrave Provincg
located in the far north-west of South Australia (Figure 1),
highly prospective with magmatic Ni-Cu-PGE’s among key
mineral systems beingtargeted (Woodhouseand Gum 2003), is
characterised by such cover. In this region, transported cover
can exceed 100m thick, particularly where palaeovalley
systems erodedinto the M eso-Proterozoic crystalline basement,
havebeen filled with Plioceneto Pleistocene clastic sediments
and which havethen been covered with Quaternary sand dunes
(Figure 1).

The choice of systems and interpretation approaches for
the exploration for critical mineral systems under a
complex and varying regolith cover using airbome
electromagnetics, can be informed by forward modelling
methods. However, the direct assessment of systems and
modelling algorithms using data acquired under red
survey conditions can be equally informative. For
example, it provides an opportunity to assess the effeds of
real geological variability and noise, arising in a true
survey configuration for different systems, and the
artefacts that may result from theuse of differentinversion
codes. Here we discuss the application of 1, 2 and 3D
inversion approaches to resolving the geometry and
complexity of the geology in an area on the South
Australian side of the Musgrave province and consider
modelled responses from coincident lines of fixed wing
(SPECTREM-Plus and TEMPEST - High Moment), and
heliborne (VTEM and SkyTEM) timedomainEM systems
over aknown (from ground EM and drilling) deep, steeply
dipping, conductor - the Valen Prospect.

Airborneelectromagnetics (AEM) is used as a key exploration
technology, being employed in the exploration for mafic to
ultramafic layered intrusions which are the primary focus for
Ni-Cu mineralisation. Theseintrusions(e.g., of Giles Complex
— Figure 1- inset map) which commonly occur as a series of
vertically stacked dykes which may act as potertial traps for Ni-
Cu sulphides.

The motivation for conducting this research was an interest in
the application of 1, 2 and 3D inversions on AEM data with
non-dispersve, conventional conductivity or resistivity
modelling codes, applied to the targeting of conductive ‘critical
mineral system’ targets at depth in complex weathered settings.
Their ability to resolve other relevant geological characteristics,
such as regolith thickness and spatial variability (also aspeds of
the “mineral system”) was also of concern. Some may argue
that the choice of survey technologies and interpretation
method can, in large measure, be informed by forwad
modelling approaches. We accept this has merit, but aso
believe that more direct assessments with data acquired under
survey conditions can beequally informative. In this study we
consider themodelling of datafrom coincident lines of VTEM
and SKyTEM helicopter, and SPECTREM and TEMPEST
fixed-wingEM systems. System characterigtics are discussedin
Munday et a. (2023).

All inversion methods and AEM systems contributed to
our understanding of geological variability and structurd
complexity, although all generate smoothed versions of
geological reality. Results from the 1D inversions appesr
to map geological variability and complexity in the near
surface (regolith character?) in greater detail compared to
those from the 2 and 3D inversions, even though the
geology is recognisably 3D in character. The Vaen
Prospect characterised as adistinct, small, and narrow lae
time anomaly, is modelled in 1D, abeit deeper than
drilling and ground EM suggests. While the 2 and 3D
models have good global data fits, in someinstances they
failed to fit measured data at late time, consequenty
overlooking Valen. It was suggested that problems with
fitting the anomaly at late times may be the result of
regolith-related superparamagnetism (SPM) in the near
surface which often beset AEM data sets in Australian
settings. However, decay-rate analysis of the Vaen
anomaly suggests a deep conductor response for the
SkyTEM, SPECTREM and TEMPEST systems. The
decay rate of the correspondingVTEM anomaly suggests
an SPM response. However, the shape of the VTEM decay
also suggests the presence of deeper conductive material.

This work builds on earlier geophysical studies underteken in
the area (see, for example, Ley-Cooper et al., 2015, Macnae et
al. 2020, and Munday et a. 2020). Arisingfromthis assessment
was an awareness that in this region, the deployment of high-
powered AEM systems for targeting can be challenged by the
occurrence of superparamagnetism (SPM) — seen as small late
time responses following a noisy 1/t decay, and/or inducd
polarisation (AlP) effects in the resulting data - seen as rapid
decays or negative responses at late time. For SPM-induosd
effects, these small late-time responses can be confused with

Key words SPM, Critica Mineras, 1, 2 and 3D
inversion, Fixed-wing and Helicopter time-domain AEM
systems, Regolith
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potential mineralised targets (Mutton, 2012; Kratzer et al.
2013; Sattel and Mutton, 2015). One such example, examined
here, is that associated with the Vaen Prospect, a late time
“conductor”, originally identified as part of an exploration
program undertaken by Musgrave Minerals using the VTEM
heli-borne EM system and discussed by Macnae (2017).

METHOD ANDRESULTS

Several inversion approaches were examined, including 1, 2
and 3D methods. In all cases, the inversions were underteken
with aninduction only AEM inversion code, that is no account
was taken of |P/SPM eff ects that are known to be presentin the
area. In addition, information from the ground TEM and
drillhole DHEM and the presence of an inductive target was
known prior to modelling using the different codes.

ThelD inversion schemeAarhusinv (Aukenetal., 2015), was
employed through the Aarhus Workbenchto process and invet
all four AEM data set. The data were inverted with a smoath
30-layer model. A 2D (or 2.5D) inversion of the four airborne
data sets was undertaken using the Moksha-EM 2.5D code
(Paterson et a., 2016, and Silic et a., 2015). Modelled
responses are shown in Figure 2 for a subsgt of the data
over the Valen Prospect. A 3D inversion of the AEM daa
sets was also undertaken using an adaptive OcTree mesh
refinement, where the mesh spans the full computationd
domain but uses smaller mesh cells around the selected
transmitters and receivers. This mesh refinement methodology
resultsin aforward modellingmesh that hasfar fewer cells thean
thefull inversion mesh. Theapproach is discussed Haber et al.,
(2012), Oldenburg et al (2013), Schwarzbach et al., 2013, and
Yang et al., (2014). The 3D inversionsfor the individual lines
were run in ‘“2D-mode”, meaning there was additional
regularization applied in the crossline direction, while still
modellingthefull 3D physics. 3D inversions wererunwith daa
sets where there were three adjacent lines (in the case of
SPECTREM, SkyTEM and VTEM). Thelineswereinverted as
one combined 3D model for each input dataset. Model results
are presented in Figure 3.

Inthe 1D results adeep conductiveresponseis modelledwhere
the Valen conductor had been defined from ground TDEM
(fixed and moving loop EM) and from downhole EM in two
drillholes. However, the 1D models suggest a much deeper
body than was indicated in the ground data. Modelling of the
ground data suggested a finite conductor at approximatdy
100m below the surface, dipping at approximately 60 degress
to the north. The 1D AEM results put the conductor much
deeper for all four airborne systems. Drillingintersected minor
accumulations of sulphide mineralisation but did not encounter
any conductive source at the modelled depth of 65m. However,
it intersected a 30cm zone of massivegraphiteat about 89.5m,
which is attributed to the source of the TEM anomalism.

The 2D results from the Moksha (I ntrepid) and Computationd
Geoscience/UBC algorithms show avaried set of results. Vden
isnot defined in modelling results from any system, except for
asuggested presenceinthe SkyTEM dataset inverted usingthe
latter codes. Analysis of the data fits indicate that small
amplitude late-time responses for all systems are poorly fitted,
even though global datafits appear generally good. Analysis of
the 3D models, for data sets where line density permitted the
approach (with VTEM, SkyTEM and SPECTREM data sets),
three adjacent lines were inverted as one combined 3D modd.
With relatively small targets it was suggested the 200m spaced

Munday et al

lines were too far apart for the “all-at-once” 3D inversion to be
better than theindividual 2D lineinversions. Theindividud 2D
inversions consistently had the best datafitsand overall modds.
If the data had been acquired with 100-150m line spacing
where there is a greater overlap of sensitivities between lines,
or if more complex 3D geologic features were encountered,
then the all-at-once approach may resolve greater detail.

It was suggested that the difficulty infitting the Valen late time
“anomaly” in the higher order inversion codes might be
attributed to it being a superparamagnetic (SPM) response in
the regolith, near surface. The decay rate of the Valen feature
in VTEM indicates an SPM response. However, detailed
analysis of VTEM and SkyTEM dB/dt responses suggests
powerlaw decay rates similar to and different from SPM,
respectively. However, eventhe VTEM decay does not show a
constant powerlaw decay, suggesting the presence of
conductive material at depth. The absence of a correlation
between low system elevation and anomaly location further
supports the absence of SPM, as SPM effects drop off strondy
with the AEM system ground clearance. Decay-rate analysisof
a late-time anomaly recorded in the Musgrave Province by
AEM systems also suggests a deep conductor responsefor the
SkyTEM, SPECTREM and TEMPEST systems.

CONCLUSIONS

This study suggests that, at a coarse scale, comparable results
can be obtained for different systems, regardless of the
modelling approach used. However, at a finer scale significant
differences are apparent, and higher order inversion methods
may struggle to fit small, late-time conductors such as Valen.
Their absence in inversion products may erroneously be
attributed to, for example, SPM effects, to explain poor datafits
at late times. In the case of the Valen Prospect, a decay-rae
analysis of the late-time anomaly for the systems tested
suggests a deep conductor response rather than one attributeble
to SPM, which supports interpretations of the ground
geophysical data The choice of exploration technologies and
their incorporation in an exploration workflow will naturally
vary with theexperienceand preferences of thoseinvolved, but
inageological setting such asfound inthe Musgrave Province
the application of AEM in the search for Ni-massive sulphides
or other critical minerals will almost always be a case of “bump-
finding”, including some fast modelling (i.e. 1D LEI) and the
ground follow-up.

ACKNOWLEDGMENTS

We acknowledgethe support of CSIRO’s Deep Earth Imaging
Future Science Platform in facilitating the conduct of this work
and thank the participating companies/individuals involved.

REFERENCES

Auken, E, Christiansen, A, Kirkegaard, C, Fiandaca, G,
Schamper, C, Behroozmand, A, Binley, A, Nielsen, E, Effersg,
F, Christensen, N, Sgrensen, K, Foged, N, and Vignoli, G,
2015, An overview of a highly versatile forward and stable
inverse agorithm for airborne, ground-based and borehole
electromagnetic and electric data: Exploration Geophysics,
46:3, 223-235.

Haber, E. Holtham, E., Granek, J., Marchant, D., Oldenburg
D., Schwarzbach, C. and Shekhtman, R., 2012., An adaptive
mesh method for electromagnetic inverse problems. SEG
Technical Program Expanded Abstracts 2012: pp. 1-6.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



Kratzer, T., Macnae, J. and Mutton, P., 2013., Detection and
correction of SPM effectsin airborne EM surveys, Exploration
Geophysics, 44:1, 6-15,

Ley-Cooper, A. Y., Viezzoli, A., Guillemoteau, J., Vignoli, G.
Macnae, J, Cox, L. and Munday, T., (2015). Airbome
electromagnetic modelling options and their consequencesin
target definition: Exploration Geophysics, 46,74-84,

Macnae, J,, Munday, T.J, and Soerensen, C., 2020, Estimation
and geologic interpretation of regolith chargeability and
superparamagnetic susceptibility in airborne electromagnetic
data, Geophysics 85: E153-E162.

Macnae J, 2017., Definitive superparamagnetic source
identification through spatial, temporal, and amplitude analysis
of airborne electromagnetic data. Geophysical Prospecting 65,
1071-1084.

Munday, T., Macnae, J, and Viezzoli, A., 2020,
Consequences for the Geological Interpretation of AEM data
when Inverted for, and Stripped of, Airborne IP and
Superparamagnetism Effects. KEGS Symposium 2020
“Exploration for Strategic Minerals” Toronto, Canada,
February 28™.

Munday, T., McMillan, M., Paterson, R., Soerensen, C., and
Dorn, N., 2023., AEM modelling and system options in the
search for critical mineral systems in a regolith dominated
environment — the Musgrave Province, Central Australia.”
KEGS Symposium 2023 Toronto, Canada, March 4th, 2023.

Mutton, P., 2012., Superparamagnetic effects inEM surveysfor
Mineral Exploration, ASEG Extended Abstracts, 2012:1, 1-6,

Oldenburg, D. W., E. Haber, and R. Shekhtman, (2013), Three
dimensiona inversion of multisource time doman
electromagnetic data: Geophysics, 78, no. 1, E47-E57.

Sattel D. and Mutton P. 2015., Modelling the
superparamagnetic response of AEM data Exploration
Geophysics 46, 118-129.

Schwarzbach, C., Holtham, E. and Haber, E., 2013. 3D
inversion of time domain electromagnetic data. ASEG
Extended Abstracts 2013, 1-4.

Silic, J., Paterson, R., FitzGerald. D. and Archer, T., 2015,
Comparing 1D and 2.5D AEM inversionsin 3D geological
mapping using a new inversion solver. 14th Internationd,
Congress of the Brazilian Geophysical Society, Extended
Abstracts

Woodhouse AJ and Gum JC (2003) Musgrave Province —
geological summary and exploration history, Report Book
2003/00021. Department of Primary Industries and Resourcess
South Australia, Adelaide.

Yang, D., Oldenburg, D. and Haber, E., 2014, 3-D inversion of
airborne electromagnetic data parallelized and accelerated by
local mesh and adaptive soundings, Geophys. J. Int., 196 (3),
1492-1507

Tl verumred sownedy

miimr

A Mrew wdrenn
| T ekl ietees J
Maw b dms b |}‘
B taasseow s mvrss
vk 1y redennndy !

£
:
§

Figure 1: Regolith geology of Valen Prospect areawith inset map showing flight lines form VTEM survey and sub-set of the
lineinvestigated here. The drillholesmarked by thered circles arecoincident with theValen late-timeanomaly observedin the

AEM data sets.
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Figure 2: 1D smooth model (Aarhusinv) inversion results (Left column)- presented as conductivity-depth sections for data
acquired from a sub-set of coincident lines from different AEM systems acrossthe Valen prospect. The right column shows
inversion results from inversion using the 2.5D Moksha code for the systems considered. The location of the Valen conductor

along the section isindicated at the bottom of the stitched sections.
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Figure 3: 2D smooth model inversion results for different AEM systems (Left column) generated form the application of the
CompGeo/UBC codes, where individual lines were run in “2D-mode" whereadditional regularization wasapplied in thecross-
line direction, while sill modelling the full 3D physics. The right column shows model results from inversion using an “all at
once” (where three adjacent lines were modelled with 3D physics. The location of the Valen conductor along the section is
indicated at the bottom of the stitched sections. Suggested location of theValen conductor isindicated in the SkyTEM datafor
both inversion approaches. TEMPEST High Moment data were not modelled in 3D asonly a single line was acquir ed.
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Developing a fully airborne drone TEM system

Nicklas Skovgaard Nyboe
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SUMMARY

Aiming at improving the efficiency and versatility of the
time-domain electromagnetic method for geotechnicd and
environmental applications, we are developing a fully
airbornesmall-scaledrone TEM system. In this paper we
will outline the main reasonings and design choicss
leading to the present system implementation. The
development of thecompleteairbornedrone TEM system
has involved the development of numerous system parts,
which all present their own challenges and optimisations
both asindividual elements and when workingtogether. In
fact, our development of the airborne drone TEM systam
has essentially progressed in two parallel branches, where
onebranch has constituted drone and frame developments,
while the other has constituted transmitter and receiver
developments. Practical field tests of the various
transmitter and receiver prototypes have typically been
performed as minor surveys at various test locationsusing
a scaled-down Sky TEM frametowed by a helicopter. We
will present former and present capabilities of the system,
primarily exemplified through descriptions of these
prototype test surveys.

Key words. Time-domain electromagnetic, airborne
drone, UAV, near surface.

INTRODUCTION

Airborne variants of the time-domain electromagnetic (TEM)
method have proven to be highly efficient for characterization
of the subsurface electrical conductivity distribution on alarge
scale. Projects with geotechnical or environmental focus,
however, often involve subsurface investigations on a smaller
scale with higher demands to near surface resolution of
conductivity in both the vertical and lateral dimensions. Such
types of investigations are typically performed using ground
based geophysical instruments, such as electrical resistivity
tomography, towed frequency domain EM or, indeed, towed
time-domain EM systems. Still, ground based geophysicd
instruments can be challenging to operate when facing issues
with the practical accessibility of atarget area and may prove
inefficient. Furthermore, existing airborne TEM systems have
high mobilisation costs, makingthem unfeasiblefor small scde
investigations also from an economic perspective.

The appearance of low-cost drones capable of lifting
geophysical sensorsinto theair haveled to the development of
semi-airborne TEM systems at various scales, e.g., Stoll J.B.
(2022) and Liu et al (2022). Common to these are that the

Kristoffer Skovgaard Mohr

8200 Aarhus N, Denmark

transmitter element is positioned on the ground, as it is too
heavy to lift with a drone. Transportingthe associated receiver
coil(s) under a drone has the potential to increase efficiency,
however, the need to position and reposition the transmitter
means that the practical accessibility of the target areais still a
significant concern.

Aiming at further improvingthe usability of the TEM method,
we are developing a fully airborne drone TEM system. The
immediate advantages of such asystem derivefrom to its ability
to fly low and slow at significantly reduced cost compared to
traditional airborne TEM systems. Building upon existing
SkyTEM system technology (Serensen and Auken, 2004), we
aredevelopinga lightweight transmitter frame platform as well
as specially customisedtransmitter and receiver electronics. We
are collaborating with several project partners focusing on
related aspects, such as, legislation and test flight permissions,
heavy lift drone manufacturing and operation, and
identification of suitable test locations and evaluation of test
data.

We will outlinethedesign choices made, and describe some of
the main test surveys performed, as part of developingthe new
fully airbornedrone TEM system. Wewill illustrate the present
capabilities of the system as well as discuss future test- and
development plans.

Figure 1. Carrier drone and drone TEM frame at Swedish
airsrip.

METHOD ANDRESULTS
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Developing a fully airborne drone TEM system involves the
development of numerous system parts, which all present their
own challenges and optimisations both as individual elements
and when working together.

The heavy lift drone we are using to carry the drone TEM
system, shown in Figure 1, is designed, manufactured, and
operated by a separate company. An advantage of the selected
droneisthatitis powered by an internal combustion engine and
that its rotors are mechanically driven. This meansthat we do
not need to worry about EM noisefrom electric motors driving
the rotors.

Theframedesign is optimised for low weight and high stiffness.
Besides providing a stable transmitter geometry for accurate
system modelling, the stiffnessis also important for achieving
asignificant reductionin primary field influencein the recorded
data. We achievethis through careful receiver coil positioning
to minimiseflux couplingbetween thetransmitter loop and the
receiver coil. We haveperformed multipletest flights at Drone
Center Sweden to verify operability and aerodynamic
performance of the frame when carried by the drone, showing
promising results (see Figure 2).

Figure 2. Airborne drone TEM system at Swedish airgtrip.

Parallel to the development of the frame and drone designs,
much effort has gone into adapting and improving the
transmitter and receiver electronics. These ongoing
developments haveresulted in a number of prototype systems,
which havebeen tested at different survey locations. Common
to the prototype system tests are that they have all been floan
usinga scaled-down version of thetraditional SkyTEM frame.
The scaled down frame has an area of around 20 m? and is
towed by a helicopter (see Figure 3).

Nyboe and Mohr

Figure 3. Scaled-down frame used for tegting the drone
TEM transmitter and receiver electronics.

Inthe followingwe will show examples of how thetransmitter
and receiver electronics haveimproved between two prototype
test surveys flown in 2021 and 2023 respectively.

The survey flown in 2021 was conducted at a location called
Asen near Trondheim in central Norway. Pre-existingairborne
EM data wereavailablefor the survey area, and thefocusof the
investigation was delineation of clay deposits on top of
bedrock. The prototype TEM system was flown at an average
transmitter altitude of 20 m at reduced speed to simulate adrone
operation.

The survey flown in 2023 was conducted at a location called
@bakker near Viborgin Denmark. The specific survey siteis
oneof several test areas adopted for investigatingthe properties
of Danish peatlands. Furthermore, it is a pilot site for testing
rewetting efforts aiming at reducing CO2 emissions from low-
lyingfarmlands. Thefocus for theinvestigation was delineation
of the peat extent and its varying thickness in the area. The
updated prototype TEM system was flown across thetest field
twice at two distinct heights above ground, averaging
approximately 8 m and 15 m, to further investigate the practicd
influence of system height on near surfaceresolution. Figure4
shows the scaled-down frame towed along the @bakker
peatlands close to the ground, simulating a drone operation.
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Figure 4. Low flying test frame at @bakker, 2023.

The receiver system bandwidth has been kept at nearly 1 MHz
for both prototype systems, limited primarily by the bandwidth
of the receiver coil. Samplingis performed at 5 MHz, and the
subsequent real-time data reduction follows the methodology
presented in Nyboe and Mai (2017). However, updates to the
samplingand gating hardware have significantly increased the
possibledatathroughput of thereceiver system betweenthetwo
surveys. This allows us to store more and narrower gates for
each transient sounding, as well as to support anincreasein the
transmitted current pulse rate.

The drone TEM system transmitter electronics are solely
battery powered, which constitutes amajor development away
from the traditional electric generator power source used in
larger SKyTEM systems. The transmitter used in the survey
flown in 2021 had a peak current capacity of 160 A and a
turnoff time around 14 ps. It was also limited to being able to
transmit current pulses at a maximum rate of 150 Hz,
correspondingto asignal basefrequency of 75 Hz. Subsequent
developments implemented in the transmitter used for the
survey flownin 2023 haveincreased the peak current capacity
to 250 A, while slightly shorteningthetotal turnoff timeof the
system, as seen in Figure 5b. Thetransmitter capabilities relaed
to current pulse transmission rate have also improved
significantly between thetwo surveys. Thismeans that we were
able to optimize the pulserate to better reject local VLF noise
signals for the 2023 survey, where we settled on pulse rate of
650 Hz, corresponding to asignal base frequency of 325 Hz
Naturally, the larger number of transient decays recorded pr
second allows for moresignal averagingto reduce uncorrelated
nose, whilethehigher signal basefrequency inherently helpsin
better suppressing motion induced noise. A comparison of the
transmitted current pulses from the 2021 and the 2023 surveys
is shown in Figure 5a.
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Figureb. a) Plot of thecurrent waveformtransmitted in the
2021 survey in Norway (orange) together with the current
waveform transmitted in the 2023 survey in Denmark
(blue). b) Zoomed-in view of the current turn-off shape and
duration for thewaveformsin panel a. Noticethe changein
time units between the two panels.

When designing our drone TEM framewefaced afundamentd
trade-off between size, weight, and stiffnessof theframe, where
the weight must remain low enough to alow airborne
transportation by drone, while the quality of the data must
remain acceptable. Reducing the area of the transmitter loop
resultsin a smaller magnetic dipole moment of the primary
magnetic field, which translatesinto an overall smaller ground
response. Also, the smaller distance between the power
electronics and the receiver coil means that the bias responses
emanatingfrom eddy currents within the power electronics and
nearby conductive elements are expected to be more
pronounced in therecorded data. On the positive side, moving
the system closer to the ground has a major effect on the
magnitude of the early time responsefrom theground, which is
the part of the response we are typically most interested in.
Also, the smaller Tx loop size and the application of only a
single loop turn results in faster transient properties of the
transmitted current. This further increasesthe early timeground
response especially from relatively poor conductors (Sgrensen
and Nyboe, 2012). Therelatively small and stiff framewehave
settled upon allows us to achieve good aerodynamic
manoeuvrability close to the ground and the stiff construction
helps significantly in robust subtraction of unwanted bias
responses.

Figure 6 shows two representative transient decay curves
recorded during the 2023 survey in Denmark. As mentioned
previously for the2023 survey, the prototype TEM sy stem was
flown across the test field twice at two distinct heights above
ground. Thedecay curves shown represent one curve from eech
of the two flights selected from approximately the same
location in the field. The survey data have proven to contain
usable gated transient decay values over the entire of f -time span
from before 1 ps up till about 1 ms depending on signal and
noise conditions. Theexpectedincreasein signal level for early
times when moving to a lower flying height has also been
demonstrated by therecorded data. Focusing on the early time
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behaviour of the transient decays, it should be noted that the
zero-reference for the logarithmic time axis in figure 6 is the
same as is used in figure 5b. The positive signa slope before
around 0.6 ps is therefore due to the signa being recorded
across the waveform end-of-ramp, showing part of the signal
build-up before it subsequently decays.
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Figure 6. Transent decay curves recorded at @bakker in
2023 for two different frame heights at approximately the
same location. The data shown have been subjected to
standard data processng procedures including constant
biaslevel subtraction.

Regarding our future plans, we expect to perform an additiond
test survey in Denmark during 2023 using the scaled-down
frameand prototype TEM system to furtherinvestigatethe neer
surfaceresolution properties and robustnessof thesevery early
time data. Furthermore, the heavy-lift carrier drone is also
scheduled to arrive in Denmark this summer, and we plan to
perform the first actual airborne drone TEM test survey using
the complete drone TEM system in 2023 as well.

CONCLUSIONS

Developingan optimized and fully airbornedrone TEM system
has proven to be a major challenge, and reaching the stage we
arepresently at with our system has taken several yearsof work
to accomplish. At this stagewe have successfully demonstraed
that a small-scaleairborne TEM system can indeed deliver hich
quality data for near surface characterisation. Going low and
slow largely compensates the early- and intermediate time
responsefor theloss of sgnal caused by the reduced transmitter
magnetic moment, while the lateral footprint is substantially
reduced. The large bandwidth of the receiver system in

Nyboe and Mohr

combination with the high degree of stability and fast transient
properties of thetransmitted current allows usto obtain usable
data at extremely early delay times. The enhanced data
throughput of thereceiver system means that we can store gates
up to the full SMHz sample rate over time intervals covering
the earliest and most rapidly varying parts of the ground
response. Boostingthetransmitter current pulserate capability
has resulted in improvements of both the noise rejection
properties of the system as well as an overall better match
between the off-time duration and the typical time we observe
aground signal abovethenoiselevel. So far, wehaveonly bemn
able to perform prototype TEM system tests at survey sites
using a scaled-down SkyTEM frame carried by a helicopter.
However, the actual drone frame has been successfully tested
in arborne operation while towed by a heavy-lift drone
Looking ahead, we expect to be able to fly the first actual
airborne drone TEM test survey using a heavy-lift drone as
carrier during the summer of 2023.
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SUMMARY

In this paper we show how time domain electromagnetic
data from a small airborne prototype system was
successfully used for geotechnical groundinvestigations a&
aroad construction sitein Central Norway. The measured
datawere processed and inverted with time efficient semi-
automatic processing tools. Subsequently, the resistivity
models recovered by AEM data inversion were
automatically interpreted with machine learning basad
algorithms that were trained with geotechnical drilling
data. Both the thickness of a sediment layer overlaying
bedrock and the type of sediment was estimated. The
measured data and the inverted resistivity models are
compared to those from a regular SkyTEM304 system,
which was utilized earlier at the same site. Also, the
sediment depth and sediment type estimated from the two
AEM datasets were compared, proving the feasibility of
such asmall airborne TEM system for geotechnical ground
of the shallow subsurface.

Key words: Time-domain electromagnetics, geotechnics,
drone, geomodelling, machine learning,

INTRODUCTION

Ground investigations prior to large infrastructure projects ae
predominantly based on geotechnical drillings. Ground-basad
geophysical investigations are rarely used because they are
often tedious and expensive. On the other hand, the
investigation sites are often too small for timeefficient airbome
geophysical investigations. Drone based geophysicd
measurements could fill this gap, providing fast and efficient
scanningof construction sites, allowingfor low flight altitudes
and high spatial sampling. Furthermore, the required depth of
investigation for geotechnical applicationsis often limited to a
few tens of meters, favouring small low power systems.

In this paper we describe the results from geophysical ground
investigations conducted with a prototype for a new small
airborne time-domain electromagnetic (A-TEM) system. This
developmentisthe first step towards a small TEM system that
could potentially be carried by adrone. The sysem was field-
tested in at a road construction site called Asen in Trandelag
Central Norway in fall 2021. Thepurposeof thefield test was
to investigate whether such a significantly smaller system can
have a sufficiently high dipole moment and sensitivity to
conduct meaningful ground investigations. At the samesite, A -
TEM data with the much bigger SkyTEM 304 (Sgrensen, 2004)
was acquired in 2019, which is used for comparison and
benchmarking.

Nicklas Skovgaard Nyboe
SKyTEM Surveys ApS
Dyssen 2

DK-8200 Aarhus N, Denmark
nsn@skytem.com
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Figure 1: Picture of a miniature airborne TEM sysem
called SkyTEM21HR used in this geotechnical ground
investigation study.

METHOD AND RESULTS

A downsized TEM protypesystem, called SkyTEM21HR, wes
used to test the performance and verify the benefits of small A-
TEM system. Thetransmitter areais reduced to 21.74 m2 and
the maximum transmitter current is 160 A, which results in a
maximum dipole moment of 3°480 Am2. The transmitter base
frequency is 75 Hz, transmittingasquare pulse of 1 ms duration
for each 6.6666 ms interval with sign-alternating repetitions.
Theturn-off timeis approximately 14 us. Thesmaller physicd
dimensions of thetransmitter loop allow for shorter timescales
with regards to the properties of the transmitted waveform. This
requires alarger bandwidth in the receiver system to presave
the detailed ground responseinformation in therecorded data.
A vibration damped 5 m? receiver coil is mounted in zero-
position to minimize the primary field. The complete system
has atotal weight of 150 kg and a power consumption of 300
W.

Theanalogue system bandwidth is approximately 900 kHz, and
the TEM signal is initially digitized at 5 MHz sample rate.
Subsequently, theraw sampled dataare subjected to areal-time
datareduction process in which thelarge number of samplesin
each predefined gateinterval are converted to afew polynomid
coefficients. This alows for flexibility in the final gate
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formation while maintaining reasonable datafile sizes (Nyboe
and Mai, 2017).

Data acquisition and processng

Airborne TEM data had been acquired with a SkyTEM304
system at alocation called Asen, North-East of Trondheim in
Central Norway (Fi gure 2) in conjunction with

geotechnical ground investigations prior to a large road-tunnd
construction project. At the same site, we have subsequenty
acquired A-TEM with themuch smaller Sky TEM21HR systam
at coincident flightlines.
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Figure 2: Map of thesurvey areain Asen, Central Norway.
The yellow box is indicating location of sounding datain
Figure 3and thered line shows thelocation of the profilein
Figure 4. (background map source: maps.google.com)

As part of the initial processing, the gated transients are
averaged using a moving average approach with non-uniform
weighing, equivalent to simple linear convolution filtering, e
well as being subjected to a non-linear despiking process to
remove impulsive noise. Due to the relative proximity of the
transmitter electronics and the receiver coil on the smaller
platform, the signal contribution from eddy-currents in the
transmitter electronics will appear as a noticeable bias. We
subtract the bias responsefrom therecorded signal as aseparae
post-processing step involving high-altitude data. We
experienced that the rigid mechanical platform and the very
stabletransmitter waveform resultedin abias response that wes
nearly constant, and the subtraction process worked well.

The data preconditioning and processing was done using
inhouse processing software, automatically removingdatathat
showed interference with infrastructure (couplings) or poor
signal to noiselevels. Toallow for afair comparison of thedaa
from the SkyTEM21HR and the SkyTEM 304 system, wetried
to keep the processingas similar as possible. However, thetwo
systems are fundamentally different. The much smaller and
lighter SkyTEM21HR can only transmit one dipole moment but
thanks to the updated digital datarecordingand electronics, the
system is able to provide useful TEM data, densely sampled

Panzner et al.

with 50 time-gates, in the time interval [10%sto 8 x 10™g]
(Fi gur e 3a) at an average transmitter-receiver altitude of
20m. In comparison the Sky TEM 304 system can measure good
quality data with 15 time-gates in the interval [8 x 10€s to
2 x 10*s] with alow-dipole moment and 16 time-gates in the
interval [5x10°s to 10°3s] with a high dipole moment
(Fi gur e 3b) at an average transmitter-receiver atitude of
40 m.
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Figure 3: Examples of measured data from the
SKyTEM21HR system (a) and the SkyTEM304 system (b),
acquired at the same geographical location (yellow box in
Figure 2). Datapointsthat are greyed out were omitted in
theinverson.

For further comparison, both the SkyTEM21HR and the
SkyTEM304 data were inverted with the same inversion
software (Auken et a. 2015), using the same vertica
discretization of the inversion parameters and the same spatial
smoothness constraints and regularization weights. The
inversion results from both datasets show strongsimilaritiesin
the depth interval were both systems have high sensitivity
(Figure 4). Both results explain the measured datawell with an
RMS=1.6 for SkyTEM21HR datainversion and RMS=1.3 for
the SkyTEM 304 data inversion. However, the SkyTEM21HR
systemis significantly smaller and lighter than the Sky TEM304
system and can thus beflown lower to the ground. That results
inasignificantly smaller sensitivity footprint, which allows for
ahigher lateral samplingfrequency and providesasignificantly
higher lateral subsurface resolution. Also, the vertica
resolution of the very shalow subsurface is significantly
improved with the SkyTEM21HR system, due to the
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availability of very early time gates, facilitated by thefast ramp-
down. Nevertheless, in somelocations, wherethe subsurfaceis
known to be very resistive and/or the flight altitude was high
only afew early time gates with sufficient signal to noiseratio
could be registered, due to the small dipole moment of the
SKyTEM21HR system., resulting in a significantly reduced
depth of investigation (DOI) (Vest & Auken, 2012.

E) B TTMI-8
: -~
___-.': _- )
B) o ‘ jl
: :ﬁ”—_—.

Figure 4: Comparison of resigivity sections reconstructed
by inverson of the SkyTEM21HR data (a) and the
SkyTEM 304 data (b) along co-located profiles (red line in
Figure 2). The flight altitude and the predicted bedrock
depth marked by blue and black dashed lines.

Machine Learning based inter pretation

We have applied machine learning (ML) based data
interpretation workflows that can integrate available
geotechnical data and geophysica parameter models to
estimate bedrock depth and predict the probability for the
presenceof various soil types (e.g., brittleclay vs marineclay).
These ML based algorithms allow for much faster and more
subjective interpretation of large geophysical datasets.

The bedrock interpretation algorithm is based on an artificial
neuronal network (ANN) that is trained with outcrop locations
and geotechnical drilling data, which provide a depth to
bedrock or a minimum sediment depth at discrete drilling
locations. Strongly simplified, the ANN is “learning” the
resistivity patterns associated with certain bedrock depths at
discrete drilling locations. These “learned” patterns are then
used to automatically interpret the entireresistivity model from
AEM datainversion. A detailed description of the ANN based
bedrock interpretation algorithm is given in Lysdahl et al.
(2022). The predicted bedrock depths for the two resistivity
models are shown in Fi gur e 4.

The machine learning (ML) based volume classification
algorithm is designed to predict the geological/geotechnical
material typebased on a few existing training data pointsfor a
large 3D resistivity volume from AEM data inversion. In this
study, we limit ourselves to a classification brittle/non-brittle
clay. Thealgorithm uses atwo-step approach. Firstly, the soil-
typeis predicted for several geotechnical boreholes, in which
feed-force data were measured. The training data are sparsdy

sampled material labels, either from human analysis of drilling
samples, outcrops, or geologic/geotechnical rules (eg.,
hammering and flushing means non-brittle bedrodk
encountered). Thesetrainingdataareusedto trainaML model-
1 to predict the probability for material types in al the
geotechnical boreholes with feed-forcedata, providingverticd
profiles of the material types present at all drilling locations.

Secondly, another ML model-2 istrained, usingthe previousy
predicted material types in all the boreholes to predict the
material type for the entire 3D resistivity volume. A direct
comparison of the predicted material typesisgivenin Fi gur e
5, for the two resistivity models recovered from the two A-
TEM systems. A more detailed description of the volume
classification algorithm is given in Christensen et al. (2021).

.

°) -

Figure 5: Comparison of predicted probabilities for the
presence of brittle clay based on the inverted ressivity
modelsfromthe SkyTEM21HR (a) and the SkyTEM 304 (b)
sysems. The location of the profilesis indicated with a red
linein Figure 2.

CONCLUSIONS

We have shown that asignificantly smaller and lighter airborne
TEM system than currently available commercial TEM
systems, can produce useful geophysical data. The datacan be
interpreted and provide inside into subsurface resistivity
structures and geology . I n the case of geotechnical applications,
where the focus is on the shallow subsurface, such asmaller
system has in fact some significant advantages. The system
operates with amuch smaller magnetic dipole moment and state
of the art transmitter and receiver electronics combined with
digital data recording provide high quality early time data.
Lower flight altitudes and higher spatial sampling along the
flightlines further improve the sensitivity to the shallow
subsurface. Resistivity models recovered by TEM data
inversion show strong similarities between the small
SKyTEM21HR system and the much bigger SkyTEM304
systemin the parts of the subsurfacewhereboth systems have
good sensitivity. However, the resistivity models recovered
from the SkyTEM21HR dataprovide amoredetailed definition
of the shallow resistivity structures, even though the depth of
investigation is somewhat reduced.

Higher spatia and temporal data sampling regquires more
automation in the data processing and interpretation. With the
results presented in this study we show that automated data
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processing and machine learning based data interpretation
algorithms can be used to efficiently process and interpret this
type of high resolution AEM data. We have successfully
performed an automated bedrock topography interpretation
using an artificial neuronal network. We also conducted an
automated volume material classification based on random
forest classifiers. Generally, the interpretation results for hich
resolution SkyTEM21HR data show strong similarities to the
interpretation results for the SkyTEM 304 data. However, there
are some significant differences, especialy in the shallow
subsurface that can be linked to the higher resolution of the
SKyTEM21HR data.
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A Forward Model Study to Investigate 25, 12.5 and 6.25Hz AEM
System responses to IP and SPM Effects in the Regolith
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forward models run for each system are listed in Table 3. The
Cover |P properties are
SUMMARY prop

Table 1. Forward Model Properties

2.5D forward modelling has been completed on aseries of Formation Dx Res | Cha | Ctau | Cfreq | susc
synthetic €electrical property models to evaluate and Cellsze | ohm-m | (0-1 | (0-1) (sl)
compare the responses of the 25Hz Tempest, 25Hz Host 25 1000 0 0 0 0
VTEMP!US and 12.5 and 6.25Hz HeliTEM?2 systems to a Dyke_Halo 5 400 07 |03 03 0
large tabular conductor buried between 30 and 430m Eyke—"e't 25 23 8-01 8-001 8-3 g
. . . over
below 30m of conductlve cover with and without Coverem o o7 Too5 o3 5
chargeable | P properties. The response to a surface SFV PMLinCover | 25 ) 0 0 0 007
layer above the conductive cover or at surface in the SPM2 in Host | 25 1000 0 0 0 0075
resistive host is also modelled and compared. AboveTopo 25 10000 | 0 0 0
0

The properties chosen to populate the model are
representative of environments encountered in recently Table 2. AEM System Specsfor Modelling
inverted surveys for these systems. AEM System Specifications for Modelling

System Freq Field Units |Waveform Type Sensor
The model results show that as the waveform turnoff TEMPEST |25Hz |Bfield |fT  (Step Fixed Wing ;‘i’r‘ged
sharpens and the system frequency decreases the VTEMplus [25Hz |dB/dt |pT/s [Stepped Heli Susp.
sensitivity to shallow near surface IP effects increases Loop
dramatically and suggests that in this environmet HeliTEM2 |12.5Hz [dB/dt [nT/s |~Square Heli Susp.
common in Australia and other deeply weathered regions Loop
in Africa, the benefits of using these systems to detect HelTEM2 16.25Hz |dB/dt |nT/s |~Square Heli fgz*;

deeper and more subtle conductors are not beingrealised.

Modelled System Geometry

A selection of the model results were inverted using the System TxAlt  |RxAlt [Pitch |TxRx Zsep TxRx Xsep | Comps
Moksha?2.5D inductiveonly and thejoint inductive and IP TEMPEST _ |120 73 27 |47 111 X/Z
inversion methods to determine if these complex modds VTEMplus |30 30 0 0 0 X/z
are accurately recovered. HeliTEM2 |30 30 0 0 0 X/Z
HeliTEM2 |30 30 0 0 0 X/z
_The re_sults indicate that i_t _is very diffi_cult or nearly AEM System Tx/Rx Electronic Summary
impossibleto recover theoriginal geoelectric section when System Freq | Peak NIA| OnTime | OffTime | LastGate | Gates
|P dominates the inductive signal in this way. (Hz) (ms) (ms) (ms)
TEMPEST |25  [86240 |10 0.0000  |7.878 15
Key words: Forward Models, AEM 2.5D Inversion, IP ‘:'TEl!‘;'EP’\'/IUZS i; - ‘S‘ggiz ;3‘(7)1 i;-gggg ;z-ii; ‘2‘2
H H H ell .. | B .
effects, Electngal properties, Conductive  cover, HelTEM2 |6.25 [566000 [39.873 [40.1270 [80.000 |25
Superparamagnetic
Table 3. Forward Models Completed
Model 6002010 Shallow [Model 6004050 Middle|Model 6006100 Deep
Cover (No IP, with SPM) Cover (No IP) Cover (No IP)
Cover (with IP and SPM) Cover (With IP) Cover (With IP)
4 Systems 4 Systems 3 Systems
INTRODUCTION (not TEMPEST)
We have built three 2D geology models to simulate a METHOD
moderately conductive 200m wide, 500m high, vertical tabular
body buried 30, 230 and 430m beneath 22800 long, 30m thick, The AEM forward modelling was completed using the 2.5D
horizontal weathered regolith layer within a 4800m wide Moksha software. Both X and Z components were modelled.
resistive host. Thevertical bodies are surrounded on both sides GeoModeller provides the interface to the 3D model building
by a 50m wide ateration halo. Two 200m wide, 5m thick tools and assigns physical properties to themesh. The2D finite
horizontal zones with superparamagnetic properties sit at element mesh is adapted to themodel so that mesh resolutionis
surface above the conductive regolith and above the resistive higher where greater accuracy is required. The forward code
host respectively, Figure1. Table 1 summarises theformation includes the ability to model IP and SPM effects.
properties assigned in the forward models. The system Selected forward model results were inverted to gauge the
specifications of the four systems appear in Table 2. The impact of IP and SPM effects in the Cover layer and to

determine if the model could be recovered with a standard

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 1



A forward model study investigating IP and SPM effects in the regolith

Moksha 2.5D inversion or a joint inductive and IP 2.5D
inversion procedure.

RESULTS

The forward model and inversion figures display channd
profiles for each measurement time with early, mid and late
times grouped together in 3 panels ordered from top to bottom.
Theinverted profiles are displayed in black and the observed
profilesin cycled colours. Below the profiles we show a single
panel illustrating theimpact of noise thresholdingon the X and
Z components. The base panels show the 2.5D inversion log
conductivity section, chargeability section (joint |P only) and
the original forward model.

Noise estimates are not included in the forward models but
they are included when inverting. These noise estimates are
based on experiencewith these systems and are derived from
survey data rather than contractors estimates or high-level
flight measurements.

Thefour systems werefirst tested on selected models freeof IP
and SPM effects to assess the impact of conductive cover and
depth to top for the three base models. The forward X and Z
component models were inverted jointly using the Moksha
2.5D inversion code to make this assessment. With the
exception of TEMPEST all systemswere ableto detect/resolve
the deeper targets.

Thiswas followed by repeatingthe modellingwith | Peffectsin
the cover sequence, Table1. Theforward modelled results for
the VTEM and HeliTEM systems are summarised side by side
with increasing depthin Figure 3. It is clear that the impact of
IP increases as the frequency decreases and the pulse width
increases.

The 2.D inversion of Tempest and VTEMplus system forwad
models was ableto recover the shallow | Pcontaminated modds
to a moderate degree. The most significant outcome from this
work was that 2.5D inversion of the 12.5Hz and 6.25Hz
HeliTEM models was unable to recover the 6004050 midde
and 6006100 deeper | P contaminated models Figures 8 to 13
and even the shallow models were not fully recovered.
Surprisingly theinversion of VTEMP'Srecovered the 6006100
deeper |P contaminated model but not the 6004050 middle
depth model, Figures 7. The partial fits in the presence of |P
show thin responses at the top of the conductor (12.5Hz) or may
be pushed down below the conductor (6.25Hz), Figures 8 to 10.

Other forward and inverse model pairs investigated were
VTEMP! with SPM embedded in Cover and Host (no IP or
SPM inversion), Figures 16 and 17. Results highlight the
independence of SPM responseto host resistivity. The two
SPM occurrences are in Cover and Host respectively. In this
case the use of joint X and Z in the inversion has caused the
SPM effect to be partly fitted. This creates havoc with the
inversion geometry. Normally when inverting Z only we find
that the 2.5D inversion will not fit an SPM anomaly.

Thejointinversion of the X andZ components from the forward
modelling outputs appears to help with the inversion in the
presence of |Pasthe assumed near horizontal |Player isnot as
well coupled with X. However, in practice we are not able to
jointly invert the X and Z components as the X is usually
incompatiblewith the Z component dueto the effects of motion
or other related noise.

Paterson and Silic

In the case of the VTEMP'S forward modelled deep target
6006100 with IPin Cover the X component assists theinversion
even though the late time Z component is not fitted. The
inversion is standard and not ajoint IP inversion in this casg
Figures 11 and 12.

CONCLUSIONS

Once the relatively modest | P properties are included in the
low-density cover, the2D inversion strugglesto fit the vertical
targets. The impact of P increases significantly for the lower
frequency, longer pulse HeliTEM? systems with their near
squarewaveand sharper turn off, Figure 2. VTEMPYappeas
to be lessimpacted because earlier and slower turnoff resultsin
a reduction in | P signal although it may still be decayinginto
the next duty cycle. The presence of P in the halo around the
conductor does not have a major impact on the inversion.

The TEMPEST towed bird system islessimpacted by | Peffeds
although they arestill recognisablein theforward models. The
deeper targets were not detected. The lower power and
increased height of the sensor abovethe ground will contribute
although the SPM effects are still strongly represented in the
forward models.

The move towards lower transmitter frequencies and longer
pulselengthsin AEM systemsresultsin greater exposureto IP
effects when they are present near the surface. 25Hz moderatdy
powered systems may be better suited in areas with strong
surface | P responses.

Apart from improving the joint | P inversion approach there is
very little that can be done practically to manage the problem
except to map the extent and strength of the IP effects and
advise the client of the limitations in this environment.

Use of the X component in a joint inversion shows some
promisebut so far resolvingtheissuesin this area do not seem
to be a high priority amongst contractors.

Further work is planned to evaluate these models with other
inversion methods (1D/CDI) and investigate narrower dipping
targets and more | P properties variations.
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I_:_igure 1. Forward Model Ge_ology (Aégned Eoperﬁes are shown in Table 1).
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Figure 2. Modelled System Waveforms
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SUMMARY

Airborne electromagnetic methods are divided, by primay
field sources, into ‘active' (with controlled primary field
sources) and 'passive' (without the ability to control the
primary field). Each has pros and consrelated to the dgath
of investigation, bandwidths, sensitivity, resolution,
terrain clearance requirements, and parasitic effects.
Expert Geophysics Limited has developed AEM systams
utilizing active and passive principles, separate and
combined. The MobhileMT system is an entirely passive
system using a remote reference technique. The systam
provides low-noise broadband dataextracted from naturd
field audio frequency (AFMAG) and a very-low-
frequency (VLF) power spectra. I n addition to the passive
field data, but with limited broadband, the TargetEM
system measures time-domain data with an active and
focused source of the primary transmitting field. The
combined (active and passive) airborne electromagnetic
system records broadband streaming data used to extract
AFMAG, VLF, and time-domain components. The naturd
field data, evenin alimited frequency range, is valuablein
filling the gaps when the time-domain method is limited —
at mapping highly resistive geological terrains, in
detecting superconductors, duringsurveysin rugged relief
conditions, and at parasitic effects appearance. In this
paper, we present the combined "active-passive” system.

Keywords. Electromagnetics, AFMAG, VLF, time-
domain.

INTRODUCTION

Using airborne electromagnetic time-domain  systems
(ATDEM) is applicable across various exploration purposes.
High spatial resolution, focused transmitting field, depth of
investigation exceeding the frequency-domain method seved
times, and well-developed interpretation theory and toolsmake
the airborne EM method popular in exploration programs.
Regardless of their popularity, the ATDEM systems have
several limitations in data acquisition. ATDEM capabilities in
mapping resistivity are limited in the range higher than 1000
ohm-m (Annan etal., 1996). However, dependingon a system’s
noise level, they can vary in some limits. Conductive target
detection seems the best application for ATDEM, but most
common off-time systems “fail to detect or adequately
discriminate targets of high conductance” (Witherly, 2007). As
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for any controlled field source method, ATDEM data quality
and informativeness are highly dependent on terrain clearance
which is especially critical in areas with rugged relief (Allard,
2007). Induced polarisation (I P) and superparamagnetic (SPM)
effects are not exotic in ATDEM data (Kratzer & Macnae,
2012; Mutton, 2012) and are often considered parasitic and
destroy theinduction response (IP effect) or create false “late-
time” anomalies (SPM effect). The depth of investigation (DOI)
of time-domain systems is not always capable of reaching
exploration goals and is very limited in conductive conditions
(Allard, 2007).

MobileMT, the latest development in airborne passive field
methods, overcomes al the limitations inherent to ATDEM
(Prikhodko et al., 2022). The technology has comparable
detection capabilities with three other airborne EM principles,
including VLF, time-domain, and a predecessor in the naturd
field domain, but covering the entire depth range beginning
from the near-surface (Moul & Witherly, 2020).

Figure 1 demonstrates the limitations of a time-domain system
(400k NIA, trapezoidal waveform, 30 Hz basefrequency) over
aresistivegeological terrain. The ATDEM detected only near -
surface moderately conductive alluvium sediments, whereas
MobileMT recovered resistivity differentiationsin the range of
thousands ohm-m with agreater depth of investigation. Another
examplein Figure 2 shows combined ATDEM and MobileMT
data along a line crossing aknown KL -22 kimberlite pipe in
northeastern Ontario (McClenaghan et al., 2008). The off-time
dB/dt ATDEM datais heavily impacted by the | Peffect excited,
most likely by the documented surficial till layer. A complete
resistivity pictureis recovered from MobileMT data since the
IP effect does not destroy it, and MobileMT is sensitiveto a
broader range of resistivity differentiations.

These examples demonstrate that natural field data can be a
very supportive addition to time-domain data. Combining
multiple techniques in one system is an attractive solution for
applications in a wide range of conditions. The technique of
extractingmultiple electromagnetic components from recorded,
streaming data in the presence of a controlled current pulse
source has been under discussion and development since 1997
(Laneet a., 1998). Thelatest investigations (Sattel and Battig,
2018, 2018a, 2021) achieved decent results in extracting and
modelling passive EM tipper responses from accessible
streamed time-domain data but with noted inadequate S/N
levels and poor quality of extracted AFMAG data.

Expert Geophysics Limited introduced asystem that measures
natural-field and VLF EM data, acquiring three-component
airborne magnetic-field data while monitoring the horizontd
electric field at a base station used as a field variations
reference. (Sattel et al., 2019). The same technology can be
combined with active source time-domain measurements.
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PassiveMobileMT technology and its combination
with the active TargetEM system

MobileMT passive airborne EM technology utilises natural
audio frequency electromagnetic fields to measure
simultaneously: 1) variations of the magnetic field along three
orthogonal axes (airborne receiver) over survey areas (Figure
3) 2) variations of the electric field associated with telluric
currents using two grounded horizontal orthogonal dipoles
(Figure 4). All seven data streams are synchronised and
recorded in the same frequency band at a 73,728 Hz sampling
rate. The ground electric sensor system calibrates the airbome
sensor system and extracts denoised and unbiased data. The
electrical admittance of the subsurface for each frequency
window is calculated by processing the airborne inductive
receiver XY Z data and the ground electric field sensor systemn
XY data using the calibration data. In general, differences
between calibration parameters and the ratio between the
magnetic field strength and the electric field strength at
different positions on the survey lines indicate geoelectric
differentiations alongthelines. Thecalibration coefficients are
calculated as theratios but in the vicinity of the magnetic and
electric components. Previous developments in airborne
AFMAG lack the advantages of aremote reference technique
(Ward, 1959; Barringer, 2002; Morrison & Kuzmin, 2005;
Kuzmin et al., 2012).
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Figure3. MobileMT magneticfield variationsreceiver with
auxiliary sensorsunder a helicopter

Figure 4. MobileMT electric field variations remote base
gation

The TargetEM system (Figure 5) is atime-domain system tha
when synchronized with the electric field base station (Figure
4); in addition to time-domain EM data, also provides naturd
field apparent conductivities (AFMAG) and VLF data.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



Figure 5. TargetEM broadband passve and time-domain
active system with auxiliary sensorsunder a helicopter

Specifications of the TargetEM system:

e  Transmitter loop diameter — 21 — 26 m

e Number of turns — 4 - 6

e  Peak transmitter current — 230 A

e  Dipole moment — 320,000 — 700,000 NIA

e  Transmitter bipolar pulse shape — rectangular

e  Transmitter pulse width — selectable, typical 6 ms
e  Turn-off time - typical 1 ms

e Basefrequency — 25/30 Hz

Receiver — 3 orthogonal inductive coils (X, Y, and

Z)

e Number of turns — 120

e Zcoil diameter — 1 m

e  Full waveform recording at a digitising rate of
73,728 Hz

e  Very high signal-to-noiseratio

Two time-domain EM data output formats: raw

streamingdata; stacked and processed time-domain

data.

Synchronized electric and magnetic variations time series
recordings (streamed data) include eight channels: 3 orthogond
magnetic variations components, two pairs of horizontd
electric components, and transmitter current. Thetime-domain
active source EM data is derived by thresholding, stacking,
windowing, and filtering standard procedures on the raw
streaming data. The VLF radio-field signals (15-30 kHz) are
identified and extracted based on comparison with the electricd
base station data. Theextraction and processing of natural fidd
AFMAG data correspond to the MobileMT data processing
scheme (Prikhodko et al., 2022). Inthe case of TargetEM, the
natural field frequency rangewith informative datadepends on
the controlled primary field source base frequency and the
current waveform duty cycle. For this reason, apparent
conductivities derived from TargetEM data cannot be egqual to
MobileMT due to alimitation in the frequency range.

Thesingle platform combination of time-domain active source
natural field AFMAG, and VLFradio-field dataprocessingand
extraction has been successfully tested over conductive
structures in northern Ontario.

CONCLUSIONS

The airborne time-domain active field source method has
several limitations under certain circumstances, regardlessof its
progressive improvements and inherent advantages. The
limitations are associated with a narrow range of resistivity
sensitivity, strict requirements for terrain clearance, depth of
investigation, particularly in a conducive environment, and
susceptibility to parasitic IP and SPM effects. Natural field
AFMAG and complimentary VLF radio-field data can be a
valuableaddition to theactive source EM data, especially with
simultaneous recording. Combining streamed time series
recordings over survey lines and recordings from a
synchronized reference base station provides high-quality
natural and radio fields electromagnetic data. The jointly
acquired data recordings and processing (active-source EM,
natural field AFMAG, and VLF frequencies), combined with a

remotereferencetechniquefor providinghigh-quality data, are
realized in the TargetEM system.
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Figure 1. A MobileMT and ATDEM survey linein a resistive environment (Northern Ontario). From top to bottom: dB/dT
time-domain off-time Z component profiless ATDEM Resigivity-Depth image; magnetic field profile; MobileMT resigivity

section (2D inversion).
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Figure 2. A MobileMT and ATDEM survey line over a known kimberlite pipe KL -22 (Northern Ontario). From top to
bottom: dB/dT time-domain off-time Z component profiless ATDEM Resigivity-Depth image; MobileMT apparent

conductivity profiless MobileMT resigtivity section (1D inversion).
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SUMMARY

We present the integration of airborne magnetic data and
five different airborne electromagnetics data sets spaning
from 3 000 NIA up to 1000 000 NIA magnetic moments
(three different AEM systems were used) in La Réunion
volcanic island. Subsequently, a 3D geological model of
the first kilometer beneath the Plaine des Fougéres was
built, in order to constrain 3D hydrogeological modeling.

This approach allowed for the correlation of different
datasets, providing a comprehensive image of the
subsurface and enabling a greater hydrogeologicd
understanding. It was used to position theroute of a degp
water drainage galery and has great potential for
applications in other areas.

Key words: Airborne electromagnetics, Time Domain
ElectroMagnetics, aeromagnetic, volcanic island,
geological modelling, hydrogeological modelling

INTRODUCTION

In order to bring fresh water to the northern part of LaRéunion
volcanic island (Indian Ocean), the County Council of La
Réunion (CD974) requested an assessment of the geological
and hydrogeological risks related to the drilling of a new water
drainage gallery at great depths (300 to 1000 m) below the
Plaine des Fougéres. This new “GANOR” gallery will be
connected to the existingdeep GSAM gallery, which is covered
by up to 1000 meters of volcanic materials. To assesstherisks,
BRGM has established a3D geological model. This model then
supported a 3D hydrogeological model in order to identify
potential hydrogeological risks of drillingin the surrounding of
highly permeable aguifers under high pressure. Peyrefitte et al
(2022) present this work in atechnical report.

The local geological map exhibits very monotonous surface
information, mainly with lava flows and tuffs PN3 and PN4
(Figure 1). The few existing soundings in the area never go
deeper than afew dozen of meters.

DATA ACQUISITION

In 2014, an airborne electromagnetics (AEM) survey was
conducted using the SkKyTEM 304 system over the entire La

Pierre-Alexandre Reninger Aurélie Peyrefitte

Guillaume Martelet

BRGM BRGM
Orléans, France
a.peyrefitte@brgm.fr

Orléans, France
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Réunion island. This survey gave an image of the first 300
meters (line path in Figure 1).

| Batic lave Nows (PRL/PN2)
Differentated ava fows [PNI/PNG|
mlulthL'PM)
® 312HP
306HP
e 304

Figure 1: Geological map over the Plaine des Fougeres.
GSAM gallery isrepresented with awhiteline, thepossible
area of thefuturegallery in awhite polygon andin blue, the
aquifers crossed during the GSAM drilling. Airborne
acquistions are represented in black (304 sysem), light
orange (306 HP system) and green (312 HP system).

A first study creating a 3D geological model combining this
AEM dataset with magnetic modelling was performed. To
alow a preliminary geological/ hydrogeological interpretation,
the lack of resistivity information at great depths, but also the
lack of rock magnetization data, resulted in a preliminary
understanding of the deep hydrogeology. This result was
promising, but still highly hill-constrained.

Two surveys were then flown in 2021 over the Plaine des
Fougéres area, using SkyTEM 306HP and SKkyTEM 312HP
systems in order to extend theimagery, down to 1 000 m depth.
These two new AEM datasets and the previous one are
presented in Table 1. Figure 4 is an example of South-North
resistivity profiles, illustrating the increase of investigation
depth: SkyTEM 304 images resistivity up to 200-400 m depth,
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whereas SkyTEM 306 HP and 312 HP system reach 800-
1000 m depth in this area, down to a maximum of 1200 m.
Combining the three AEM datasets, a high-resolution / deep
penetration 3D resistivity block of the Plaine des Fougéres was
generated from the surface down to 1000 m depth.

The careful preprocessing of each dataset, their inversion and
their combination into a single resistivity model is explained
below.

DATA PROCESSING

BRGM processing methodology of AEM datais presented in
Reninger et al (2020), it includes the use of the singular vdue
decomposition (Reninger et al., 2011). Also, to increase the
signal/noise ratio, this processing includes an adaptative stack
that changes its span according to the noise level, optimising
resolution and depth of invedigation. A manual editing of the
residual noisewas also achieved to completethe processing of
each EM dataset. Such a processing strategy has proven to be
essential for imaging resistivity contrasts up to one kilometer.

A joint smooth SCI inversion (Viezzoli et al, 2007) was run
consideringall AEM datasets. This inversion resulted at the
location of each AEM datain a 1D-resistivity model, made of
40 layers, havinga fixed thickness and variableresistivity with
depth.

A 3D resistivity model was then generated by the interpolation
of the 304 and 306HP 1D resistivity modelsfor the near surface
(thefirst 200 m) and theinterpolation of 306HPand 312HP 1D
resistivity models for greater depths (from 200 to 1000 meters);
the estimated depth of investigation was taken into account for
interpolatingdata. Theresulting3D resistivity model takes full
advantage of the resolution of the 304 and 306 HP systems for
the 200 upper meters and of the depth of investigation of the
306HP and 312HP systems for mapping deeper geological
bodies, allowing for greater modelling of the geological
structure and understanding of the hydrogeology of the Plaine
des Fouggres.

During the AEM surveys, airborne magnetic data were also
acquired. They were all combined to obtain a high-resolution
magnetic map. Given that the surveys were conducted with the
same magnetic instrumentation and parameters (acquisition
height, diurnal removal, the assembly was quite simple: data
points measured alongflight lines of the surveys were checked
for consistency and subsequently gathered in a common
database. A high resolution 100 m magnetic anomaly grid was
derived using a simple interpolation of this new combined
dataset (Figure 2).

Oriented rock sampling was made by geologists over the area
from May to June 2021. A sample magnetisation library was
compiled, combining laboratory measurements (performed on
oriented samples with a JR5-A magnetometer) and field
magnetic susceptibility (with a kappameter). This library
provides rock magnetization constraints for deposits of each
activity period of the Piton des Neiges (thevolcano onwhichis
located the study area). A total of 75 rock samples wereused as
reference for further magnetic modelling.

Taking into account the volcanic history, 2D magnetic
modeling was conducted, using the geological map, the AEM
resistivity model as backgroundpreliminary geometry and rock
sample magnetic measurements to constrain the geological

Raingeard et al.

magnetic responses. The obtained modelling generated
geologically realistic cross-sections (examplein Figure 5).

Figufe 2: Magnetic anomaly hap made with thefus‘on- of
2014 and 2021 surveys(green lines show 2021 flight path).

The resistivity model provided the overall geometry of the
volcaniclayers and their degree of alteration. The magnetic daa
refined the geological model in depth, thereby highlighting
distinct geological units within relatively homogenous
resistivity layers.

The integration of the different datasets had the added benefit
of providing a more detailed geological understanding of the
area and alowing for more accurate interpretations of the

hydrogeology.
RESULTS

Combiningall the availablegeological information with series
of 2D geophysicaly constrained cross-sections, a 3D
geological model was derived all over the Plaine des Fougeres
on adepth range of -1000 m below the topography (1500 metars
above sea level). We used GeoModellere software which
previously proved to alow the successful integration of
geophysicsin complex 3-D geological models (e.g. Martelet et
al. 2004; Calcagno et al. 2008). Figure 3 displaystheresulting
3D geological model, built up upon geological units classified
by their increasing age, ranging from PNO to PN4. Based on the
interpretation of resistivity signatures, some of the modelled
units are differentiated based on their ateration or water
saturation.
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Figure 3: 3D geological model of Plaine desF

The 3D geologicll model was developed to assess the
hydrogeological risk of different scenarios of gallery route The
3D model was therefore implemented in a hydrogeological
model performed in Visual KARSY'S, afree software designed
for assessinghydrogeological risk (Malard et al, 2018). The 3D
geological geometries were used as input (as well as springs,
geological sounding...) to simulate the hydrogeological
conditions within the 3D model. The analysis of this
hydrogeological model was focused along several possible
gallery routes. Taking into account the expected lithological
and hydrological characteristics of the modelled geologica
layers thehydrogeological risk was assessed, alongthe different
gallery routes, dependingon the proximity of overlyingaquifers
and hydraulic head.

CONCLUSIONS

Combining high-resolution near surface anddeep AEM surveys
with aeromagnetic data, geological knowledge and rock sample
measurements, it was possibleto generate acomprehensive 3D
geological model down to a depth of 1000 meters below the
Plaine des Fougeres. Thedeep AEM investigation was possible
with the combination of a high power emission and a resistive
underground (mainly above 300 Ohm.m in thefirst 400 meters).
The generated 3D geologica model alowed for the
characterisation of the subsurface materials, as well as a better
understanding of the geological structure and hydrogeologicd
system of the area. This made it possible to map geometry of
hydrogeological bodies within the first kilometer below the
surface, and thus reducetherisk associated with the drilling of
adeep gallery. Since, previous deep tunnellingin the areafaocad
enormous difficulties (and loss of money), anticipating the
geological and hydrogeological environment of tunnellingis of

utmost importance to mitigate the geological risks prior
committing heavy construction operations.
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Figure 4: South-North resigtivity profilesacquired with 304 (a), 306HP (b) or 312HP (c) sysemsin the Plaine des Fougéres
area. (a) isoriented SN, (b) and (c) are overlapping, SW/NE. Dotted blue line shows a point where lines ar e inter secting.

Figure 5: Example of an interpolated resigtivity profile along the existing under ground Salazie amont gallery, with geological
inter pretation. PNO to PN4 represent old to recent volcanic formations.
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Parameters 304 (2014) 306 HP (2021) 312 HP (2021)
LM HM LM HM HM
Used time gates 6.8pusto 5.53e-4s 60.42psto8.9ms | 6.6 psto 4.8e- 351 psto 1.02e- 1.06 to
4s 2s 13.79 ms
On Time 800 us 10 ms 1ms 5ms 5ms
Off Time 738 us 10 ms 0.5ms 15ms 15ms
Number of gatesused 20 28 41 26 27
Number of turns 1 4 1 6 12
Loop surface 340.82 m2 340.82 m2 342 m?2 342 m? 342 m?2
Repetition frequency 325 Hz 25 Hz 333.33 Hz 25 Hz 25 Hz
Flight line spacing 400 m 400 m 400 m 400 m 400 m
Kilometers of data 489 km used in this 489 km used in 232 km 232 km 226.5 km
project this project
Average height 82.8m 82.8 m 51.1m 51.1m 54.2m
Average current 9.2A 117 A 8.72 A 240.9 A 229.7 A
Cut-off duration 3.34 s 50 ps 6 us 272 ps 985 us
~ Magnetic moment 3 000 NIA 160 000 NIA 3000 NIA 500 000 NIA 950 000 NIA

Table 1: Comparison of acquisition parametersduring the 3 AEM surveysused in thisstudy.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island




184



Supervised stacking to improve the signal-to-noise ratio of AEM

data

Pierre-Alexandre Reninger
BRGM

3, avenue Claude Guillemin
45060 Orléans, France
pa.reninger@brgm.fr

SUMMARY

AEM method has proven to provide useful information on
the subsurfacefor many applications. However, measured
decays are affected by many noises, limiting its
effectiveness and which may prevent to acquire usable
data, especialy in resistive environments. Stacking
techniques are applied in an attempt to improvethesignal-
to-noiseratio. However, stackingall decays fallingwithin
a stack interval can be ineffective, given the nature of
noises that can affect the datafrom decay to decay. Toa
lesser extent, arbitrarily increasingthe stack sizemay also
be ineffective, especially in an anthropized environment
Stacking is generally donewithout any real control onthe
data taken into account.

This paper introduces a supervised stacking method thet
stacks decays falling within a stack interval considering
different combinations and estimates the signal-to-noise
ratio of the resultingdecays. The estimation of thesignal-
to-noise ratio is performed using the singular value
decomposition filtering which has proven to be effective
in identifying and removing noise affecting an AEM
dataset.

Thesupervised stackingmethod isapplied ontheraw daa
It has been tested on two AEM datasets, acquired in
Reunion and Auvergne (France), whereEM noiseis high
and resistivity can easily exceed 1000 ohm.m in some
places. The results show that the presented method
improves the signal-to-noise ratio and can reduce sferics
and certain noises from man-made installations. It
provides less noisy decaysfor post-processing and offas
new possibilities for processing AEM data.

Key words. AEM, processing, electromagnetics, time
domain, airborne.

INTRODUCTION

Socio-environmental issuesareat theorigin of moreand more
projectsinvolvingAirborne ElectroMagnetics (AEM). Indexd,
the surfaces to be covered and the needed coverage are
generaly too important for ground investigations. Moreove,
AEM method has proven to provideuseful information on the
subsurface for many applications. Thus, AEM is increasingy
used to support water resource management, risk assessments
etc... This represents a challenge for the method, for example
in terms of imaging, resolution, both lateral and vertical, and
depth of investigation, and therefore motivates many

developmentsin modellingand inversionand on AEM systams
themselves. However, socio-environmental issues are usudly
focused in anthropized areas where AEM data can be af feded
by many noise sources, decreasing ability of AEM to image the
subsurface and possibly preventing the acquisition of usable
data. Therefore, development of methods to improve the
signal-to-noise ratio (SNR), before rejecting the noise, is also
crucial.

In order to improvethe SNR, the measured decays are stacked
during a pre-processing step. It is generally assumed that the
larger the stack size, the more the SNR is improved (Spies,
1988). Some work has suggested improvements to stacking
The most common techniques apply thresholds when stacking
thedata(Macnaeet al., 1984 ; McCracken etal., 1984) in order
to limit the effect of some important noises, in particular the
sferics. Stack size can also be set based on SNR.

However, the stacking is generally done without any rea
control on the decays taken into account. Indeed, stacking all
the decays falling within a stack interval can be ineffective
given the nature of noises that can affect the AEM data from
decay to decay. To alesser extent, arbitrarily increasing the
stack sizemay also beineffective, especially in an anthropized
environment.

This paper introduces amethod that shuffles AEM decaysinto
combinations when stacking. This method aimsto identify the
combinations of decays which seem to lead, after stacking to
the least noisy data and therefore to improve the SNR. The
method is first exposed and the approach is then tested on two
AEM datasets, acquired in Reunion and north of the Chaine des
Puys (Auvergne, France). The method appears effective in
improving the SNR, providing less noisy data for post-
processing.

METHOD

During an acquisition, decays are measured by repeating a
sequence defined by an emission and the recording of the
ground response. In order to improve the SNR, the acquired
decays are then usually stacked considering a user-defined
stack size.

Instead of stackingall decays fallingwithin astack interval, the
presented methodology proposesto shuffle these decays into
combinations of n decays; nranges from 1 to the defined stadk
size. Depending on the stack sizeand the amount of acquired
data, it may be too time-consuming to test al possible
combinations. Thus, combinations characterised by few or
many decays can all be tested. In between, combinations ae
randomly generated, since the number of possibilities can be
very important. The notions of few, many are defined by the
user and configured accordingto the user’s computer, the size
of the dataset and the desired computation time.
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For each combination, the decays are stacked and the SNR of
the resulting decay is evaluated to identify the combinations
resultingin decays with the highest SNR. These combinations
can then be statistically analysed to obtain, for each stack
interval, the least noisy decay, which will be post-processed.

It is possibleto use different methods to evaluate the SNR
associated with the different combinations. For example
machine learning based methods seem well suited to evaluate
the SNR. However, the singular value decomposition (SVD)
filtering was preferred; filtering based on wavelet
decomposition or principal component analysis could also have
been used.

The SVD filtering is a statistical procedure that has proven
effectivein de-noising AEM datasets (Reninger et al., 2011).
This filtering has proven its effectiveness in identifying and
rejecting different types of noise affecting the data, whether
natural (background noise, sferics) or man-made (capacitive
couplings). The SVD filtering is statistically adapted to the
entire dataset. It was trained on the standard stacked dataset
and then the SVD components were used to evaluate the SNR
associated with each combination.

RESULTS

The Supervised Stacking Method (SSM) presented above was
tested on two surveys carried out by the French geological
survey (BRGM). The firstwas conducted in 2014 in Reunion
and the second was conducted in 2020 north of the Chaine des
Puys (Auvergne, France). Thesetwo areas are anthropized and
many high amplitude noises affect the EM datasets. Moreover,
the resistivity can easily exceed 1000 Q.m in some places
resultingin alow SNR. Only theresults obtained on the Chaine
des Puys are presented in this extended abstract; similar results
were obtained on the data acquired in Reunion.

The SkyTEM 304 system (Sgrensen and Auken, 2004) was
used during these two surveys. SkyTEM systems have the
particularity of emittingtwo different magnetic moments, alow
moment and a high moment, in order to provide near-surface
and deep information respectively. Only the results obtained
on the high moment are discussed here but the same
observations were made on the low moment.

The high moment has a magnetic moment of approximatdy
145,000 A.m2. The on-time has a duration of 2.5 ms and the
off-timelasts 4.167 ms; given thevery high resistivity expeced
for thevolcanic cover, theduration of the sequence was reduced
and the stack sizewas increased. Thedecays aredefined by 22
time gates, from 70 ps to 3.2 ms, and the defined stack sizeis
162. Thedecaysfallingwithin each stack interval were stacked
6 by 6, leading to a stack size of 27 for the tests performed.

Figure 1 shows, for a stack size of 27, the number of possible
combinations as afunctionof the number of decays(i.e. thesize
of the combinations). Thenumber of possible combinationsis
relatively small for combinations composed of few or most
decays. For combinations of intermediate size, the number of
possible combinations starts to become important. Given the
amount of data acquired during the AEM survey, this can
involve significant computation time. Therefore, in this casg
only a limited number of combinations was randomly
evaluated. Thus, to test the SSM, between a combination size

Reninger

of 7 and 20 (blue lines in Figure 1) only 100,000 random
combinations were evaluated for each combination size.

Figure 2 compares, at two different locations, the stacked
decays obtained (1) by stackingall thedecays fallingwithin the
stack interval and (2) by considering the combinations giving
the decays with the highest SNR. The decays obtained using
the SSM (blue curves) seem to have abetter SNR than those
obtained in amore standard way (red curves). Figure 2b also
gives a glimpse of the ability of the SSM to reduce certain local
noises due to the presence of man-made installationsin the
surveyed area.  Indeed, the noise affecting the red curve
between gates 5 and 10 has been significantly reduced on the
blue curve, thus making it possible to reliably invert the early
times.

= =

Humiber of combinabons
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Figurel. Number of possble combinationsasa function of
the number of decays, for a total of 27 decays. The blue
dashed lines highlight the interval in which the
combinations are randomly generated. Outsde, all the
combinations are evaluated.

Figure 3 compares, on thesameportion of flight line, the decays
obtained with astandard stackingand with the SSM. Thenoise
on profilebisvisibly lower. Decays obtained with the SSM are
consistent with each other and up to 7 additional gates can be
used at late times (Figures 2 and 3). This showstheability of
the SSM to improve the SNR, without arbitrarily increasing
stack size or setting subjective thresholds. Thus, the SSM

allows reducing the background noise, which affects theentire
dataset. Thisis imperative in order to improve the depth of
investigation of the AEM method. Moreover, certain loca

noises dueto the presence of man-madeinstallations tend to be
significantly reduced, for example on decays 4 to 11 and on
decays 33to 57 (Figure 3), thus providingless noisy input daa
for post-processngto improveimaging of subsurfaceresistivity
contrasts.

These results are promising, in particular for improving the
imaging of resistivity contrasts in anthropized areas, where
socio-environmental issues are numerous. In some cases, the
gain appearsto besignificant; it should be noted that the decays
obtained using the SSM cannot have a lower SNR than those
obtained with standard stacking, sincethis combinationis aso
evaluated.

CONCLUSIONS

It is generally assumed that the larger the stack size, the more
the SNRis improved. Thisstudy showsthatitispossible, asa
first step, to noticeably improvethe SNR by choosingthe right
combination of decays beforehavingto arbitrarily increasethe
stack size. Moreover, the SSM turned out to be effective in
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reducing certain cultural noises and sferics, which is rarely
possibleby playingon stack size. Thus, the SSM provides less
noisy decays for post-processing.

The SSM tends to improve the depth of investigation and the
coverage, while preserving lateral and vertical resolution.
These improvements could alow a better characterisation of
anthropized areas, where most of the socio-environmentd
issues are concentrated.

The SSM gave promising results by testing only a limited
number of combinations compared to the number of possible
combinations. The SSM must still be optimised, especially on
the computation time and the number of combinations to be
considered. It should be noted that the code is perfectly
parallelizable, since each stack interval can be processed
independently. However, it may not be possibleto consider dl
combinations without significantly increasingthe computation
time. The first results would show that the decays with the
highest SNR can be obtained from combinations composed of
only a few decays. Thiswould then represent an important
result for the reduction of the computation time. Tests on the
number of combinations to consider are still to be carried out.

The SSM offers new possibilities for improving the SNR,
which is essentia in the exploitation of AEM data. The SSV
isalso perfectly complementary to the other existing processing
strategies and can beeasily implemented in aprocessingchain.
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SUMMARY

Airborne Magnetics and Electromagnetics surveys are
widely used in mineral resource exploration. Beyond the
sensitivity of both to certain mineral deposits, magnetics
serves as a useful proxy for geological structure.

We extend our previous work on cross-gradiet,
structurally-guided 3D EM inversions to use two-
dimensional gradients derived from pre-processed
magnetic grids as a structural guidein inversions of AEM
data sets

We compare 3D resistivity inversion resultsobtained with
this structural guidingapproach to thosewithout, for AEM
datarecorded in asurvey in New Brunswick, Canada.

This structurally-guided 3D inversion method using
magnetics datais generic and can be applied to inversion
of other geophysics datasuch as ground electromagnetics,
etc.

Key words. 3D inversion, joint inversion, AEM,
magnetics, structural constraint.

INTRODUCTION

TheAirborne Electromagnetic (AEM) method has been widdy
adapted in the mining industry to detect large mineral deposits
with conductive material. The datais either interpreted either
using maps of simple conductivity transforms (Huang and
Fraser, 1996) or resistivity models obtained by using 1D
(Farguharson et al., 2003; Vallée and Smith, 2007) or — more
recently — multidimensional inversion algorithms (Cox and
Zhdanov, 2008; Haber and Schwarzbach, 2014, Scholl and
Miorelli, 2019).

In addition to standalone magnetics surveys at regional and
prospect scale surveys— auseful proxy for geological trends as
well as deposit detection — magnetics data are frequenty
measured simultaneously with AEM surveys. Combined
interpretations are usually qualitative, however.

In this paper, we present a quantitative approach to use the
magnetic data directly during the AEM inversion, but as a
structural guideto the 3D resistivity inversonrather thanajoint
inversion of theresigtivity and magnetic susceptibility volumes.
Thegoal isto derive, out of themodels that sufficiently explan
the data, a resistivity volume that more closely resembles
structures that are visible in the magnetic anomaly maps.

For this, we employ thecross-gradient approach (Gallardo and
Meju, 2003), originally intended to structuraly link two
properties in a joint inversion of different parameters, since
extended to support certain geological structures in the
inversion of a single method. This application of the method
relates the gradients of the model that are inverted with the
gradients defined by some structural reference. Previous
examples used a known regional strike (Scholl et al., 2015),
near surface dip measurements or seismic volumes (Scholl e
a., 2017) or complex geological models (Mackie et al., 2020)
to define these reference gradients.

In all of the 3D examples, the gradients were also 3D vectors.
However, if we want to usea 2D structural map of theareaina
3D inversion, the algorithm needs some small but important
changes to get to useful results. In this paper, we show the
required modifications to the algorithm and demonstrateits use
on areal data set.

METHOD

A linearized inversion is typically formulated in terms of a
quadratic cost function that needs to be minimized. Often, the
cost function contains a part that relates to the data misfit and
one that relates to the roughness of a model (e.g. Constable &
al., 1987):

®(m) = [|d - f(m)|1> + 8 f, [IVmlI*av,

Here, @is thecost function, m isthemodel vector, d and f are
the measured data and model response, respectivdy, and Sis
the trade-off parameter that weights the data misfit (the first
term) against the model roughness (the second term). The
roughness here is defined using the integral of the modd
gradient Vm as model regularization. All valuesin the equation
above are assumed to be dimensionless.

The cross-gradient approach as published in previous papes
adds an additional regularization term

o(m) = |ld — f(m)|I*+
B f, Ivmll*av +y [, [IVm x Vs||*dv,

where in the general case Vs is a 3D gradient of the structurd
model and y isa different trade-off parameter that balances the
cross-gradient term with the other two terms. The contribution
of the cross-gradient term is zero when the cross product of the
two gradients Vm and Vs is zero, which is the casewhen either
thegradients are parallel or antiparallel, or when either of them
is zero. Notethat the amplitude of the gradient Vs only defines
how strong the regularization is at agiven cell.
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The integral is numerically evaluated in a discreteform where
the norm of the cross product is evaluated for each cell i of
model. In components this yields

0,m;0,s; — 9,m;0;s; z

lvm; x Vs;lI? = ||| 9,m;d,s; — 8,m;d,s;

d,m;0,s; — 0,m;0;s;

2
= (6ymiaz 5 — azmiaysi) + (9,m;0;s; — (?Xmiazsi)z +

(axmiaysi - 6ymiax s; 2,

where 0dx, dy and dz denote partial derivative operators in x, y
and z direction, respectively.

In this paper, we want to use a 2D map as a structural guide
This means that dzsiis not defined. Furthermore, we want t
apply the structure not only to the uppermost layer, but to all
depths. For simplicity, wetherefore assign the map to each grid
level of our model. This meansthat dzsinow is defined, butis
=0 everywhere. With this, the expression above becomes

2 2
(6Zmi6ysl-) + (azmiaxsi)2 + (6Xmi6ysi —aym;d,s;)".
To minimize thisterm for an arbitrary s;, dzmi needsto be=0
aswell, so theregularization will suppressany vertical changes
in theinverted model, which is not desirable. The solutionisto

only use the z-component of the cross product (axmiaysi -

aymiaxsi)z as the regularization, which means that the cross-

gradient term provides no regularization to thevertical gradient
of the model.

Using structural regularization in inversions

Inversions of geophysical dataareinherently non-unique, either
due to the physics involved or the presence of data
uncertainties. The commonly applied “smooth model”
inversion approach seeks to find the “simplest” possible
solution to out of all the potential solutionsthat would yidd a
similar misfit (Constable et al., 1987).

The main reason for adding an additiona structurd
regularization to theinversion is to bias the ambiguous parts of
the solution closer to what the interpreter considers a
geologically more plausible model that agrees better with some
auxiliary structure. This can help to find aunified model across
multiple methods or for hypothesis testing.

Theinversion, however, is still supposed to fit the data, which
means that the structural constraint can only havea noticeable
effect in parts of the model that are less well resolved by the
data. This means that the auxiliary texture should at least to
someextend fit the structures required by the data. Otherwise,
the inversion might converge at high misfits, or the trade-off
parameter for the cross-gradient term yhasto beset to avalue
so small that the term has no effect on the inversion.

EM data by itself will overall provide areasonable horizontd
resolution of theresistivitiesin thenear surface. So, adding an
additional regularization of the horizontal structureis likely
only going to work well in cases wherethe overall patterns tha
can be inferred from the EM data is to some extend smilar to
the auxiliary structure.

Scholl et al.

FIELD DATA EXAMPLE

Thedata set used in this paper is a subset of datarecorded near
Kedgwick, New Brunswick, available from the geoscience daa
repository of Natural Resources Canada (Kisset al, 2000, see
Figure 1). The data itself were recorded with a DIGHEMV
system (Fraser, 1972; Bouvier et al., 1999). We used CGG’s
proprietary multidimensional inverson code Otze ( Scholl and
Miorelli, 2019) for the inversions.

In al cases we inverted the three co-planar channels at
frequencies 867 Hz, 7,193 Hz, and 56,550 Hz. We assumed
standard deviations of 5% plus 2, 5, and 10 PPM, respectively.
As indicated in Figure 1, we inverted only a smaller subse of
thedata. All inversions started fromahomogeneoushalf -space
including the real topography of the area.

Figure 1. Map of the conductivity transform for the high
frequency (56 kHz), coplanar channel of thesystem over the
complete Kedgwick area; the black shape denotes the data
mask for the inversons. Coordinatesare in NAD83/UTM
zone 19N.

Regular inversion of the EM data

Theregular 3D smooth model inversion of the EM datareached
the target misfit of a normalized root-mean-square (RMS of
1.0 after 9 iterations. Figure 2 shows theresult of the inversion
at adepth of 100 m below ground level (bgl).
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Figure 2. Inversion result for the EM dataat a depth of 100
m bgl.

Magnetic data as structural congraint

Figure 3 shows the magnetic data recorded during the survey.
The left subfigure shows the residual magnetic signal, that is,
the measured signa minus the international geomagnetic
reference field (IGRF, see Kiss, 2000). The dominant features
have a relatively long wavelength. For a structural constraint,
we are interested mostly in smaller scale, near surfae
structures. Therefore, we applied a 140m match filter to the
magnetic data (Spector and Grant, 1970). Theresult of thisfilter
operation is shown in the right panel of Figure 3.

For the inversion with astructural constraint, the match filtered
magnetic data is mapped onto all depth levels of the 3D modd
domain. During the mapping, the maxima were limited to a
value of 10 nT. Afterwards, the structural map was smoothed
horizontally. The final structure mapped onto the model is
shown in Figure 4 (left).

Theinversion was started again from ahomogenoushalf -space,
including the additional regularization term for the modified
cross-gradient link to the structural model. Also thisinversion
reached the target misft, but it required 13 iterations. Figure 4
(right) shows the result of the inversion with the structurd
constraint at a depth of 100 m bgl.

For better comparison, Figure 5 shows theresults of the regular
inversion without structural constraint (left) and the one with
the structural constraint (right). On both plots, the original,
match filtered magnetic data (Figure 3, right) is superimposad
with contour lines.

Theinversion result with the structural constraint matches the
contour lines nearly perfectly. Fundamentally, the resistivity
patterns obtained from thetwo inversionsaresimilar. But there
are several details in which the results differ. The eastern pat
(red ellipse) appears less noisy on theright. Also, thehook like
feature in the white ellipse is different. Without the structurd
constraint, the southern tip of the hook seems more connected
to alinear featurethat extends to the SE. Thetwo linear features
that are crossingthestrikedirection in the centre (black ellipse)
are suppressed in the result with structural constraint.

Just becausetheinversion resultis closer to the magnetics does
not necessarily mean that it is more correct. The anomalies in

the blueellipse are changed from a curved, linear feature (leff)
to individual blobs (right) as indicated in the magnetic data It
seems likely that these blobs areimprints of cultureand not of
geological origin.

Likewise, several of the mostly linear features (e.g. the blue one
in the purple ellipse) appear with more beads along its length,
because the original magnetic data exhibits these. Again, they
are morelikely to be artefacts of the line spacing and gridding
than geologically relevant.

In order to reducethese probably artificial featureswe modified
the filtered magnetics further manually. The figure with the
filtered grid in grayscale was saved to a TIF file. It was then
loaded into a picture editing tool for manual editing, using a
cloning tool to remove most of the pockmarks and asmudging
tool in the direction of the linear features to smooth out the
beads related to the line spacing and higher frequency noise
Figure 6 shows the result of that operation on the left. The
resulting TIF was then in turn mapped back onto the modd
(Figure 6, right).

With this structural constraint, theinversion reached the target
misfit after 15 iterations, shownin Figure 7. Theartificial blobs
now disappeared, and the overall appearanceis much smoother
than both previous results while adhering well with the
magnetics structural map.

Figure 8 shows a map view at 50 m bg through the three
inversion results as well as a cross section with a verticd
exaggeration of three for each. “w/o structure” refers to the
model that was obtained by the standard smooth modd
inversion, while “w/ structure” and “w/ edited structure” refer
to themodel with structural constraint as shownin Figure4 and
Figure 6, respectively.

The three results are overall similar, but the two that included
the magnetics information look cleaner and more structurally
consistent, depending of course on how geologically relevant
the structural information in the magnetics is.

DISCUSSION

We derived a formulation for a cross-gradient structurd
constraint that is suitablefor usinga2D map as structural guide
in a 3D inversion. The approach was demongtrated for afidd
data example. The inversion result was closer to the texture of
the magnetic data when the latter was used as a structurd
constraint, meaningful to the extent that the magnetics are a
reliable guide to the geological structure.

In the first inversion example, we used magnetic data &
structural constraint, and in the second case we used amanudly
modified “enhanced” image of the grid. At this point, the
structural guide is merely generated from a georeferenoad
figure, so it is clear that the approach works as well with any
arbitrary figure, aslongas thetextureis in some agreement with
themeasured data. For example, the user might useageologicd
map or astructural interpretation as the basis.

The caveat with arbitrary figures might be that those might
contain structures that are finer than the cell spacing of the
model, so asimple mapping as used in this paper is likdy not
the best approach. Instead, it would be beneficial to compute
the gradients directly on the figure, use a structural tensor
approach for theupscaling (Zhouet al. 2014, Scholl et al., 2017,
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Kim et al., 2019) and then use these as structural constraint as
shown in this paper.
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SUMMARY

The German Federal I nstitute for Geosciences and Naturd
Resources (BGR) has been conductingairborne geophys-
cal surveys worldwide for more than four decades. Most
of these airborne surveys applied frequency -domain heli-
copter-borne electromagnetics (HEM) in combination
with magnetic and radiometric measurements.

HEM surveys served and still serveas acquisition of base-
line data for a number of applicationsin mineral, ground-
water and soil exploration. After startingwith anomdy
detection in mineral exploration surveys, thefocuswas s&
to groundwater surveys during the following decades.
Spatial mapping of freshwater resources, seawater intru-
sion, submarine fresh-water outflows, and buried valleys
aresometypical applications. Recently, environmental is-
sues gain more and more importance. Therefore, BGR
conducted most of thecurrent surveysin Germany. These
provided not only resistivity distributions, but also esti-
mated parameters such as groundwater chloride contentin
coastal and salt dome areas, groundwater iron content in
former lignite mining areas, and peat volumes of mires.
Theseapplications combined local data(e.g boreholes) or
external models as well as airborne geophysical datato de-
rive spatial estimates, which then served as baseline dae
for advanced (hydro-) geological modelling.

Key words Helicopter-borne electromagnetics, BGR,
mineral exploration, groundwater and soil investigations.

INTRODUCTION

Airborne geophysics has alongtradition at the German Federd
Institute for Geosciences and Natural Resources (BGR). For
more than four decades, BGR has conducted airborne surveys
worldwide applying a variety of geophysical methods. Most
often, the BGR helicopter carried acombination of electromag-
netic, magnetic and radiometric systems. BGR started airborme
geophysics for mineral exploration inthemid-1970s. Thefirst
groundwater survey over the German East Frisian island of
Spiekeroog took place in 1978 (Sengpiel and Meiser, 1981).
Sincethen, BGR has focused on groundwater surveys(Siemon
et al., 2009b), but other surveys were also conducted.

SYSTEMS

BGR’s current standard helicopter-borne geophysical systam
consists of aSikorsky S-76B helicopter, three geophysical sys-
tems (electromagnetics, magnetics, and gamma-ray spectrome-
try), navigation and positioning (incl. inertial measurement
unit) systems, adata acquisition system, and abase station re-
cording diurnal variations. The first helicopter-borne electro-
magnetic (HEM) system BGR used was aDighem I I, which op-
erated at about 900 Hz in horizontal -coplanar (HCP) and verti-
cal coaxia (VCX) coil configuration (Fraser, 1979). Later,
two-, three- and five-frequency systems followed. Both of the
current HEM systems (Resolve) operate at six frequencies rang
ing from 380 Hz to 130 kHz and haveon-board calibration fa-
cilities. Transmitter and receiver coils are oriented in a hori-
zontal-coplanar (5 x HCP) or vertical-coaxia (1 x VCX) posi-
tion ( Siemon et al., 2009b). The maximum investigation
depthislimited to 50-150 m, dependingon the conductivity of
the subsurface. Thehigh frequency range and phase angle
measurements make HEM systems optimal for mappingwide-
ranging resistivity (0.1-50,000 Qm) with high near-surface
layer resolution (Hodges, 2013).

METHODS

Thoroughly processed HEM datais the basis for any quantita-
tive analysis. In-house and commercial software is applied to
correct the data for calibration errors, thermal drifts, and base-
line shifts as well as for thereduction of cultural noise (Siemon
et al., 2011). Homogeneous half-space (single-frequency in-
version) and layered half-space models (multi-layer inversion)
are used to derive spatial resistivity distributions. The multi-
layer (1D) inversion applies aL evenberg-Marquardt procedure
in combination with general matrix inversionthatis ableto use
both few and many layers (Sengpiel and Siemon, 2000; Siemon
et al., 2009b). Additionally, lateral constraints can be applied
(Siemon et al., 2009a). Time-consuming3D modellingand in-
version is only applied where 1D inversion fails to produce
plausible results (Ullmann et al., 2016).

RESULTS

Past — a brief review

Airbornegeophysics at BGR started with mineral and ground-
water exploration surveysas part of development aid projets
in South America, Asia, and Africa(e.g. Eberle, 1995, Sengpid
and Fluche, 1992). After the 2004 tsunami, BGR helped to as-
sess freshwater resourcesin the coastal areas of Aceh, Sumatra
(Siemon et al., 2007). Nowadays, research and development
projectsin Europedominate. Thevariety of applications com-
prises besidesgroundwater and geological mapping (Jordanand
Siemon, 2002), the investigation of buried valleys (Eberleand
Siemon, 2006), abandoned salt mines (Siemon et al., 2012) or
military (Siemon et al., 2002) and civil (Sengpiel and Siemon,
2005) wastesites. Recently, BGRrestarted mineral exploration
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surveys applyingboth the standard BGR helicopter-borne geo-
physical system (Semonet al., 2016) and anovel semi-airbome
electromagnetic system (Steuer et al., 2020). Thevalueof the
HEM results increased from simple mapping or anomaly detec-
tion surveysto beinga fundamental part of numerical geologi-
cal and groundwater modelling (e.g. Rumpel et al., 2009,
Steinmetz et al., 2015, Delsman et al., 2019, Siemon et al.,
2020b).

Present — two case histories

The before mentioned applications are still up-to-date. Thus,
only two further applications concerning climate changeissues
are described in the following.

| — Invegtigation of former opencast lignite mining areas

Theregion near the towns of Cottbus and Senftenbergin Lusa-
tia, Eastern Germany, was one of the largest mining areas in
Germany. Most of opencast lignite mines have been closed dur-
ing thelast threedecades and apost-miningrecultivationis on-
going. For this, extensiveinformation on aquifersisrequired,
in particular on their mineralization, depth and thickness. One
problem is the contamination of the groundwater and lakeswith
acids and dissolved iron.

InJuly 2021, BGR conducted aone-week airborne survey over
an area (200 kmz, 1680 line-km) between Finsterwalde and
Lauchhammer (Figure1). The apparentresistivity at the high-
est frequency (128 kHz) fits very well with the water resistivity
sampled in lakes, as long as the width of the lakes exceeds
200 m so that thedistanceto the lakeshores outreachesthe sys-
tem’s footprint (Figure 2). This demonstrates that the transfor-
mation of the HEM data based on homogeneous half-space
models is sufficient to reveal water resistivity as a proxy for
water quality, at least for larger lakes. For smaller or shallow
lakes, however, 3D or full 1D inversion, respectively, is mar+
datory to achieve accurate water quality parameters.

Figure 1. Apparent resistivity pa@ 128 kHz (grid) vs. ress
tivity pw of water samplesin lakes (dots). Marked are lake-
shores, rivers, mining area, and flight lines.

While the contamination of surfacewater can be easily sampled
in-situ, groundwater sampling requires observation wells. As
theseare often sparsely distributed inasurvey area, the question
is, whether HEM results can help to close the gaps. Figure 3
shows theresistivity distribution at 90 m asl, derived from 1D

Siemon

inversion modelswith 20 layers. Most of the filters in the ob-
servation wells are located in a sandy aquifer at this elevation.
Thecoloured dots plotted on Figure 3 representingthebulk re-
sistivity (usingaformation factor of 4) at the observation wells
generally agree withthe HEM derived resistivities. Deviations
occur where filters are deeper/shallower or lithology (clay or
silt layers close to filter sections) affects the HEM data.

The analysis of 26 groundwater samples shows (Figure 4, left)
that groundwater EC seems to correlate with dissolved iron

(Fe2+) content based on asquare-roct relation. Transferringthis
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Figure 2. Ratios of apparent resstivities @ 128 kHz and
resgtivities of lake water. a) & b): values picked from grids,
c) & d): values picked on closest flight lines. Colours refer
to distance to lakeshore. Dashed lines indicate the 1:1ling;
dotted lines indicate 100 m distance to lakeshore and 200 m
lake width.

Figure 3. Resistivity p @ 90 m asl (grid) vs. bulk resistivity
pb derived from groundwater samples (dots). Marked are
lakeshores, rivers, mining area, and flight lines.
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Figure4. Left: groundwater EC vs. Fe?* content with cal-
culated (orange) and estimated (blue) trend line, right: esti-
mated Fe?* content derived fromresistivities @ 90m ad vs.
Fe?* content in groundwater. Dotted line indicates the cal-
culated trend line; dashed line indicatesthe 1:1 line.
approach to HEM resistivity dataleads to estimated Fe-content
Fe**est. = 10000/2-(F/p)? with formation factor F = 4 and
p = resistivity @ 90 m asl. Although the corresponding trend
line (Figure 4, right) deviates from the 1:1-line, this result is
promising for an estimation of the Fe-content in groundwater
derived from spatial HEM results.

11- Peat volume estimation of peatlands

Peatlands rel ease greenhouse gases to the atmosphere, particu-
larly if anthropogenic drainageand land usefor agricultural, sil-
vicultural or horticultural purposes take place. In Germany,
2.8% (7.8 Mio. T CO2-C-equivalents) of the total national
greenhouse budget of 2006 came from peatlands used (Hoper,
2007). Knowledge on peat volumes of peatlandsis essentid
to estimate carbon stocks accurately and to facilitate appropri-
ate peatland management (Gatis et al., 2019). Commonly usd
direct soil probingof peatlands as well as geophysical methods
applied on ground arelabour intensive and unfeasibleto capture
spatial information at landscape extents. Remote sensing and
airborne geophysical methods may help to overcomethis chal-
lenge (Siemon et al., 2020a).

An airborne geophysical survey (173 km?, 887 line-km) con-
ducted in May 2022 within 4 days covered the northern half of
the “Teufelsmoor” which is one of the largest contiguous areas
of bogin northwest Germany. The lateral extend of the peat-
land was estimated from a combination of radiometric (expo-
surerate E) and HEM (apparent depth da @ 133 kHz) data. In
order to balance both parameters, each onewas scaled with re-
spect to drilled peat thicknesses providingaparameter (peat in-
dex Pl) that represents a thickness: for da < 0.5 m,
E <1.25puR/h, Pl >0: Pl = -(1.5-da+2.8:In(E))/2, else: Pl =0.
Figure 5 (left) shows the Pl contourin comparisonwith mapped
mires (sizeof fen and bogley areas could be diminished today).

Figure 5. Left: mapped mires vs. peat index Pl (airborne),
right: peat thickness estimated from airbornedata (grid) vs
borehole data (dots).

HEM inversion models are used to estimate peat thicknesses.
While few-layer models normally contain the information on
peatinthefirstlayer ( p1, d1), multi-layer models require more
analysis. Siemon et al. (2020a) showed that the steepest posi-
tive log(p)-log(z) gradients (SG) derived from spline interpo-
lated HEM models helped to estimate resistivity pp and thick-
nesstpof peat. Thefew- and multi-layer results, however, dif-
fer somewhat from each other and show resistivity dependent
deviations from drilled peat thicknessesty. The deviations of
the corrected estimates could bereduced using constant scaling
factors: pc: tpk = dm:pc/pm, Wheredm=d1, pm = p1, pc= 50 Qm
for few-layer models and dm=tp, pm=pp, pc =40 Qm for multi-
layer models. Thefinal estimate for peat thickness combines
(average) Pl and tpk values (Figure5, right). Figure 6 compares
estimated (ha) and drilled (hp) peat base elevations (difference
of surface and peat thickness values).
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Figure 6. Comparison of drilled peat base elevations (hp)

with airbornederived estimates (ha). Left: hisogram of dif-
ferences Ah = ha - hp, right: scatter plot havs. hp.

Future — an outlook

Although the number of HEM systems has decreased over the
last decades due to an increase of time-domain systems, they
arestill useful and have some advantages. Therigid-beam birds
areeasy to fly, even with higher speed/stronger winds. Thelow
drag (closeterrain following) and short stack time enables hich
lateral resolution for both discrete conductors and changing
layer resistivity (Hodges, 2013). Independent coil systems per
frequencies enable selective correctionswith respect to culturd
noise. The high-frequency datais at al less sensitive to that
noiseand low frequency quadrature datais sensitiveto conduc-
tors in resistive host as well as to magnetic susceptibility.
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Dueto theeffects climate change, airborne EM surveys may be
increasingly demanded for soil mapping and near-surface
groundwater observations. Particularly for these shallow inves-
tigations, HEM can provide large-scale baseline data. Inte-
grated modelling, combiningHEM with other types of data and
using data uncertainties are only a few examples for future
trends.

CONCLUSIONS

Several case histories cited or presented here demongtrate the
variety of applications that are feasible with HEM. Besides a
number of studies, which qualitatively interpreted HEM results,
recent studies focussedon theintegration of HEM modelsinto
3D geological and groundwater modelling. The frequency-do-
main HEM method is suitable for surveys, which require lim-
ited exploration depth (in the order of a hundred metres). If
greater exploration depth isrequired, time-domain or semi-air-
borne electromagnetic systems haveto beused. Thus, the focus
of HEM surveys should primarily be set on shallow large-scde
investigations, particularly where target conductanceis low,
host resistivity is high, near-surfacelayer resolutioniscritical,
targets are small, and where terrain is difficult.
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SUMMARY

TheHydroGeosl Te project aims at the establishment of the
first Italian calibration and reference site for arborne
electromagnetic (AEM), ground EM and electric
geophysical methods within the largest AEM campaign
carried out in Italy for groundwater mapping and
management.

The geophysical characterization of the HydroGeoslTe
combines AEM, ground EM and galvanic direct current
and induced polarization (DCIP) surveys, for theretrievad
of aunique 3D distribution of conduction and polarization
electrical properties, ableto describeall geophysical data.
Thisis achieved through a jointinversion of all inductive
and galvanic data in terms of dispersive resistivity, with
data misfit comparable to the independent inversions and
significantly improved resolution.

TheHydroGeosl Tewill serve as calibration sitefor future
AEM campaigns, as well as for ground-based EM and
galvanic surveys. Furthermore, boreholedrillings down to
several hundreds of meters are being carried out, with
lithological description and geophysical logging, for
establishing a reference in the interpretations of the
resistivity models retrieved by the AEM campaign.

Key words. Calibration, Reference, Joint inversion

INTRODUCTION

In the spring of 2021 over 2000 line-km of airborne
electromagnetic (AEM) datahave been acquired for mapping
and managing groundwater resources in the Brescia provinocg
West of Garda Lake, and another 20000 line-km survey is
currently ongoingto cover the entireplain of Bresciaprovince
and a mountainous sector within summer 2023, over an area
of approximately 1800 km? (Figure 1).

Within this AEM campaign, thelargest ever carried outin ltdy
for groundwater mapping and management, the water
management company A2A Ciclo Idrico S.p.A. financed the
HydroGeosl Te project, which aims at establishing the first
calibration and reference site for AEM, ground EM and
galvanic geophysical methods for hydrogeological purposes.

Matteo Gisolo

The EEM Team for Hydro & eXploration ~ A2A Ciclo Idrico S.p.a.
Dep. of Earth Sciences A. Desio
Universita degli Studi di Milano,
Via Botticelli 23, Milano (Italy)
stefano.galli2@unimi.it

Via Lamarmora 230, Brescia (ltaly)

matteo.qgisolo@a2a.eu

The need for calibration sites of EM systems derives by the
sensitivity of EM data to system characteristics, such as
receiver transfer function, transmitter current waveform, and
transmitter-receiver synchronization and geometry, which if
neglected lead to significant bias in the retrieval of the
electrical properties (Christiansen et al., 2011). For instance,
the Lyngby Danish reference site has been established for
ensuringthe calibration of bothairborme and ground-based EM
systems (Foged et a., 2013), while the Menindee Australian
test range (Brodie and Cooper, 2018) focusesonly on airborme
systems, but covers amuch longer stretch (morethan 35 km).
In both cases, calibrated systems are expected to retrieve
satisfactory resistivity models, the eventual calibration
consisting in adjusting the system characteristics until the
inversion model compares well enough with the reference
model.
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Figure 1: Flight lines of 2021 and 2023 AEM campaignsin
Brescia province. Blue lines represent the 2000 line-km of
data flown in 2021; orange linesrepresent the 20000 line-
km of the 2023 survey. The red dot shows the postion of
the HydroGeod Te.

With the HydroGeosl Tewewant to raisethebar even higher:
we aim at characterizing the electrical properties at the site,
both in terms of conduction and polarization, for modelling
jointly inductive and galvanic direct current and induced
polarization (DCIP) data. Furthermore, borehole drillings
down to several hundreds of meterswill be completed within
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summer 2023, andthelithological descriptionand geophysicd
logging will alow to use the HydroGeosl Teas areferencein
the interpretation of the AEM campaign. Inthefollowing, the
details about the geophysical characterization of the
HydroGeoslTe are presented, as well as the inversion
procedurefor thejointinterpretation of inductive and galvanic
data and the modelling results.

SITE CHARACTERIZATION

The HydroGeosl Teis located in northern Italy, close to the
southern margin of the Italian Alpine chain (Fig. 1), within a
fluvioglacial and glacial depositional environment which lays
on bedrock, supposedy Pliocene marine bedrock. Therefore
the near surface deposits expect the complex superimposition

Signora et al.

and interdigitation of morain and fluvial deposits due to the
repeated advance and retreat of the glacia system
(Plesitocene) followed by the quaternary alluvia deposit of
Chiese river’s alluvial plain (Conti et al., 2009).

AEM acquistions.
The geophysical characterization has been carried out through
AEM acquisition, ground EM surveying with four different
systems and galvanic acquisition of DCIP data (Figure 2).

In particular, SkyTEM AEM data (Fig. 2, bottom left map)
havebeen acquired in 2021 through the SKyTEM 312 system,
and the AEM characterization is going to berepeated with the
new SKyTEM 306HP within summer 2023, to overlap the
geophysical ground measurements with three different flight
heights to ensure the absence of system bias.

Figure 2: Maps of the geophysical surveys carried out (coloured lines'symbols) and planned (grey linessymbols) at the
HydroGeods Te, with the perimeter of thearea alwaysaccessble indicated in blue (HGSin the legend). Top left — Ground TEM
soundings with 40x40 m? (blue squares) 100x100 m? (yellow/grey squares) and 200x200 m? (magenta squar ) loop sizes. Top
right — DCIP profileswith 10 m spacing (dotted orangelines, = 4km) and 5 m spacing (dotted red/grey lines, ~ 4 km) Bottom
left — SkyTEM 3122021 soundings, further AEM datawill be acquired by SkyTEM 306HP systemin 2023 at 3 different flight
heightsalong NS/EW profiles. Bottom right — tTEM soundings, the same area has been covered with the Loupe system.

Ground TEM acquisitions e 0ne200x200 m? Tx-60 sounding, with 100 minutes

Several ground transient electromagnetic (TEM) soundings
have been measured with the ABEM WalkTEM 2 instrument
in central-loop configuration, with two different transmitter
units (TX-20 and TX-60, with 20 ampere and 60 ampere pesk-
to-peak maximum current, respectively) and threetransmitter
sizes (Fig. 2, top right map):
e thirty 40x40 m? Tx-20 soundings, with 30 minutes
of stackingtime and 10 ms of acquisition time;
e five 100x100 m2 Tx-60 soundings, with 60 minutes
of stackingtime and 30 ms of acquisition time;

of stacking time and 30 ms of acquisition time.

All soundings were measured with two different receivers,
RC5 and RC200, with 5 m? and 200 m? effective area,
respectively.

The 40x40 m? soundings reached approximately 300 m of
depth of investigation (Christiansen and Auken, 2012), while
the 100x100 m? went down to ~ 400 m and the 200x200 m?
down to = 700 m.
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tTEM and Loupe acquistions

The tTEM system (Auken etal., 2019) has been employed to
acquiremorethan 30 km of data (Fig. 2, bottom right) through
a 3x3 m? transmitter with receiver in offset configuration (95
m from the transmitter). This system allows to carry out
continuous TEM measurements when pulled by an ATV
vehicle at themax speed of 20 km/h, to retrieve subsoil modds
up to ~ 100 meters of depth. The sameareahas been surveyed
with the Loupeportable system (Street & Duncan 2018) over
20 km of lines.

DCIP acquistions

The DCIP data have been measured with the ABEM
Terrameter LS2 system in 100% duty cycle (Olsson et al.,
2015) with full waveform acquisition, and gated after
harmonic denoisingand drift removal following Olsson et al.
(2016). As shown in Fig. 2, top right panel, approximatdy 4
km of data have been measured with 10 m electrode spacing
and another 4 km with 5 m electrode spacing (0.8 km have
been already acquired and the acquisition of another 3.2 kmis
planned for late April). The gradient protocol has been usad
for acquisition, with 12 seconds of acquisition time and two
stacks per quadrupole, with mean injected current of
approximately 0.5 Amperes. The number of quadrupoles
acquired amongthedifferent profiles ranges between 1400 and
2700 ca., depending on the profile length and the electrode
spacing.

Drillings

Threedrillings down to afew hundreds of meters (100 m, 190
m, 350 m) aregoing to be executed within summer 2023, with
lithological description and resistivity logs.

DATA MODELLING AND JOINT INVERSION
SCHEME

Inductiveand galvanic datagive usually significantly different
inversion models, due to their different sensitivity to the
resistivity distribution. Often resigtivity anisotropy is used to
justify the lack of accordance between the two methods (eg
Christiansen et al., 2007), even if recent publications have
shown compatibility between AEM and gavanic data
(Christensen, 2022), but without considering the induced
polarization effect. However, Fiandaca et al. (2022) have
shown that the | Pphenomenon hasastrong effect on inductive
data also in environmental applications, with significant
dependence of the effect on the system characteristics.

Following these findings, we propose ajoint inversonscheme
that models both galvanic and inductive data taking into
induced polarization. In particular, theinversionis carried out
following Fiandaca et al. (2023) with EEMverter, a software
specificaly designed for modelling IP in joint
inductive/galvanic inversions.

EM data are modelled in 1D, while the galvanic DC and full-
decay IP data are modelled in 2D (Fiandaca et al., 2013) in
terms of the maximum phase angle (MPA) Cole-Cole re-
parameterization (Fiandaca et a., 2018). The objective
function of theinversion is defined as:

Q= 1 ZNd (dobs_dfurward)z +
Ng+Np\ Ti=1 3
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Where N4 and N,. arethenumbers of datad ;¢ (both indudive
and galvanic) and roughness constraints (on the unique joint
model m), respectively, and the balance between inductive
and galvanic data is achieved through their standard deviation
0,4 - Theindependent inversions have been carried out with
the same forward schemes of the joint inversion, but using
only one data type at once. All data have been processed in
EEMstudio (Sullivan et al., 2023) for culling outliers out
before inversion.

RESULTS

The resistivity sections of thejoint MPA inversion models of
two crossingprofiles, oriented North-South and West-East, ae
presented in Figure 3, together with the inversion models of
inductive-only dataand galvanic-only DCIPdata, while Table
1 showsthedata misfits of all theinversions, divided by data
type and profile.

Table 1: Final migfit of all the different datasets employed
within independent and joint inversions.

Data misfit Daa
| ndud'i ve | Gd va_wi c| Joi nt num
Inversion | Inversion [Inversion )
SkyTEM 1.3 / 1.6 296
wak [ RC5 1.0 / 1.5 532
F,’\Il TEM [ RC200 1.05 7 18 624
s tTEM / / 1.5 1686
DC / 1.1 1.1 2773
DCIP IP / 1.7 1.6 67791
SkyTEM 1.3 / 1.4 667
wak [ RC5 1.9 / 1.9 274
'\75 TEM | RC200 2.0 / 2.0 373
E tTEM / / / 1686
DCip DC / 1.1 1.0 1180
IP / 1.3 1.2 29631

In particular, Sky TEM data, 40x40 m2ground EM data, tTEM
data and DCIP data are jointly inverted along the 1.2 km long
North-South profile, while SkyTEM data, 40x40 m? ground
EM data and DCIP data are inverted along the 0.8 km long
West-East profile (with 10 m electrode spacing in both DCIP
profiles).

Themisfit analysis shows that thejointinversion is ableto fit
the data reasonably well compared to the galvanic and
inductive independent inversions. However, the joint
inversion takes fully into account the IP phenomenon alsoin
the inductive data, and shows much more definition in the
reconstruction of the resistivity model. This is in accordance
with the synthetic tests presented in Fiandaca et al. (2023),
which show how inductive and galvanic datacomplement eech
other in retrieving accurate values for both conductive and
resistive anomalies the joint inversion, contrary to the
independent inversions.

These findings are in agreement aso with the borehole
information available at this time, i.e. the lithologica
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description of a borehole on the North-East of the profiles. at depth around 60 meters is in accordance with a
Indeed, the thin resistive layer evident in the joint inversions conglomerate layer found in the borehole.
BORDHOLE PROECTON /‘\a‘.l
LOCAON |
LY ‘."' . Q.", .@ , — . ’
W‘ S 4 . = f > “— y

Oay-Sand St Ganww Conglomwate

Boretode wgerd

Figure 3: Inverson models of the crossing North-South and West-East profiles obtained through inductive-only AEM and
ground TEM data (left), joint AEM-Ground EM-tTEM-DCIP data (center) and galvanic-only DCIP data (right), with full
profile view in the top panels and zoom-in close to the crossng point in the bottom panels. The lithological description of a
borehole near to the profilesis shown in color bars, for helping thecomparison between boreholeinformation and inversions,
the borehole has been projected from its true postion to the crossing point of the profiles. Ground EM, SKyTEM, tTEM
sounding positions and electrodes are indicated with the same color coding of Figure 2.

Furthermore, the joint model shows higher resolution in the The inductive and galvanic data have been successfuly
shallow subsoil (<50 meters from the surface), depicting some inverted in a joint schemethat takes into account induced
conductive bodies not shown even in the EM independet polarization, with data misfit comparable with independent
inversion. The Loupe data have not been used in this joint inversions. However, the joint inversion shows significantly
inversion yet, becausetheLoupesystemisvery sensbleto the improved resolution, in accordance with the available
acquisition geometry, which presents pitch, roll and yaw in boreholeinformation and synthetic tests. Further validation of
both transmitter and receiver. We are currently working on a these inversion results will be provided shortly, through the
new inversion scheme for loupe data, able to model the analysis of the borehole drillings that are going to be
transmitter/receiver geometry thanks to the on-time completed within the 2023 summer. The lithological and
measurement of the primary field. Further improvements ae resistivity logs that are going to be retrieved in the new
also pursued for the WalkTEM data fits, allowing for small drillings will help in the interpretation of the results of the
deviation of the receiver area from the nominal value. AEM ongoing campaign. We believe that all this information

will make the HydroGeosl Te a significant calibration and
CONCLUSIONS reference site not only within the ongoing Italian AEM

campaign, but also for the entire AEM community.
This study presents the geophysical characterization of the

HydroGeosl Te, the calibration and reference site for the ACKNOWLEDGMENTS

largest AEM campaign ever carried out in ltaly for

groundwater mappingand management. AEM datahavebeen The HydroGeosl Te project is funded by A2A Ciclo Idrico
acquired at the site, together with ground-based TEM datawith S.p.A. We acknowledge Emergo Sir.l for the support with
40x40 m?, 100x100 m? and 200x200 m? transmitter area and AEM data

full-decay DCIP galvanic data; furthermore, ground-based
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SUMMARY

The Julimar Complex, which is located in Westem
Australia, hosts therecently discovered Gonneville deposit
which contains massive sulphide mineralisation (Pd, Pt,
Ni, Cu and Co). The deposit was discovered by using a
moving loop EM survey and follow up geophysics
including AEM confirmed the find.

In this study we use a SkyTEM AEM line which was
acquired as part of the AUS-AEM initiative, which cross
the Gonnevilledeposit. Theobjectiveisto extract as much
information from that data as possibleto demonstrate thet
AEM can be used for general geological mapping in
addition to anomaly detection. By usingseveral inversion
methods and analysingtheresultswe get an understanding
of the most believable model.

In addition to a deterministic full non-linear inversion of
thedata, wealso use astochastic reversejump Monte calo
Markov Chain inversion on the SkyTEM data.

The results from both algorithms are comparable and
correlate well with the known geological information
published by Chalice mining, based on drill holes and
other geophysical surveys.

UsingAirborne EM for exploringfor mineralsunder cover
could provide alot moreinformation about the subsurface
than just mapping highly conductivity sulphide
mineralisation zones.

Key words: Julimar, SKkyTEM, AUS-AEM, RFMcMC,
Stochastic inversion

INTRODUCTION

The demand for critical minerals including Ni, Cu, and PGE’s
is projected to increase by over 30% annually to beyond 2050
(Gasson et al. 2021). Consequently, the exploration for these
mineral systems has become a priority among juniors and
majors alike. Careful planning, the analysis of large amounts
of pre-competitive data, experienced geoscientists and a little
bit of luck aresomeof thekey ingredients to being successful.
One such discovery was madein 2020 — when Chalice Mining
went hunting for base metals within the Julimar Complex just
70km northeast of Perth, Western Australia. Chalice Mining
first staked this greenfield project located within the emerging
Western Yilgarn Ni-Cu-PGE province in 2018, based on a
26km long mafic-ultramafic intrusive complexinterpreted from
open file aeromagnetic surveys (Paggi et al. 2021).

toke.soeltoft@seequent.com

The Gonneville deposit itself was then discovered following a
moving loop EM survey — which showed multiple EM
conductors (Paggi et al. 2021). Follow up RC drilling defined
massive sulphide mineralisation containing Pd, Pt, Ni, Cu and
Co from 48m downhole. Additional gravity, magnetics,
downhole and airborne electromagnetic datawere subsequently
acquired over the Julimar Complex and has assisted in
identifying new anomalies as well as improving the
understanding of the geology and structure of theintrusion that
is akey part of the mineral system present.

Airborne electromagnetic (AEM) methods can be a great tool
for discovering anomalies — i.e., highly conductive bodies
within a resistive host — in this case massive sulphide
sources/zones and are as such commonly used for defining
targets for follow up ground geophysics and drilling. They can
however also be used for general geological mapping and
therefore assisting in gaining an understanding of the geology
surroundingtheanomaly. Understandingthe broader capability
of an AEM system in mapping elements of a mineral systemis
relevantin exploration as thesemay vary in relativeimportance
depending on the setting of interest.

The motivation for this study was to examine whether AEM
data could be employed for more than simply identifying
conductive targets. Through a detailed analysis of AEM data
across the Gonneville deposit, we consider how these data can
contributeto abroader understanding of the mineral system, by
mapping elements of the host sequencein addition to mapping
the highly conductive sulphide mineralisation zones. We aso
give consideration to the careful processing and alternative
inversion approachesin theanalysis of AEM data to maximise
the information content they contain.

METHOD AND RESULTS

AEM sysem

Aspart of the AUS-AEM (https://www.eftf.ga.gov.au/ausaem)
initiative airborne electromagnetic datawere acquired over the
Julimar complex in WA, in 2020 using the SkyTEM system.
Inthis study we look at one line of datathat pass through the
Gonnevilledeposit (see Figure 1 for location) with the aim of
trying to gain an understandingof the geology of the prospect
based on the AEM inversion results.

For the part of the AUS-AEM survey that we look at, a
SKyTEM32 FAST systemwas used. The SkyTEM systemisa
helicopter time domain electromagnetic system, which carries
the transmitter and receiver as a sling load beneath the
helicopter. It uses interleaved low and high moments, which
providesinformation of both the near surface and deeper parts
of the subsurface dependingin the conductivity of the ground.
The low and high moments have a base frequency of 275 Hz
and 25 Hz respectively and nominal peak currents of 5.9 A and
109A. The low moment has 2 transmitter turns whereas the
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high has 12, giving peak moments of 4036 Am? and
447336 Am? respectively.

Inversion algorithms

One of the key interests when exploring under cover, is to be
able to define the depth of the mineralised zones, and the host
units in which they sit. One way to achieve that might be to
favour afew layer inversion model over a smooth one, as the
former allowsthe layer boundaries to move, whereas thelayer
boundaries arefixed in a smooth layer model. Another option
is to run a stochastic inversion where the output is amodd &
well as uncertainties related to that model. We examine the
results of two inversion methods; adeterministic full non-linear
1D inversion (Auken et al., 2015, Auken and Christiansen,
2004), and a stochastic reverse jump Markov chain Monte
Carloinversion (Brodieand Sambridge, 2012, Brodie and Reid,
2013) and discuss the differences and commonalities betwemn
the results from the different methods and look at how they
define elements of the mineral system at Gonneville.

Thedeterministicinversion approach finds one earth model that
fitsthe datawithin thegiven noiselevel, often judged to be the
best solution. The deterministic approach will usually be
concerned with findingthe global minimum, this processis dso
called an optimisation approach. In contrast the probabilisic
method aims to not just settle for one model, but to collect
statistics about al the models that are feasible after
consideration of both datafit and prior information. The output
from the probabilistic inversion is therefore an ensemble of
modelsinthevicinity of theglobal extremaor possibly severd
local extremas.

The 1D full non-linear inversion was run using the Aarhus
Workbench processingand inversion software. Thedatawere
processed in astandard way where late time noise was removed
from the data before the inversion was run. Both a smooth
layered inversion consistingof 30 layers and afew layer modd
wererun. Theresults presented asaconductivity depth sections
are shown in Figures 2A and 2B).

Results from a stochastic inversion using a reversible jump
Markov chain Monte Carlo (rj-McMC) 1D inversion algorithm
for the same data are presented in Figures 2C and 2D). In a
stochasticinversion asuite of tensto hundreds of thousandsof
models are generated — which all fit the datawithin the specified
noiselevels. Thereversiblejump part of the algorithm means,
that the number of layers for the model does not need to be
specified beforehand, as the inversion explores a range of
models with different number of layers but favoursthemodds
with the fewest number of layers.

Geology

The Gonnevilledepositishosted in a1.6 x 0.8 km ultramafic-
maficintrusion within the Julimar Complex which has a>26km
strike length and is up to 3km wide (Paggi et al. 2021). The
Gonneville intrusion strikes NNE and covers an area of
approximately 1.9 x 0.9km and isinterpreted as an ultramafic-
mafic sill with a maximum thickness of app 650m, with an
approximate 45degree WNW dip and gentle northerly plunge
The intrusion is predominantly composed of serpentinisad
olivine peridotitelharzburgite with lesser intervals of
pyroxenite, gabbro and leucogabbro. PGE-Ni_Cu_Co-Au
sulphide mineralisation is widespread throughout these mafic
and ultramafic units Themain intrusion is cut by a later granite
body thatis parallel to thedip and strike of the mafic-ultraméfic
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package. Theintrusive complex is crosscut by a series of sub
vertical NE to NW strikingdolerite dykes, these contain no Nu-
Cu-PGE minerdisation.  The Gonneville intrusion is
surrounded by a package of meta-sedimentary rocks. The
regolith profilein the area extends to a depth of 30-40m below
the surface with well-developed laterite and saprolite.

Primary Ni-Cu-PGE sulphide mineralisation within the
Gonneville deposit is mostly found in the ultramafic
harzburgite and pyroxenitedomains. The mineralisation ocours
as sub-parallel zoneswhicharetypically 5-40m thick and found
within broader 100-150m zones of weakly disseminated
sulphides. Thesulphidecontent correlates well with the metal
grade, with higher sulphide concentrations corresponding to
higher metal contents (Chalicemining ASX release November
2021). PGE’s are also hosted in the regolith from near surface
to 25m depth (see Figure 4). |In addition to the Gonneville
mineralisation, further prospects to the north have been
identified from an Airborne Electromagnetic survey conducted
by Chalice Mining using theHeli TEM electromagnetic system
(Figure 1). These are the Hartog prospect immediately to the
NNE of Gonnevilleand extendingover 6.5km, Baudin which is
located 3.5km NE of the northern tip of Hartog and Jansz a
further 6km NE of Baudin. While considerable knowledge has
been gained on the geometry of the Julimar complex, much
remains to be learned about the specific geometry of mafic
intrusions, and how they vary through the region. Potentially
AEM data can contribute to this understanding.

Results

Thedeterministic and the probabilisticinversionsmap ahighly
conductive zone that is associated with the Pyroxenite unit on
the eastern side of the Gonneville intrusion. (Figure 3). The
results from the different inversion approaches (see Figure 2)
shows that the inverted models all map a conductive regolith
profile (from surfaceto 30-40m). Themean model from therj-
McMC inversion (Figure 2C) suggest the regolith has a
relatively uniform thickness particularly on thewestern side of
the intrusion, conforming with the interpretation from drilling
(Figure 4) A comparison between the model sections and the
geological section (Figure 4) shows that the mafic-ultramafic
units dip westwards corresponding well with the observed 45-
degree WNW dip in the geological section. Zones of
mineralisation a defined in drilling by Chalice Mining
correspondswell with the zones of higher conductivity, but the
AEM data does not appear to define specific high-grade zones
associated with mineralisation, rather the models suggest the
AEM defines an amalgamated response from sub-paralld
Zones.

The main benefit of using a rj-McMC inversion is the
possibility to explore the uncertainties related to the obtained
models, and therefore also be able to establish both layer
boundaries and conductivities with greater certainty. Oneof the
many outputs of the ri-McMC inversion is the possibility to
identify and visualise changepoints. Theseindicatethe depth a
which interfaces were most likely to occur in the models that
were accepted into the Markov chains (Figure 2E). Although
beinga “busy” figure, it does provide some confidence in which
layer boundaries arelikely to bepresent, but also what areas of
the model that layers are expected to be homogeneous and
continuous.

DISCUSSION AND CONCL USIONS
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Both the deterministic and stochastic inversions can map the
highly conductive zones associated with the Gonneville
Intrusion. However, when comparing results from different
inversion algorithms consideration needsto be given to whether
the algorithms account for noise in a similar way, (see
discussion by Muléetal. 2019). Currently the GA-AEM code
used for the rj-McMC inversion does not allow for a different
number of gates to enter theinversion —i.e., removinglate-time
noise for individual soundings is not an option. This is an
option in in Aarhusinvn (the inversion algorithm used by
Aarhus Workbench).

Another thing to keep in mind is that these data may benefit
from running an inversion that accountsfor |P effects, as they
appear to be present in the data, particularly for the more
resistive areas surrounding the Gonneville Deposit.

We concludethat by carefully processing and inverting the
AEM data, it is possible to map a broader range of geologicd
elements that characterisethe Gonnevillemineral system,rather
than just sulphide mineralisation. Although the deterministic
inversion provides a model, that corresponds well to the
geological information — it may be beneficial to look at the
deterministic and stochastic inversionin conjunction, to better
establish layer boundaries and broader characteristics of the
intrusion.
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Figure 1. The location of thetwo AUS-AEM lines (100201 and 100301) closest to the Julimar complex, and the main targets

overlaid on the TMI RTP1VD magnetic image.
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Julimar — a case study from Western Australia Soerensen et al.
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Figure2. Theresults of thedifferent inversions of line 100301 over the Gonneville prospect. A-B show the inversion result from

usng a 30 and 7 layer model discretization following a full processng of the data before inverting them using Aarhus
Workbench. Panel C and D show the mean and lowest misfit models obtained by running a sochagtic rj-McMC inversion.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 4



Panel E shows a plot of the “changepoints” which indicate the depth at which interfaceswere most likely to occur in the models
that wer e accepted into the Markov chains.
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Figure 3. (Adapted from Chalice) showsthe Gonneville intruson plan view along with the location of the AUS-AEM SkyTEM
line (shown by black line) and the inverted model section.
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SUMMARY

The vertical resolution of airborne electromagnetic
systems is limited by the earliest time window and how
fast the transmitter current can transition. Presented is how
transmitter loop geometry and different transmitter
waveforms could decreasethetransmitter ramp time by up
to afactor of 8.

Key words, transmitter, electromagnetic, resolution,
waveforms.

INTRODUCTION

Good vertical resolutionis needed for electromagnetic surveys
trying to delineate structural boundaries between layers suchas
mapping saltwater/freshwater interfaces (Viezzoli et al, 2012).
Good vertical resolution comes from early delay time
measurements taken immediately after thetransmitter current is
switched off (Skurdal et al, 2020). However, the earth response
immediately following a linear turn-off ramp is smeared out
over atime scale proportional to theduration of the ramp. The
vertical resolution is (Spies, 1989):

2pAt
vertical resolution in meters = 0.55 |—— (D
u

whereAt is ramp time, p isthe resistivity of theground, and u
is magnetic permeability.

Inductance and voltage set how fast thetransmitter current can
be ramped down At = L -AI/V. Excessive voltages V can
overload the semiconductor switchesor causeelectrical arcing
Previous efforts by theindustry to achieve aquick turn off ime
have come at a cost of lower transmitter current I and
consequently reduced depth penetration. This paper presatsa
transmitter loop with lower inductance L and demongtrates how
to replace alarge current step A7 with several smaller current
steps.

MULTILOOP

Figure 1 compares a single loop transmitter with a multiloop
transmitter layout using 2 parallel half loops with the same
overall area. Let I, be defined as the current in aloop and L,
as the inductance of asingle loop. Baum (2005) showed that
for asubdivided loop:

current provided by electronics, I = N, I, 2
inductance presented to electronics, L = L,/ sz 3)
ramp time, At = LI/V = LI,/ (N, V) (4)

eric.steele @xcaliburmp.com

Theramptime At isthusinversely proportional to the number
of subdivided loops in parallel N,,.

SINGLE LOOE
S

Figure 1. Single and multi-loop transmitter layouts
Current flowsfrom +to -.

Transmitters with parallel sub-loopshave previously been used
in ground geophysics (Guo et a 2010), but not in airborne
exploration.

MULTISTEP

Figure 2 shows multisteptransmitter waveformswhich have the

sametransmitter momentm = NI, A asasquarewave. Lage

current steps have been replaced with smaller but more frequent

current steps Al and shorter ramp times At. Theramp time of a

multistep waveform is:

b LAl 2LLys
v Vs

where s is the number of current steps per half cycle.

(5)

Fourier transforms of the multistep waveforms are presented in
Figure 3. Billions of multistep waveforms were examined with
a computer program and only a small number of waveforms
were found to have spectra matching a square wave. The
multistep waveforms shown here have amplitudes that are
identical to that of a square wave and only the phases of the
spectrum need to be adjusted to align with that of the perfect
square wave, and whereby no noiseis added.

For a system using amultistep waveform, theground response
signal can be de-convolved into to a 100% duty cycle squae
wave, by using this formulaor similar (Legault et al, 2012):

(- v

v () = V) )
() = 2
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where V (f) isthe Fourier transform of the receiver voltage,

1(f) is the Fourier transform of the transmitter current, Iy, (f)
is the Fourier transform of an ideal square wave transmitter
current, andf is frequency. Thistransformation allows asinde
transient decay to be presented whichis easy to interpret (Lane
et al, 2000). A multistep waveform with 2 steps per half cycle
is currently used in TEMPEST (Lane et al, 2000).
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Figure 2. Multistep transmitter waveforms with identical
rmscurrents I,,,. and ramp rates I /dt. The higher order
waveformshavemore steps per half period, smaller current
steps Al, and smaller ramp times At.
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Figure 3. Fourier transforms of the waveforms shown in
figure 2. The waveforms shown here are comprised of only
odd harmonics of equal amplitude, up to abandwidth of the
transmitter. The higher order waveformshave awider 3dB
bandwidth dueto shorter ramp times.
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IMPROVED MAPPING

Combining multistep s = 16 current steps (Equation 5) with
multiloop N,, = 2 (Equation 4) could decreasethe ramp time by
afactor of 8:

1
At « N, NG 9
Electromagnetic waves diffuse downward as per the square root
of time, depth d = V(2tp/u). Figure 4 shows the mapping
capability of an electromagnetic system whichis limited by its
earliest and latest time t windows. A system with 8 times lower
ramp time will have V8 better vertical resolution (Spies, 1989).

Diffasion depth o (m)

0001 001 02 13 100 1000 10K 100K
mclnnb

Figure 4. The minimum depth (vertical resolution) and
maximum depth of a typical airborne electromagnetic
system depends on the earliest and latest time windows and
varies with the redgivity of the ground. The grey
parallelogram shows the additional shallow and resstive
geology that might be mapped with multisep and
multiloop.

CONCLUSIONS

Multiloop geometry and multistep waveformscould potentidly
decrease the transmitter ramp time by afactor of 8. However,
to make meaningful measurements of the earth response at ealy
delay times may also require compensating the large primay
field and snubbingany high frequency ringingin the transmitter
electronics. An €electromagnetic system with these
improvements could have up to V8 better vertical resolution.

Combining a high transmitter moment and a quick transmitter
ramp in a single waveform, could aso give better verticd
resolution at depth.

ACKNOWLEDGMENTS

Theauthorsthank Teo Hage, Li Ju, Peter Wolfgram, and Aidan
Loashy for their valuable help and suggestions.

REFERENCES

Viezzoli A.,Munday T., and Ley-Cooper A.Y ., 2012. Airborme
electromagnetics for groundwater salinity mapping: Case
studies of coastal and inland salinisation from aroundthe world.
Bollettino di Geofisca Teorica ed Applicata 53: p581-599
(2012).

Skurdal, G.H., Pfaffhubera, A.A., Davis, and A., Bazina, S,
2020. Improved near-surface resolution in geotechnicd

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



applications using very early AEM time gates. Exploration
Geophysics 51: 184-192

Spies, B.R., 1989. Depth of investigation in electromagnetic
sounding methods. Geophysics 54: p872-888.

Baum, C.E., 2005. Compact low-impedance magnetic
antennas. International Conference on Electromagnetics in
Advanced Applications, http://ece-
research.unm.edu/summa/notes/SSN/Note470.pdf

Guo, W.B., Xue, G.Q., Li, X., Quan, H.J.,, and Zhou, N.N.,
2010. Study and Application of the Multiple Small-aperture
TEM System. Preview 17: 17-22.

Legault JM., Prikhodko A., Dodds D.J., Macnae J.C., and
Oldenborger, G.A., 2012. Results of Recent VTEM Helicopter
System Development Testing over the Spiritwood Valley
Aquifer, Manitoba. Symposium on the Application of
Geophysicsto Engineering and Environmental Problems
Proceedings: 114-130.

Lane R., Green, A., Golding, C., Owers, M., Pik, P., Plunkett,
C., Sattel, D., and Thorn, B., 2000. An example of 3D
conductivity mapping using the TEMPEST airbome
electromagnetic system. Exploration Geophysics31: 162-172.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 3



218



Using regional airborne electromagnetic conductivity data to
characterise surface water groundwater interaction in the Cooper
Creek floodplain in arid central eastern Australia

Neil Symington* Tim Evans Nadege Rollet
Geoscience Australia Geoscience Australia Geoscience Australia
Symonston Symonston Symonston
neil.symington@ga.gov.au tim.evans@ga.gov.au nadege.rollet@ga.gov.au
Larysa Halas John Vizy Sarah Buckerfield
Geoscience Australia Geoscience Australia Geoscience Australia
Symonston Symonston Symonston
larya.halas@ga.gov.au john.vizy@ga.gov.au sarah.buckerfield@ga.gov.au

Ross C. Brodie
Geoscience Australia
Symonston

Ross.Brodie@ga.gov.au

Anandaroop Ray
Geoscience Australia
Symonston

anadaroop.rayr@ga.gov.au

Yusen Ley-Cooper
Geoscience Australia
Symonston

yusen.leycooper@ga.gov.au

SUMMARY

Airborne electromagnetic (AEM) data has been
acquired at 20 km flight line spacing across much of
the Australian continent and electrical conductivity
models generated by inverting these data are freely
available. Despite the wide line spacing of these data,
they are suitable for imaging the shallow subsurface
and can greatly assist in understanding groundwater
systems.

AEM data acquired using a fixed-wing towed system
over the Cooper Creek floodplain, an ephemeral,
anabranching river system in arid eastern central
Australia, were inverted using deterministic and
probabilistic methods. We integrate the AEM
conductivity data with a range of surface and
subsurface data to characterise the hydrogeology of
the region and infer groundwater salinity from the
shallow alluvial aquifer across an area of more than
14,000 km®. The conductivity data reveal several
examples of focused recharge through a river channel
forming a freshwater lens within the more regional
shallow saline groundwater system.

This work demonstrates that regional scale AEM
conductivity data can be a valuable tool for
understanding groundwater processes at various
scales, with implications for water resource
management. This work is particularly important in
the Australian context, where high quality borehole
data is typically sparse, but high quality geophysical
and satellite data are often available.

AusAEM, groundwater,

Key words: recharge,

salinity

INTRODUCTION

Groundwater is a critical resource supporting communities,
industry and the environment in many arid landscapes. High
evapotranspiration rates and low rainfall in such settings often
mean that groundwater recharge rates are very low with
implications for water quality and responsible groundwater
management. In such environments, focussed recharge
through ephemeral streams during periods of high surface
water flow is essential for replenishing near-surface aquifers.
However, understanding recharge is challenging as borehole
data is typically sparse and recharge processes may vary
greatly in space and time. In this study we aim to improve
understanding of surface water-groundwater interactions
within the Cooper Creek floodplain, an ephemeral,
anabranching river system located within the Lake Eyre Basin
in arid eastern central Australia, by -characterising the
hydrogeological system using a range of geoscientific data
including airborne electromagnetics (AEM).

The use of AEM in assessing shallow groundwater systems is
becoming increasingly common, particularly in arid and semi-
arid Australian landscapes (e.g., Costar et al., 2019; Mullen
and Kellett, 2007). As part of the Exploring for the Future
AusAEM program AEM data has been acquired at 20 km
flight line spacing across large swathes of the Australian
continent, providing valuable information about the
conductivity structure of the upper few hundred metres of the
subsurface. To characterise surface water-groundwater
interactions within the Cooper Creek floodplain, we integrate
AEM-derived conductivity data with a range of remotely
sensed surface datasets, including satellite-derived flood
inundation maps and a digital terrain model, and subsurface
datasets including drillhole information water levels and
seismic reflection data. By integrating these data, we are able
to interpret the AEM conductivity sections to characterise the
architecture of the local groundwater system, infer the
distribution of groundwater salinity for the near-surface
aquifer and improve our conceptual model of surface water-
groundwater interaction.

The focus of this investigation is the alluvial groundwater
system beneath the Cooper Creek floodplain in south-west
Queensland. The floodplain represents the uppermost part of
the sediments within the Cooper Creek palaeovalley, which
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is infilled with a sequence of Cenozoic fluvial sands and
minor clay that is up to 150 m thick (Figure 1). The
predominantly Pleistocene aquifer sands were deposited in a
fluvial environment, at a time when stream power was greater
due to a wetter climate and steeper valley gradients (Maroulis,
2000). Quaternary aridity and decreasing valley gradients
related to tectonically controlled base-level rise have modified
the character of the river system to its present form (Jansen et
al., 2013). Consequently, the floodplain is now almost entirely
covered with several metres of cracking clay soil, which
rapidly seals when saturated and is thought to minimise much
of the surface water infiltration deep into the profile (Cendon
et al.,, 2010). The valley fill sediments are underlain by the
Cretaceous Winton Formation, which represents the
uppermost sedimentary sequence of the Eromanga Basin.

Neotectonic deformation has contributed to uplift of the
Innamincka Dome, which has created a shallow subsurface
barrier to downstream flow within the Cooper Creek fluvial
system. This shallow bedrock high effectively isolates the
Cooper Creek groundwater system from alluvial aquifer
systems further downstream (Jansen et al., 2013) (Figure 1).
Deformation has also produced a series of domes and basins
that influence the geometry of the floodplain (Jansen et al.,
2013). The floodplain is up to 60 km wide but narrows to 15
km wide where the floodplain is deflected westwards between
two north-south trending anticlines (Figure 2).

METHOD AND RESULTS

AusAEM data were acquired using the fixed-wing
TEMPEST® system as part of the Exploring for the Future
AusAEM Eastern Resources Corridor survey (Ley-Cooper,
2021). Flight lines were oriented east-west and spaced 20 km
apart (Figure 1). The AEM bulk conductivity models were
derived using the deterministic Geoscience Australia Layered
Earth Inversion (GALEISBSTDEM; Brodie, 2023) by
inverting for the vector sum (i.e., amplitude of the X- and Z-
components) of the AEM data. In areas of potential freshwater
recharge, we inverted the AEM data using the probabilistic
HiQGA inversion code (Ray et al, 2022) to estimate an
ensemble of models from which we calculate the posterior
probability density function for conductivity down to 400
metres depth. Although these models were run only in selected
areas, they provided a better understanding of AEM model
uncertainty and influenced the confidence with which we
could interpret the conductivity structures from the
deterministic inversion.

AEM bulk conductivity models and other geoscientific data
were imported into a 3D environment for interpretation. Using
the AEM models, we were able to interpret a number of gentle
anticlines and synclines within the top 100 metres of the
subsurface below the floodplain (Figure 2). These structures
are approximately coincident with structures evident in the
underlying Eromanga and Cooper Basins as mapped from
seismic and petroleum exploration wells (Vizy and Rollet,
2022). While the floodplain surface is relatively flat,
variations in fluvial geomorphology associated with these
structures are indicative of river response to deformation (e.g.,
Ouchi, 1985). This manifests as sediment deposition within
structural depressions and incision through uplifted areas.
River morphology has implications for groundwater recharge

Symington et al

as high river flow velocities are needed to scour the ubiquitous
cracking clays to permit more direct connection between
surface water and shallow groundwater (Cendon et al., 2010).
Moreover, some depressions in the floodplain form terminal
wetlands that could provide preferential pathways for surface
water infiltration through the unsaturated zone. This process
may be significant in groundwater salinisation as infiltrating
water can mobilise evaporatively concentrated salts within the
unsaturated zone, from where they percolate down to the
water table.

AEM-derived conductivity sections and pre-existing drillhole
data suggest that the near-surface, Pleistocene sandy aquifer
occurs across almost the entire floodplain at an approximate
thickness of 20-30 metres (Figure 3). This aquifer comprises
mostly fluvial sand (Maroulis, 2000), which is typically a
resistive material, and we therefore assume that the high
conductivity response (seen as the red response in the AEM in
Figure 2) results from the presence of dissolved salts within
the aquifer. The general distribution of AEM-derived bulk
conductivity in the near-surface is consistent with the limited
groundwater salinity measurements from boreholes (Evans,
2020), supporting the assumption of a linear relationship
between bulk conductivity and groundwater salinity for this
aquifer. These circumstances make AEM the ideal tool for
regional scale inference of groundwater salinity.

At the floodplain scale, the distribution of bulk conductivity
suggests that groundwater salinity generally increases with
distance downstream (Figure 3). Bulk conductivity is
generally lower (<0.1 S/m) in the upper reaches of the
floodplain where the braided surface channels are indicative of
higher surface water flows, as well as along the infrequently
inundated eastern margins of the floodplain. Conductivity is
highest (>1 S/m) in the narrow, north-south oriented section of
the floodplain, and in the far south-west.

At the local scale, resistive lenses within the conductive near-
surface in the AEM conductivity sections are coincident with
deeply incised channels within the alluvium. These features
are observed in at least 15 locations across the floodplain.
Probabilistic inference across one such resistive lens (Figure
4; see Figure 1 for location) infers a maximum thickness of at
least 10 m and a width of ~400 m within the east-west plane.
The presence of this resistive zone in at least 90% of all
models from the ensemble provides a very high degree of
confidence that the feature exists in the subsurface (Figure 4).
The geometry and associated morphology of these features are
consistent with hundred-metre scale freshwater lenses
identified during a high-resolution drilling and hydrochemical
study from the Cooper Creek flood plain (Cendoén et al.,
2010). The results from the present study suggest that these
recharge processes occur more widely than has previously
been identified. This has implications for -calculating
floodplain water budget and identification of potential
groundwater-dependent ecosystems along river channels (e.g.,
Crosbie et al., 2022).

CONCLUSIONS

The results of this work demonstrate that 20 km flight line
spaced AEM conductivity data from a fixed-wing system can
be used to infer near-surface processes in some alluvial
systems. By integrating a range of geoscientific data, we are
able to establish an interpretation methodology for

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



characterising the basic architecture of the groundwater
system and make inferences regarding groundwater salinity.
This allows us to refine our conceptual model of how
groundwater interacts with the river. Although groundwater
level time-series data and additional hydrochemical data are
needed to test the conceptual models, the AEM-derived
conductivity has proven valuable at informing a regional
understanding by melding local observations. This work
reinforces the value of acquiring pre-competitive AEM data
for a variety of applications.
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Figure 1. a) True colour visible satellite image of the Cooper Creek floodplain overlain with AusAEM survey flight lines. b)
Inset showing segment of AEM flight line 10190001 crossing the Cooper Creek main channel. This line segment was inverted
using probabilistic methods — results shown in Figure 4.
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Figure 2. a) Oblique view of of AEM conductivity sections across the central Cooper Creek floodplain east of Lake Yamma
Yamma, overlain on true colour visible satellite imagery. b) AEM section 1014001 showing both the flat-lying, conductive
Pleistocene sandy aquifer sediments and the gently folded Winton Formation. The floodplain, which contains up to 150 m of
Cenozoic sediment, lies within a broad syncline between two anticlinal folds.

Figure 3. AEM conductivity sections across the Cooper Creek floodplain imaging to depths of ~300 m overlain on true colour
visible satellite imagery. The electrical conductivity beneath the floodplain increases where the floodplain narrows in the
north, and remains relatively high, peaking again immediately upstream of the Innamincka Dome constriction in the south.
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Figure 4. Results from probabilistic modelling of 61 fiducials from AEM flight line 1019001, with conductivity depth sections
for a) 5™, b) 50™ and c) 95" percentiles. The presence of an approximately 10 metre thick and 400 m wide resistive lens in all
sections indicates that this feature persists throughout the model ensemble, giving high confidence in the presence of a real
subsurface feature. The persistent resistive feature is interpreted as a freshwater lens perched on the saline groundwater
table, indicating focussed recharge of freshwater through the river channel at this location.
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SUMMARY

Airborne electromagnetic (AEM) methods have been
widely used for mineral exploration and

environmental and geotechnical applications because of
their efficiency in covering vast survey areas

without ground access. Over a few decades, various
airborne EM systems have been developed.

As aresult of many years of R&D, a newest time-doman
EM helicopter system named HoriZOND was developed.
The first tests were conducted in 2019.

Key words, time-domain system, developmet,
processing.

INTRODUCTION

HoriZOND combines thelatest advancesin electronics, signal
processing and data processing to provide reliable, high
resolution geoelectrical data of the highest quality. HoriZOND
system helicopter airborne electromagnetic system provides
high-resolution, broad-bandwidth conductivity data for both
mapping and discrete targeting applications.

The system can be easily reconfigured to suit different
geological environments. Thefirst commercial survey with the
HoriZOND system was completed in 2021.

METHOD AND RESULTS

The system is comprised of a transmitter loop with a diameter
of 20 meters, four turns of wires (standard configuration) with
a soft frame structure; a three-component balanced receiver
located in the middle of the transmitter loop. The system is
towed by helicopter with the total field magnetometer located
20 meters above the transmitter loop that is suspended 50
meters below the helicopter.

In addition, to evaluate and correct the observation errors
caused by flight attitude in the later stage, the system is
equipped with many auxiliary sensors such as three-component
attitude sensor, post-differential GPS, radar, and laser altimeter.
An inertial system is aso placed on the loop. It allows full
tracking of the transmitter orientation to track the loop’s
deviations from the horizontal and take this information into
account during data inversion.

Receiver coils fully integrated into a single housing with a
custom-designed vibration-dampening suspension system.
Receiver with lower noise levels caused by sensor movemeant

as well as improved low-noise electronics and engineering
structure allowed to achieve a high signal-to-noise ratio.

Special efforts have been madeto increased receiver bandwidth
and shorter transmitter current waveform turn-off. Each of these
improvements contributes to an overall increase in the system’s
sensitivity to changes in the near surface geology.

Toincreasethereceiver's dynamic range, adouble-gain channd
strategy is adopted, which means inputting a signal into two
channels with different amplification gains, and then
synthesizing them into one signal after amplification.

Basefrequency: 25Hz or 75Hz (in a50 Hz environment) / 30Hz
or 90Hz (in a60Hz environment). Thetrapezoid-likewavesae
used as transmitting current waveform.

The system uses programmable transmitters which permit
adjustabletransmitter waveform pulse width, shape, turn-off,
and dipole moment. With a base frequency of 25 Hz there is a
possibility to usetwo pulses with different amplitude. The hich
power pulse ensures good depth of exploration and the low
power pulseallows afast transmitter current turn off and earlier
off-time measurement thus providing higher frequency signds,
which allows higher near-surface resolution and better
sensitivity to weak conductors.

Since awaveformwith fast turn off contains higher frequency
signals than one with a slow turn-off, dual waveforms
consisting of repeated high moment pulses followed by low
moment pulses are used to increase the overall bandwidth.

The HoriZOND is a stand-alone system - operation of the
equipment requires no personnel on board the helicopter other
than the pilot.

EM full waveform streamed data is acquired with high-
speed data acquisitions system (DAS) together with
auxiliary data required for navigation and positioning
accuracy (GPS, laser altimetry), and for correction of
geophysical data (INS, outside air temperature and
pressure, generator current). DASalso allowsto connect
a magnetometer, gammearray spectrometer and LiDAR to
perform multi geophysical airborne surveys.
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Figure1l. HoriZOND AEM system.

Recording the full waveform allows a better understanding of
the system response that needs to be removed from the total
measured field in order to isolate the earth response. The
flexibility of recording streamed data allows any extraction
schemefor time gates to be implemented in post-processingif
required.
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Figure 2. HoriZOND system configuration.

Trusov & Kontarovich

Raw data processingincludes followingsteps: removal of low
frequency and DC offset signals; removal of system response
(remnant primary field in early channels and drift) as measured
at high altitude; optional stacking, non-linear and low-pass
filters. Advanced processing improves the accuracy of
conductivity models.

In 2022, a hydrogeological survey was carried out using
HoriZOND. The main geological structures and aquifers wee
mapped.
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Figure 3. Spatially-constrained inverson of the conducted
data with interpretation.

CONCLUSIONS

HoriZOND system provides high resolution and great depth of
exploration.

As shown, the HoriZOND's technical design, advanced
processing algorithms and value-added interpretation have
proven to be an effective solution for geological mapping ad
mineral targeting in avariety of geological environments.
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SUMMARY

Work carried out from AEM 13 till now shows that IP
effects in AEM data need to be modelled. Doings so
augments the overall impact of an AEM survey on a
variety of levels, whether the physical proxy for the
mapping is conductivity or chargeability. Modelling IP
effects in AEM data will soon become the industry
standard.

Key words: airborne EM, IP, Al P, exploration, modelling
inversion.

INTRODUCTION

At AEM 2013, Viezzoli et a. (2013) discussed on the
possibility of modelling IP effects in AEM data, extending
beyond the seminal research of the late eighties (Smith and
West, 1988). Although based on reasonable theoreticd
background, the AEM 2013 work was at its very early stages,
and lacked significant statisticsin real life applications. Thelast
10 years saw a continuous growth in AIP research and
applications by several groups (e.g., Oldenburg and Kang,
2015, Macnae, 2016). | now summarize herein the main take
home messages from the work that |, together with severd
colleagues, have been personally involved in during the past
decade.

METHOD

Thefundamental concept around AlPisthat AEM too captures
thedispersive nature of resistivity,aphenomenonnot limited to
galvanic methods. Isitonly usingadispersiveresigtivity modd
that negatives in concentric loops can be explained.

The vast mgjority of the work we carried out is based on wha
is perhaps the most common of theinduce polarizationmodds,
the oneby Cole and Cole, in thenotation given by Pelton et al.
(1978). Ever present in galvanic methods, it was found to be
suitable also for inductive methods.

Alternative models tested include the MPA (Fiandaca et al.,
2018). These were the basis for forward models. As for
inversions, the workhorse was the Spatially Constrained
Inversion. Variations on the SCI included hybrid, multimesh
approaches (Fiandaca) that explored more thoroughly the
balance of information acrossthemodel parameters. The added
value of joint inversions of ground gavanic and
ground/airborne inductive data was also assessed.

Starting from the easier concentric loop AEM systems, where
the presence of negatives is unmistakably associated with IP
effects, we moved onto offset systems, B field (including
squids) receivers. All the modelling, both synthetic and on red
data, was carried out usingAarhus Inv (Auken etal., 2015) and,
more recently, EEMverter (Fiandaca et al., 2023).

RESULTS

This sections recaps alist of the main findings of hundreds of
case AIP studies, numerical experiments, discussions with
clients and colleagues. Most of the work is ongoing. Space
limitations allow including herein supportingevidence only for
a few of them. Some were aready included in the different
publications on this topic (cfr Viezzoli et al., 2017; Kaminski
and Viezzoli, 2017; Viezzoli and Manca, 2020; Viezzoli, & d
2020, Viezzoli and Manca, 2020; Viezzoli et a., 2021s;
Viezzoli et al., 2021b; Fiandaca and Viezzoli, 2021)

1. How does AIP manifest itself: there is more than
negatives to Al P; they usually affect entiretransients, from
early to late times (cfr Figure 1). The interplay between
standard EM eddy currents and IP currents can alter
significantly the time/depth relationship in TEM
soundings.

2. Relevance towards recovering correct redgivities:
Failing to model | P effects, when presentin the EM data,
results in erroneous resistivity models. Typical artefads
are overestimation of bedrock resistivity, underestimaion
of cover thickness and resistivity, geological condudors
appearing as isolated bedrock conductors, but also legit
bedrock conductors disappearing. On the other hand,
modelling IP can (it does not aways) return the correct
resistivity, at al depths.

3. How much senstivity does AEM have on IP: AEM’s
sensitivity to chargeability is limited by a numbe of
factors (base frequency, SN, the fact that pure induction
currents and IP currents are present at once). As a
consequence, the most common source of measurable AIP
effects originates from shallow chargeable layers ove
resistive basement. Itis possibleto track chargeablelayers
to depths of hundreds of m, if buried below resistive cover.
Customized regularization and model updates of the
different parameters is crucia to obtain more robust
results.

4. How does AIP compare with galvanic IP: Direct
comparison on real datais hindered by the fact that they
usually use different frequencies (lower for ground IP,
which charges up bigger particles), and are inverted with
different models (e.g., solving for m versus M). In these
cases the comparison shows positive correlations only a
times, and over certain subdomains. Using more similar
approaches increases the correlation (cfr Figure 2). AIP
will/should not replace ground I P, but rather complement
it. Thereis room to increase further the interaction, with
associated mutual benefits, between AIP and ground IP.
Joint inversion of inductive and galvanic IP data is
possible and can improve mapping capabilities.

5. What does Al P-derived char geability tell us: Thisisone
of the points that calls for much more work. To date,
evidence has shown that chargeability recovered from
standard AEM systems is more frequently associated to
fine grained material such as regolith, certain types of
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aterations, permafrost, lake sediments, etc. In fewer
occurrences it was due to disseminated mineralization.

6. Arefixed wing EM sysems affected by IP: thereis no
fundamental reason they should not. On the other hand,
spotting AlIP in themis harder dueto a number of factors.
Beside the most obvious (negatives can have ageometricd
reason), thesefactors include the extradegrees of fresdom
introduced by the poorly monitored varying Tx-Rx
distance and varying Rx attitude, the relatively heavy
postprocessing carried often out by some of the contradors
that introduce other unknowns.

7. How pervasve/frequent are AIP effects experience
shows that measurable | P effects can be/are presentin all
theinstances thereis both achargeable cover and the cover
itself has a conductance< 100 S. Such scenarios areveay

fur, - fuT i
Disrareiom, = baglbl 104 o l
common across al latitudes. This finding agrees with
theoretical results shown in Figure 3. The latter displays
the measurable (i.e., above noise) distortions due to
extremely strong chargeability over each one (j) of the
gates of a nominal HTEM system, calculated as below:
Only transients associated with conductanceabove100 S
can be considered safely freefrom measurable | Partefedts
also in presence of the strongest chargeabilties. For
example, a sequence of aluvium layers, with thick (>
200m), fine grained strata provide a typical examples of
scenario where IP will never affect AEM data (down to
frequencies presently considered redlistic for these
systems; ground EM can be affected further). This is
becausethe EM currentsin such layer are strongand take
a long time to pass through it, therefore masking the
contribution of the IP currents.

8. AIP relevance towards mapping: the goa of an AEM
campaign is to investigate the electrical properties of
subsurface; unattended Al Pwill result, in many instances,
in artefacts in the recovered properties. This applies both
to mineral exploration and (hydro)geological mapping.

9. AIP in old and new data: Virtually all “modern” data,
that is acquired past 2000, can be re-modelled taking IP
into account. This may unlock new value from these
datasets. As for new data, the ever-increasing dipole
moment, the lowering base frequencies and the greater
attention contractors are devoting to IP effects, they all
concur towards affirming AlPmodelling as the new norm
in AEM.

CONCLUSIONS

Modelling IPeffectsin AEM datahas provenitsrelevancead
worth over a variety of cases and applications, and isbound to
become the industry standard.
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SUMMARY

Simple comparisons of airborne EM systems are limited,
and thosethat are available havefiniterelevance of ~ 5-10
years dueto ongoingimprovementsin current systems and
new systems beingoffered. Thecomparisons are hindered
by the myriad of system design features, but moreover
each comparison must have a purpose, as no systemis “the
best”, but there are many systems “suitable” to answer
exploration questions. Several comparisons are presented
here, where systems are compared for a specific
application using mostly coincidentally acquired field
data.

Key words Airborne EM, SPECTREM, TEMPEST
HeliTEM, VTEM.

INTRODUCTION

Since the widespread implementation of Airborne
Electromagnetic (AEM) surveying as an exploration
prospecting tool, comparisons between systems have been
occurring. The design (and proprietary nature) of each AEM
system is such that comparisons are not easily made. Factors
such as transmitter waveform, dipole moment, windowing
schemes, receiver noise levels, and more recently even the
transmitted frequency needs to be considered. Data stacking
routines for each of the AEM systems should also beincluded
in any comparison, but thesearerarely made publicly available
The sheer number of factorsthat need to be considered makes
thisa dauntingtask. Gilgallon et al (2019), demonstrate some
comparisons of avariety of systemsat the Forrestaniatest range
where several well characterised basement conductors exist
Macnae (2007, 2011) demonstrated some tools that could be
used to compare AEM systems through synthetic data and
modelling. Each of these (and many others, Christensenetal.,
2005, Viezzoli et al, 2018) has merits, though surely the answer
for the appropriateness of the system will vary as their needs
are considered.

As anairborne EM systemistypically selected for a particular
problem, this paper will provide example comparisons for
severa different exploration problems. The systems we have
comparative data for are SkyTEMS312, HeliTEM?
SPECTREMPY, TEMPEST, GeoTEMP®® and VTEMP,
Parameters describing each of thesesystemsaregivenin Table
1.

Case 1: AEM for Geological Mapping in the
Pater son Province

The Paterson provinceis known to host significant deposits of
copper and gold, however the discovery of these deposits hes
been hampered by deep Phanerozoic cover overlying the
strongly deformed Proterozoic sedimentary basins. IGO’s
strategy to explorethis provinceisto build a geological model
using integrated multi-scale geophysical data sets. In this
project theobjective of the AEM isto map the prospective host
rocks of the Broadhurst Formation (containing numerous
conductive shales) and produce a depth to basement surface
(Huizi et al., 2023).

Over many years the numerous explorersof theprovince have
taken a “piece meal” approach to exploration, resulting in an
abundance of AEM data of many different varieties, however
none of these surveys coherently overlapped. In 2022, while
acquiring some HeliTEM? data (utilising a frequency of
6.25Hz) IGO took the opportunity to re-fly a line of data
previously acquired using a SkyTEM3!? (25Hz) system. This
repeat line encompasses a package of the Broadhurst
Formation, along with covered Coolbro Sandstone, enabling a
good opportunity to compare the differing system’s ability to
map the depth of cover, and the detail obtained from the
conductive Broadhurst formation.

All AEM data have been inverted using the GA-LEI routine
(Brodie, 2016), producingastandardised product to facilitatea
depth of cover product across all datasets, additionally this
product is useful in comparingthe systems performancefor the
task (Ley-Cooper et a., 2013). Both systems have recoveed
very similar conductivity-depth models (Figure 1), clearly
identifying varyingresistive sand dune cover in the west, with
a moderately conductive weathered regolith profile
progressing to deeper cover overlying the conductive
Broadhurst formation in the east. However, the dual moment
SKyTEM312 system appears to be producing a more
geologically detailed result, with the system resolvingmany of
the low, resistive sand dunes overlying the Broadhurst, and
additionally providingresolution on two separate layers within
theregolith profile. Thelayersintheregolith could be obseved
within the HeliTEM? data but with much less confidence
without prior knowledge.

The conductive Broadhurst formation is important for IGO’s
exploration efforts primarily because these reactive rocks
represent good hostsfor copper mineralisation, and as such they
need to be able to be mappablein 3 dimensions. Thelayered-
earth inversion (LEI) comparison aboveis suitablefor a cover
comparison (given thecover responseweexpectit to bea 1-D
case), however, the Broadhurst formation certainly represents a
2-D case. To evaluatethe suitability of the each of two systems
to map in 3 dimensions, a representative line has been
interpreted using plate models to define the conductors. For
each system the latest delay time channels (in the case of the
SkyTEM322, the high moment data only) have been interpreted
to understand the source of the response).
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Figure 1. HeliTEM2 Layer Earth inverson (top) and
SkyTEM?312 |_E| (bottom). Compar ableresults areachieved
for the coincident line, greater detail is observed in the
SkyTEM322 inversion.

The modelling produces very similar plate models (and model
fits) for both systems interpreted (Figure 2), despite the very
different timechannels used in theinterpretation. In the case of
theHeliTEM? delay times from 11.09-39.87mswere modelled,
whereas for the SkyTEM3!? the delay times of 5.85-13.18ms
were used. For this purpose, with both systems providing
similar results, there was no clear advantage of one over the
other.

Thetwo systems compared herein the Patersonare both ableto
solve the exploration problem for which they are applied. In
the case of the SkyTEM31? system, the advantage of the
additional low moment data increases the vertical shallow
resolution which may be of value when considering
geochemical sampling.

Case 2. AEM for Target Discrimination in the
Kimberley

Whitford and Fitzpatrick

1GO has significant tenure in the Kimberley area of Western
Australia. Thetenurein the Kimberley spans a Proterozoic belt
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Figure 2. View from the SE (top) of interpreted HeliTEM?
(red) and SkyTEM3!? (blue) platemodels. Field (black) and
model (red) response for HeliTEM? and SkyTEM3? data
using thelatest delay timesfor both syssems. Similar models
areinterpreted from both datasets.

that has proven magmatic nickel-copper-cobalt sulphide
mineralisation that includes the Savanah mine in the East
Kimberley, and the Merlin prospect in the west. The typical
association of pyrrhotite with Ni-Cu-Co mineralisation mean
these deposit styles respond well to electromagnetic methods,
with thehigh conductivities associated with the pyrrhotite (and
the expected thickness) generaly providing unique
conductance properties that enable the orebody’s detection
(King, 2007). Therefore, airborne EM is often used as afirst
pass direct detection method for systematic exploration as
outlined by Fitzpatrick et a (2019).
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Given the exceptionally rugged terrain in the Kimberley, the
aim of the AEM isto both identify conductors, but also be able
to discriminate higher conductancetargets, and potentially save
time and effort by not followingup lower conductance targets.

With access to the Merlin prospect, which was initialy
identified in VTEMP“Sdata, a number of coincident lines have
been subsequently flown with HeliTEM2 and SPECTREMPlus
at 300m line spacingand an orientation of 045°/225° to evalude
the ability of each system to discriminate higher conductance
targets. The VTEMPUdatais also available, however thiswas
flown at a 0°/180° and aline spacingof 100m. In this example,
the conductorsidentified have been quantified through ground
EM and Maxwell plate modelling, with this result considered
the “truth” allowing for a robust comparison. The ground EM
was collected in a slingram or fixed loop configuration at 1Hz.
The location of these surveys, and the target conductors are
shown below in Figure 3.

e wan swan n'nif\—”"
Figure 3. Plan view of the VTEMPS Tau image, HeliTEM?,
SPECTREMP'Us (pink) and VTEMPUS (black) linepaths. The
anomalies discussed are numbered from 1 and 2.

The conductor defined by “1” is characterised in the groundEM
as being ~600m x 100m, dipping at ~70 to the SW, at a depth
of 150m and conductance of 1500S. The conductor defined by
“2” is characterised in the ground EM as being ~100m x 20m,
dipping at 40 to the SW at a depth of 55m. with a high
conductance of ~17000S. These two examples highlight the
potential conductors we want to be able to discriminate.

All the systems flown over the known conductor 1 successfully
identified the target in the data, with clear responsesin all
systems (Figure4). Platemodels have beeninterpretedfor eech
of these datasets usingthelatest possibletime channelsto get a
maximum conductanceresponse. This generated conductance
responses of 430S for the HeliTEM? and the SPECTREMPUs,
while the VTEMPS produced an interpreted conductance of
100S.

The responses from all systems over conductor 2 are
highlighted in Figure 5, where all systems clearly identify the
known conductor. This is unsurprising given the depth,
however, the response is clearly diminished in the

EM Riggensa [T

SPECTREMPUS data. Thisisinterpreted to be likely dueto the
size of the target and the additional height that is required by
the fixed-wing system. Despite the diminished amplitude
responsein the SPECTREMP', a conductance of ~500S is
interpreted here, the VTEMP'US interpreted with a conductance
of 750S, and the HeliTEM? with a conductance of 1900S.
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Figure 4. Coincident HeliTEM? and SPECTREMP“S (top

and centre) Z component response over target 1 and

VTEMPUs (bottom) Z Component response over the

corresponding target

In these two examples, unsurprisingly no system was able to
recover an interpreted conductance similar to the ground EM
result, dueto their higher transmitter basefrequency. However,
the goal of these test lines was to ascertain if the airborne EM
system could differentiate between high conductance and low
conductance targets, albeit relative, and thus saving follow-up
ground EM surveyingover low conductancetargets. The above
example appears to show potential for thelower base frequency
system to beableto achievethis. 1t should also benoted, given
thesmall nature of the conductors here, tight line spacingis key
to adequately characterising the target.

Case 3: Comparison of Historic and Modern AEM
systems-L ake Mackay
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AEM system comparisons

TheLakeMackay project focuseson acontinental -scale gravity
ridge that straddles the crustal scale Centralian suture
separating the Paleoproterozoic Aileron and Warumpi
provinces (McGloinetal, 2023). Theproject wasidentified by
1GO as having the potential to host a significant iron oxide
copper gold, intrusion-related gold, or intrusion-related Ni-Cu-
PGE deposit, with early exploration at the Bumblebee, Springe
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Figure 5. Coincident HeliTEM?2 and SPECTREMP“S (top
and centre) Z component over target 2 with VTEMPUS
(bottom) Z Component over the corresponding target

and Prowl prospects producing promising results (Winzar,
2016).

The previous exploration had covered parts of the tenure with
the GeoTEM PP AEM system and identified several anomalies.
Orientation ground EM surveying (Whitford, 2019) also
identified areas of known mineralisation that did show aground
EM response with no response clearly identified in the
GeoTEMP®eP survey. As such itwas decided that an orientation
survey would be conducted using the SPECTREMPUS and
TEMPEST systemsto ascertain if these modernsystems would
detect potential mineralisation that had not been detected in the
previous AEM survey, thusjustifyingthe expenseof re-flying
the entirearea. The SPECTREM P and TEMPEST systams
were chosen as the remote location of the project dictated that
any economic discovery would need to be large, and as such
fixed-wing systems would be suitable, while also offering the

Whitford and Fitzpatrick

economic benefit of low-cost acquisition over a large survey
area.

A number of lines were repeated from the GeoTEM P survey,
including over the Springer prospect (a known conductor not
identified in the GeoTEM P®¢P) and oneflown over the Grapple
mineralisation. Figure 6 shows plan images of all systems
(includingtheground EM) at similar delay times over Springe.
The clearest response to the north west trending conductor is
observed in the SPECTREMP“ data | the TEMPEST does
identify a response, and the GeoTEMP®eP had hints of an
anomaly, thoughisnot clearly evident. It should be noted here
that the GeoTEMP®®P does have a wider line spacing, partly
accounting for alack of resolution.
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Figure 6. Coincident MLEM, SPECTREMPUS,
GeoTEMP®®P, and TEMPEST of similar time channels. The
clear response in the MLEM is best represented in the
PECTREMPUS with the GeoTEMP® and TEMPEST not
clearly identifying the conductor at Springer.

The results of the repeated line at Grapple prospect are shown
as profilesin Figure 7, whereaclear response can be seen at the
northern end of theline in all systems, though noticeably more
pronounced inthe TEMPEST and the SPECTREM PUs data. A
second anomaly is observed on the southern end of thelineand
shows a clear response in the TEMPEST and the
SPECTREMPUS, however theresponseis noticeably subduedin
the GeoTEMP#®P, This responsewas not originally identified in
the GeoTEMP®® data, mainly due to the lack of X component
response. Additiona to this Z component response, both the
TEMPEST and SPECTREMPUS showed a significant X
component response giving greater confidencein this target.
Subsequently, this target was drill tested and intersected
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significant Cu/Au mineralisation and is known as the Phreaker
prospect.

The empirical data gained from the orientation survey, using
numerous systems provided the confidence reguired to justify
re-surveying a portion of the project that had been coverad by
an outdated system. The discovery of the Phreake
mineralisation further vindicates this decision.

CONCLUSIONS

A number of datasets are presented here that demonstrae
empirical comparisons of systemsto solve specific exploration
objectives. In the Paterson, it is shown that the SkyTEM 32
system provides the best solution for detailed cover mapping
whileproducingvery similar resultsto the HeliTEM 2foralarge
stratigraphic conductor mapfed at depth. In the Kimberley, it
is shown that the HeliTEM“ system shows promise in being
able to discriminate targets based on conductance, while all
systems trialled successfully identified the known conductors.
At the Lake Mackay project, orientation surveyinghighlighted
that modern systems will certainly outperformhistoric systems
and thereis valueto berealised by re-flyingpreviously coveed
areasif theexploration proposition warrantsit. In each of these
examples, itis shown that thereis amost appropriate sy stem for
each exploration problem.

ACKNOWLEDGMENTS

The Authors would like to thank and acknowledge the entire
1GO exploration team and management. Without their support
these examples would not be available.

REFERENCES

Brodie, R.C., 2016, User Manual for Geoscience Australia’s
Airborne Electromagnetic Inversion Software. Geoscience
Australia

Christensen, N.B., Lawrie, K.C., 2012, Resolution analyses for
selecting an appropriate airborne electromagnetic (AEM)
system, Exploration Geophysics, 43:4, 213-227

Fitzpatrick A., and Whitford M., 2019, Strategic
electromagnetic geophysical prospecting across a belt — an
example over the Albany Fraser Orogen, Extended Abstracts,
2" AEGC: From Datato Discovery, Perth, Australia

Gilgallon. K., Tomlinson, A., Mortimer, R., 2019, The
Forrestania and Nepean electromagnetic test ranges, Western
Australia— a comparison of airborne systems, ASEG Extended
Abstracts

Huizi, A., Turley, N., Lindsey D., 2023, Integration of regiond
scale geophysical datato generate a 3D geological model of the
Paterson Province, AEGC Extended Abstracts

King A., 2007, Review of Geophysical Technology for Ni-
Cu_PGE deposits, Proceedings of Exploration 2007,
Exploration in the New Millennium: Fifth Decennia
Conference of the Geophysics and Geochemistry for Minerd
Exploration, Toronto.

Ley-Cooper, A.J, and Munday, T.J, 2013, Groundwater
Assessment and Aquifer Characterization in the Muscgarve
Province, South Australia; Interpretation of SPECTREM
Airborne Electromagnetic Data, Goyder Institute for Water
Research Technical Report Series No. 13/7, Adelaide, South
Australia

Macnae, J.,, 2007, Airborne Electromagnetic Systems, ASEG
Extended Abstracts

Macnae, J, 2011, Airborne EM system comparison,
Proceedings of the 10 SEGJ I nternational Symposium, Kyoto

McGloin, M.,and Whitford M., 2023, Phreaker Prospect; in
‘Annual  Geoscience  Exploration Seminar  (AGES
Proceedings, Alice Springs, Northern Territory, 19—20 March
2023’. Northern Territory Geological Survey, Darwin, 117-125

Viezzoli, A., Selfe, G., 2018, Comparing responses from
different AEM systems and derived models at the Sunnyside
nickel project, Botswana, ASEG Extended Abstracts

Whitford M, 2019. Application of electrical geophysics to
exploration at the Lake Mackay Project: in ‘ Annual Geoscience
Exploration Seminar (AGES) Proceedings, Alice Springs,
Northern Territory, 19-20 March 2019’. Northern Territory
Geological Survey, Darwin, 114-118.

Winzar, D., 2016, Early indications of acopper-gold beltin the
southwestern Aileron Province, in ‘Annual
Geoscience Exploration Seminar (AGES) Proceedings,
Alice Springs, Northern Territory 15-16 March 2016°.
Northern Territory Geological Survey, Darwin

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 5



AEM system co

mparisons

Tablel. AEM System Specifications

Whitford and Fitzpatrick

SKyTEM312 HeliTEM? SPECTREMPUs | TEMPEST GeoTEMDPeeP | VTEMPIUS
Transmitter Trapezoidal Square Square Square Half Sine Trapezoidal
Waveform
Transmitter 44% (LM) 50% 100% 50% 20% 36%
Duty Cycle 25% (HM) deconvolved o
100%
Transmitter 275 (LM) 6.26 25 25 25 25
Frequency (Hz) [ 25 (HM)
Peak  Dipole | 4100 (LM) 565,000 672,000 86,800 665,000 397,135
Moment (NIA) | 51,400 (HM)
Transmitter On | 0.8 (LM) 40 20 10 4.108 7.32
Time (ms) 5 (HM)
Transmitter Off | 1.018 (LM) 40 20 10 15.892 12.68
Time (ms) 15 (HM)
Receiver 0.0016-0.877(LM) | 0.0781-35.873 | 0.013-10 0.013-16.2 0.501-13.985 0.096-10.717
Window Times | 0.04-13.156 (HM)
(ms)
Terrain 35 35 50 68 55 50
Clearance (m)
Configuration In-loop In-loop Slingram Slingram Slingram In-loop
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Figure 7. GeoTEMPeP 7 component response (top), TEMPEST Z component response (centre) and SPECTREMPIUs 7
component response (bottom). Theknown Grappleconductor can clearly be identified in all datasets, while the conductor that
became the Phreaker mineralisation can only clearly ber ecognised in the TEMPEST and SPECTREMP''S datasets.

data
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SUMMARY

The noise characteristic of an AEM system is crucid not
only for designingthe signal processingstrategy but more
importantly for interpreting the data in terms of an earth
model. Ad hoc estimates of noise are often al that is
available to theuser of an AEM data set, leaving noiseas
the “elephant in the room”. We present a rigorous
approach to estimating noise from first principles. We
illustrate how such estimates may be obtained from high-
altitude calibration data and then be applied to processing
and interpretation of TEMPEST data.

Key words. TEMPEST, Noise Model, Data Processing
Conductivity Inversion.

INTRODUCTION

Noise estimates are no longer just “error bars” for display in
pretty pictures, but they are beingused inalgorithms that further
process the survey data either using weighted least squaes
solutions to systemsof equationsor iterative solutionsof linear
systems during conductivity inversion.

Noiseestimates for conductivity inversonscan betoo generous
which means large “error bars” and the possibility that the
fitting model is not well determined. Jones’ (2019) proposal to
minimise the cross-correlation between the fitting residuds
aleviates this problem to some extent, but better noise
estimates are preferrable. Conversely, when error estimates ae
two tight, then the usual Chi-squared criterion will not achieve
convergence because thefittingerror will always belarger than
the data error.

We have constructed a noise model for TEMPEST data from
first principles and illustrated its features with examples.
Narrow-band noise such as VLF and the spectral gaps resulting
from the finite transmitter switching time are automatically
down-weighted when theinverse standard deviation or variance
are used as weights in signal processingalgorithms. Thenoise
estimates are also being used for improved conductivity depth
transformation (CDT) and wetested them for improved layeed
earth inversion (LEI).

METHOD AND RESULTS
A Noise Model for TEMPEST

Using upper-case letters to indicate Fourier Transforms, the
voltage measured in each receiver coil is:
_ HoA A,

V‘r = 41T erRc]w{g +Rg}1 (1)

teo.hage@xcaliburmp.com
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Jandakot, Perth
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eric.steele@xcaliburmp.com

where A; is the effective coil area, A is the transmitter loop
area*turns, Rrfis the frequency response of the combined anti-
dlias filter and digitizer, Rc is the frequency response of the
induction coil, g is the geometric coupling factor between the
transmitter loop and the receiver coil, Ry is the frequency
response of the ground, | is the transmitter current, and

= v( -1), and w=2f with f being the frequency. Similarly, the
voltage recorded from the transmitter monitoring device is

V, = RtthcI (2

where Ry isthecalibration factor of the current monitor device
Rec isthefrequency response of theanti-aliasfilter and digitiser,
and | isthecurrent. Thetransfer function T from thetransmitter
to thereceiver is then

v HoArA; Ry

T=—=—-———"—Rjo{g+R

Vt 4 Rtthz: Cjw{g g} (3)
The transfer function Tafor the high-altitude calibration run is
the samebut without the Ry ground responseterm. By forming
the ratio T/Ta the quantity ¥ is obtained which constitutes the
deconvolution of the system transfer function from the
measured transfer function and wasfirst published by Lane &
al (2000):
T(wr) g™ N Rg(m, r)
Tu(w)  gq 9a
Theindependent variables are included explicitly to highlight
the dependence on location r and frequency «. The data

examplein Figure 1 shows increased noise at the high
frequency end of the spectrum.

Y(w, 1) = (4)

Rasmussen et al (2017) investigatethe effect of noisein TEM
signals (ground and airborne) on the deconvolution. Their
noise model consists of external noise (stationary and
nonstationary components, e.g., from radio signals, spherics,
and motion-induced noise, or nonlinear effects such as
amplifier saturation due to a strong primary-field component
in the on time), and internal noise (stationary components
only, e.g., thermal noise, electronics noisefrom oscillatorsand
power supplies, and quantization noise in the ADC). Their
noiseterms are complex functions of frequency and could in
principleinclude bias spectrathat have not been accounted for
elsewhere. In particular, the noise model of Rasmussen et a
(2017) does not alow for coupling variations between
transmitter and receiver (g and gawould be 1), it does not treat
the deconvolution of high-altitude spectrafrom survey atitude
spectra, and it also does not explicitly alow for an airframe
response.
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TEMPEST Noise Model
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Figure 1: A snapshot of the frequency response at one
location along a flightline showing the noise character with
asinh scaling (upper panel) and with logarithmic scaling
(lower panel). Dotted lines arethe raw fregquency response,
thecircles areweighted averagesfor logarithmically spaced
freqguency bins. The logarithmic scaling shows the
transmitter nulls and VLF lines in the high frequencies
more clearly but it hides the fact that the noise can go
negative. The dataarefrom aTEMPEST tes flight with 25
Hz base frequency and 400 kHz acquisition rate.

All thesenoisefeatures may be accounted for by includingin
equations 1 and 2 two extra terms representing complex
spectra, one for the external noise Next(w) (which is modified
by the receiver parameters) and one for the internal noise
Nint(®). The receiver spectrum contains both whereas the
transmitter spectrum contains only the internal kind (noted
simply as N). Equations 1 and 2 then become

Ho ,
_EAtATRTfRde(g + Ry + Noye) + Nipg .
V, = R R, + N,

v,

Forming thetransfer functions T and Ta and then thefrequency
response ¥ is achieved with the help of Taylor expansion and
neglecting second order terms. The main assumption for
simplifying the final expression is that the noise does not
change between the reference atitude and the survey altitude
Combining various noise terms into a single variable Nma
results in an expression for the measured ¥m equivalent to
equation 4:

¥, (0,1) = ¥(w,1) + Ny g (0) (1 —F(w, 1)) + Nygg (@) (6)

where Nmod(®) stands for the sum of internal and externd
complex noise spectra that have been modulated by coupling
variations, and we have introduced Nadd(w) to alow for a
complex bias and additivenoisein ¥m. Thegroundresponse Ry

Wolfgram et al.

is zero along any of the high-altitude lines resulting in an
equation that may be used for determining the noise terms:

g(r) g(r)

LIJm (w' ra) = ) + Nadd (w) (7)

+ Ny (@) <1 -

a a

The complex term N, (w) can be estimated from the high-
altitude reference line. This line is flown “straight and level”
which minimizes any variations of the couplingratio g(r)/gaso
the round bracket is close to zero and the modulated noise
term becomes negligible. The complex bias and standard
deviation may then be estimated using the entire reference

line:
Nbius(w) ~ mean (Tm(m, r— gﬁ‘))
r=rref a
(8)
Nstd(w) ~ stdev <l{"m(0>. o) _g(r))
T=Tref a

Figure 2 illustrates the resulting noise spectrafor areference
line flown with the standard TEMPEST system.
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Figure 2: A high-altitude reference line showing the high
frequency region of the complex bias of the Frequency
Response (upper panel, solid lines for inphase, dashed for
quadrature) and real-valued standard deviation (lower
panel). The x,y,z components are red, green, blue
respectively, and the black curvesin the middle panel are
the moving maximum over a diding window with user-
defined width. The Y component hashigher noise because
it isnearly null-coupled with the transmitter.

Figure 3 shows the windowed Bfield obtained from the high-
altitude reference line. This is the result of processing the
frequency response ¥m as if the line was a survey line.
Although the noise estimates discussed here are for the
frequency domain, the processed referenceline may be used to
derive noise estimates for the Bfield windows.

Themodulated noisemay be estimated from the high-altitude

swoop line. The average is restricted to only those samples

with strong geometrical coupling variations so that the

denominator is different enough from zero.

¥, (0 1) = Npo () — L2

Ya
@ ©)
Ya

This is not strictly “noise” because it includes any response
from the metallic airframethat is sensed when the geometrical

Nyoq (@) = mean

T =Tswoop
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coupling between transmitter and receiver changes. A
correction for this effect is applied during processing of the
survey lines as follows

‘Pm(w,r) = Npias () - |\ (w)

Figure 4 illustrates the windowed Bfield processed along the
swoop line without and with removing the airframe responsg,
indicating that the effect of the airframe is typically small and
below the overal noise level.

Y(w,r) = 10
1- Nmod (w) ( )
{2048 BpEwach Tiches" T s P e WK )
a5 (587 5 PN 1B W 1 Dre BRI 151 & i ] 1
(O +@MECTIEN] ¥ | DAY« TIOE 3 WI245 ungx ? | xk 1 Hle |:
1734 5 B | i F0 e e Ny Y o N i et L 8T iy
e e e D B e R s e
= ! - v W = 4 i K et e ! T N e 'II 1
L 1 151
15 L | 1
LD Er o) 000 LE T MG HMEOL000 LTl o] IEMEHLOD0 e 0} M, 5]

KENRE MONITORS: Soharice - SPH. Powerdine - PWLF, Base Fregquency - LOWF,
Figure3: The X and Z components of thewindowed, 100% duty-cycleBfield obtained from processing a high-altituder eference
line asif it wasa survey line. This represents the noise during straight and level flight, and its variancemay be used as noise

esimate when working with windowed data.
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Figure4: The “swoop line” befor e (top) and after (centre) thecorrectionfor theairframeresponse. The “before” data represent
the noiseduring exagger ated air craft manoeuvres. The lower panel showsthe primary Bfield (BpEMX, BpEMZ) as solid lines,
highlighting the swoop manoeuvres. The monitorshavebeen scaled individually asindicated in the legend in order to fit onto

a single plot.

Weighted Least Squares Solversin Frequency Domain

Weighted least squares solvers may be employed to find the
solutionsto alinear system of equations (L SE): A*x=B, where
B is thedata vector (thefrequency response), x istheunknown
vector and A is the LSE matrix. The weighted least squaes
solution minimizes

(B-A*Xx)T* W * (B-A*X)
where the covariance matrix W may be constructed with the

inverse of the standard deviation Ngd(w) from Equation 8 or
the inverse of the variance on the diagonal.

We have established and solved such systems of equations for
e reducing the high-frequency noise in the frequency
response (where A contains smoothnessconstraints and x

is the smoothed data vector) before further processing,
and for

e inverting the raw or binned frequency response data
directly from the frequency domain to an earth
conductivity model (where A contains constraints and
regularization and x is the model vector).

Figure 5 shows the effect of fitting a piecewise cubic
polynomial to thehigh (> 15 kHz) frequencies using weighted
least squares. The high-frequency noise is successfully
rejected.

Figure 6 illustrates how awide (0.5 decades) weighted
convolution filter has a stronger smoothing effect than the
narrow (0.1 decades) binning shown by circles in Figures 1
and 5. It successfully extendsthefrequency response through
the noisy high-frequency region.
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TEMPEST Noise Model

Both examples result in a very similar windowed Bfield
because the windowing further rejects high-frequency noise
except in the very first few windows (not shown here).

X Proumwsny Mosganse P grpel

Figure 5: Same data as Figure 1 but including noise (black
curve), weights (green), and processed data (red and blue
with dot symbols) that were replaced by a weighted leas
squaresfit above 15 kHz. Thecircles arethesame asbefore
bins with a width of 0.1 decades.
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Figure 6: Same data as Figure 1 but including noise (black
curve), weights (green), and processed data (red and blue
with dot symbols) that wer efiltered above 15 kHzwitha 05
decades width Hanning filter combined with data weights.

In order to calculate a Conductivity Depth Transform (CDT),
the raw or binned frequency responseisfirst fitted with a sum
of complex basis functions using weighted least squares tha
alsoinclude constraints for stabilisingthe solution. Each basis
function isthe Fourier transform of an exponential decay. The
resulting coefficients are then used to construct the step
response which is in turn matched with the field of a receding
image of thetransmitter resultingin aconductivity versusdepth
function (Wolfgram and Karlik, 1995). The result compared
well with conductivity sections generated in other ways.

As proof of concept only, we have also implemented and
successfully tested a Layered Earth Inversion (LEI) that uses
the raw or binned frequency response (dotted lines or circlesin
Figures 1, 5 and 6) together with the noise estimates as input.

Wolfgram et al.

Noise Estimates for Windowed Data in Time Domain

In the same manner as the noiseand bias spectrawere derived
from the frequency response along high-altitude calibration
lines, time-domain noise and biasmay be derived fromthefind
windowed Bfield calculated along these same lines (Figure 3).
We havedonethisin orderto derive quality control data (Figure
6) but the noise may also be converted to weights for further
data processing or conductivity inversion in time domain.

Ll _] 1w

Figure 7: Statistics (black curves) for a high-altitude
referenceline. Thered curves show noise boundsfor quality
control. The Window numbers arealong thehorizontal axis
and atto-Tesasper Am? on the vertical axis.

CONCLUSIONS

We have captured the noise characteristic of TEMPEST dataas
complex noise and bias estimates for the raw frequency
response and showed how this may beexploited for processing
and interpretation. Data weights derived from the noise
estimates effectively depress the major noise sources of VLF
and transmitter spectral gaps when used in processing and
inversion algorithms. Testswith CDT and LEI produced clemn
conductivity sections from the raw frequency response.
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SUMMARY

A key issue for explorersin Australiais the abundat
sedimentary and regolith cover obscuring access to
underlying potentially prospective rocks. Multilayeed
chronostratigraphic interpretation of regional broad line-
spaced (~20km) airborne electromagnetic (AEM)
conductivity sections have led to breakthroughs in
Australia’s near-surface geoscience. A
dedicated/systematic workflow has been developed to
characterise the thickness of cover and the depth to
basement rocks, by delineating contact geometries, and by
capturing stratigraphic units, their ages and relationships.
Results provide a fundamental geological framework,
currently covering 27% of the Australian continent, or
approximately 2,085,000km?. Delivery as precompetitive
data in various non-proprietary formats and on various
platforms ensures that these interpretations represent an
enduring and meaningful contribution to academia
government and industry. The outputs support resource
exploration, hazard mapping, environmental managemen,
and uncertainty attribution.  This work encourags
exploration investment, can reduce exploration risks and
costs, helps expand search area whilst aiding target
identification, and alows users to make well-informed
decisions. Presented herein are some key findings from
interpretations in potentially prospective, yet in some
cases, underexplored regions from around Australia.

Key words AusAEM, airborne electromagnetic
interpretation, Exploring for the Future

INTRODUCTION

Australiais a major producer and exporter of natural resources.
However, the Australian continent is vastly (~80%) covered by
regolith and sedimentary basin cover,which obscures accessto
theunderlying prospectiverocks. It hasbheen widely recognissd
that one of the greatest challenges hindering resource
exploration in Australiais the lack of characterisation of the
thickness and composition of this cover and the accessibility to
the rocks beneath.

Historically, potential field geophysics, seismic and borehaole
datahave been used to investigate thelithology and structure of
the upper-crust through the cover. However, Geoscience
Australia’s (GA) Exploring for the Future program, in
partnership with State and Territory geological surveys, has
enabled the acquisition of the nominaly 20 km line-spaced

AUSAEM surveys (Ley-Cooper et al., 2020). These surveys
shed light on the geo-electrical properties of the subsurface
geology to a depth of up to ~500 m. This provides a non-
invasive and cost-efficient dataset that facilitates investigations
on the regona lithostratigraphy, hydrostratigraphic
characteristics, groundwater quality, basin configurations,
structures, and presence of prospective rocks.

The modelled regional AEM data are interpreted using the
multilayered chronostratigraphic AEM interpretationworkflow
(Wong et a., 2022). These interpretations provide seamless
consistent data to help constrain the near-surface composition
and architecture across both highly-explored and under-
explored regions. Interpretation lines are converted to depth
estimate points, and are stored alongside multidisciplinay
depth estimates in the Estimates of Geological and Geophysicd
Surfaces (EGGS) database (Mathews et al., 2020). These points
constituteimportant inputs to cover modelling (e.g. Bonnardot
et al., 2020) These cover models are subsequently used as
inputs into mineral potential mapping (Murr et a., 2020) and a
resource extraction economic viability tool (Haynes et al.,
2020).

Although the multilayered chronostratigraphic AEM
interpretations cover largeregions with homogenous linework,
metadataand depth estimates, herein, several case studies have
been selected to illustrate how AEM models may beinterpreted
to elucidate geological features with environmental, economic
or community safety implications. These casestudiesinclude
the resource potential of the 1) Willowra Suture, 2) Dulcie
Trough/Syncline, and 3) paaeovalleys, in the Northem
Territory; the 4) hydrogen storage potential of salt-containing
basins in Western Australia; and the 5) general exploration
implications in underexplored areas.

METHODS

The majority of the AEM conductivity sections currently
interpreted are from the AusAEM surveys (e.g. Ley-Cooper,
2020; Ley-Cooper, 2021; Ley-Cooper & Brodie, 2018), with
selected sections from other surveys also interpreted (e.g.
Brodie, 2021; Costelloe et al. 2012).

The AEM data were inverted using GA’s Layered Earth
Inversion Sample-By-Sample Time Domain Electromagnetics
inversion (Brodie, 2015). The depth of investigation varies
dependingon thebulk electrical conductivity, with the depth of
signal penetration estimated to be up to ~500 m in electrically
resistive terrains.

The AEM models are interpreted in 2D space and then
validated, and converted to 3D space and points, using code
developed at GA (Wonget al., 2022). Thisworkflow facilitates
attribution of each interpretation line or point with large
amounts of interpretation-specific metadata such as
stratigraphic units, confidence and links to supporting datasets.
Outputs meet strict EGGS database structure requirements and
are available in multidimensiona non-proprietary formats
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across various delivery platforms. Integrated interpretation of
AEM modelswith potentia fields, boreholes, seismic sections
and interpretations, surface and solid geology maps, ensures
production of well-informed interpretations and confidence
attribution.

RESUL TSAND DISCUSSION

Chronostratigraphic interpretations produced by GA and its
collaborators currently cover ~110,000 linekm of AEM-
derived conductivity sections, coveringan area~2,085,000 km?
to adepth of upto ~500 m (Figure 1). . These interpretations
have produced ~600,000 attributed depth estimate points, with
~300,000 already available through EGGS on the GA Portal
(https://portal.ga.gov.au/).
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Figure 1 Current coverage of AEM interpretations made
usng the multilayered chronogratigraphic AEM
interpretation workflow. Canning Basn AusAEM
interpretation (Connors et al., 2022; Vilhena et al., 2023);
AusAEM1 interpretation (Wong et al., 2020; Wong et al.,
2021); Cobar AEM interpretation (Folkes et al., 2022;
GSNSW = Geological Survey of New South Wales).

First-order structuresand palaeovalleys

One key finding from the interpretation of regiona AEM
surveysistheir ability to reveal first-order geological structures.
In the central Northern Territory, the contact between the
Proterozoic Aileron Province and the adjacent Paleozoic
Lander Trough has been interpreted in the AUSAEM models s
a large-scale faulted contact (Figure 2a). This contact can be
confidently mapped for hundreds of kilometres beneath thin
(~5-10m) Cenozoic cover. The location of the Willowra
Suture (Korsch & Doublier, 2015), a south-dipping crustal-
scale boundary that resulted from the collision of the Aileron
and Tanami provinces at 1864-1844 Ma (Goleby et al., 2009,

Wong et al.

Korsch et a., 2011; Korsch & Doublier, 2015), correlates
extremely well with this fault, suggesting that the interpreted
fault is the near-surface expression of the Willowra Suture.
Besides a change in the age of rare small scattered outcrops
throughout theregion, the presence of amajor fault or the extent
of the Willowra Suture reaching the near-surface was unknown.
The near-surface geometry and distribution of this feature can
now be well-constrained using AEM models.

Long-period magnetotellurics (MT) models have identified a
major conductive zoneat depth along thisfeature (Duan et a.,
2019; Figure 2b). This significant crustal/mantle-scale feature
could represent metasomatism along a major fluid flow
pathway (Duan et a., 2022). Duanetal. (2022) noted that Au
mines and deposits associated with the Tanami orogenic Au
system are located directly above a conductivity anomaly,
whereas Korsch & Doublier (2016) indicatedthat major crustd
boundaries, such as the Willowra Suture, are conduits for
mineralising fluids to upper-crustal levels.  Structures
potentially linked to these deeper fertile zones can now be
mapped in the near-surface, and under thin cover, using AEM
models, providingexplorers additional datato refineand focus
their exploration efforts.

Additionally, there is a significant elevation offset across this
feature (Figure 2c), suggesting geologically recent movement,
with the Aileron Province displaced upwards relative to the
Lander Trough. Thisimproved ability to precisely map the
distribution of neo-tectonic structures allows for enhanced
hazard mapping and community safety assessments.
Integration with palaeovalley maps (e.g. Bell et al., 2012)
demonstrated that theregional AEM surveysareapowerful tool
to refine such maps, by improvingthe capability to approximate
under cover paaeovalley distribution and connectivity.
Furthermore, these surveys can aso be used to discover
undocumented palaeovalleys. Importantly, the interpretations
provide a depth dimension, which can be used to gauge
thicknesses and volumes of the palacovalley fill (Figure 2a).
Determination of these properties is vital for explorers, land
users and governments to make informed decision on policy,
management of groundwater extraction, and management of
groundwater dependent ecosystems.

Multilayered chronostratigraphic interpretation for
resour ce exploration

The Dulcie Trough/Syncline in the central Northern Territory
is an asymmetrical syncline with Neoproterozoic-Paleozoic
Georgina Basin rocks in the hinge of the fold overlying
Paleoproterozoic basement (Kruse et a., 2013). The
Neoproterozoic-Paleozoic units are sedimentary fill of a
Neoproterozoic depocentre, with the geometry of this structure
being amplified by Upper Ordovician to Carboniferous Alice
Springs Orogeny folding (Dunster et a., 2007; Kruseet al.,
2013).

Interpretation of the AusAEM models has constrained the under
cover geometry of the syncline by showingthethickness of the
trough fill and depth to the underlying basement, as well as
revealinginternal structures, such as potential parasitic folding
faulting and/or separated depocentres (Figure 3). These
observations have the potential to aid exploration, as the
trough/syncline region is prospective for Au, base metals and
phosphate (Huston et al., 2021; Kruse et al., 2013; Dunster,
2015).

In this example, as Au and base metal occurrences exist at or
near the trough-basement boundary, the conductivity contrast
between moderately conductive trough fill and resistive
basement can help to extrapolate the distribution and depth of
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prospective stratigraphy under cover. Delineation of this
contact also helps to determinethethickness of overburden and
the depth to prospective rocks. Similarly, the Georgina Basin
stratigraphy is prospective for and hosts significant phosphae
deposits. These deposits are typically covered by surficid
sediments, are commonly situated on the Neoproterozoic-
Paleozoic basin peripheries, and can occur proximal to palaeo-
topographic highs (Khan et al., 2007; Howard, 1990). McCrow
(2008) suggested that improved targeting of phosphate deposits
would reguire additional structural interpretations, including
identifying palaeo-topographic highs and embayments.
Therefore, utilising AEM models to refine the basin boundary
geometries, to identify the palaeo-topographies (e.g. theridges
separating possible depocentres in the Georgina Basin) and to
develop the structural framework of the near-surface geology,
ishighly valuablein the design of exploration projectstargeting
phosphate deposits.

Multilayered chronostratigraphic AEM interpretations are
currently occurring in the Eastern Resources Corridor of the
Exploring for the Future program. These interpretations are
providing a geological framework in areas including the
Curnamona Craton, which hosts the world-class Broken Hill
Pb-Zn-Ag deposit, as well as the Delamerian Orogen, whichis
prospective for Au, Cu, Pb, Ag, Ni, Zn and PGEs. These
interpretations are also providing geological insight in
agricultural areasinthewestern Murray Basin that rely heavily
on groundwater resources. The AEM interpretations have ben
utilised in drilling programs to estimate cover thicknesses and
identify basement highs. They help to support groundwater
investigations by refining the subsurface basin boundaries and
distribution of stratigraphic units. The interpretations are dso
crucia inputs into cover thickness modelling, and will be
released as precompetitive data across various platforms.
The workflow has facilitated the delineation of individud
stratigraphic units, by theinterpretation of changesin electrical
conductivitiesin the subsurface. Theresults can beextendedto
infer lithostratigraphic or hydrostratigraphic properties
important to groundwater or hydrocarbon exploration, such &
the presence or extrapolation of traps, seals, reservoirs and
source rocks, and/or aquifers and aquitards.

Salt deposits

The AusAEM dataset has presented opportunities for using
AEM modelsin unconventional ways to support exploration of
subsurface salt deposits. Integration of the AEM models with
arange of supportinginformation and datasets providedinsight
on the distribution of salt within various basins. This is
important, as caverns made in underground salt deposits are
cost effective storage sites for large quantities of hydrogen.
New studies were undertaken to understand salt distribution in
the Canning (Connors et al., 2022; Vilhenaet a., 2023; Zhen,
2022) and Officer (Bradshaw et al., 2023) basins, in Westen
Australia, which are known for thick onshore salt
accumulations. The multilayered chronostratigraphic AEM
interpretation revealed disruption of the electrica
conductivities in the shallow stratigraphy, likely caused by
movement or dissolution of the salt at depth. As a result, the
AEM models were found to be a powerful tool for targeting
near-surface salt diapirs, and for mapping the regiona
distribution of bedded salt horizons under cover. Therefore
these studies provide insights into the geological hydrogen
storage potential of the salt deposits within these basins by
refining search areas.

CONCLUSIONS

Multilayered chronostratigraphic interpretations of regiona
AEM surveys have led to significant improvements in the
understandingof near-surfacegeology in Australia. They help
characterising the thickness and composition of the expansive
cover, whilst providing insight into the underlying rocks & an
unprecedented scale. They provideafoundational dataset that
informs on Australia’s subsurface geology and assists a variety
of usersin academia, government, industry and the public with
environmental management, resource exploration and hazard
mapping

The development of the integrated workflow presented here
facilitates large quantities of interpretation-specific metadatato
be captured and attributed to 2D and 3D line work and points.
Largeregions of Australiaare now covered with precompetitive
multidimensional interpretation data in non-proprietay
formats, which are accessible across avariety of platforms.
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Figure 2 Palaeovalleys, first-order geological structuresand sedimentary basins — examples of interpreted featuresin broadly-
spaced AEM. a) Oblique view (looking east) of AUSAEM conductivity sections (Ley-Cooper & Brodie, 2018) showing
lithosgtratigraphic units in the Lander Trough of the Paleozoic Wiso Basin, first-order structural features, such as the near -
aurface expresson of the Willowra Suture, and the connectivity and 3D geometry of palaeovalleys b) AusLAMP long-period
magnetotelluric 36 km depth dice (Duan, 2019) showing a deep conductivity anomaly that correlateswith the distribution of
the Willowra Suture. c) Digital elevation model (Geoscience Australia, 2017) illustrating a surf ace expresson of the Willowra
Suture. NT = Northern Territory
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SUMMARY

Geological processes of alteration such as oxidation and
weathering lead to coal quality degradation. In the context
of coa mining, this is significant because engineers must
optimise mine plan designs with respect to wasterock and
marketable coal. Airborne Transient Electromagnetic
Methods (ATEM) can be useful in demarcating a cod
seam’s Limit of Oxidation (LOX) and add confidence to
the related thickness of a weathered zone. This study
demonstrates an attempt at using state of the art, high
resolution ATEM data acquired over the Peak Downs
Mine to improve upon the positioning of LOX ‘lines’,
which can benotoriously difficult to model acutely where
the coal seams are sub-parallel to the base of weathering
estimate. Theinterpretation techniques applied throughout
this study focus on using ATEM results visualized & X
and Z component data profiles, compared to laterally
constrained conductivity-depth inversions and borehole
data. Such studies may enable geoscientists to better
inform mine planning and development decisions.

INTRODUCTION

The primary focus of this study is to investigate if Airborne
Transient Electromagnetic Method (ATEM) data can be
analysed to improve the positional accuracy of a coal seam’s
Limit of Oxidation (LOX) line and the associated depth of
Weathering (BHWE). The study uses data from the Peak
Downs Mine (PDM) in the Bowen Basin of Queensland,
approximately 31 km SSE of the town of Moranbah.

Within the context of coal mining, once a coa seam has
undergone weathering and oxidation, the quality is lost and
consequently, the resource wasted (Yang et al., 2022).
Therefore, it is important to identify the areas of coal which
have been rendered worthless by these alteration processss
(Lowe et al., 2019). ATEM results are often used to facilitate
the mappingof various geological features such as the BHWE
and LOX lines, and can also help resolve coa seam
architecture, structures & faults, igneous intrusives (e.g.
basalts), hydrogeology or aquifer shape and thickness (Godber
et al., 2019).

The terms ‘weathered” and ‘oxidised’ coals, are commonly
discussed collectively as one (Yang et al., 2022). However, in
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regards to the geo-modelling of coals, thelimit of oxidation can
bereferred to as a ‘LOX line” which is a boundary generated by
intersectinga fresh coal seam’s top with the Base of Weathering
(BHWE). Improving upon LOX line positioning would also
inherently result in an improved base of weathering estimate.

Current techniques for modelling LOX lines and BHWE are
primarily based upon drilling data. However, the modelled
position can besignificantly offset by small errorsin the depth
of weathering where coal seam dips are very shallow.

Previous ATEM surveys conducted over various parts of the
Bowen Basin haveshown that the ATEM datacan beeffective
for mappingthe thickness of weathering (Godber et al., 2019).
Furthermore, electromagnetic (EM) methods may also assist
with mapping LOX line positions, without the need to modd
them using the base of weathering estimate. This study shows
partial success at generating such directly measured LOX lines
for the purpose of better informing mine planning and
development decisions.

METHOD AND RESULTS

EM methods have been employed widely acrossthe minerds
exploration industry for purposes of prospecting and detailed
surveying (Telford et al., 1990). In coal mining applications,
ATEM is an attractive technique due to its ability to detect
electrical conductors associated with the weathered overburden
and heat affected (or ‘coked”) coals.

For the purposes of this study, a coal seam’s LOX line is
denoted as a conductor’s edge, which can produce an
observable and measurable EM anomaly in ATEM channd
responses. Thisanomaly is caused by an electrical contrast a
the contact between weathered (conductive) coal and fresh
(generally resistive) coal. Therefore, when ATEM channd
profiledatais plotted, the LOX line of a coal seam can exhibit
an EM profilewith a particular amplitude and shape. This EM
response is oftentimes consistent across a vast study area;
therefore, it is mappable across closely spaced ATEM survey
lines. The unique character of a coal seam’s EM profile will
vary dependingon the architectureor dip of the seam, and the
response may also appear suppressed or change shape betwean
survey lines due to interference from any neighbouring
conductors. Inter-seam conductive horizons can also mask the
typically smaller response from the down-dip transtion of the
weathered seam to the fresh seam (Figure 1). As such, when
interpreting, it can be helpful to model the conductiveresponse
as a ‘plate’; either horizontal, vertical, or dipping, and compare
this with the geology to determinethe actual conductive sources
and their relationship to the seams.
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In attempts to achievethe optimal LOX line positioningfor cod
seams, the aforementioned technique has undergone initial

testing on a specific coal seam of interest at PDM, referred to
as the ‘P08’. The interpretation technique focused on
visualising PDM’s ATEM data dis played as conductivity-depth
sections, which were carefully compared against the high
moment (HM) X and Z component data channels. One of the
key challengesin this study is assessingthe potential forrelying
upon the HM X and Z data components (alongside EM
conductivity—depth sections), for more accurate LOX line
placement. An additional challenge is also determining how
consistently traceable, and mappable the coal seam’s EM
responseis, when attemptingto correlateit across survey lines.
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Figure 1. Two scenarios depicting the relationship of the
EM plates to the geology. In the “ideal” scenario 1,
weathered coal is the only conductor; In scenario 2, the
relatively small response from the upper (b) and lower (c)
edges of oxidised coal ismasked by a much larger response
from the upper edge of an inter-seam conductor (a).

The EM channel responses were plotted as profiles, and the
P08’s characteristic profile carefully analysed to determine a
consistent ‘edge’ position for the LOX line. This edge was
tracked across the EM survey lines throughout the study areg
and each position validated usingactual field LOX points which
were uncovered duringminingand reported by field geologists

Zawada et al.

duringpit inspections. For additional verification, theEM data
has been compared against al other available coa geoscience
data (Figure 2) such as topography, structural surfaces, and the
geologists modelled coa seams, LOX lines, and BHWE
(inferred mainly by drilling). Furthermore, the datafor P08 was
modelled as conductive plates using Maxwell, in attempts to
more precisely position the PO8 LOX edge on the EM profile.

.',
— —

Figure 2. ATEM reaults digplayed in 3D with other
available coal geoscience data.

CONCLUSIONS

Several attempts have been madeto clarify accurate placement
of the P08 coal seamsLOX line on EM channel profiles, using
the HM X and Z data components. The consistency ofthe P08’s
EM response has also been assessed across the survey, and
LOX line interpretations have been further validated using EM
conductivity depth sections, as well as al other available
geoscience data. While testing the reliability of this approach,
the theorised LOX points were compared to the actua field
LOX points as measured and reported by mine site geologists
after the uncovering of the coal. Findings have confirmed thet
it is possibleto approximate the PO8 coal seams LOX line
position on EM channel profiles, and consistently correlatethe
profile response across the survey’s extent. However, Maxwell
modelling suggests that the main HM X anomaly may be due
to an inter-seam tuff horizon which is possibly obscuring the
response fromtheweathered cod horizonabove (Figure 1). The
tuff may beareliablemarker horizon for the PO8 seam, however
further investigation is required to confirm. Further testing is
also required to understand if the precise positioning of the
LOX ‘edge’ on EM profiles is possible, and to determine if this
approach is repeatable for other coal seamsin PDM. Ongoing
trials will evaluate the suitability of using this approach to
enhancefuturemodellingand interpretations of the LOX lines.
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SUMMARY

The Basin and Range province of North America hosts
substantial lacustrine evaporite mineral systams
prospective for lithium, a critical mineral currently listed
for mineral resource assessment by the U.S. Geological
Survey. Airborne electromagnetic (AEM) surveys are
being conducted to support these assessments by
identifying shallow clays and brines, as well as throuch
improving the shallow subsurface geologic framewark of
the regional fluid flow system. In 2022-2023, three focus
areas with proven lithium resources or considered hichly
prospective for lithium are being surveyed. Results from
this effort can help to improve our understanding of the
geologic conditions and geophysical signaturesassociaed
with known resource regions and benefit future lithium
resource assessments by identifying regions with similer
geophysical and geologic characteristics.

Key words. airborne electromagnetic, critical minerals,
lithium, brine, groundwater

INTRODUCTION

The Basin & Range Province of North Americahosts awealth
of base, precious, and critical mineral resources, with Nevada
servingas oneof thetop mineral producingstatesin the United
States. (U.S. Geological Survey, 2023). The Basin and Range
is a large extensiona region in the arid and semi-arid
southwestern United States with elevated heat flow, widespread
Tertiary and Quaternary volcanism, and persistent grabens
forming numerous closed intermountain basins. These
conditions are consistent with potential lithium enrichment in
lacustrine evaporite mineral systems (Bradley et al. 2013,
Bradley et al. 2017; Hammarstrom et al. 2020). Lithiumiskey
to the clean energy transition, with demand for rechargeable
lithium-ion batteries driving recent increases in global
consumption (U.S. Geological Survey, 2023). Lithium is dso
used in the manufacturing of ceramics, glass, and lubricants.

Lacustrine evaporite systems form in closed basins with arid
climates where elements carried in surface water, groundwater,
or geothermal fluids become concentrated in the shallow near-
surface environment by evaporation. Brine deposits in these
systems can potentially host economically viable lithium
concentrations, and where lithium-enriched brines encounter

Chloe D. Gustafson
U.S. Geological Survey
Denver, Colorado USA
cgustafson@usgs.gov

lake sediments, lithium can become concentrated within clay
deposits (Hammarstrom et a., 2020). These shallow clay and
brine resources are obvious conductive targets for AEM
methods. However, these evaporite systems are defined by the
regional fluid flow system, and lithium prospectivity relies on
the appropriate hydrogeologic conditions, presence of source
materials, and basin history. As such, the potential contributions
of AEM surveysto lithium resource assessments extend beyond
simply identifyingconductive brines and claysto improvingthe
broader regional hydrogeologic and geologic framework.

The process model leadingto viable lithium brine deposits hes
severa characteristics (Bradley et al. 2013; Munk et al. 2016)
where AEM surveys can provide improved hydrogeologic
context (Figure 1):

1. An arid environment to facilitate evapoconcentration of
surface water and shallow groundwater, and adequate
aquifers to host brine.

° Conductive brines indicate that substantid
evapoconcentration has occurred; basin resistivity
structure can provide additional information about
the structure of aquifers and aquitardsof the broader
hydrogeologic framework.

2. Tectonically driven subsidenceleadingto persistent closed
basins.

. While modern surface watersheds may be
closed, geophysical imaging of subsurface geologc
structure can provide insights on fault structure
shallow low-permeability bedrock, and the potentid
for modern interbasin groundwater flow, with
additional implications to improving our
understanding of fault history, basin evolution, and
groundwater basin closure.

3. Lithium bearing source rocks.

. The extent of resistive silicic volcanic
depositsin thenear surface exposedto fluid flow can
beidentified whereresistivity contraststo underlying
deposits are adequate. Improved characterization of
bedrock aquifers may define deeper preferentid
groundwater flow paths or barriers influencing
mountain block recharge from source rocks to
evapoconcentration centers over time.

4. Igneous or geothermal fluids.

(] Improved definition of faults may inform
our understanding of shallow connectivity to
regional geotherma systems as a potentid
subsurface source of lithium-enriched fluidsand may
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also identify conductive hydrothermal featuresin the
near-surface. This is particularly enhanced by
supplemental deeper resistivity models from
regiona magnetotelluric surveys.

METHOD AND RESULTS

Under the Earth Mapping Resources Initiative (EarthMRI)
program, the U.S. Geological Survey began conducting
regional-scale AEM surveys of the Basin and Range Province
in December 2022, with data acquisition continuing throuch
thespringof 2023. The surveys consist of atotal of 11,000 line
kilometers distributed over three areas of interest (AOIl)
recently designated as lacustrine evaporite system focus arees
(Hammarstrom et al. 2020) (Figure 2). The regional survey
design uses a 5 km line spacing, where orientation shifts to
remain perpendicular to the changingprimary structural trends.
Denser line spacing over areas undergoing detailed geologic
mapping and aternate line orientations to explore seconday
geologic trends and basin structure are also used. Data
collection is being conducted by Xcalibur Multiphysics using
multiple configurations of the HeliTEM? system to adapt to
changing target depths, the need for shallow resolution, and the
mountainous terrain; these systems use variations of airfrane
diameter, base frequency, transmitter moment and waveform
(Burrows et a., 2023).

The 2022-2023 survey focuses onthree provenand prospective
regions for lithium resources (Figure 2):

e Region 1 encompassesanumber of lithium-prospective
closed basins in the South-Central Marshes area,
including Clayton Valley, North America’s only active
lithium brineminingoperation. A high-resolutioninfill
survey in this region captures Silver Peak Range and
the Rhyolite Ridge lithium clay deposit.

e Region 2 includes a high-resolution infill survey of
McDermitt Caldera, a resurgent calderaassociated with
the Yellowstone Hot Spot with proven lithium
resources associated with the Thacker Pass clay
deposit, and regional coverage is extended into the
surrounding basins.

e Region 3 encompasses Railroad Valley, a lithium-
prospective closed basin with an extensive brine fidd
undergoing active exploration, and the adjacent
volcanic regions that contribute to its greater
hydrogeologic system.

Results from these surveys can help to improve our
understanding of the geologic conditions and geophysicd
signatures associated with these proven and prospective
resourceregions. Thiswork can benefit futurelithium resource
assessmentshby identifying basins with geologic characteristics
consistent with current process models, as well as by
eliminating regions that lack substantial brine or clay deposts
to host enriched lithium. The AEM surveys arealso relevant to
the geologic frameworks of several other mineral systems
(Bedrosian et al., 2023) as well as groundwater, geothermal,
and hazard studies.

Ball et al.
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Figure 1. Conceptualization of the sources of lithium brine
deposditsin lacustrine evaporitesysemsin comparison toan
example preliminary inverted resgivity section from
survey region 1 in western Nevada (fig. 2). Preliminary
results highlight substantial resigivity contrasts between
brine, bedrock, basn fill, and volcanic units that define the
geologic framework to depths of up to 500+ m. Number s
correlateto key aspects of the lithium brine process model
described in the text (1, evapoconcentration resulting in
conductive, high salinity groundwater; 2, basn
hydrogeologic closure defined by the regional geologic
gructure; 3, lithium bearing source rocks exposed to fluid
flow; 4, igneous and geothermal fluids and potential flow
paths to the near surface along faults and other basin
gructures). Conceptual model modified from Bradley et. al
(2017).

CONCLUSIONS

While the presence or absence of economical concentrations
of lithium are not directly detectable by geophysical methods,
AEM surveys can contributeto lithium resource assessmentsin
severa ways. Basins with substantial shallow conductivebrine
and clay deposits consistent with the potential for elevated
lithium concentrations can beidentified. In addition, improved
and consistent detail in the regional geologic framework can
help evaluate where other key conditions of mineral system
process model aremet, including geologic structure consistent
with groundwater basin closure and potential regional fluid
flow between evapoconcentration areas and lithium source
materials. The 2022-2023 Basin and Range AEM surveyscan
help define the geophysical signatures of locations where
lithium resources are known to occur and will provideimproved
regional geophysical imaging of the shalow geologic
framework to better understand where similar conditions may
exist that remain underexplored.
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Figure2. Map of 2022-2023 AEM survey areas(whitelines)
for the (1) Central Marshes, (2) McDer mitt Caldera and (3)
Railroad Valley regions. Lithium focus areas (blue shaded
areas) modified from Hammarstrom et al. (2020).
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SUMMARY

Mineral resource assessments are fundamentally grounded
in data — specifically data that differentiate regions
prospective for a resource from those that are not. The
Earth Mapping Resources Initiative is collecting baseline
geophysical data over targeted areas of the United States
to support upcoming critical mineral assessments.
Approximately 30,000 line-kms per year of arbome
electromagnetic (AEM) data are being collected as part of
this effort. In the first year, surveys in Nevada, Alabama
and Alaska will be carried out to inform national-scde
graphite and lithium assessments. AEM surveying for
graphite is one of the few cases where geophysics can
directly map the resource of interest; we describe AEM
surveys to be flown over two of the primary graphite
resources in the nation. We also describe aregional survey
focused on lithium brines and clays, where AEM modds
will be used to constrain deposit genesis models and to
narrow the currently vast region considered prospective
for lithium. We highlight aspects of the survey design and
show preliminary results for those surveys that have
already begun flying.

Key words. airborne electromagnetic, critical minerals,
lithium, graphite

INTRODUCTION

The Earth Mapping Resources Initiative (EarthMRI) is a
partnership between the United States Geological Survey
(USGS) and State Geological Surveysto modernize surface and
subsurface geological mapping for the nation and to identify
areas with potential for undiscovered critical minerals.
Components of the program include airborne geophysicd
surveying, geologic mapping, and geochemical sampling.
Thesedatawill ultimately be used to support mineral resource
assessments and prospectivity mapping within a mineral -
systems framework (Wyborn et al., 1994).

Geophysical surveying under EarthMRI, begun in 2019, was
initially limited to aeromagnetic and radiometric data. Airborme
electromagnetic (AEM) data acquisition began in 2022 and is
currently acquiring ~30,000 line-km of data annually. AEM
surveys to date have focused on lithium, a critical component
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of rechargeable batteries, and graphite, used for lubricants,
batteries, and fuel cells.

Two AEM surveys are being flown over high-grade
metamorphic terranes prospectivefor graphite: 1) the Alabama
graphite-vanadium belt within the Southern Appalachian
Mountains and 2) the Kigluaik, Bendeleben, and Darby
Mountains of the Seward Peninsula, Alaska. Thelatter hoststhe
world-class Graphite Creek deposit, whiletheformer isan area
of both historic graphite mining and ongoing resource
development. While graphite, with its enhanced electrical
conductivity, isthe primary electrical target, both survey aress
host a wide range of other critical mineral commaodities.

In addition, a multi-year regional AEM survey is being flown
over the Basin and Range (B&R) province of Nevada and
Oregon. This survey is focused on lithium contained within
electrically conductive basin brines and clays. Worldwide
lithium production comes primarily from pegmatites, but
interest in sediment-hosted lithium resources has led to
considerable exploration and development, predominantly in
the B& R, which also includes the first lithium-brine mining
operation in North America. As nearly half of the B&R is
considered prospectivefor lithium, these surveys aim to better
understand the components and controls on basin lithium
formation, and in doing so reduce the exploration spacef or this
class of deposits. Beyond lithium,the B& R province contains a
range of deposits that may host critical minerals. Porphyry Cu-
Mo-Au and Climax type deposits, for example, are known
throughout the B& R and may contain beryllium, fluoring
tungsten, and galium. These deposits are commonly
characterized by conductive quartz-sericite-pyrite alteration
halos, ideal targets for AEM.

METHOD AND RESULTS

The 11,000 line-km B&R survey spans severa tectonic
domains, requiringaflexible survey design with variableflight
azimuth crossing different structural domains. To optimize
survey design, Quaternary faults, mapped strikedirections, and
geologic cross-sections were examined to define three distina
flightline azimuths that vary throughout the survey areato best
capturelocal structural trends (Figure 1). A nomina 5 km line
spacingwas chosen to balancethelarge survey areawith aned
for continuity between adjacent sections. In areas of known
lithium resources, more densely spaced flightlines were flown
to facilitate investigationsinto lithium process models (Ball et
al., 2023; Bradley et a., 2013) and to support detailed geologic
mappingactivities. Finaly, as the depth scale of interest ranges
from ~5 m to 500 m (shallow sedimentary layers to deep
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basement conductors), ahybrid systemapproach was employed
using three systems with differing moment, loop size,
waveform, and base frequency (Murray et a., 2023). This
hybrid approach allows for superior depth-of-invetigation in
flat areas using a large, high-moment system while permitting
better altitude control in areas of steep terrain using a lighter,
smaller system.

ISV W AW SO% ZFW S O SUW IR e w1 &

wﬁe [

Figure 1. Nominal flight plan for regional AEM survey in
Nevada. White lines in areas 1-3 were flown in 2023.
Variable line azimuths captur e changesin structural trend.

Thedynamic range within the measured dataisreflected in the
model domain by a pronounced contrast between resistive
basement and bedrock exposed in the ranges and thick
conductive sedimentary packages in the intervening basins
(Figure 2). Depth of investigation is ~500 m over the ranges,
reducing to ~300 m in the basins, and as little as 100 m over
clays and brines within closed basins. Induced polarisation (1P
effects are occasionally observed near rangefronts, wherethin
conductive sediments overlierocks. More pronounced are fault-
bounded blocks of limestone and dolomite that exhibit strong
IP effects including fully negative decay curves. As of this
writing, flying is 2/3 completed, while another 10,000 line-km
of flyingis being contracted for 2024.

The AEM survey in Alabamais focused uponan areaof historic
miningand ongoing development in the graphite-vanadiumbet
butincludes a halo of widely spaced lines designed to map the
structural framework of this complex geologic terrane (Figure
3). The survey area, situated between the major metropolitan
areas of Montgomery and Birmingham, is heavily built up,
requiring a detailed survey design to both avoid airspace
restrictions and minimise the impact of roads, powerlines,
pipelines, and electrical substations. As of this writing, data
collection has just begun. AEM data collected along a pair of
test lines shows good agreement with ground geophysical data
(transient electromagnetic and electrical resistivity tomography
profiles) collected nearby. Inverted resistivity models from the
AEM test line data show strong variability, with pronounced
basement conductors (~1 Q-m) over mapped graphite-bearing
lithologies and a strong resistivity contrast at the edge of the
mapped graphite belt (Figure 4).

Bedrosian et al.
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Figure 2. Perspective view of the Railroad Valley block
looking north (area 3in Figurel). Strong conductor sreflect
claysand brineswithin closed valleys.

Figure3. Flight plan for regional AEM survey in Alabama.
Graphite-vanadium belt indicated in red.

The Alaska AEM survey, not contracted as of this writing, is
the most remote of the surveys, covering avast area of high-
grade metamorphic rocks (Figure 5). Analogous to the Alabama
belt, graphite in Alaska is contained within narrow, elongate
stringers that can be traced for 10s of kilometers along strike
At the Graphite Creek deposit, these stringers contain lenses of
massivegraphite upto 1 m thick and with grades approaching
50% (Case et al., 2023). A commercial AEM survey over the
Graphite Creek deposit area imaged several sub-verticd
conductors aligned with regional faults and extendingfor more
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than 15 km alongstrike. A goal of the AlaskaAEM survey isto
cover the entire region of high-grade metamorphic rocks
(6,000km?) and to understand the geologic and tectonic
controls on graphite formation and concentration in
metamorphic terranes.

Figure4. Inverted redstivity over the Alabama Graphite-
Vanadium belt at (a) 20 m and (b) 135 m depth. Color scale
is asin Figure 2. Note correspondence between graphitic
schig and quartzite (brown) and shallow conductors in a)
and abrupt changein resstivity along theeastern margin of
the belt in b). Dark and light green units are amphibolite
biotite gneiss, respectively. Gray unit is non-graphite
bearing mica schist.

CONCL USIONS

AEM surveys arean effectiveway to collect data at the scales
needed to support regional and national-scale resource
assessments. The initial AEM investment by EarthMRI has
focused on ‘low-hanging fruit,” including mapping graphite in
metamorphic terranes and mapping areas prospective for
lithium brines and clays, where imaging the lithologic and
structural framework directly informs conceptual models for
deposit formation. Future EarthMRI AEM surveys will expand
upon these findings, both in terms of evaluating other regions
for these same resources and in expanding to cover additiond
mineral systems (e.g., mafic magmatic and volcanogenic
seafloor systems) known to host critical mineral commodities.

Figure 5. Alaska graphite survey area_(black polygon)
Filled black polygon denotesexploration AEM survey flown

over the Graphite Creek deposit. Green symbols are
mineral occurrences from the Mineral Resources Data
Sysgtem (primarily gold within the Nome mining district).
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AEM base frequency and depth of investigation
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SUMMARY

Recent advances in time domain airborne electromagnetic
(AEM) data acquisition include lower noise levels and
subsequently the use of 12.5 Hz and even 6.25 Hz base
frequencies instead of the dominant 25 Hz. The main
advantages associated with lower base frequencies are
increased depth of investigation (DOI) and improved
conductor discrimination and detection in the high
conductancerange. A study was undertaken to quantify
theseimprovements for the X cite system that resulted from
implementing a new suspension sy stem.

A synthetic model study was done, evaluatingthe effect of
base frequency and noise levels (utilising noise samples
collected at high altitude) on a variety of conductance
models. Theresultsweredisplayedin different formasto
illustrate the combined effects of conductance, base
frequency and noise levels on DOI. Thereis no simple
formulaor correlation to quantify DOI as a function of all
relevant parameters and visual analysis of model and
inversion results for relevant conductance models is
recommended to determinethe best acquisition parametas
for asurvey.

The results highlighted the importance of noise levels
compared to base frequency to achieve larger depths of
investigation and the value of lower base frequencies when
exploringfor conductivetargetsin arelatively conductive
host environment.

Key words base frequency, depth of investigation,
conductance, time domain electromagnetic, AEM

INTRODUCTION

Inthe first half of 2022, NRG has developed anew suspension
system which reduced the Xcite 12.5 Hz noiselevelsby afador
of ten and made this acquisition choice very attractive for
prospective clients. Making an informed decision on which
basefrequency to userequires aquantitative analysis of all the
parameters that affect EM responses, including system
specifications, base frequency, target conductance model and
noise levels.

Lower base frequencies are associated with deeper DOI basad
on the ideas of wider pulse widths allowing for better target
excitation, as well as longer off-times providing more time to
measure at greater depths (Liu, 1998, Konieczny et al., 2016).

Richard Wright

NRG

Unit 1, Stand 98, Tijger Vallei Office Park
Silver Lakes Rd, Pretoria
richard.wright@nrgex.co.za

Theconcept of later times being associated with greater depths
can most likely be attributed to the “smoke-ring” view of
electric currents diffusing into the earth (Nabighian, M. N.,
1979; Reid and Macnae, 1998). Thisis a useful model and
alows us to understand the basic relationship between
conductivity and DOI.

However, there are instances of good conductors in very
resistive host rock environments wheredominant currentsstay
concentrated in the conductor and don’t necessarily migrate
deeper withtime. Figurelillustrates this with anomogram and
comparative decay curves. This data was generated for a
400 mx 400 m plate model at 100 m depth and highlights a
typical instance where more information is obtained from the
12.5Hz base frequency with later time channels when
compared to the 25 Hz response.
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Figure 1: Conductance nomogram for a 400 m x 400 m
plateat depth 100m. Only thefirst and last channels of each
basefrequency dBdt-Z isshownin thetop panel nomogram,
while all the channels for the 200 S response are shown in
thebottom panel decay curves. Notethesignal at later times
inthe 12.5 Hz that iscompletely unrelated to DOI.

However, this additional information does not imply a greater
DOI; all currents are modelled at 100 m inside the conductive
plate. Results from synthetic data are not meaningful without
adding noise levels. For example, in Figure 1 anoise levd of
lessthan 0.01 pV/(Am™4) is implied, renderingall data useful.
If the noiselevel was at 0.5 pV/(Am™4), there would be no
benefit to measuring the later times in the 12.5 Hz because it
would not contributeto any modelling or interpretation efforts.

Inreality, geology is more complex than either ahomogeneous
half-spaceor simple plate model can represent and DOI hasto
be viewed from different perspectives, including as many
parameters as possible.

For this study | calculated a number of layered earth models,
plate models in free air and also plate models in a conductive
environment for 25 Hz and 12.5 Hz base frequencies. The
software used were GALEISBSTDEM (Brodie, 2016),
Maxwell, and LeroiAir (Raiche, 1997). For noise samples |
used Xcite datameasured at high altitude with the different base
frequencies using old and new suspensions. The results

Combrinck & Wright

displayed the complexity of responses varying with depth,
conductance and base frequency.

METHOD ANDRESULTS

Table 1 liststhemodel types, descriptions and analysisstrategy
that wereused. Not all results can be presented in this abstract,
but a selection of the most important findings are shown in
Figures 2 to 4.

Figure 2illustrated theresults from threedifferent layered eath
models that were inverted to recover the thickness of the first
layer. As can be seenin rows 2 and 3, these are challenging
models and even with no noise added the layer thicknesscannot
be recovered accurately, however, the 12.5Hz base frequency
definitely has an advantage at depth.

Once the appropriate noise samples are added this picture
changes. The25 Hzresults haveabetter DOI than either of the
12.5Hz data options for model 1. For models 2 and 3 the
12.5Hz with new suspension noise is superior to the 25 Hz
results which in turn outperformsthe 12.5 Hz inverson with old
suspension noise. These images are presented as comparative
visual examples; exact DOI will strongly depend on noiseand
atitude for any specific survey.

The results from Model 4 indicated good recovery of the
conductive layer with conductance values up to 250 Sfor the
25 Hz basefreguency, whilethe 12.5 Hz could discriminate up
to 280 S and approximately 300 Srespectively for the old and
new suspension noise.

For models 5 and 6 the modelled data were represented as 3D
conductance-depth nomograms. An example is shown in
Figure 3 with EM responses of a400 m x 400 m plate presented
for a range of conductances and depths. Noise levels are
implemented by clipping the traces at the appropriateresponse
value.
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Figure 3: A 3D conductance-depth nomogram. The
conductance varies from 0.1 to 106 S (log scale), depth
varies from 20 to 500 m (linear scale) and EM response
variesfrom 0-380 pV/(Am"4) (log scale). Thecyan and blue
tracesarethefirst andlast channels of 25 Hz data, while the
light red (very closetocyantraces) and dark red tracesare
thefirst and last channelsfrom 12.5 Hz modelled data.
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A simplified parameter derived from the 3D nomograms were
calculated to better comparedatasets. For each base frequency
and noise combination, the number of latetime channels above
noiselevelsare determined. Locationswhere4-6 channels ae
abovenoiselevel areplotted on thesame 3D view (Figure 4) to
outline effective depth and conductance ranges for detectingthe
modelled targets 5 and 6.

Conductanceranges are boundto theleft and right, while depths
are bound at the top. This illustration of results is useful to
compare the responses of different base frequencies and noise
levels, while highlighting the complex relationship to
conductance and depth. Infigure4 (top panel) we can see that
25 Hz datahas better DOI inthe rangeof 1to 100 S. At higher
conductances, the 12.5 Hz data with new suspension has a
better chance of detecting conductors than the 25 Hz and up to
a200 m advantage over theold suspension. InFigure4 (botiom
panel) theresults from model 6 is shown. Thesmaller targetin
a conductive host environment reduces the maximum DOI to
250 m compared to the 580 mfor model 5. The general trend
remains similar with 12.5 Hz base frequency outperformingthe
25 Hz in the higher conductance range.

Figure 4: The conductance and depth ranges are mapped
wher e 4-6 channelsar e higher than noise levelsfor two plate
models at 25Hz base frequency (blue), 12.5Hz base
frequency and old suspension noise (orange) and 12.5Hz
base frequency and new sugpension noise (red). The top
panel isfor a 400 m x 400 m plateand the bottom panel isa
100m x 100 m plate; both located in a conductive host
environment.

CONCLUSIONS

The relationship between DOI and base frequency is strondy
dependent on noise levels aswell as the conductance range of
the target and host environment.

12.5 Hz Data areadvantageous in the higher conductancerange
(morethan 200S) while 25 Hz data has a better range for more
resistivetargets. Theimproved suspension of the Xcite system
resulted in a10-fold decrease of noise levels for 12.5Hz base
frequency data and depending on the conductance range and
typeof model thistranslatesto animproved DOI from 20 m to
almost 200 m for the models included in this study.

In areas where the 25 Hz and 12.5Hz DOls are similar, the
12.5 Hz data offer better conductor discriminationand will add
more value to interpretation.
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Table 1. Model types, descriptionsand analysisperformed

Combrinck & Wright

Model Type | Number | Description Analysis
2 layer — resistive to conductive Add noise, invert for thickness of layer 1 to
1 Layer 1 Conductivity: 0.001Sm estimate DOI for different base frequendes
Layer 2 Conductivity: 0.1S/m and noise levels
Layer 1 Thickness: Varying from 20-800m
2 layer — conductive to resistive Add noise, invert for thickness of layer 1 to
5 Layer 1 Conductivity: 0.1S/m estimate DOI for different base frequendes
Layer 2 Conductivity: 0.001S/m and noise levels
Layer 1 Thickness: Varying from 20-800m
L ayered Earth 2 layer — very conductive to resistive Add noise, invert for thickness of layer 1 to
(GALEISBSTDEM) e ) y - ;
3 Layer 1 Conductivity: 15/m estimate DOI for different base frequendes
Layer 2 Conductivity: 0.001S/m and noise levels
Layer 1 Thickness: Varying from 20-800m
3 layer — resistive, conductive, resistive Invert for conductivity of layer 2 to estimate
Layer 1 Thickness: 40m conductance discrimination
4 Layer 2 Thickness: 20m
Layer 1, Layer 3 Conductivity: 0.001Sm
Layer 2 Conductivity: varying from 1-50S/m
Plate 400m x 400m horizontal plate Construct 3D conductance-depth nomogram
(Maxwell) 5 Conductance varying from 0.1- 50,000S Plot depth and conductance range for 4 or
Depth varying from 20-800m more late channels above noise level
Platein 100x100m horizont_al plat_e under 10m thick | Calculate anomalous response compared to
Conductive overburden (0.01S) in relatively conductive host | background
Environment 6 rock (0.06S). _ Construct 3D conductance-depth nomogram
(LeroiAir) Conductance varying from 0.1- 50,000S Plot depth and conductance range for 4 or
more |late channels above noise level

Depth varying from 20-400m
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Models 1,2 and 3

0001 5

Models 1,2 and 3 invertad
with no noise added,
25Hz base frequency

Models 1,2 and 3 inverted
with no noise added,
12.5Hz base frequency

Models 1,2 and 3 inverted
with noise added, 25Hz
base frequency

Models 1,2 and 3inverted
with old suspensionnoise
added, 12.5Hz base

LEANL %'m
frequency

Models 1,2 and 3 inverted
with  new suspension
noiseadded, 12.5Hz base
frequency

Figure 2: Models 1-3 (Row 1, left toright) and inverson resultsfor 25 Hz (Row 2) and 12.5 Hz (Row 3) base frequency with no
noise added. Even in the absence of noise, there arelimitationstothe DOI under conductivelayersasin models2 and 3. Row
4 shows 25 Hz datainverted with noise added. Rows5 and 6 show 12.5 Hz data inverted after old suspension noise (Row 5) and
new suspenson noise (Row 6). The scales on all images represent 2000 m horizontally and 800 m vertically. Depths below
surface areindicated with black arrowsat pointsof interest.
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TEMPEST Data System Bandwidth Comparisons
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SUMMARY

The TEMPEST fixed wing TDEM system continually
undergoes evolutionary advancements, pushing the
technical boundaries for meeting industry needs of
improved accuracy and reliability. Higher speed data
acquisition rates (increased bandwidth) have been one of
the developments for improving resolution and imaging
products that would benefit hydro geological exploration
and reservoir characterization. Multiple samplingrate daa
will be acquired over a known (geologically mapped)
setting and an assessment will be made against drill hole
information, in order to understand the response as a
function of varying bandwidth.

Key words. TEMPEST, Data Processing, Conductivity
Inversion.

INTRODUCTION

Questions arise as to the validity of AEM data, and ways of
improving the understanding the impact of data accuracy for
various geological environments. One method to improve the
quality of the result is by increasing the sampling rate and
bandwidth of the TEMPEST system. In order to validate the
various components required to increase system bandwidth,
these upgrades have generally been donein a phased manng
thereby alleviating the interdependence of each upgrade on
different sub-systems. This paper only looks to investigate the
prospectiveimprovementsbased on higher acquisition rates of
data compared to that of known geological formations.

METHOD ANDRESULTS

Test lines of high and low sampling rate data will be acquired
over aknown geologically mapped setting and an assessmeant
of this data against drill hole information will be performed
using 1D inversions as well as standard interpretation produds
such as Conductivity Depth Transform (CDTs), as well as
general processes of QA/QC and interpretation.

David Murray

Xcalibur Multiphysics
Mississauga, Ontario, Canada
dave.murray@xcaliburmp.com

Perth, Western Australia, Australia
mohamed.abubeker@xcaliburmp.com kahtho.lee @xcaliburmp.com
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Figure 2: Conductivity Depth Images comparing two data
sets that have been sampled at different acquistion rates,
76.8kHz and 204.8kHz.
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TEMPEST Bandwidth Analysis

v

Figure 3: Spectra comparison of different bandwidths;
76.8kHz, 204.8kHz, 409.8kHz and 819.2kHz.

Accuracy will be assessed by analysing parameterisation
variables of aknown geological setting, in order to highlight the

Devkurran et al.

differences of high and low sampled airborne electromagnetic
data. The samplingrates to becompared are primarily 76.8kHz
and 204.6kHz and will be assessed against current system
configurations of the TEMPEST system operating at a 25Hz
base frequency.

Due to the limited availability of the TEMPEST system for
internal research and development, we have been unable to
assess high frequency rate data against known drillhole
information to date and will endeavour as best we can to acquire
this dataduringthe commissioning stage of the next TEM PEST
system coming online.

CONCLUSIONS

With the assessment of the high sampled data, the objectiveis
to define and refine the following characteristics:
e higher sampling rate vs the improvement of near
surface geological resolution.
e influence of databetween high and low samplingrate
at depth.
e  accuracy of inversion outputs and parameterisation.
e added noise sources with increased bandwidth.
e relationship between sampling rate and its affect on
the deconvolution process (if any).
e expanded options of windowing data.
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SUMMARY

Airborneelectromagnetic (AEM) surveys arewidely used
for hydrogeological applications. The areas targeted for
AEM campaigns may present a great deal of ancillary
information (e.g. resistivity logs, lithology, etc.) and
integrating it with AEM data is fundamental. Yet, using
thisinformation either as a-priori or a-posteriori may bring
out conflict between different datasets, preventing
reconciliation everywhere. For instance, some borehole
drillings may have been logged inaccurately, AEM data
may present bias, or data may have been acquired at
different times, with variations occurring in between.
Inthis study we present a way to integrate AEM data and
other types of resistivity data (boreholeselectrical logging
and vertical electrical soundings, in this case), through an
inversion scheme that identify automatically conflicting
data without preventing the general convergence of the
process. To do so, we make use of a generalization of the
minimum support norm, the asymmetric generalized
minimum support (AGMS) norm, for defining the data
misfit in the objective function of an iterative reweighted
least squared (IRLS) gauss-newton inverson. TheAGMS
norm in the data misfit puts a cap on the weight of non-
fitting data points, allowing for the inversion to focus on
the data points that can be fitted. Outliers are identified
after the AGMS inversion and excluded, in order to
complete the inversion process with aclassic L2 misfit.
We present an application of this method in the
Netherlands, on a SkyTEM survey complemented with a
vast and open-source database of ashore resistivity logs, &
well as vertical electrical soundings (VES).

Key words. Airborne EM, minimum support,
hydrogeology, interface fresh salt groundwater

INTRODUCTION

In areas rich with ancillary data, their integration in the
inversion is a must, for validation as well as for enhancing
sensitivity. However, data integration is a tricky process, for
many reasons: datamay be biased, their supportingvolume may
differ significantly, alongwith their location, or they may have
been acquired in different periods, with variations occurred in
between, for instance due to the depletion of groundwater
resources or seawater intrusion.

Conflicting datain an inversion process can easily prevent the
proper convergence of theinversion, but culling too much data
out might throw out important information. The removal of
conflicting information is even more difficult when thereis a
significant amount of ancillary information, acquired over a
long period of time.

To solve this challenge, we propose to use a generalization of
the minimum support norm (Last and Kubik, 1983;
Portniaquine and Zhdanov 1999), namely the asymmetric
generalized minimum support AGMS norm (Fiandaca et a.,
2015), for identifyingoutliersin ajointinversion of AEM daa,
vertical electrical soundings (VES) and borehole resistivity
logs. We test the method on a synthetic example, mimickinga
joint inversion of AEM data and borehole logs, with both
correctand incorrect logging, as well asreal data. Thefield cese
consists of a SkyTEM survey carried out in 2022,
complemented with a vast and open-source database of ashore
resistivity logs, as well as VES, acquired over many decades.

METHOD ANDRESULTS

Theinversion of AEM, VESand boreholelogsis carried out in
EEMverter (Fiandaca et al., 2023), a new inversion agorithm
inwhich different normsare applicablein the objective function
for both data misfit and regularization through the iteratively
reweighted least squared (IRLS) inversion scheme
(Farquharson and Oldenburg, 1998).

In particular, the penalty of the data misfitx = d — f between
data and forward response is expressed through the AGMS
norm (Fiandaca et al., 2015) as:

_ =g _ py &P/ (x?/0?)P
P = [(1- ) L p L @)
where

(xz/dz )max(m,pz)
ﬁ = 1+(xz/u_z)max(p1,pz) . (2)

In (1) and (2), o is the data standard deviation, p, and p, control
the shapeof the norm beforeand after i = land o determines

the total weight of the penalty. Figure 1 shows the comparison
between the L2 penalty and the AGM S penalty with p1=1, and
p2=0.5 and a = 0.5.

With this choice of values for the norm settings the AGMS
norm gives misfit 1 for §= 1 (i.e. the same value of the L2

norm), with similar penalty for low misfit (becauseof p, = 1)
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and aslow growth of the penalty when § > 1 (becauseofp, =

0.5). This slow growth alows for applyingthe AGMS normin
an iterativeminimization process, because adecreasein Egives

ameasurable penalty reduction.

[y L

Figurel. Penalty of the L2and AGMS norms asa function
of the difference x =d — f between data and forward
response, weighted by the data sandard deviation e.

This data norm is applied in a IRLS inversion composad of
three inversion cycles (Fiandaca et a., 2023) with 1D
forward/Jacobian computations: first apreliminary cycle which
finds the best starting model without vertical variability of the
parameters, through the use of a single-layer forward mesh;
secondly, acyclethe AGMS norm is applied; lastly, the data
normis switched to the L2 norm, to reject the data with misfit
above the set thresholds, and the inversionis carried out untl
thereach of the minimum misfit. Inall cycles, boreholelogs ae
treated as data, with theforward response of thelogs consisting
in the interpolation of the model resistivity at thelog locations
(Fiandacaet a., 2023).

Figure 2 presents asynthetic model mimicking a fresh aquifer
comprised between an unsaturated sand dune and a brackish
aquifer, and confined by clay layers. AEM data (Xcite system,
New Resolution Geophysics) and three borehole logs are
simulated and inverted with a classic L2 data norm and the
AGMS norm, with three data scenarios:

e afirstone, in which only AEM data are available
(Fig. 2D and 2G);

e a second scenario, in which AEM data are
complemented with the logs that bear correct
information (Fig. 2E and 2H);

e a third scenario, in which one log contains wrong
resistivity values (Fig. 2F and 2I).

Both L2 and AGMS inversions improve the model retrievd
when correct log information is added, but a very different
behaviour occurs whenwrongdataarefed to theinversions: the
L2 inversion shows a significant artifact at the location of the
wrong resistivity log, while the AGMS inversion is amost
insensitive to the outliers.

The sameinversion procedurewas used on a SkyTEM dataset
acquired in the Netherlands in 2022, around 25 kilometreswest
of Amsterdam (Fig. 3), together with 94 borehole resistivity
logs, 91 VES, acquired in the same area over a period ranging
many decades, in which the volume of the fresh groundwater
has changed considerably. 'Excessive water abstraction from
deep wells between 1903 to 1957 depleted the fresh

Galli etal.

groundwater. In 1957 the wells were stopped and infiltration
with pretreated water from the river Rhine started. This
enlarged the drinking water production capacity and restored
thefresh water volumein the deep aquifer (Geelen etal., 2017,
Olsthoorn and Mosch, 2020). The wells can still be used & a
back-up system if the quality of the water in the river Rhineis
not sufficient. For this reason, theintegration of resistivity logs
and VES with AEM data is particularly difficult: data will
conflict not necessarily because of their different support
volume or sensitivity, but because they were acquired over
different periods of time. Consequently, with the AGMS
inversion we aim at two distinct goals: improving the AEM
inversion where borehole logs and VES information bring
compatibleinformation; identify the conflictinginformation, es
a proxy of the variations that occurred on the fresh-sea wae
balance over the decades.

A 40 mx 80m XY horizontal discretization and log-increasing
depths from 5 to 400 m were used for the inversion, with the
same three-cycle inversion scheme utilized for the synthetic
case. Only boreholelogs and VESdatawere rejected in the last
cycle, theaim being to identify theinformation conflictingwith
the AEM data, which were carefully processed.

Figure 4 presents the rejection rate for both log data and VES
data with the AGMS joint inversion, in comparison with the
rejection rate computed after an AEM -only inversion, in which
log and VES data do not concur in the model definition. The
rejection of log datais not applied to entire logs, but value by
value aong the borehole depth. So the rejection rate indicaes
for each boreholelogthefraction of values rejected. The overdl
rejection rates are presented also in Table 1.

Table 1. Comparison between rejection rates with AGMS
joint inversion of AEM, VES and log dataand with AEM -
only inversion.

Total Data Rejection Data Rejection
data rejected rate % rejected rate %
with with
AGMS AEM-only
Borehole | 33646 4399 13 12646 38
logs
VESs 1815 1159 64 1475 81

As clearly shown by Fig. 4 and Table 1, the AGMS inversion
has a much lower rejection rate, with very good compatibility
between logs and AEM data, and poorer compatibility betwen
the old VES dataand the AEM ones. However, spatial patterns
existin the rgjection fractions, which might be correlated with
the variations occurred in the fresh-seawater interface. The
AEM-only inversion has a much lower compatibility with the
ancillary data, which is mostly due to equivalence problems
instead of conflictinginformation.

Figure 5 shows in a 3-D view an example of datarejection in
four boreholelogs: most of the differences areonly due to the
vertical discretization of theinversion model, except for one of
the logs in which the measured borehole data indicate a more
conductive area at depth.

Finally, Figure 6 presents the comparison of the joint AGMS
inversion and of the AEM-only inversion on an exemplarylog
where AGMS inversion model fits much better the borehole
information.
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CONCLUSIONS

The inversion scheme proposed in this study allows an
automated integration of AEM dataand resistivity logs, as well
as ground-based galvanic VES measurements, evenin presence
of conflicting information. The AGM S datanorm puts a cap at
the misfit penalty of outliers, and grants convergence to the
inversion without culling valuable information out.

This approach allows to integrate to AEM surveys a great
amount of ancillary data, without the need of careful and time-
consuming data vetting: the accurate inspection of ancillary
information could be reserved only to the data rejected by the
automated scheme, with thekept data readily usablefor further
integration and interpretation.

Furthermore, this automated integration scheme is fully
general, and can be applied not only to AEM data, but to any
geophysical problem simply using the appropriate forwad
modelling.
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Figure 2. Conceptual model (A), boreholesinformation (all correct in B, oneincorrect in C); model recovered by Xcite AEM
datawithout drilling informationusing L2 norm (D) and AGMS norm (G); model recovered by Xcite with all correct drilling
information usng L2 norm (E) and AGMS norm (H); model recovered by Xcite with partially incorrect drilling information

using L2 norm (F) and AGMSnnorm (1);
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Automated integration of AEM, VES and Logs Galli et al.
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Figure3. Survey area and sounding locations red polygon —inversion ar ea; orangedots— AEM soundings; red stars—borehole
resstivity logs; yellow and green stars —logspresented in Fig. 5 and Fig. 6; green dots— VES soundings from the ‘60s; purple
dots— VES soundings from the ‘70s; white bars. VES orientations.

Figure 4. Plotsof the fraction of rej ected data with application of AGMS norm in joint inversion (left sections) and with AEM-
only inversion (right sections); Top — rejections of log data; bottom — rejection of VES data.
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Figure 5. 3-D plot of 1-D forward models. Models framed in black: left — rejected log data; right —forward log model; dots—
rejected fractionin colour code. All other columns represent AEM forward models. Locations of the framed logs are marked
by green starsin Fig. 3.
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Figure 6. Comparison between Borehole#8 log (yellow star in Fig. 3) and inverson model. Left - AGMS joint inversion; right
— AEM-only inversion. Blue lines —inversion model; black lines —resigivity logs; red lines — rejected datain resigivity login
thejoint AGMSinverson.
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SUMMARY

While the demand for groundwater has increased
throughout New Zealand, there are still significant
knowledge gaps in the understanding of most regiond
aquifer systems. To address those knowledge gaps, close
to 30,000 line-km of airborne TEM data have been
collected in New Zealand for groundwater characterisation
over thepast fiveyears. GNSiscurrently involvedinfive
regional projects (Hawke’s Bay, Greater Wellington,
Northland, Tairawhiti (Gisborne) and Southland), working
closely with local water managers and communities. The
data interpretation and hydrogeological models resulting
from those surveyswill greatly improve the understanding
of NZ’s regional aquifers and inform opportunities for
economic diversification in increasingly resource
pressured environments. Extensive communication is
undertaken in each region prior to the survey, ensuring
engagement and interest of the genera public. In
Northland, the Te Hiku Water Study projectis theresult of
an integrated, community-led water management and
economic development plan. The project proposal wes
initially developed by the community and involved a
significant level of community engagement. The team
members’ advocacy for the project in the community has
been a valuable element of building local buy-in to the
project. We are looking into expanding the use of
SKyTEM to other regions of New Zealand, primarily to
help inform water management, but also to subsequently
contribute information to researchers in other disciplines
(e.g,, fault mapping, coastal depositional processss,
geological mapping etc.).

Key words. Airborne TEM, groundwater, community
engagement, New Zealand.
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The demand for groundwater to provide for economic growth
has increased in al regions of New Zeadand. Better
understanding of the nation’s groundwater systems will inform
and support sustainable water use and regional economic
development alongsidethe objectives of TeManao teWai (the
protection of the health and wellbeing of freshwater — MfE,
2020) in a setting of climate change and agricultural
intensification.

Thereare still significant knowledge gaps in the understanding
of most regional aquifer systems in New Zealand. = GNS
Science (GNS) is aiming to address those knowledge gaps by
developing national hydrogeological maps and models within
our Groundwater research programme (GNS, 2023). In
priority areas, time-domain airborne electromagnetics (airbome
TEM) data are being collected to improve hydrogeological
understanding.

For the past ten years, GNS have been in discussion with water
managers and funders to gather support for the use of airborne
TEM to inform improved water management in New Zealand.
Inthe past fiveyears, closeto 30,000 line-km of airborme TEM
data have been collected in New Zealand for groundwater
characterisation.

The application of airborne TEM to groundwater
characterisation in New Zealand started in 2019, with Linooln
Agritech surveyingtwo sub-catchment areas in Waikato as pat
of their Ministry of Business Innovation and Employment
(MBIE) funded Critical Pathways Endeavour research
programme (Stenger eta., 2019). TheProvincial Growth Fund
(PGF), administered by MBIE and established in 2018, has
since provided apathway to fundingfor fivelarge-scale surveys
in the following regions: Hawke’s Bay (flown in 2020);
Northland (flown in 2022); Southland (flown in 2022); Greater
Wellington (flown in 2023); and Tairawhiti/Gisborne (planned
for summer 2023/2024).

This abstract presents an overview of the abovementioned five
airborne TEM projects and will explain the engagement with
local communities in more detail for one project (Te Aupouri
Peninsulain Northland).
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AQUA INTEL AOTEAROA

AIA, a partnership between GNS and Kanoa Regional
Economic Development and Investment Unit (Kanoa REDIU is
the MBIE delivery arm of the PGF), is a national programme
on regional water availability and storage. The programme
began by identifying “areas where there is both water available
and good-quality land that could be brought into higher-value
production — in particular, to benefit Maori landowners”
(Robert Pigou - AlA, 2021). AlA identified and is currently
funded to work within four regions: Northland, Tairawhiti
(Gisborne), Otago, and Southland (Franceset al. 2021; White,
Frances, etal. 2021; White, Mourot, etal. 2021; Cameronetal.
2021). Theprogrammecoversdifferent water storage projecs,
corresponding to the specific needs of each region, with
airborne TEM surveys funded in three of them (Northland,
Tairawhiti, and Southland) to streamline and improve cost
efficiency on mobilisation (Figure1). AlA contracted SkyTEM
Australia to fly all three surveys. The Hawke’s Bay and Greater
Wellington SkyTEM projects were planned and funded before
AlA was established.

REGIONAL SURVEYSOVERVIEW

Hawke’s Bay

The HBRC 3D Aquifer Mapping project is a 4-year project
(September 2019 — June 2023) co-funded between PGF, HBRC
and GNS. SkyTEM Australiacollected close to 8000 line-km
of data over the Heretaunga plains (170 m line spacing),
Ruataniwha plains (250 m line spacing) and Poukawa/Otane
basins (200 m line spacing) using a SKyTEM 312 systen
(SKyTEM Australia Pty Ltd., 2020). Aarhus Workbench
software was used for processing, early time gates added for
additional near-surface resolution, and both sharp and smooth
SCI inversion methodologies used to create final resistivity
models (Rawlinson et al., 2021a, 2021b, 2022). Three
boreholes weredrilled with theaim to tietheairborne TEM daa
to lithological and hydrological data  Hydrogeologica
interpretations and numerical groundwater modelling are
currently underway.

Prior to the data acquisition, the project team undertook
communication with iwi (local indigenous communities), targgt
groups and the genera public to educate on the aims of the
project and how it will relate to water resource management.
An ESRI story map has been created as part of this project, to
makethe results publicly available (HBRC, 2022). Within this
storymap, an embedded webmap provides user -selected 1D and
2D visualisations of the developed 3D models. These story
maps are a means of educating the general public on the
methodology and technology and for making the results more
accessible for anyone to understand.

Greater Wellington

The SkyTEM survey acrossthe Wairarapavalley in the Greater
Wellington region was designed to provide detail on the
distribution of aquifersand confininglayers associated with the
Ruamahanga River in the southern part of North Island. The
survey comprises 5800 line-km, split into five regions. Aress
in the southern part of the valley adjacent to the coast are
designed to map a complex pattern of raised terraces and older
fluvial systems that might have potential aquifersor pathways
for saltwater intrusion. Some areas, such as the shallow L&ke

Herpe et al.

Wairarapa, are covered at a wider line spacing (400 m) to
providemoreof areconnaissanceview of the aguifer systems.
A 200 m line spacing was used in areas with a focus on
connectivity betweenriver gravels at surface and deeper paleo-
channels, and theinfluences of faultingon aquifer connectivity.
The SKyTEM 312 system was used, providing the balance
between detailed shallow imaging with thelow-moment signal,
and a penetration of up to 400 m with the high moment signal.

Northland

The Aupduri aquifer is the main aquifer system of the
Northland region, sitting in the lower Aupduripeninsula. Itis
oneof thelargest potential sources of freshwater and one of the
most utilised groundwater areas in the region (Cameron et a.
2001). Thepopulated eastern side of the peninsulabattles with
sufficient reliablewater throughout theyear. Therearefour key
features typical of the Aupouri Aquifer hydrogeological setting
critical to the understanding of the system:

- Groundwater — surface water connectivity

- Presence of permeable shell beds

- Depth to hydrological basement

- Location and geometry of the saline interface
AIlA undertook afeasibility study assessing the possibility to
map those key features with airborne TEM. This feasibility
assessment included collection of ground-based TEM
measurements and simulation of airborne TEM signa for
realistic hypothetical scenarios encompassing the four criteria
(Westerhoff et al. 2022). The results of this feasibility study
concluded that, by using a combination of other geophysicd
and hydrogeological methods (e.g. drilling, aquifer testing,
etc.), airborne TEM data will provide significant amounts of
continuous subsurface information that will revea aquifer
properties with unmatched quality and consistency. They also
concluded that some of the criteria could be harder to image
with airborne TEM dataalone (e.g. differentiation of basement
types, presence of thin shell beds).

SkyTEM collected 6000 line-km of airborne TEM dataover the
entire Aupouri Peninsula using the SkyTEM 306HP system.
With the main part of the aquifer system sittingin the lower
peninsula, the southern block of the survey was covered with a
200 m line spacing alowing for a good understanding of the
aquifer. The Northern block, where no known groundwater
resources are currently utilized, was collected with awider line
spacing of 300 m to still enable identification of potentially
poorly understood groundwater sources.

Tairawhiti (Gisborne)

In Tairawhiti, AIA is planning to map regional aquifers to
provideagreater certainty about water quantity and inform and
support future regulatory decisions. The mapping of the
Poverty Bay Flats aquifers is a priority for the region because
of the high water demand, uncertainty about groundwater
availability, and to give the community greater confidence in
the potential to bring land into sustainable production. The
Tairawhiti survey areais comprised of the Poverty Bay Flats
area and four smaller exploration areas where very little is
known about the groundwater resource potential (Hicks Bay,
Te Araroa, Waiapu and Tolaga Bay). SkyTEM has been
contracted to fly 3500 line-km of airborne TEM datawith aline
spacing between 175 and 200 m, dependingon the area, using
the SkyTEM 306 HP system.
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Although originally planned for collection in February 2023,
due to severeimpacts of cyclone Gabrielle on the region, the
SkyTEM survey has been delayed to summer 2023/2024.

Southland

TheNorthern Plains survey areain Southland, is setin ahighly
allocated complex aguifer system with often thin and very
shallow aluvium unconfined aquifers overlaying fault
separated confined aquifers (Cameron et a. 2021). In 2022,
SKyTEM collected 5225 line-km of data with a 200 m line
spacing using a SKyTEM 312 system. AlA plans to interpret
these data to better understand the hydrogeological complexity
and interactions between groundwater systemsin theregion. It
will improve the understanding of the availability of water
across Southland and will help support future regulatory
decisions.

COMMUNITY ENGAGEMENT IN NORTHLAND

TheTe Hiku Water Study project isthe result of an integrated,
community-led water management and economic development
planinthe Far North areaof New Zealand. Theplanidentified
a sustainable increase in use of water as a way to lift the
economic and social outcomes in the region and to create
resilience to droughts — a challenge faced by the region. The
plan brought together 4 local iwi (Ngai Takoto, Ngati Kuri, Te
Aupouri, Te Rarawa), landowners, the local ratepayers
association, the Northland Regional Council and the Far North
District Council.

The proposal for the Te Hiku airborne TEM project was
initially developed by thecommunity and involved asignificant
level of community engagement. To reflect the importance of
community buy-in for undertaking the aquifer mapping, a
project oversight team was established that included
representatives of these local groups. The project team also
included GNS as science lead and the Ministry of Business
Innovation and Employment as funder.

The engagement and importance of the project seen by the Te
Hiku community is well described by councillor Penetaui
Kleskovic, from Te Aupouri iwi, who explains that "the name
of this aquifer itselfis the Te Aupduri Aquifer. We need to be
able to access our own resource to implement better strategies
that allow our peopleto live hedthier lifestyles. Thisincludes
access to wal [water], especidly in times of drought, a
pandemic and of coursein the creation of job opportunities,
especially in horticulture and farming. Our research ropa
[team/committee] work well together. Thereis a vast range of
expertisewithin and by working together we can build a well-
rounded result for the betterment of the people" (Te Hiku,
2022).

The objective of the project team is to achieve improved
sustainable use of the water in the Te Hiku Peninsula:

e through science, that is trusted by the community and
others, that informs our understanding of theimpacts
on the aquifer and of water security for the people of
Te Hiku

e through informed input to the regulatory process,
including spatia planning

On the basis of this overarching objective, the project team
worked together to determine the objectives for the science in
relation to connectivity, presenceof shell beds, salineinterface
and basement. Theteam members also led the communication
with the community about the project’s activities. Their
advocacy for the project in the community has been avaluable
element of buildinglocal buy in to theproject. Communication
involved town hall meetings, social media, interviews with the
media and provision of information through project team
member’s channels.

Theinaugural SkyTEM flights in Northland were marked with
a blessing/launch event (Figure 2). A local kaumatua (elder)
opened proceedings with a karakia (prayer) for the SkyTEM
activities and representatives of al parts of the project team
were present to observe the helicopter begin to undertake the
flights. In the run up to the blessing/launch event and the
flights, a dedicated effort to communications was undertaken,
to ensurethepublic understood the purpose of the helicopter’s
activities.

The project team will continue to oversee the project’s
activities. During the life of the project this will involve the
processing and interpretation of the data and carrying out any
associated borehole drilling. Beyond this, the project team
(particularly iwi representatives) will remain involved in
decisions about theuseand re-use of data. Theprojectteam is
exploringthe principles and processes to be applied to requests
for use of the data, with a focus on ensuring that making the
data availableto others does not underminetheinterests of the
community groups involved.

CONCLUSIONS

GNS is currently involved in five regiona projects using
airborne TEM data applied to groundwater mapping, working
closely with local water managers and communities. Thedata
interpretation and hydrogeological models resultingfrom those
surveys will greatly improve the understanding of NZ’s
regional aguifers and inform opportunities for economic
diversification in  increasingly  resource pressured
environments.

Extensive communication is undertakenin each region prior to
the survey, ensuring engagement and interest of the general
public. As part of the Hawke’s Bay 3D Aquifer Mapping
project, a story map illustrating the acquisition process and an
interactive visualisation of the results, was made available to
everyone. Thishasbeen essential in ensuringthe findings are
made accessible for anyone to understand and use.

We are looking into expanding the use of SkyTEM to other
regions of New Zealand, primarily to help inform water
management, but also to subsequently contributeinformation to
researchers in other disciplines (e.g., fault mapping, coastal
depositional processes, geological mapping etc.).
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Figure 1. Location of airborne TEM surveysflown and contracted in New Zealand, since 2019. GNS Scienceisinvolved in
five regional surveys: Hawke’s Bay (flown 2020), Greater Wellington (flown 2023), Northland (flown 2022), Southland (flown
2022) and Tairawhiti (planned for 23/24).
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Figure 2. Picture of the people present at the blessing/launch event of the Te Hiku Water Study data acquisition. The present
group is conssting of local iwi (Ngai Takoto, Ngati Kuri, Te Aupouri, Te Rarawa), landowners, local ratepayers association
representative, Northland Regional Council representatives, GNS Science representatives and the field crew consiging of
HeliAl pilotsand SkyTEM crew.
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SUMMARY

It is no secret that the solution of Maxwell's equations
depends on the coordinate system. Butin current studies,
the dependence of the solution on both the speed of the
transmitter and the speed of the receiver is usually not
discussed.

In this article, | present an analysis of such an effect on
the readings of an alternating magnetic field receiver and
onthe secondary field. | havefound that theeffect of the
receiver's motion is critica. | have proposed a
compensation method now implemented in some
systems, after which the measurements of a moving
receiver can be considered as signals of an equivalent
stationary receiver at the current position.

It is also shown that the field distortions proportional to
the aircraft speed are related to the flight altitude and the
electrical conductivity of the medium. | analyzed data
from the EQUATOR airborne electromagnetic sy stem
obtained over the sea surface. It is shown that the
influence of speed is much less than the influence of
restrictions on the environment model, which are
imposed duringtheinversion of airborneelectromagnetic
data.

Key words. airborne electromagnetic survey; aircraft
speed, EQUATOR.

INTRODUCTION

In my experience the question about the speed influence
appeared twice. The first time was related to the very first
flight of the AEM time-domain system EQUATOR in 2010
(Moilanen et al., 2013). While we were trying to analyze
AEM data in frequency domain, it was necessary to get high
quality measurements on-time, duringthe pulse of the primary
field. After al possible compensations there was still a
valuable signal which was obviously related to the receiver
angular motion. A solution was founded and itis presented in
this paper.

The second time was quite recently, during the Neretvariver
AEM surveying in 2021, again with EQUATOR system. |
found that when approaching the Adriatic sea coastline from
the water area, the residuals of the obtained solution for the
1D inversion increase noticeably. Possible causes needed to
beexplored. Sincethe electrical conductivity of the sea water
is very high, a hypothesis arose about the influence of the
speed of the AEM system. Indeed, accordingto Landau et al.
(1984), Maxwell's equations dependon thereference frame in
which they are written:

oB

at’ o . 1)
VX (B + nogoE X v) = optoE — o pv + Hogg o=+ o] .

VX(E-Bxv)=—

Here o is the conductivity, go iS the permittivity, po is the
magnetic permeability, p is the charge density, v is the
coordinate system velocity vector, J¥ denotes the external
currentsdensity, E istheelectric field strength vector, and B is
the magnetic field induction vector.

However, when considering publications related to AEM, the
only aspectin which theinfluence of speedis considered is the
possibility of missingasmall target. This applies to the basic
works of the last quarter of the 20t century, when the AEM
method had already become established all over the world
(Won and Smits , 1987, Becker and Cheng, 1988). Little has
changed in the 21% century. In works considered to be a
general overview of methods and tasks of AEM, the direct
influence of speed on the measurements is not considered
(Christiansen et al., 2006, Macnae, 2007, Kamenetsky et al.,
2010, Legault, 2015, Moilanen, 2022).

Thus, the problem turns out to be unexplored. Further, |
present the studyingresults of the influence of the movement
of the receiver and transmitter separately. Attheend, | give
some examples of dataprocessingfor the EQUATOR system.

SPEED INFLUENCE INVESTIGATION
Receiver motion

To analyze the influence of the receiver movement, let’s use
the Faraday’s law written in the coordinate system associated
with the receiver:

ad da dB,
Emfk=—;=—Effsk8-nkdsz—d—:~5k. 2
Here on the left side is the electromotive force in the k-th
frame of the inductive sensor, @ is the magnetic flux through
thisframe, calculated via theinduction vector B and the frame
area &, Nk is a unit vector orthogonal to the corresponding
frame surface.

In case of a harmonic field Bk = Bi(t)- €%

. 0 .
dB;t(t) — iu)B,?(t) L elot {+ dB(l;t(t) ~€lwt}. 3)
The second term in equation (3) is usually not considered.
However, with the characteristics of EQUATOR we have:

« receiver oscilation frequency in flight u ~ 2w 0.5 rad/s;

+ amplitude of oscillations in flight A ~ 0.02 rad;

« field frequency @ ~ 27-100 rad/s;
and this term will be approximately 10°* with respect to the
first one (~ A-u/w). It means that if the sensitivity level is
better than 1074, thereceiver motion cannot be neglected. For
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this reason, in the EM4H system (Vovenko et al., 2013) it is
not necessary to take into account the effect of the receiver
motion, sincethe maximum sensitivity level for itis about this
value. And for the EQUATOR it is necessary, as we can see
in Figure 1. By introducing a correction into the measured
signal proportional to the change in the corresponding
harmonic amplitude
. .
B (0) = = 5o Emf, () = BY(w) — - ZE @

B (@) = B (w) + =2

the motion influencecan beexcluded (Figure1). The error of
the substitution dB«%/dt by dBx™/dt in (4) is about 1078,

Figure 1. In the absence of the secondary field: measured
(red) and corrected (blue) valuesin ppm as a function of
time in samples (~ 10 Hz) for one of the EQUATOR’s
harmonics (230 Hz). The bottom chart isthereceiver axis
inclination in degrees.

Transmitter motion
Let’s rewrite Maxwell's equations in the quasistatic

approximation in the coordinate system associated with the
Earth in the following form:

V2BP + 0 = 0. (5)

BP is the primary field, which can be expressed via dipole
moment vector M:

B = L (3 _1)M=(r)M. (6)

amrP T rf?

r is the radius vector of the point with respect to the
transmitter, | is the 3x3 identity matrix, rrTis the 3x3 matrix
of the component wise products. Then the derivative of the
primary field contains two terms:

aB? _ 30(r) aM ()
R M+ Q(r) at . @)
0] an
Thefirst term is
(1) = B0 O _ gppy ®)

or at

Thus, the velocity of the field source is a coefficient at the
gradient of the primary field. The second term, in turn, has
two components (v is the angular velocity of rotation of the
transmitter frame, the value of M| does not change):

(D = (v x M)e™* + iwMe™". 9

Karshakov

Usually in AEM only the second part of the second term in
equation (9) is taken into account. But in will be more
accurate to write Maxwell's equations for the frequency ® in
the following form:

V2B? + iwpy oBP{+1,0[VBPv + Q(r) (v x M)]} = 0. (10)

Using the characteristics of the EQUATOR system, namely:

* loop oscilation frequency in flight u ~ 2n 0.1 rad/s;

» amplitude of oscillations in flight A~ 0.1 rad;

« field frequency ® ~ 2x-100 rad/s;

« flight speed v = |v| ~ 40 m/s;

* loop height over ground h ~40 m;
the contribution of each term can be estimated. Thus, the
contribution of the term, which includes the flight speed, is
v/(o h) ~ 10-3 with respect to the first, main term. Hereit is
taken into account that the dipole field near the surface is
proportional to 1/h3, whilethegradient is proportional to 1/h?,
The contribution from the angular motion of the transmitting
loop is (A u)/m ~ 1074,

Further, the last term of the equation (10) will not be taken
into account. However, it should bekept in mind that at lower
frequencies (~10 Hz) the angular motion of the transmitter
loop can no longer be neglected.

The form of the influence of the speed-related term of the
equation (10) is somewhat similar to the form of the field of a
horizontal dipoledirected in the direction of flight. However,
the field under consideration decays faster with distance
because it is related to the gradient. Figure 2 shows three
components of the secondary magnetic field appeared due to
the transmitter speed at the altitude of the transmitter — 40 m.
They arepresented as the parts of the stationary component. It
can be seen that the horizontal component of the field is
distorted by 0.2% on the transmitter axis (point(0,0)). The
vertical component is distorted when moving in the flight
direction (up to 0.25%).

Data analysis

| considered signalsin thefrequency domain in therangefrom
77 Hz to 14 kHz. | performed vertically constrained 1D
inversion (Guillemoteau et al., 2011) with fixed layers having
thickness of 4 meters and thicker. Over theshallow sea alarge
residual was obtained, about 5-10 units of the signal RMS,
which was increasing with approaching to the coastline. To
solve this problem, in addition to the resistivity the altimeter
readings error was also estimated. Despite the fact that the
solution obtained almost never differs fromthe measurements
by morethan 3 RMS, serious doubts arose, sincethe adequacy
of the altimeter was checked many times. However, the height
correction turned out to be up to 3 meters. Moreover, it
correlates with the electrical conductivity of the medium.

To check if the transmitter speed is the cause of these
distortions, the two lowest frequencies, 77 and 231 Hz, were
excluded from processing. For higher frequencies the
contribution of the speed-related part is negligible. As a
result, in terms of height correction, the solution improved, but
did not improve completely. As before, as the water depth
decreases, the height correction began to increase, and its
maximum value, as before, reached 3 meters.

Figure 3 showstheresults of theinversion for the same set of
frequencies (without two lowest), but not adjusting the height
correction. The top graph shows the residuals calculated for
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the two frequencies notinvolved in processing. Itcan be seen
that the residuals for 77 Hz are much larger than for 231 Hz,
which is consistent with the conclusions about the effect of
speed. However, the magnitude of the residual (up to 4000
ppm) is amost two orders higher than the magnitude the
estimate of the speed effect, which at a secondary field
strength of about 20000 ppm in this case will be up to 0.25%,
i.e. about 50 ppm. It should be noted that the measurement
noise at this frequency is about 10 ppm. Thus, the speed of
the transmitter at this stage of interpretation does not affect the
result, whilethe layers grid obliviously does: height correction
value never exceeds 4 meters — the thickness of the 1% layer.
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Figure 2. X, Y and Z components of the speed-induced
field with respect to the stationary part.

CONCLUSIONS

With the existinglevel of sensitivity of the AEM equipment, it
is necessary to takeinto account the movement of thereceiver.
Theeasiest way isto introduce acorrection proportional to the
change in the amplitude of the corresponding field harmonic.

Accounting for the transmitter speed for the EQUATOR
systemisnotcritical. The residualsobtained by 1D inversion
of AEM data are explained by the grid spacing of the
resistivity distribution model. Four meters thickness turned
out to be too much in this specific case. The resulting height
correction compensates for misadjustment of the boundary
position between the conductor (sea water) and the more
resistive base. It is for this reason that the height correction
nowhere exceeds 4 meters.

Nevertheless, calculations show that when the frequency of
the primary field signal decreases by an order (from 100 Hz to
10 Hz), it becomes necessary to take into account the aircraft
speed.
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SUMMARY

We present results of development and practical
implementation of the adaptive correction method and
algorithm. They ensurehigh accuracy and stability of the
airborne low-frequency inductive electromagnetic
measurements. We describe the theoretical foundations
of the method and the basic schemes of the algorithm,
and consistently consider the stages of computational
transformations. We provide several examples of
experimentally obtained dataprovingthe eff ectiveness of
the method. Themain result achieved is the possibility of
functioning of the airborne electromagnetic system
without calibration during the entire flight.

Key words. measurements transformations; frequency
domain; adaptive correction.

INTRODUCTION

Modern trends of development of the AEM technologies set
ever higher demands on the detall and accuracy of
measurements (Legault, 2015). It is directly related to the
problem of suppression of distortionsof various kinds during
the measurements processing. The influence of the
measurement distortionsis especially strong for inductive low-
frequency AEM systems. The impact is harmful because the
induced field at the location of the receiver overwhelms the
responsefrom theconductivelayers of the medium. And the
receiver registers both these fields simultaneously. Under
these conditions, the inherent instability of the measurement
conversion parameters has a decisive influence.

Theinterpretation reliability, as well as the productivity of the
survey, aresignificantly limited sincethe required accuracy is
achievable only in a time interval between calibration
procedures. Calibration is usualy done at a high enough
dtitude wherethe secondary field can be neglected. Reducing
the number of such procedures during the flight is our main
goal.

It is assumed that modern AEM systems must solve very
complex problems, such as estimation of induced polarization
and superparamagnetic parameters (Macnae, 2016). And for
this we need to carefully eliminate all possible noises. The
survey of existing approaches can be found in Wu et al.
(2019). From their work, it can be concluded that it is
necessary to ensurethesensitivity of the receiver at alevel of
the order of 10-8with respect to theprimary field. Theauthors
considered various noises, including motion-induced noise,
nearby or moderately distant sferics noise, power-line noise,
background electromagnetic noise etc. They proved that
sensitivity at this level is achievable.

Institute of Control Sciences
65 Profsoyuznaya street, Moscow

At the same time it is absolutely impossible to ensure the
stability of measurements with such an accuracy at the
hardware level even using the most modern electronic
elements. Here we propose a method and an algorithm for
stabilizing the measurement accuracy.

THE ADAPTIVE CORRECTION IDEA

We can ensure the accuracy and stability of measurement
transformations by digital filtering, applied during
registration,which may significantly reduce noises (Hemming,
2013). In frequency domain having a continuous sounding
field the measurement results are usually presented in theform
of coherent accumulation:

1
2N +1

N
UGt jor) = D fare i nutt, 5. @)
n=-N

Here U(to, jok) are the complex amplitudes for al sounding
frequencies wk, th = totnAt, At is the time step of analog to
digital conversion, 2N+1 is the number of samples in the
averaging interval.

Coherent accumulation, or synchronous detection, has an
important feature of frequency selectivity as applied to AEM
signals processing. The detection results turn out to be
insensitive not only to signals that are significantly far from
the detection frequency in frequency domain, but aso to
signals with frequencies that are separated fromit by a strictly
defined frequency interval, which depends entirely on the
shape of the weight function f, (Figure 1). Inthefiguredis
the frequency interval strickely defined by the form of fn.
Signals at frequencies wk+d close to the main one wk turn out
to beinvisible after applying (1).

At theseinvisiblefrequencies aset of reference signals can be
added to the input of the system, since it will not affect the
results of detecting the main frequencies.

| k
Figure 1. Selectivity of coherent accumulation
main signal (green), reference signals (red), frequency
response of thefilter fn
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Then, by accumulating each reference signal on the system
output and assumingthefrequency band of theresultingtriplet
is narrow, we are able to get the value of the frequency
response of the conversion at the main frequency. Figure 1
shows the form of the frequency response of coherent
accumulation, the spectral lines of the reference process, the
scheme of calculating the conversion coefficient for main
detection frequency.

ALGORITHM OF ADAPTIVE CORRECTION
FOR FREQUENCY DOMAIN AEM

Let us consider the operation of the adaptive correction
method and algorithm for a harmonic field of a frequency ex.
Having equation (1) we can also consider the result in the
following form:

U(t,](.l)k) = W(t,/u),()X(t,]u),,), (2)

whereW(t, jok) isthe measurement transformation applied to
the input signal X(t, jox).

Applying(1) at the frequencies wk+d we will not see the input
signal X(t, jok), while ok is shifted by 5. Nevertheless, we will
be able to see the left (L) and the right (R) reference signals:

Ut jor) = W(t,j(o, = 8) - X, (o), 3)

Ug(t,jwp) = W(tj(w, +8))- Xg(oy).
We haveto notethat X (jok), Xr(jok) areactualy related to the
frequencies wk — 3, and wk + & respectively. But while these
signals are associated with themain frequency wk, we will not
write § in the argument. Also these signals supposed to be
stationary, so they do not depend on time. So, only W
contains t as an argument in the last two equations.

It is important that the proposed method allows us to obtain
for the same coherent accumulation interval both the value of
the complex amplitude of the signal and the parameters of the
measurement transformation W for the known stationary
signal. So, using the reference signals XL and Xr the
approximate value of W can be calculated as

1 (UL(trjwk) U(t, j“)k)). @

Wtjod =3\% Gon) T XaGon)

This makesit possibleto track the variability of measurement
transform coefficient and correct the main signal as follows:

U(tjwy) )

X(trj“)k) = W(t 1.“) )
A)'S

®)

So, for the same accumulation interval, both the approximate
valueof the conversion coefficient W (t, jok) for thefrequency
ok and the corrected value of the complex amplitude of the
main signal X(t, jwk) for this frequency are obtained.

ALGORITHM OF ADAPTIVE CORRECTION
FORTIME DOMAIN AEM

For AEM methods the sounding field is usually periodic and
its frequency spectrum is discrete. When the soundingsignals
sequentially switchingpolarity pulses, spectrum has only odd
harmonics (Figure 2).

Volkovitsky & Karshakov
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For the spectrum structure, each of the lines can have its own
pair of referencefrequencies. Itbecomes a set of triplets, and
for each one correction can be performed according to the
above scheme (4)—(5).

In case of time domain measurements we are able to apply
Fourier transform to themeasured data. After that we can deal
with them as with frequency domain data, including adaptive
correction. While both digital filtering and Fourier transform
are linear operations, we can switch the summation order to
separate main and referencesignals. Obviously, havingin (1)

K
1 .
u(ty, t,) = Ez U(ty, joy) - e?xtn, (6)
k=1

we can apply all the described techniques to each frequency
separately. But to add the reference signals, we recommend
using the following method for generating them

K

Xia () = cos(8t,) ) A -cos(kanty).  (7)

k=1

Inthis caseit is easy to show that XLr(tn) = (Xr(tn) + Xr(tn))/2.
In frequency domain for each frequency kwo, k = 1,...,K,
Xu(jkwo) = Xr(jkoo) = XLr(jkmwo). The value of wo is the base
frequency of the system — thelowest frequency of the primary
field spectrum.

We can note, that formula (7) approximates an impulse
function. But it works for any other. The key idea hereisto
modulate it with the frequency & to make it invisible for
filtering with fp.

To extract the reference signal, we modulate the measured
signal u(t) with the frequency & of the interval between the
main and the reference harmonics.

uy (t) =

N
2N1+ - nZN f, - cos (8t )u(ty, t,)- ®)

Due to the mentioned properties of the filter f, the detection
result will not contain the signal at any of main frequencies
kmo, k=1,...,K.

Indeed, using (7) as asignal, we’ll get cos?(3ty) in (8), so the
result will be similar to X.r(tn) with a scale factor. A
stationary non modulated signal containing only ko
harmonics will give zero as the result, while any of those
harmonics after multiplying by cos(étn) gives a sum of
harmonics of kootd frequencies.

8" International Airborne Electromagnetics Workshop, 3-7" September 2023, Fitzroy Island 2



Using Fourier transform, frequency domain shape of the
output signals can be obtained for both themain signal and the
reference signals. Due to selectivity of the coherent
accumulation in spectral form the detection result gives the
frequency response of measuring conversion up to aknown
factor XLr:

W(i(o, = 8) + W((o, +8) % Gow),

oyt jor) ©
Xir (o) '

Un(tjo,) =

W (o) =

Now, for the main signal at all frequencies of the spectrum,
according to (5), acorrection can be performed, after which,
usingthe inverse Fourier transform, the original time domain
form for the main process is restored:

. _Utjoy)
HEI00 =G e
(10)

K
1 ,
i(tt,) = Ez R(6jwy,) - elOkn,
k=1

PRACTICAL IMPLEMENTATION

Let's consider theresults of the adaptive correction method on
the example of dataobtained for the EQUATOR AEM system
(Moilanen et al., 2013).

To implement the method and the algorithm, an additional
transmitter dipoleas asource of thereference magnetic fieldis
built into the receiver. The current in this dipoleis induced
using a precise digital-to-analog conversion. Time-domain
form of the reference field is formed accordingto (7).

Y B4 AN B A N Y T

10

Figure 3. Processes and signals before and after measuring
conversion

Figure 3 shows the sequence of signal transformations: (a) —
linear superposition at the measuring system input of the
reference (b) and main (c) processes, thedotted line shows the
modulation of thereference process; at (d) and (e) we can see
time-domain forms of the main and reference processes after
separation respectively.

Figure 4 explains the calculation according to (9) for the
frequency response of the measuring conversion. There are
spectrafor both known reference process at the input (a) and
for the signal obtained at the output of the measuring
transformations (b). Thegraph (c) in the spectral form shows
the shape of measuring system frequency response (only the
amplitude part of spectrum is shown).

Figure 4. Calculation of the frequency domain response of
the measurement conversion

Figure 5 shows in time-domain the result of the correction
performed accordingto (9)—(10) for al significant harmonics
of the spectrum. In thefigure: (a) is the input process, (b) is
the output signal after the measurement conversion
immediately, (c) is the result of the correction.

Figure 5. The result of the correction, obtaining the
original time domain shape of main process

Figure 6 showstheresults of adaptive correction method and
algorithm. There are three groups of graphs related to the
start, to thesurvey and the end of the same flight. The upper
graphs arethe inphase componentsof the secondary field & 20
harmonics from 77 Hz to 10 kHz (at high altitude must be
zero). Under them there are the quadrature components (also
zero at high altitude). Next thereare 14 channels of dB/dt for
the big pulse in figure 5 in time domain. The lowest graphs
show theflight altitude abovetheground. We can see that the
values of the secondary field both in time an frequency
domain at high atitude equal zero, and due to use of the
adaptive correction after six hours flight the phase of the
measured signal remain the same.
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CONCLUSIONS

We have presented the results of development and
implementation of the adaptive correction method and
algorithm. We have shown functioning stability of AEM
system EQUATOR provided by suggested approach. In our
opinion, the versatility of the approach and the simplicity of
technical implementation make it possible to apply the
proposed method and algorithm in many well known AEM
systems.
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SUMMARY

In September 2018, Geotech Ltd. completed a VTEM
helicopter time-domain electromagnetic, magnetic and
radiometric survey on behalf of Benchmark Metals Inc.
over the Lawyers property, in northcentral BC. The
magnetic results reveal a strong spatial relationship
between sharp magnetic lineaments and the known
mineralization. Radiometric  results show tha
mineralization is characterized by hydrothermal alteration
resulting in potassium enrichment, manifested as K/Th
highs. The VTEM electromagnetic resultsidentified locd
EM anomalies representing both discrete and structurd
conductors. However, none of the EM anomalies making
up conductive zones coincide with the known epithemd
mineralization, instead all the known Au-Ag deposits and
occurrences are located in zones of high apparet
resistivity.

Subsequent analysis of the VTEM data analysed using
AlIP mapping revedled that al the known Au-Ag
mineralized zones coincide with moderate to high Cole-
Cole time constant (TAU) anomalies, consistent with
relatively coarse-grained polarizable material, such &
disseminated sulphides or hydrothermally altered clays.

The previous targeting approach focused on individud
analyses of magnetic, structural, radiometric, EM
resistivity and AllP results, then arriving at a targeting
model, based on geologicaly and geophysically based
considerations. A new approach for targeting uses asemi-
automated, machine-learning (ML) assisted approach that
includes: Structural Complexities (SC), Self-Organizing
Map (SOM) classifications, and Supervised Deep Neurd
Network (SDNN) targeting of the geophysical data. The
new targeting approach has further reduced the number of
priority targets from previous five (5) to three (3), which
includes most of the known epitherma Au-Ag
occurrences, as well as two areas for follow-up.

Key words. Epithermal gold-silver, airbornetime doman
electromagnetics,  resistivity, magnetics, minerd
exploration targeting (MET.
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INTRODUCTION

Benchmark Metals’ Lawyers Gold-Silver Project, situated 45
km northwest of Kemess South Mine in BC’s Golden
Horseshoeregion (Figure 1) of north-central British Columbia
ishostto alarge, low sulphidation epithermal system knownas
the Lawyers Trend that contains a total indicated mineral
resourceof 40.3Mtat 1.19 g/t Auand 38.7 g/t Ag. At theheart
of the Lawyers Trend are the structurally-controlled Cliff
Creek, Dukes Ridge, Phoenix and AGB zones that are located
within a large 5 km by 8 km radiometric anomaly that is
coincident with potassic alteration associated with the low-
sulphidation epithermal system. The property straddles an
important stratigraphic horizon between the Upper Triassic
Stuhini Group and Lower Jurassic Hazelton Group that defines
an important geological unconformity that hosts many of the
deposits in the Golden Horseshoe.

LAWYERS PROJECT — GOLDEN HORSESHOE
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Figurel: LawyersProject property location, and schematic
of Golden Horseshow mineral digtrict in northwestern
British Columbia (modified after www.benchmark
metals.com).

Originally explored in the late 1960’s, mineralization at
Lawyers was identified by the 1980’s and lead to the
development of the Lawyers gold-silver mine that operated
from 1989-1992and produced 171,2000z gold and 3.6 million
oz silver in that 4 year period. In the years following,
exploration had focused on targeting high grade veins within
the large epithermal system. Benchmark Metals has been
actively exploringthe Lawyers property since 2018, with alow-
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grade bulk tonnage targeting model approach, using extensive
geological mapping, drilling, soil and rock geochemistry,
ground, drone and airborne geophysics, which led to a NI 43-
101 compliant mineral resourceestimatein 2021 (Stone et al.,
2021). The Stoneet al. (2021) report documented the targeting
approach on helicopter TDEM, aeromagnetic and spectrometric
data (Khaled et al., 2018) performed by Kwan et a. (2019),
which was subsequently presented in Legault et al. (2022). This
paper presents a new targeting approach that uses a semi-
automated, machine-learning (ML) assisted approach that
includes: Structural Complexities (SC), Self-Organizing Map
(SOM) classifications, and Supervised Deep Neural Network
(SDNN) approach to mineral targeting.

Geology and Mineralization

Lawyers property is predominantly underlain by a shallow
northwest-dipping sequence of volcanic and sedimentary roks
of the Lower Jurassic Toodoggone Formation (Hazleton Gp).
The Lower cycle Toodoggone rocks are comprised of thick
seguences (>300 m) of dacitic and andesitic tuffs and flows.
The most dominant structural features are NW-NNW (310-
340°) striking faults that are subvertical to steeply SW or NE
dipping. These host the mineralized epithermal systems. NW
structures and associated mineralization arelocally offset by E-
W and SW-NE trending strike-slip faults (Stone et al., 2021).

Lawyers rocks are typically weakly altered, but gold-silver
mineralization is associated with intense silicification and
potassic alteration. Advanced argillic and gtz-sericite also
present in some zones. Mineralization includes both low
sulphidation (LS) in central & east (AGB, Cliff Ck, Duke
Ridge) parts of the property, & high sulphidation (HSE) in the
western (Silver Pond) part of the block (Stone et al., 2021).

LAWYERS ~ GEOLOGIC MAP & CROSS SECTIONS

Figure2: LawyersProj ect geologic map (top) and schematic
geologic cross sections (modified after www.benchmar k
metals.com).

METHOD AND RESULTS

Legault et al.

Helicopter TDEM, Magnetic and Magnetic Surveys

In September 2018, Benchmark contracted Geotech Ltd. to
complete a VTEM (Witherly et al., 2003) helicopter time-
domain electromagnetic, magnetic and radiometric survey over
the central and northern parts of the Lawyers property (Khded
etal., 2018). A total of 1,272 line-km were flown over a115km?
areaalong100 m spaced EW lines and 1 km spaced NStie-lines.
The VTEM Terrain system consisted of a17.6m diameter, 4-
turn transmitter loop (250k NIA @ 30Hz), acoincident-coplanar
Z-component receiver (40ch 0.036-9.3ms), a caesium
magnetometer, and RSX-5 spectrometer. The survey objectives
were to map resistivity, magnetic susceptibility, and gamma
radiation related to low to high sulphidation epithermal gold and
silver targets in Lawyers camp.

LAWYERS ~ LOCAL GEOLOGY & MINERALIZED ZONES
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Figure 3: Lawyers Project local geology, mineral
occurrences, and deposits, and known faults(modified after

VTEM, Magnetic & Radiometric Results

Thetotal field magneticresults (Figure 4) reveal astrongspatid
relationship between sharp magnetic lineaments, magnetic
lows, and the known mineralization. In order to quantify the
structural elements, the magnetic data were subjected to a
structural complexity (SC) analysis, using the Geosoft CET
(Center for Exploration Targeting) grid analysis extension
(www.seegquent.com). The magnetic ridges are derived using
the method described in Holden et al. (2012). The structurd
complexity highs are in the SW region concentrated with
known Au-Ag occurrences.
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Figure 4: Total field magnetic intensity, over mineral

occurrences & known/inferred faults (dashed lines), and
magnetic ridges.

The faults and ridges are used to compute the structurd
complexity (SC) data(Holden et al., 2012), as shown in Figure
5. The structural complexity highs are in the SW region
concentrated with known Au-Ag occurrences.

CONTAST OCCURRENCE OENSTY |

Figure 5: Structural complexity (SC) analyss of magnetic
data, showing the Contact Occurrence Density (COD), over
mineral occurrences & known/inferred faults (dashed
lines), and magnetic ridges.

Radiometric results show that the Lawyers Property
mineralization is characterized by hydrothermal alteration
resulting in potassium enrichment, commonly manifested as
K/eTh highs (Figure 6).

Figure 6: Gamma Ray Spectrometric K/eTh Ratio, over
mineral occurrences & known/inferred faults (dashed
lines), and magnetic ridges.

TheVTEM dBz/dt EM decay constant map in Figure 7 includes
the location of local EM anomalies centres represented by both
large area and structural conductors. However, as shown, none
of the EM anomalies making up conductive zonescoincide with
the known epithermal mineralization. Instead, all the known
Au-Ag deposits and occurrences are located in zones of low
TAU corresponding to high apparent resistivity (Figure 8).
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Figure 7: VTEM dBz/dt EM time constant TAU and EM
anomaly picks, over mineral occurrences & known/inferred
faults (dashed lines), and magnetic ridges.

VTEM AIIP and 1D Inver sion Results
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Layered Earth (LE) 1D inversions of the VTEM data were
carried out using GALEI code. The VTEM datawere analysed
usingAllP (airborneinductively induced polarization) mapping
tool (Kwan et a., 2015, 2016, 2018). The 1D resistivity -100m
depth sliceand the Al I P Cole-Cole apparent resistivity dataare
displayed in Figure 8a & b, respectively. The two resistivity
maps are different becausethe 1D inversions do not account of
AlIP effects in the VTEM data

The AIIP mapping revealed that all the known Au-Ag
mineralized zones coincide with moderate to high Cole-Cole
time constant (TAU) anomalies in resistive zones (Figure 9)
that are consistent with relatively coarse-grained polarizable
material, such as disseminated sulphides or hydrothermally
atered clays. The product of the AllP apparent resigtivity and
the Cole-Cole TAU (termed ResTau), presented in Figure 9, hes
proven to beauseful parameter for identifyinglow sulphidation
epithermal Au-Ag mineralization elsewhere on the property.

Targeting Epithermal Au-Ag

Self-Organizing Maps (SOM) areapotent tool in analysingand
classifying multiple datasets. The SC data, the K/eTh, and the
AlIP apparent resistivity and Cole-Cole Tau products are
classified using the Geosoft SOM  GX  tool
(https://geosoftaxdev.atlassan.net). The SC data, the K/eTh,
and the Al P apparent resistivity and Cole-Cole Tau produds
are classified using SOM . Most of the anomalous SOM classes
(9to 17) coincidewith theknown Au-Ag mineralizationin the
SW and central regions of the Lawyers property (Figure 10).
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Figure8: (A) VTEM 1D Inverson resigivity depth dice (-
100m), and (B) AllIP Cole-Cole apparent resistivity,
over mineral occurrences& known/inferred faults (dashed
lines), and magnetic ridges.

The final targeting preparation was done using the Google
TensorFlow version TF2.30 (https://www.tensorflow.org/) and
its Supervised Deep Neural Network (SDNN) module. The
training of the SDNN was performed using the SC, SOM,
K/€eTh, and AllP apparent resistivity-tau product from an area
with known Au-Ag deposit (Cliff Creek), Figure 11A. Thetop
6% probability is selected for Au-Ag targeting, Figure 11B.

The SDNN targeting process was then reapplied to the Lawyers
survey area. The results showing the top 6% targeting
probabilities are presented over the DEM data, and the selected
targets, LET_1 to LET_3 are presented in Figure 12. The
selected targets all occur in topographic highs.

CONCLUSIONS

Previous targeting of VTEM results at Lawyers (Kwan et a.,
2019; Legault et a., 2022) focused on individual analyses of
magnetic, structural, radiometric, EM resistivity and AllIP
results, then arriving at atargetingmodel, based on geologically
and geophysically based considerations, resultingin five (5)
priority targets. A new approach for targeting, presented here,
uses a semi-automated, machine-learning (ML) assisted
approach that includes: Structural Complexities (SC), Self-
Organizing Map (SOM) classifications, and Supervised Dep
Neural Network (SDNN) targeting of the geophysica data.
Structural complexity analyses of the magnetic dataat Lawyers
Project haveidentified astrongspatial relationship between the
known and inferred faults and calculated ridges and the known
mineralization EM results have shown that the known mineral
occurrences are located in zones of high resistivity.
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Figure 9: VTEM AIIP ResTau (Resgivity* Time Constant)
Product, over mineral occurrences & known/inferred faults
(dashed lines), and magnetic ridges.
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Figure 10: The anomalous SOM classes cover most of the
known Au-Ag occurrences.

Gammaray spectrometric results have shown that the known
mineral occurrences arelocated in high to moderate K/eTh ratio
anomalies. AllP results at Lawyers Project suggest that the
product of AIIP apparent resistivity and Cole-Cole time
constant (Res* Tau) could be a useful targeting tool. Using
SOM and SDNN results, the previous five (5) have been
reduced to just three (3) priority targets, which include most of
the known epithermal occurrences and include other aress for
follow-up. It is aso worth noting that the targeting of
epithermal Au-Ag mineralization is doneby a semi-automated
processes which require little human intervention or bias.
Importantly, the structural complexities, computed using
known and inferred faults, also played a critical role in
targeting.
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Figure 12: The SDNN top 6% probabilities over the DEM
data and the selected potential epithermal Au-Ag targets
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SUMMARY

We continueto investigatean ancillary method to | nduced
Polarization for sulphide exploration, using anaysis o
measure heterodyne effects in time-domain Airbome
Electromagnetic data. We investigate how a parameter
named mixabiity can characterisethese effects in terms of
frequency content and composition, finding that with
sufficiently low noise levels, heterodyne effects could
theoretically be observable in time-domain AEM data.

Analysingexisting AEM survey data, weearlier found no
spatial correlation between known sulphide distribution
and mixability. We postulated that this is because
potential heterodyne effects due to sulphides were being
masked by two different limitations of the survey datasst
we used; firstly, variable transmitter waveform
asymmetry; and secondly, the decreasing signal levels
from the fixed a ground-loop transmitter resulting in
increasingrelative noiselevels away from the transmitter.
We therefore conducted aairborne Slingram EM/I P survey
with the BIPTEM system to address the identified
limitations of existing test data.

We present results from an airbornetest at Kempfield, the
test site for definitive ground tests of the heterodyne
method for sulphide detection. The small mixability
anomalies detected in the airborne datawere not consi stent
with either drilled sulphides or mapped |P anomalies.

Key words. Induced Polarization Heterodyne Sulphide
Airborne Electromagnetic Kempfield

INTRODUCTION

Thenon-linear electronic behaviour of sulphideshasbeen well-
studied in the laboratory (Shuey, 1975). Most sulphides ae
semiconductors, and electrical  conduction between grain
boundaries will usually show evidence of a directional bias,
identical in concept to the physics of semiconductingp and n
junctions in transistors. Recent papers (White et al., 2018;
Oertel et al., 2018, Collins et al., 2022, White et al., 2023)
present evidence that the known non-linear behaviour of
sulphides may bedetected in thefield to discriminate sulphides
with semiconducting grains from graphitic rocks.

The ground studies reported by White et al, used two sepade
injected currents at different frequencies; injected into the
ground by pure sine-wave generators. Heterodyne effect
detection relied on non-linear effects from frequency mixingto
detect th8isadistinctive sulphide conductivity behaviour. In his
talk in 2022, Steve Collins suggested that sincethe heterodyne
effects were independent of frequency, the methodology could
usefully be used in arborne electromagnetic geophysicd
methodology.

SUL PHIDES, SEMICONDUCTORS,
HETERODYNE

Sulphides are semiconductors (Shuey, 1975), and ores usudly
contain billions of grain boundary junctions (Figure 1).
Individual grains may have different impurities and be
effectively p or n “doped”. In bulk, these junctions may
preferentially favour current flow in one direction rather then
the other, leading to asymmetric current flow and voltage
responses to symmetric, alternating, background electrical
fields (Figure 2).

Figure 1: Example massve Sulphide sructures.
(Madennikov et al, 2019)

Suwiphide grainsg with impurities
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Figure 2: Semiconductor conductivity physics

The physics of semiconductor junctions hasseen extensive use
in radio, where the term heterodyne was used when two
separate signals at different frequencies were used to create a
beat. Theterm superheterodyneis used when frequency mixing
and band-limited amplification extracts a signal at a fixed
intermediate frequency. In the ground, the methodology used
by White et a and Collins et a to detect non-linearities in
sulphides transmits two low frequency signals into separae
electrodes and looks for responsesat mixed frequencies.
Laboratory studies (Oertel et a, 2018, Oertel, 2019) confirm
that mixed frequency signals are located when significant
sulphides are present, but not otherwise (Figure 3, at end of
abstract).

Sulphides have frequency-dependent conductivities usually
modelled with the Cole-Cole equation. When this behaviour is
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combined with the effect of junction non-linearities, some of
the mixed frequency responses are reduced in amplitude
(Figure 4). The largest secondary amplitudes (at 10 and 100
Hz) mixed from the sourcefrequencies being 55 and 45 Hz ae
somewhat affected by including a Cole-Cole response as wll
as the heterodyne mixing, but still remain the optimum search
targets from afrequency analysis for the presence of heterodyne
effects.
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Figure 4: Relative amplitude modulations of the ‘pure’
mixed frequencies (top) aremodified if Cole-ColelP effects
are also present. Source freguenciesof 45and 55Hz in this
simulation.

HETERODYNE EFFECTSIN TIME DOMAIN

Collins et a (2020) suggested that the lab and ground survey
concepts could be extended to AEM as they are frequency
independent at local grain level. To do so on existing data, we
investigated what the time domain equivalent to the mixing in
a superheterodyne response might be.
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Figure5: Mixed additive and subtractive frequencies from
non-linear response to a 25 Hz repetitive waveform. The
heter odyne frequenciesin thiscase areall harmonics of the
50Hz powerline frequency, and as such not a useful
detection frequency in Australia.

Macnae & Kratzer

Taking the Fourier transform of 25 Hz base frequency data
shows that thewaveform consists only of odd harmonics of the
base frequency, i.e. 25, 75, 125, 175 ... Hz. In an fft, there is
an upper limit to the odd harmonics just less than the Nyquist
(sampling) frequency. A non-linear process is expected to
produce new frequencies at the sums/differences of the
transmitter waveform’s odd harmonics. Figure 5 shows thatall
the simple sums and differences lie at the even harmonics of the
transmitter basefrequency. Moreconvoluted differences such
asf3 = (2f2-f1) lie on odd harmonics. Itwas clear to us tha
in Australia, 50 Hz and its harmonics are undesirge
frequencies to look for small effects, so ubiquitous 25 Hz
airborne AEM data unless located far from infrastructure wes
likely to beof limited value. Wethereforelooked for some 125
Hz data. Note that as implemented in frequency domain, the
mixing frequencies are not harmonics of either of the primay
frequencies.

In the simplecaseof a 50% duty-cycle squarewave current, a
perfect p-n junction inhomogeneity appears as a reduction in
amplitude on onehalf of asecondary in-phasewith the primary
B field. Taking the fft of this modified response for a 125 Hz
base (Figure 6) leads to avery interesting result. When phase
information is included, half of the predicted even harmonics
arenotevident. Theprimary fieldisevidentat 12.5, 37.5,625,
97.5 ... Hz, and the heterodyne effects are seen at 25, 75, 125,
175 ... Hz. This is a set of odd harmonics of the first even
harmonic of the base frequency, called even-odd harmonics
later in the paper.
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Figure6: (Top) Plot of time domain 50% duty cycle with
12.5 Hz base frequency. A non-linear secondary B field of
amplitude 10% (100 parts per thousand) of the primary
field isplotted and reducestheobserved field on the positive
transmitter cycle. (Between harmonics at 25, 75,125,175 ...
Hz These dgnals do not compete with the powerline
harmonics and should be detectable in data if (@)
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super heter odyne effects exist and (b) the noise level is low
enough.

FIELD TEST

Duringtesting of the BIPTEM system at Kempfield, we had the
opportunity to usetheacquired datato measure mixability over
4 profiles. Similarly to theground field results of Collinset al
(2023), our arborne data did not show any evidence of
significant mixability effects. While small variations (betwean
0.3 and 0.5 ppk above background are seen, these did not
correspond to sulphidesin theinitial analysis,. Whoseintrinsic
mixabilities were in the 10 to 100 ppk range.
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Figure 7: Gradient Array | P (Collins et al., 2022) with location
of BITTEM flightlines 2 and 3.
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Figure 8. Mixability of the 25 Hz sgnal on Line 3 at
Kempfield. All measured values areless than 1 part per
thousand and do not correspond to |P responses or
drilled sulphides.
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Figure 9. Mixability of the 25 Hz dgnal on Line 2 at
Kempfield shows lower amplitude than on Line 3.

CONCLUSIONS

Mixability (a measure of non-linearity in electrical response)
clearly occurs in Kempfield drill-core samples, but
measurements using streamed airborne data did not show any
useful characterisation of known sulphides or mapped IP
effects.
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SUMMARY

Depth to bedrock is often an important factor in hydrologc
systems because hydraulic properties of bedrock and
overlying sediments are typically appreciably different.
For example, the thickness of glacial sediments overlying
bedrock in Wisconsin controls therouting of groundwater
in surficial aguifers and its connection with surface water
bodies such as lakes and wetlands. In fractured bedrodk
environments, shallow bedrock can be vulnerable to
degraded water quality when contaminants at the surface
infiltrate quickly through permeable formations. Herg
airborne electromagnetic surveys were acquired in three
different parts of Wisconsin, totalling more than 5,700
flight line-kilometers, to improve understanding of depth
to bedrock, the lithologic composition of overlying
sediments, and as input structure for groundwater modd
development.

Key words airborne electromagnetic, bedrock,
groundwater resources, Wisconsin

INTRODUCTION

Improved estimates of the depth to sedimentary bedrock units
and the composition of overlying materials are needed to
characterize groundwater systems and support their protection
in Wisconsin. Glacial sediments overly Ordovician to Silurian-
age bedrock units in southwest, southeast, and northeast pats
of the state where airborne electromagnetic (AEM) surveys
were conducted in 2021 and 2022 in support of shallow
geologic mapping studies (Figure 1). Electrical resistivity
models derived from the AEM data areused to distinguish the
top of bedrock, spatial variability of glacial sediment and
bedrock lithology, and deeper shale units beneath the shdlow
bedrock. This work involved collaboration across severd
USGS projects along with the Wisconsin Geological and
Natural History Survey (WGNHS), the Wisconsin Department
of Agriculture, Trade, and Consumer Protection (DATCP), and
the Wisconsin Department of Natural Resources (WDNR).

2021\

e = I

.-~ o

Figure 1. Airborne electromagnetic survey flight lines
acquired in Wisconsin from 2021 to 2022.

Depth to Silurian bedrock is the metric used in the state of
Wisconsin to control mechanical application of manure to
cropland and pasture areas. Because the dolomite bedrock is
fractured and highly permeable, technical standards on
verification of depth to bedrock are implemented to help
prevent pathogens from reaching groundwater. Manure
application is prohibited where depth to bedrock is lessthantwo
feet, and application restrictions apply wheredepths are 20 feg
or less. In the northeast 2021 study area, an AEM survey was
conducted over an area of about 2,600 square kilometers to
provide a systematic approach for mapping bedrock depth
beneath glacial sediments. Semi-automated picks of the top-
bedrock elevation were made at over 80,000 AEM model
locations, and picks were used to generate a gridded depth to
bedrock map over the survey area (Figure 2).

The 2022 southeast Wisconsin survey coveredan areaalongthe
Fox River, in the uppermost part of the Illinois River Basin
where additional AEM surveys extended in early 2023. This
study areapartly overlaps an existinginset groundwater modd
of the Mukwonago Basin that focused on characterization of the
gacia aquifer system and its importanceto surface water and
wetlands (Feinstein et a. 2020). Here, AEM-derived
interpretations of the depth to bedrock were used to refine the
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Refining depth to bedrock in Wisconsin with AEM

thickness and geometry of theoverlying glacial aquifer system
in the groundwater model. The existing model allows
comparison of model outputs with and without the refined
bedrock geometry to test thevalue of new AEM informationin
groundwater model performance.

METHOD AND RESULTS

AEM data were acquired in northeast Wisconsin (3,170 line-
kilometers) during January and February 2021, and in
southwest (1,381 line-kilometers) and southeast (1,171 line-
kilometers) Wisconsin during February and March 2022
(Figure 1). Both surveys used the SkyTEM 304 system, with a
modified system configuration where an increased high-
moment base frequency was implemented to improve early -
time responses given the particular focus on resolving shallow
bedrock. The higher base frequency resulted in some
compromisewith reduced depth of investigation, given thelast
time gate around 3 ms as opposed to 9 ms for the standard
SKyTEM 304 configuration. One-dimensional electrical
resistivity models wererecovered for using AarhusWorkbench
laterally constrained inversions (Auken et a. 2015).

Northeast Wisconsin depth to Silurian bedrock

Inverted resistivity models for northeast Wisconsin (Minsley e
al. 2022) were imported into Geoscene3D (1-GIS, Denmark)
where semi-automated picks of thetop-bedrock elevation were
made by evaluating the shallow transition to high resistivity at
over 80,000 locations aong AEM flight lines (Figure 2A).
Picks were interpolated into maps of bedrock elevation (Figure
2B) and bedrock thickness (Figure 2C) by differencing the
elevation from a Lidar digita elevation model. Bedrock
thicknesses are displayed within several classes that are
relevant to the state technical standards.

ML oM ELTRW BN MIV  WMOOW AW

.‘.".
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Figure 2. AEM interpretations of shallow bedrock. (A)
Bedrock elevation wasinterpreted at over 80,000 locations
along AEM flight lines, where were interpolated into a
bedrock elevation surface (B). (C) Map of depth to bedrock
classes relevant to state technical standards produced by
subtracting the bedrock elevation from a lidar DEM.

Although AEM is effectivein identifying bedrock depth using
a systematic approach, small-scale details can be missed
between flight lines separated by 800 m and regions outsidethe
AEM footprint arenot included. For this reason, we augmented
the AEM-only maps using a statistica approach that
incorporated both AEM picks along with other ground-basad
datasets of bedrock depth (over 170,000 points). Empiricd

Minsley et al.

Bayesian kriging with regression prediction was implemented
using Esri ArcGIS Pro 2.9.1 (Esri, Redlands, Cdlifornia) to
assimilate all available AEM and ground-based datainto amap
of bedrock elevation over a larger area in eastern Wisconsin
(Hart et al. 2022). Updated bedrock maps will be incorporated
in publicly available maps used to apply state technical
standards.

At onelocation where AEM interpretations of bedrock depth
were significantly greater than previous maps derived from
manual probing, detailed ground-truthing was undertaken to
understand this difference. Digging of a shallow trench with an
excavator confirmed that bedrock depth was greater than
indicated by manual probing, which was likely misinterpreted
when shallow cobbles werehitin coarsegrained giacial layers.

Groundwater model improvements with refined aquifer
thickness

We followed a similar processin southeast Wisconsin to refine
interpretations of depth to bedrock, corresponding here to the
thickness of a glacial aquifer system, by using Geoscene3D to
make bedrock picks guided by resistivity transitions along
AEM flights (Crosbieet al. 2023). Refiningthe geometry of the
glacial aquifer provided an opportunity to evaluatethe value of
this information in performance of an existing groundwater
model in the Mukwonago Basin (Figure 3A; Feinstein et al.
2020).

Although AEM survey lines do not cover the entire model
domain because of populated areas, new interpretations most
notably enhanced representation of a bedrock valley that
intersects the southern part of themodel domain (Figure 3B-C).
Thebedrock valley is apparent asatransition to aresistive layer
at depth that can be tracked in cross-section view (Figure3D).
Although its general location and pattern remain similar,
interpreted depths can vary by morethan 25 m, with the updated
bedrock surface being narrower than in the original version.

Analysis compared groundwater model fit and performance
between the original groundwater model (Feinstein et al. 2020)
and a re-run with refined estimates of depth to bedrock, both
calibrated with the parameter estimation code PEST (Doherty
2022). Addition of the AEM dataimprovedoverall model fit by
17%. More importantly, however, significant improvements
were observed in simulation of wetland fens (114%
improvement in fen count) and distribution of groundwater
discharge to non-fen surface water features (72%
improvement). Estimates of total basin discharge worsened
somewhat (-26%).

Better assessment of groundwater interaction with fens and
other surfacewater featuresis achieved through includingmore
realistic aquifer geometry and associated distribution of
groundwater flow between the bedrock and overlying
unconsolidated sediments. This insight, in turn, improves the
ability to inform decisions about water resource management in
this basin. Future efforts will aim to further improve model
performance and predictions by incorporating additional detals
interpreted from the AEM data beyond just bedrock depth
estimates: (1) refine the geometry of different subcropping
bedrock units beneath theglacial aguifer, which have different
hydrologic properties; and (2) informlithologic changes within
the model’s glacial aquifer that are likely important for local
groundwater flow.
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CONCLUSIONS

AEM surveys can contribute in various ways to support
decision making, land use management, and understanding of
groundwater resources. Model-independent information such
as depth to bedrock is directly useful in informing land
management practices in agricultural areas where shallow
fractured bedrock is vulnerableto contamination. Inother aress,
basicinterpretations of depth to bedrock are shown to improve
groundwater model predictions when more representative
aguifer geometry is assigned from AEM interpretations.

. e

Figure 3. Groundwater model area bedrock surface
interpretations. (A) Mukwonago Basn model domain and
area of mapped fens. (B) Bedrock elevationfor the original
2020 model (Feingtein et al. 2020) and (C) and revised 2022
update based on AEM interpretations. (D) Example
resstivity cross-section along an AEM flight line shows
interpretation of the bedrock surface and difference
compared to the original model
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SUMMARY

The typical workflow in electric and electromagnetic
methods includes the acquisition of the data, processing of
thereceived signal and inversion to achieveamodel of the
electrical properties of the ground. The data processingis
a crucia step that defines the outcome of the resulting
model. The electromagnetic method, in fact, as well asthe
induced polarization in gavanic acquisitions, is
particularly susceptible to the systematic noise causad by
anthropogenic infrastructures. Therefore, it is mandatory
to remove the noised data in order to retrieve reliable
models. The standard method for this task is the visud
culling of the data that are most affected by noise and
interferences (the so-called outliers), through softwae
with graphical user interfaces designed with this specific
am.

EEMstudio is a QGIS plugin that allows to visualize
electric and electromagnetic data, to select and remove
outliers, as well as modelling data and launch inversions
though the modelling and inversion kernel EEMverter,
keeping always alink to the map during the process.

EEMstudio is composed by a docked widget in QGIS
where the soundings are plotted, a main window for daa
processing, equipped with ad hoc plotsto visualize the
data, and other windows for launchingforward modelling
on synthetic data as well as inversions, having all the
useful tools in aminimum space. Furthermore, EEM studio
is distributed as a freeware and open-source tool,
accessible to anyone and editable to suit new necessities,
under the EUPL 1.2 free software licence.

Key words. QGIS, processing, modelling, inversion, QC.

INTRODUCTION

In electric and electromagnetic (EM) methods, the processing
phase between dataacquisition and inversionis acrucial step in
theworkflow. Without a proper evaluation of thedataincluded
in the inversion, outliers may generate erroneous inversion
models that do not reflect geology. This is especially relevant
with EM and induced polarization (IP) measurements tha ae
particularly affected by coupling with man-made metal
structures, altering the response of the ground and producing
artifacts in the models if not properly removed.

Furthermore, IP measurements in environmental applications
are often characterized by alow signal-to-noise ratio, making
the processing step crucial to retrieve the desired results.
Despite the existence of automatic processing algorithms, the
preferred method to process dataand perform aquality control
remainsthevisual inspection and culling of the data. Hencethe
need to have an interface to perform this task.

Nowdays the market is very well stocked with inversion
softwares and tools for electric and electromagnetic data
among the most used for EM data we can mention Aarhusinv
(Auken et al., 2015), SIMPEG (Cockett et al., 2015), the GA-
AEM programs (Brodie, 2016) and EMagPY (McLachlanetd.,
2021); for galvanic dataexamples are RES2DINV/RES3DINV
(Loke, 2004), ReslPy (Blanchy et a., 2020) and pyGIMLi
(Rucker et a., 2017).

However, fewer choices are available for data processing. The
most complete option both for electromagnetic and electric daa
is Aarhus Workbench (Auken et al., 2009b), which usss
Aarhuslnv asinversionkernel (Aukenetal., 2015) and usssan
integrated GIS for data inspection. However, Aarhus
Workbenchis an expensive commercial softwarethat does not
allow modifications by the users.

EEMstudio has been developed to be a freeware and open-
source Graphic User Interface (GUI) in the form of a QGIS
plugin for processing, modelling and inversion of electric and
electromagnetic data, all in oneplace. It has been developed to
be available for academic, teaching and professional use and
being open source, under license EUPL 1.2, it is possible to
interrogate, adapt and customize the source code to the user’s
need. In the following, the sources of systematic noises are
described, together with the typical processing steps;
subsequently, EEMstudio is illustrated in all its parts.

DATA PROCESSING

The EM method, as well as galvanic induced polarization, ae
particularly susceptible to inductive coupling. Inverting rav
data, keeping the coupled data distorted by the presence of
anthropogenicinfrastructure, producesartifactsin theresulting
models, with the risk of being erroneously interpreted as
geological features. In particular, the presence of metallic man-
made structures causes buried conductors in the models; the
random noise instead causes spotted appearance at depth or
deep conductors, affecting also the resistivity of the
intermediate parts of the model because of the verticd
constraintsthat areused intheinversons(Viezzoli etal., 2013).
Therefore, it is essential to recognize these interferences and
carefully remove their effect in order to achieve reliable
models.
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EEMstudio

Typically, an AEM dataset requires a three-step processing i)
automatic processing (averaging and filtering) of the navigation
data; ii) automatic processing of voltage dataand calculation of
standard deviations based on datastacks; iii) manual refinement
and quality control of the automatic processing. A fourth step
can consistin afastinversion usingasmoothmodel to improve
the previous ones (Auken et al., 2009).

In areas with extensive man-madeinfrastructures (power lines,
metal fences, roads, pipes) voltage data need a careful manud
evaluation with the support of the georeferenced mapto remove
coupling effects before being averaged. Coupling is either
galvanic or capacitive: galvanic coupling happens when the
conductor is in galvanic contact with the ground and behaves
like a LR circuit; capacitive couplingis due to the presence of
buried insulated conductors that leaks current in the subsoll
through displacement currents, forming a LCR circuit
(Danielsen et al., 2003). Galvanic coupling shows up asalocd
risein thevoltage data, while capacitive coupling as oscillations
and possibly change of sign (Auken et al., 2009). Usually, dl
the data that are included within a distance of 100-150 m from
the infrastructure have to be removed (Auken et al., 2009).
More specificaly, in the case of power lines, their effect
depends on theresistivity of the ground pathway between the
base of the power-line poles, as well as on the quality of the
grounding of the poles themselves (Kang et al., 2021).

The other feature to be careful about in the processing step is
the late-time noise. It represents the ambient noise, which is
evident when the signal drops below the noise level and stats
to oscillate toward the ends with changes of sign. (Viezzoli &
a., 2013). Before removing this final part of the sounding
(referred as denoising), averagingfilters with atrapezoid shepe,
narrow at early times and wider at late times, areapplied to the
decoupled dataset (Auken et al., 2009). This operation ensures
anincreaseof the SN (signal-to-noise) ratio at depth, reducing
the high-frequency features caused by background noise.

EEMstudio

EEMstudio has been designed to have in the same place a
processingtool, an interfaceto launch inversions and visualize
them and an app to forward model data, all while having a
connection to a georeferenced map.

GIS

The link between the data and where it was acquired is akey
feature, on which alarge part of the quality of the processing
depends. We chose QGI Sas the base of thetool, asit is the most
widespread open-source Geographic Information System (Gl
software available. In QGIS, EEMstudio starts as a docked
widget (Figure 1), wherethe user can upload the processingand
inversion files. It automatically loads the positions of the
soundings in aQGI Sproject. Additionally, also the positions of
the soundings that are shown in the plots are constantly shown
in QGIS map astemporary layers, to locate them in real time.

Processing

For the processing, it has been developed a graphic interface
(GUI) to visualize data and to perform an accurate processing
of various kinds of data, such as transient EM data (airbome
and ground-based), time-domaininduced polarization dataand
galvanic data.

EEMstudio was created after experiencing processing with
other codes and adapting it to the needs and experience of the

Sullivan et al.

research group. Therefore, theuser is provided with many plots,
linked to the QGIS map, to have a better overview of the data
Processingis made by the usage of avast range of shortcutsthat
reflects all the necessities that could arise during processing
based on personal experience and other user’s feedbacks,
ensuring a quick and optimized processing phase.

EEMstudio processingwindow (Figures 2 and 3) is composad
by the plots in which the data are visualized, selected and
processed. The plots in the central part of the widow can be
changed with different configurations.

Theplotinthe upper part of thewindow is Positions, where the
elevation or flight altitude is shown. Additionally, measures of
pitch, roll and yaw can be added to the plot.

Under this plot there are Patchwork (Figure 2) and Data Stripe
(Figure 3) plot types. Both plot types show the decays’ values
gate-by-gate for a number of soundings. In Patchwork the
sounding number (or the flight time, depending on the setting
choice) is plotted on x axis, thegate number ony axis, with daa
values represented in colour scales. Culled-out data are
colouredin grey (no culled data are shown in Figures 2 and 3,
to highlight the noised data).

In Patchwork visualization (Figure 2), raw data does not
providedirect information about conductivity or depth, because
it is dependent by the resistivity of the layers that are
investigated, but it’s useful to observe spatial patterns of the
measured response and possibly identify where the signal is
affected by infrastructures or noise (Viezzoli et a., 2013).

In Data Stripe (Figure 3) the sounding number (or the flight

time) is plotted on x axis, and (L(is—i/:l;) (other choices are paor

dB/dt) values on y axis Positive data are plotted in blue
negative in red, culled-out in grey. The plot on the right pand
showsthe(‘(ii—l{j)t) (orpaor dB/dt) decaysthat can be selected
inthe Data Stripe/Patchwork. Likein Data Stripe, positive data
are plotted in blue, negative in red, culled-out in grey.

Modelling

Within EEMstudio an interface to manage easily modellingand
inversion will be provided. The modelling part will be useful
for educational purposes, like the modelling software EMMA
(Auken et al., 2002) but also to build or modify 1D/2D/3D
starting models for the inversions.

For theinversions part, it will bepossibleto launch 1D/2D/3D
and joint inversions using EEMverter (Fiandaca et al., 2023),
thefreeware softwarefor electric and electromagnetic methods
developed by the EEM Team for Hydro & eXploration.

CONCLUSIONS

EEMSstudio brings to the scientific community a tool for
visualization, processing, modelling and inversion of AEM
data, ground EM and galvanic data. It isafreealternativeto the
commercia software that dominate the field. Being open
source, the user has also the opportunity to modify and improve
it, with huge development possibilities. Functioning within
QGIS, it alows to use the most widespread open-source GIS
softwareduringthe processing, keeping all themain workflow
in one place.

The processingapp is equipped with a variety of plotsto have
awell-rounded understanding of the dataand is optimized for a
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quick and straightforward processing. Furthermore, from the
modelling app is possible to launch easily inversions with an
intuitive and user-friendly GUI.

EEMstudio is arecently born project, ill in development but
ready to accommodate new modules, making it a canvas for
everyone idea
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Figure 1. QGIS main window with EEMstudio plugin on the right, i.e. the docked widget. There the user can upload the
processing and inversion files. The layers containing the acquisition positions are automatically added to the QGIS proj ect.
Blue dotsare AEM soundings, red dots are electrodesof galvanic soundings. The white dotsareall the AEM soundings shown
in EEMstudio processng window and the ones with a smaller black dot inside (where the arrow points) are the soundings
shown in Decays (right panelsin Figure 2 and Figure 3).
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Figure 2. EEMstudio processing window — Patchwork view. In the plot in thecentre top the elevation of the acquisition points

is plotted againg the sounding number or acquistion time. In the bottom plot the decays are plotted gate by gate againg
sounding number or acquisition time, and represented with a colour scale that indicatesthe value of %or dB/dt or pa(in
this figurethe data are not culled out to highlight the noise). The plot on the right are the decays of % or dB/dt or pa. All

the soundingsthat are present in the Patchwork areplot with white dotsin theQGIS map; thedecays shown in the right panel
with an additional black dot insde (Figure 1).
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Figure3. EEMstudio processng window — Data Stripe view. In theplot in thecentre top the elevation of theacquisition points
is plotted againg the sounding number or acquisition time, as in Patchwork view. In the centre and bottom plotsthe decays
are plotted gateby gateagainst sounding number or acquisition time, with two choices of representation: in the centre plot as
blue dotsif positive, red if negativeand grey if culled out; in thebottom plot with gate-by-gatecolouring. Theplot on the right

panel showsthe decaysselected in theData Stripe as(‘(i:i/:)t) or dB/dt or pa. All the soundingsthat arepresent inthe Data Stripe

are plot with white dotsin the QGIS map; the decaysin theright panel with an additional black dot insde (Figure 1).
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