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Executive summary

The Geological Survey of South Australia (GSSA) and the Department for Environment and Water (DEW)
invested in the acquisition of newegional airborne electromagnetic (AEM) dataveling the Musgrave
Province in South Australia. The purpose adsh survgs was, in partto identify potential palaeovalley

hosted groundwater resources that could help secure water supplies for remote communities and support
potential mineral resource developments, as well as development opportunities such as the pastoral
industry.

The AEM method, being nénvasive, fast and effective, particularly in remote areas where access on the
ground can be challenging, can assist in mapping the location and geometry of aquifer systems including
palaeovalleys, which constitute an impant groundwater resource for local communities, industry and
environment.

¢CKS LINARYIFINE 202S00A0Sa 2F GKS ¢2N] OF NNASR 2dzi ¥F2
3 Project:

1. To assess and process data from the two regigeale AEM surveys, covering a significantly larger
part of the Musgrave Province, and,;

2. To invert these two AEM data sets using a common approach to deliver a seamless model of the
subsurface conductivitytructure taking account of the survey area and specifications of each system
employed.

This report briefly reviews details of the AEM systems employed and the survey specifications used in this
extended study of the Musgrave Province. It principally $@son detailing the processing applied to the
data and the results from their subsequent inversion.

Two different AEM surveys were planned with a relatively wide line spacing of 2 km, wide enough to cover a
large region, whilst being close enough to pdevuseful information about the variability of cover, including

the location and geometry of the major palaeovalley systems known to be present in the area. Both surveys
were flown with a line spacing of 2 km in a nedgbuth direction. The western surveyas flown with the
TEMPEST high moment (HM) system, and the eastern part with the SK¢TEB/stem Both systems are

time domain AEM systems, one being of a fixed wing configuration (TEMPEST), the other being helicopter
borne (SkyTEM). The orientatiohthe survey boundaries and their extent was defined in consultation with

key stakeholders in the region, including State Government departments, the community and industry.

The processing and subsequent inversion of the TEMPEST and SkyTEM dataishswausing the
Aarhudnvone-dimensional 1D) processing and inversiarode The processing procedure applied to the two
datasets differed due to the nature of the raw dgpeovided by the contractorslhe two surveys were
inverted using a smooth layenodel employing lateral constraints and for tHmer scale survey areas a
spatially constrained inversion approach was employed.

The inverted products of two regional AEM surveys, acquired by different systems, have been merged to
provide a regionascde image of the palaeovalley systems that characterise the Musgrave Province. The
orientation and distribution of the palaeovalley fill is represented as a conductive sedimentary sequence,
which overlies a very resistive basement. The derived conducstiticture appears well determined by a

1D layered earth inversion. The conductivity pattern and by inference, the palaeovalleys shows a close affinity
with the basement structure of the province, indicating its significance in determining the originahdeai
systems. The observed conductivity structure also shows a close correspondence with the alluvial sequences
defined in the GFLOWIShydrogeological framework map, indicating that the original conceptualisation,
based on combining information from a demporary terrain index (MrVBF) and loeadale airborne
electromagnetic data acquired for mineral exploration in the region, was well founded.

Inversion of AEM data y
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1 Introduction

1.1 Background

¢ KS D2@&RSNJ LYyYailA dTezi Cuback \WEdteOSoltitibn$ Staga FHBwvs Btag@)Project is
primarily concerned with the validation of the regional hydrogeological framework metbggaleveloped

in projects GFlows Stages (kee Munday et al. 2013t also seeks to extend that framework to provide a
regional groundwater resource assessment in a data poor area through the integration of regional
geophysical and geological data cagblwith targeted hydrogeological data acquisition (principally through
drilling) and interpretation. These objectives will be met by developing a thi@ensional geological model

of the unconfined aquifer systems in thaeafgu Pitjantjatjara Yankunytjatja (APY) Landsd the Musgrave
Provinceusing regional geophysical coverage.

Research outcomes for-Bows Stag® include workflows for defining groundwater resources, conceptual
models of aquifer systems and groundwater quality for community, indusixy environment in remote
areas characterised by a paucity of data. These workflows will have application in other parts of South
Australia, and elsewhere in Australia where knowledge of the groundwater resogiicaged. In the APY
Lands it will alsoeliver a regionascale resource assessment, providing a framework for determining
sustainable groundwater use across a substantive part of the region.

Part of the GFlows Stag® project will extend the scientific approaches undertaken in the preceding stages

1 and 2, where in the former, legacy airborne electromagnetic (AEM) data acquired by mineral explorers
were reinterpreted to develop a hydrogeolapl framework(and produce a Hydrogeological Framework
Map for the Musgrave Provinced help define thegroundwater resource potential of the region (see
Munday et al. 2013). The Geological Survey of South Australia (GSSA) and the Department for é&ftvironm
and Water (DEW) have invested in the acquisition and processing of new AEM data, which covers the
Musgrave Province in South Austrafleigure 1) The purpose of this study was to identify potential
palaeovalley hosted groundwater resources that cdétp secure water supplies for remote communities

and support potential mineral resource developments, as well as development opportunities such as the
pastoral industry.

1.2 Objectives

Employing two airborne electromagnetic systems to acquire data over @ g of the Musgrave Province

in South Australia presents the opportunity sggnificantly extendnformation about the subsurface in an
otherwise data poor area. The AEM method, being-mwasive, fast and effective, particularly in remote
areas whereaccess on the ground can be challenging, can assist in mapping the location and geometry of
aquifer systems includingalaeovalleyswhich constitute an important groundwater resource for local
communities, industry and environment.

The primary objectivesf the work carried out for this report ere:

1. Toassess and process data from the two regigeale AEM surveysovering a significantly larger
part of the Musgrave Provincand,

2. Toinvert these two AEM data sets using a common approach to deliveamaless model of the
subsurface conductivity structure taking account of the survey area and specifications of each system
employed.

This report briefly reviews details of the AEM systems employed and the survey specifications used in this
extendedstudy ofthe Musgrave Province. pirincipallyfocuses on detailing the processing applied to the
data and the results from their subsequent inversion. The results presented here are derived from an
unconstrained(in the sense of being linked to external dathorehole/surface or other measurement)
inversion of the data.

Inversion of AEM data [L



1.3 Musgrave Province airborne electromagnetic surveys

For the State Government regional AEM data acquisition, two different AEM surveys were plaitimed
relatively wide line spacing of 2 km, wide enough to cover a large region, whilst being close enough to provide
useful information about the variability of cover, including the location and geometry of the major
palaeovalley systems known to be pemnt in the area. Both surveys were flown with a line spacing of 2 km

in a northsouth direction. The western survey was flown with the TEMPEST high moment (HM) system, and
the eastern part with the SkyTBEMFASSystem (Figuré). Both systems are time dwmin AEM systems, one

being of a fixed wing configuration (TEMPEST), the other being helicopter borne (SkyTEM). The orientation
of the survey boundaries and their extent was defined in consultation with key stakeholders in the region,
including State Govementdepartments, the community and industry.

Acquisition, quality assurance and quality control of the two AEM surveys was managed by Geoscience
Australia (GA) on behalf of the Geological Survey of South Australia (GSSA) and CSIRO using their standarc
protocols. Survey specifications (system type, line orientation and spacing) was determined through
discussion between the GSSA, the Department for Environment and Water (DEW), CSIRO, and GA, guided by
a desire to resolve regolith thickness and understaggional variations in regolith stratigraphy.

The survey area was divided into two separate parts with a small ovexdap overlapping line where the
surveys join. Both surveys were flown with a line spacing of 2 km in a-soutih direction. The 8595nk-
kilometres of TEMPEST HM data were acquired between theflLBugust and 17 of September 2016 by

CGG Aviation Pty. Ltd., while the 8412 Jilemetres of SkyTENPASdata were acquired between
September and 1Bof October 2016. In additioto the 2km line spacing, SkyTEM data were also acquired

in smaller infill areas where the line spacing was reduced to 250 and 500 m to map finer details in these areas
(Figure 2).

1.4 Rationale for two different airborne electromagnetic systems

The rationaldor selecting two different systems for tlextended coverage of the Musgrave Provineas
linked to cost and to the need to acquire spatial information at scales appropriate tothe targets of interest.

In the western region, the aim was to acquire infortioa relating to basement geology and cover, the latter
being of an undetermined thickness and conductivity. The presence of the Lindsay palaeochannel (Alley and
Lindsay 1995), interpreted as a sedimditied major trunk drainage system that runs throutjie Musgrave
Province from north to south was also a target, although little was known of the thickness of the cover within
it, or its conductivity. The serendipitous targeting of deep conductors was also considered in the choice of
systems. With these pais in mind, the fixedving TEMPEST high moment (HM) AEM system was selected,
potentially providing good signal to noise in areas of conductive cover, whilst also providing the moment
required to explore deeper. In the eastern region, the focus was oniaegunformation on the aquifer
systems present, particularly in the vicinity of the indigenous communities. For this reason, the SKyEM

AEM system was selected

2 | Inversion of AEM data
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2 Airborne electromagnetic data acquisition

2.1 Time domain airborne electromagnetic principles

Electromagnetic surveying tecigues involve the measurement of the varying response of the ground due

to the propagation of electromagnetic fields. Primary fields are generated by passing a current through a
loop or coll, referred to as the transmitter loop, which in turn generatesagnetic field- the primary field

(see Figure 3). When the current in the transmitter is turned off abruptly, an electrical current is induced in
the ground which will results in another magnetic field, the secondary field. As time passes the resistance in
the ground will weaken these induced currents, resulting in a decaying secondary magnetic field which is
measured by the receiver coils (positioned at the rear, and offset from the transmitter loop in the SKyTEM
system, or in a towed bird, below and tohear of the aircraft inthe TEMPEST system (see Figures 4 and 5).
The receiver coils record the response of a decaying signal in the ground at various times (referred to as gates
or time windows) after the transmitter pulse has been switched off (Pe26€d). These time windows are
typically logarithmically increasing to improve the signal to noise ratio at later times.

\\ // Current flows

(/___ \ \ S round loop

I I Primary

H=—"%a

I I \\ generated

Figure3. Operating principles o& time domain electromagnetic system.
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Just after turroff of thetransmitter current, the current in the ground will be near surface and therefore the
measured signal will reflect conductivities of near surface layers. At later times the current propagates
deeper into the ground and the measured signal will containrinfition of the conductivity of these deeper
layers. As the induced current results from the magnetic component of the electromagnetic field there is no
need to have physical contact between transmitter or receiver and the ground.

The difference between thgansmitted (primary) and received (secondary) electromagnetic fields will be
determined by the geometry and electrical properties of conductors in the ground. Materials that are highly
conductive produce strong secondary electromagnetic fields. Sedinfatitssium), soils or other regolith
materials that contain saline pore water generate such fields. The shape of the decaying signal provides
information about the vertical conductivity structure of the subsurface.

Most AEM systems map contrasts in grosodductivity that are then interpreted on the basis of experience
and with the support of ancillary data, including surface and bore water salinity (electrical conductivity),
downhole conductivity measurements, lithology logs from drilling, surface geagiyavestigations and
other observations.

6 | Inversion of AEM data



3 Airborne electromagnetic systems

3.1 The TEMPEST High Moment airborne electromagnetic system

The TEMPEST system is a fw@ty time domain airborne electromagnetic system developed in 1998 by
Cooperative Research Centre for Australian Mineral Exploration TechnologieAERGestablished by the
P'dzZAUNY EALY D2OSNYYSyuQa O22LISNIUAGS NBaSlkNOK OSyYy
been widely used in Australia for both prospedale surveys (Beckitt 2003), catchment management (Lane

et al. 2001) and groundwater mapping (Sattel and Kgotlhang 2004). It has also been deployed for surveys
covering large regional areas, including, for example, the Patersonin Western Australi®ifW¢/AJreek in

the Northern Territory, the Frome Embayment in South Australia, and the Capricorn region of WA (Roach
2010, 2012; Craig 2011 and kegoper et al. 2017). These surveys have formed part Australian State and
Federal Government initiatives inwaohg the acquisition of preompetitive data to encourage mineral
SELX 2N} GA2Yy Ay a3INBSyFASERE | NBFao

The TEMPEST system (Lane et al. 2000) uses-avibgedircraft as the platform where the transmitter loop

is draped around the wingtips, tail and nosetloé aircraft while the receiver coil is hosted in a bird towed
approximately 120 m behind and 40 m below the aircraft (Figure 4).

Transmitter Loop

Tow cable

¥

Figure4. TEMPEST electromagnetic system in survey mode.

The transmitter height is typically nonally 120 m above the ground. The system measures both the inline

(2) and the vertical (X) components. The deconvolved ground response is converted to a 100% duty cycle
squarewave Bfield response. More detailed system specifications can be found in Tabid 2 and in the
acquisition and logistics report provided by CGG (CGG 2016). The TEMPEST HM system, as configured on &
Casa 212 fixed wing platform, differed from the standard TEMPEST and the newer 208 platform as detailed

in Table 3. The most signdict differences are reflected in differences in the Peak current and moment. In

the context of the G-lows Stag® Project these properties would benefit the definition of thick conductive

cover.
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Base frequency (Hz)

Tx peak current (A)

Tx loop area ()
Transmitter turns

Peak moment (Arf)
Average moment (Arf)
Waveform

Duty cycle

Transmitter pulse widthand off time
Time gates (us)

TxRx horizontal separation
TxRx vertical separation
Receiver components
Stacked data output interval

Flying height (m)

Tablel: Table detailing TEMPESTgH Moment system specifications

SYSTEM HIGH MOMENT TEMPEST

25
1200

240

288000
144000
Square

50%

10ms 10 ms
13-16200

115m (nominal)

47m (nominal)

X&Z

200ms (~12m)

120

WINDOW GATESTARTUS)

1 7
2 33
3 60
4 87
5 140
6 220
7 353
8 567
9 887
10 1367
11 2113
12 3287
13 5127
14 8007
15 12,407

Table2: Window specifications for the TEMPER§h moment HM) system

GATECENTERuS) GATEEND(US)

13 20

40 47

67 73
107 197
173 207
280 340
453 553
720 873
1120 1353
1733 2100
2693 3273
4200 5113
6560 7993
10,200 12393
16,200 19,993
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Table3: System specifications for thearious TEMPEST systems

Base frequency

Transmitter area
Transmitter turns
Waveform

Duty cycle
Transmitter pulse width
Transmitter offtime
Transmitter turnoff
Peak current

Peak moment
Average moment
Sample rate

Sample interval
Samples per haltycle
System bandwidth
Nominal Flying Height

(subject to safety considerations)

EM sensor

TxRx horizontal separation

TxRx vertical separation

Stacked data output interval

Number of output windows

Window centre times

75/25 Hz
244 n?
1
Square
50%
10 ms
10 ms
42pus
280 A
68,320 Amd
34,160 A
75kHz on X and Z
13 microseconds
1500
25Hz to 37.5 kHz

120 m

Towed bird-3 component dB/dt coils

117 m (nominal)

41.5 m (nominal)

200 ms (~12 m)
15

13 pusto16.2 ms

25 Hz
244 nt
1
Square
50%
10 ms
10 ms
80us
1,200 A
288,000 Arf
144,000 ArA
75kHz on X and Z
13 microseconds
1500
25 Hz to 37.5 kHz

120 m

Towed bird-3 component dB/dt coils

117 m (nominal)

41.5 m (nominal)

200 ms (~12 m)
15

13 psto 16.2 ms

25/12.5 Hz
154 i
1
Square
50%
10 ms
10 ms
~ 55|s
560 A
86,240 A
43,120Am"
76.8 kHz (X and Z)
13 microseconds
1536
25 Hz to0 38.4 kHz

100120 m

Towed bird-3 component dB/dt coils

115m (nominal)
45m (nominal)
200 ms (~12 m)
15
13.3ps to 16.2 ms
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3.2 The SkyTEM airborne electromagnetic system

The SKyTEM system were deployed in the Musgrave Province; was the ST Vhe SkyTEM system is

a time domain helicopteborne system developed in Denmark in 2004 (see Sgresseémiuken 2003 and
Halkjaer et al. 2006 for a more complete technical description). The system was originally developed for
groundwater mapping purposes and in an Australian context the SKyTEM system has successfully been
applied to mapping of alluvial aders, including buried palaeovalley systems, across Australia (see, for
example, Viezzoli et al. 2009; Lawrie et al. 2010; Fitzpatrick et al. 2011, Davis et al. 2015, 2016, and Munday
et al. 2016), as well as for minerals exploration (see, for exampie aRd Viezzoli 2007, and Ley Cooper et

al. 2014).

The SkyTEM carries the transmitter loop and receiver coil as a sling load beneath the helicopter (Figure 5).
The system is capable of operating in a dual transmitter mode; a low moment with a low cunchigd

base frequency provides early time data for shallow imaging, and a high moment mode, with a higher current
and a lower base frequency provides late time data for deeper imaging.

Figure5. SKyTEM'?STin survey mode.

The receiver coils are rigidly positioned at the rear of the transmitter frame and slightly above it in a near null
position relative to the primary field. Additional details are provided in Tables 4, 5 and 6, and in the
acquisition and pcessing report (SkyTEM 2016).
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Tabled: SkyTEMI*FASTAEM system specifications

SYSTEM SKYTEM LOW MOMENT SKYTEM HIGH MOMENT
Base frequency (Hz) 275 25

Tx peak current (A) 5.9 117

Tx loop area (¥) 337 337

Transmitter turns 2 12

Peak moment (Arf) 3980 473000

Waveform Linear rise, linear rampff, bipolar Pseuderectangular, linear ramyoff, bipolar
Duty cycle (%) 44 25

Transmitter ontime (ms) 0.8 5

Transmitter off time (ms) 1.018 15

Time gateqs) 16.4%877 392.4¢13160

Front gate (us) 0 370

Receiver components X&Z X&Z

Flying height (m) 45 45

3.3 Spatial resolution of airborne electromagnetic systems

The spatial resolution or footprint of an AEM system is the area or volume of the ground beneath the system
which contributes the majority of the response. The spatial resolution of an AEM system depends on the
scale of the system, transmitted power an@duency range, receiver sensitivity and ground conductivity
distribution (Reid et al. 2006). The footprint of a system can also be used to assess appropriate flight line
spacing for surveys as well as the applicabilitpred-dimensional 1D) interpretations. The resolution is
better along lines where data density is large compared to across lines.

The ability of the helicopteborne systems to fly lower (transmitter and receiver at around 30 m above the
ground) compared to the fixed wing systems wherettiamsmitter is at a height of 100 m does increase the
resolution and the potential depth of investigation particularly in resistive terrains. In conductive terrains low
flying systems are better able to penetrate the conductive overburden (Macnae 2007).
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Table5: Window specifications for the SkyTEMST.ow Moment

WINDOW GATESTART GATECENTER GATEEND
(1S) (1S) (1S)
9 14.63 16.415 18.2
10 18.63 20.915 23.2
11 23.63 26.415 29.2
12 29.63 33.415 37.2
13 37.63 42.415 47.2
14 47.63 53.915 60.2
15 60.63 68.415 76.2
16 76.63 86.415 96.2
17 96.63 108.915 121.2
18 121.63 136.915 152.2
19 152.63 172.415 192.2
20 193.63 217.915 243.2
21 243.63 274.915 306.2
22 306.63 346.415 387.2
23 387.63 437.915 488.2
24 488.63 551.915 615.2
25 615.63 695.915 776.2
26 776.63 877.415 978.2
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Table6: Window specifications for the SkyTEM™SHigh Moment

WINDOW GATESTARTUS) GATECENTERIS) GATEEND(uS)
13 387.63 392.415 397.2
14 397.63 403.915 410.2
15 410.63 418.415 426.2
16 426.63 436.415 446.2
17 446.63 458.915 471.2
18 471.63 486.915 502.2
19 502.63 522.415 542.2
20 542.63 567.915 593.2
21 593.63 624.915 656.2
22 656.63 696.915 737.2
23 737.63 787.915 838.2
24 838.63 901.915 965.2
25 965.63 1045.915 1126.2
26 1126.63 1227.415 1328.2
27 1328.63 1455.915 1583.2
28 1583.63 1744.415 1905.2
29 1905.63 2108.415 2311.2
30 2311.63 2566.915 2822.2
31 2822.63 3145.415 3468.2
32 3468.63 3864.415 4260.2
33 4260.63 4744.415 5228.2
34 5228.63 5820.915 6413.2
35 6413.63 7139.415 7865.2
36 7865.63 8753.415 9641.2
37 9641.63 10731.42 11821.2
38 11821.63 13156.42 14491.2
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4  Dataprocessing

The processing and the subsequent inversion of the TEMPESSkghBM data was carried out using the
Aarhus Workbench processing and inversion software (Auken et al. 2015). The processing procedure applied
to the two datasets differed due to the nature of the provided raw data. The raw SkyTEM data was supplied
by thecontractor as .skb files and these along with a .geo file containing system specifications were imported
into the Aarhus Workbench. The TEMPEST data on the other hand were supplied as a Geosoft database and
the data was exported to a XYZ file for impotbithe Aarhus Workbench.

4.1 Processing of SKkyTEM data

The following workflow was employed for the data processing of the acquired SkyTEM AEM data:

1. Import raw (.skb files) data to Workbench using contractor supplied line files and .geo file with
system specitations such as waveform, channels, turns, filters etc.
2. 5A0ARS RFGF Ayid2 aLNRBOSaaAy3a y2RS&¢ | OO2NRAY
3. C2NJ SI OK aLINRPOS&aaAy3a y2RSé¢ dzy RSNII {1SY
w Automatic processing of GPS position, tilt and altitude data of the tratesnframe;
w Manual processing of altitude;

w Apply topographic data set from external file;

w Automatic processing of Low and High Moment response data (this includes averaging of the
raw LM and HM moment data through filtering);

w Manual editing of theautomatically processed data to remove any cultural and late time
noise which the automatic filter settings did not account for.

This workflow and its implementatiopwas aimed at preparing the data for the full ntamear inversion step
that followed (€e Section 5).

4.1.1 PROCESSING OF GPB ARANSMITTER FRAMET DATA

The positions of the transmitter frame during survey acquisition were measured with two GPS receivers
(GPS1 and GPS2). See acquisition and processing report for details of their positiengsams mitter frame
(SKkyTEM 2016). Both GPS1 and GPS2 record data during survey acquisitiaagqisiion, differentially
corrected positions can be obtained in conjunction with data from a ground base station. GPS2 uses the
OMNISTAR high precisioeat time correction service, where differential corrections are received in real
time. Therefore GPS2 data are used as the primary navigation data source for the survey.

The automatic processing of the GPS positions in Aarhus Workbench entails filtetiagenaging of the

data. GPS data positions are necessary for each individual sounding in order to use the derived dB/dt data.
Tilt meters mounted on the front of the transmitter frame measure its attitude during data acquisition. Frame
pitch and roll are@ecorded, and the resulting data are then filtered and averaged using a median filter.

4.1.2 PROCESSING OF THHRUDE OF THE TRANBMER FRAME

The processing of the raw altitudes from the two laser altimeters fitted on the SkyTEM transmitter frame
includes anautomatic filtering and averaging process. A subsequent manual editing is often required to
remove outliers, reflections not originating from the ground surface, and to correct the altitude for areas
where the automatic filter applied to the data has beegeffective. During this processing the altitude data

NS fad2 FR2dzZAGSR F2NJ GKS FfGAYSGSNDE RSOAFGAZ2Y 71
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Figure 6 shows how the recorded altitudes from the two altimeters can vary and how the processed altitude
disregards laser ridctions caused by other objects than the ground such as trees. The processed altitude
was used as input into the inversion of the data.

90.0

85.0
80.0
-75.0

70.0

60.0

1un oN

27-09-16 03:17:00 27-09-16 03:17:10 27-09-16 03:17:20 27-09-1603:17:30 27-09-16 03:17:40 27-09-16 03:17:50 27-09-16 03:18:00 27-09-1603:18:10 27-09-16 03:1820 27-09-16 03:18:30 27-09-16 03:18:40 27-09-1603:18:50

Date and Time

Figure6. An example of the two altimeters (red angreen) and the processed altitude (brown) for two minutes of
data.

4.1.3 PROCESSING OF LOVDANGH MOMENT AMPUDE RESPONSE DATA

The automatic data processing applied to the Musgrave SkyTEM data set included the application of what is
referred to as an averag trapez filter. This helps remove late time noise and assists in the choice of the
sounding distance (distance between soundings) of the averaged data. The width of the trapez filter was
chosen so that it would average noise, while honouring the lasdratture seenin the amplitude response

data. The filters have been kept as narrow as possible while still allowing the late times to be averaged
adequately to improve the signal to noise ratio. For some parts of the survey area the noise levelseare quit
high, this is particularly the case for areas with limited cover. A consequence of a varying signal to noise ratio
across the survey area, is that for the parts where the noise levels are very high the data is not useable as
input into an inversion (Figas 7 and 8). In addition to the averaging trapez filters, automatic filters to
remove late time noise are used cautiously (Figure 9). There are parts of the survey area where induced
polarisation (IP) effects were seen in the SkyTEM data as negativesgadate times. The appearance of IP
effects in airborne EM data sets has become increasingly apparent with significant improvements in system
signal:noise and higher power (see for example, Smith 2016, and Viezzoli et al. 2017).

Induced polarization (IRffects are not only evident as negative receiver voltage values, which in some cases
are easy to detect, but they can also be present in these data as exceedingly fast decays, or erratic
slopes/curvatures, without ever changing sign. Smith (2016) ré¢essich behaviour as 'shape reversals',
where a high spatial frequency feature changes from a relative positive at early times to a relative negative
at late times. In some cases, the most subtle IP effects will not become evident until modelling istattemp
Some shape reversals could be misinterpretethase-dimensional 8D) effects, so care must be given to

their study in data space, accompanied by an assessment of inversion outputs in the model space.

At the time of writing, the inversion codes empéa here were unable to model AlP. Its presence can lead

to significant artefacts in the resulting model if they are not first identified and removed. Therefore, for this
study we filtered out the most obvious effects of IP, with soundings affected byafRatly identified and
removed from the data set prior to inversion. Where possible, only late time channels were removed from
0KS AYOSNBEAZ2Y® LU ySSRa (2 0S aiNBaasSR K26SOSNE
1989, Flis et al1989 and Viezzoli et al., 2016), but rather distort large portions of the entire transient. Itis
therefore virtually impossible to eliminate them totally from the measured data prior to inversion.
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Figure7. SkyTEM low moment raw amplitude response (top set of curves) and averaged amplitude response data
(bottom set of curves) for part of aflight line. Thgreyedoutareas in the bottom panel are areas where the data is
unusable dueo high noise levels.
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Figure8. SkyTEM low moment averaged amplitude response (top set of curves) and highmoment averaged amplitude
response data (bottom set of curves) for part of a flight line. Tdreyedout areas in both panels are areas where the
datais unusable due to high nadevels.
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During the manual processing the effect of the automatic filters is assessed and any remaining cultural and
late time noise artefacts which the automatic filter settings did not account for are removed. Noise in the
data can be caused by anthragenic features such as powerlines or buildings. Figure 8 shows an example of
the raw amplitude data for each gate for part of a flight line. Noise is assessed and then averaged (filtered),
or removed where present. This is done for each flight line. imekample, low moment data for part of a

line are displayed. Greyed out data points are data that have been removed during the procatesnged

to be affected by noise. The Low and High Moment raw amplitude data are also assessed independently.
Once cmplete, the cleaned, processed data are then combined in a preliminary laterally constrained
inversion (LCI) to assess if the manual processing was adequate, and to help choose the optimal inversion
model parameters for application to the full data set.
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Figure9. SkyTEM low moment raw amplitude response (top set of curves) and averaged amplitude response data
(bottom set of curves) for part of a flight line. Thgreyedout areas in the bottom pael are where late time noise
has been removed either throughthe automatic filters or through a manual process.
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4.2 Processing of TEMPEST data

The workflow for the processing of the TEMPEST data was similar to that employed for the SkyTEM data
except forthe GPS positions and transmitter height, as these have already beerpmuostssed by the
contractor (see logistics report: CGG 2016). There was no need for an extra averaging of the data as the
supplied data already has been filtered. The workflow ireglv

1. Import data to Workbench using contractor supplied data and a .geo file with system specifications
such as waveform, channels, turns, filters, etc.
2. 5ABARS RIFEGEF Ayid2 aLINROSaaAyd y2RSa¢ I O0O2NRAY3
3. C2NJ SI OK aR&N2 ORyarRiSINAAl yRY
w Apply topographic data set from external file
w Automatic processing of X and Z component response data (to remove cultural and late time
noise)
w Manual editing of the automatically processed data to remove any cultural and late time noise
which the automatic filter settings did not account for

This workflow and its implementation was aimed at preparing the data for the fullinear inversion step
that followed (see Section 5).

4.2.1 PROCESSING OF X ANDOMPONENT AMPLITRURESPONSE DATA

The Z and X component TEMPEST data, underwent an automatic filtering to remove negative values at late
time caused by IP effects, as well as to remove general late time noise. The manual processing entailed a
visual inspection of the automatic processirgveell as additional removal of noise where needed (Figure 9).

Logg No unit

02-11-16 21:29:30 02-11-16 21:30:00 02-11-1621:30:30 02-11-16 21:31:00 02-11-16 21:31:30 02-11-16 21:32:00 02-11-16 21:32:30 02-11-1621:33:00

Date and Time

Figurel0. TEMPEST Z component amplitude response (top set of curves) and X component amplitude response data
(bottom set of curve$ for part of a flight line. Theyreyedout areas are where noise has been removed either through
automatic filtering or through a manual process.
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4.3 Topographic data

In order to relate the conductivitdepth models derived through inversion to landscapergetry, a digital
elevation model for the area was required. Each of the AEM surveys comes with their own topographical
model obtained from the survey itself, but in order to relate the two datasets to the same reference
topography, a 3 m orthophotderived DEM was chosen for this purpose (Figure 11).
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5 Datalinversion

5.1 Airborne electromagnetic data inversion

Measured AEM data can be imaged by gridding the raw window/time channels, where early times represent
the near surface and late times greawgpths. Although generally true, later times do not necessarily
correspond to greater depth of penetration, and greater amplitude does not necessarily correspond with
higher conductivity. These are therefore not a direct representation of a constant deyithather of a time

slice of a response. While these might provide a quick overview of the spatial patterns of the data, they do
not provide information about the conductivity distribution with depth. However, measured AEM responses
can be converted frordecay curves to information of conductivity variations with depth in the ground. This
requires an inversion or transformation of the data.

Inversion of AEM data requires knowledge about the AEM system parameters, as an inversion basically
entails an itergive process of minimising the misfit between the measured response, and a forward modelled
response from a given earth model (consisting of a number of layers each with an associated conductivity).
The parameters of the earth model is changed throughtarative process until an acceptable fit between

the measured and modelled responses is achieved. The obtained condudépity model can then be
perceived to be a reasonable representation of a possible model. The inversion of AEM data is, however, a
non-unique problem (i.e. several models are able to fit the data within the acceptable range). Consequently,
models should be verified using independent information such as that can obtained frofotidl Inverted
conductivity depth models along flighbés can be stitched together to fortwo-dimensional 2D) sections,

and across lines to form spatial conductivitypth slices.

Airborne electromagnetic (AEM) data acquired for exploration or environmental applications are commonly
modelled using algoritims such as approximate transforms (Macnae et al. 1998; Christensen 2002) or
Layered Earth Inversions (LEIs) that assume a 1D earth (Sattel 1998, 2005; Farquharson and Oldenburg 1998;
Chenand Raiche 1998; Lane et al. 2004; Auken et al. 2005, 2015). Brekemtpplication and relevance of

full 2.5 or 3D inversion of AEM data remains undetermined. In many respects it may be unrealistic and
unnecessary, particularly for hydrogeological investigations in many Australian basins, where it is reasonable
to assuime that the subsurface can be represented as a series of horizontal layers. The 1D model assumption
is also legitimate in suborizontal, layered sedimentary areas where it produces results that are only slightly
distorted by 2D or 3D effects which may imeluced by faults, fractures, or other geological phenomena
(Newman et al. 1987; Sengpiel and Siemon 28QBen et al. 2005

The geology of the Musgrave Province comprises M&robterozoic crystalline basement which in places
outcrops as isolated hilland ranges, but other areas are covered by regolith. Groundwater is present in
weathered and fractured basement sections, in buried palaeovalleys in calcretes and sediments consisting of
alluvial, fluvial and Aeolian deposits (Watt and Berens 2011). A paleyeovalley systems throughout the

area are known to be present from limited drilling. The presence of wide palaeovalleys and what are likely to
be subhorizontal layers of sediments characterising much of the cover, it is reasonable to assume that the
1D assumption will be applicable ihis setting except in places where abrupt transitions in conductivity
occur. In such instances, for example where regolith abuts against outcrop, it is possible that artefacts will
be presentin the inversion outputshé& inversion scheme used in the Aarhus Workbench software uses the
full nonlinear inversion algorithm Aarhusinv (Auken et al. 2015). This algorithm inverts soundings for a set of
1D models connected through constraints. The inversion requires a datasfilgeh as a model input
definition file containing information on starting model, regularisation constraints as well as any prior
information. Both lateral and spatial constraints were employed in the inversion of the two regional data
sets, with the spatlly constrained inversion initially restricted to the processing of the closer spaced subsets
of the SkyTEM data adjacent to the communities.
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5.2 Inversion model

The Musgrave AEM surveys were inverted using a smooth layer model. This type of model typisaity c

of 15¢30 layers with fixed thicknesses, often increasing with depth. The amount the conductivity of one layer
can vary to the next is defined by a vertical constraint. The large number of layers and the gradual change in
conductivity in this type bmodel makes the resulting conductivity models appear continuous. This in tum
can make it difficult to pick layer boundaries as these may appear rather diffuse.

For the purposes of this study3@-layer model was used for the inversion of both the TEMSPENd the
SkyTEM datasets. The first layer thickness was chosen to be 3 m with logarithmically increasing thicknesses
to a depth of 300 m which is the depth of the last layer boundary. The starting model was a homogenous half
space with an auto calculatezbnductivity, which is calculated as the mean of the apparent resistivity for
each sounding. The regularisation constraints (smoothness constraints) were set to a vertical constraint of 3,
a value which allows some vertical structure, without introducamgefacts caused by overfitting the data.

The horizontal constraint was set to 1.8 for all layer intervals.

5.3 Laterally constrained inversion (LCI)

Both the regional SKkyTEM and TEMPEST datasets were inverted using the laterally constrained inversion (LCI)
methodology (Auken and Christiansen 2004; Auken et al. 2005). The spatial constraints, which are defined
for adjacent soundings, allow prior information (e.g. the expected geological variability of the area) to
migrate along the flight lines (Figure 12). Ths® of constraints along lines enhances the connection of layer
parameters between adjacent soundings. In the context of the Musgrave Province this approach encourages
the definition of laterally continuous conductive layers which is an aid to targatitiefi and geological
interpretation.

The inversion for the SkyTEM data solved f@omponent data as well as the transmitter height using the

one model, whereas the inversion for the TEMPEST data solved for both the Z and X components along with
transmitter height and the position and pitch of the receiver bird. This approach yields the maximum possible
resolution of model parameters.
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Figurel2. A diagrammatic representation describing the principle of laterally constrained inversion. Individua
conductivity models of the subsurface derived from the inversion of individual soundings measured by the AEM
system, are laterally correlated in the atay-line direction to enhance thelefinition of laterally continuous conductive
layers

5.5 Spatially constrained inversion (SCI)

The SkyTEM?FASHata for the infill areas (Figure 14) adjacent to the towns of Kaltjiti, Mimli, Yunyarinyi and
Pukaja were inveéed using thespatiallyconstrainednversion (SC1) methodology described by (Viezzoli et al.
2009). The SCI is a quasi 3D inversion methodology, based on a 1D forward response, with 3D spatial
constraints. The spatial constraints allow prior informatierg( expected geological variability) to migrate
along/through the entire dataset (Figure 13). This type of inversion uses constraints along lines and across
lines, which means that layer parameters are connected between adjacent soundings.

The constraint$or the SCI are setin a Delaunay triangulation, where the connection is made to the nearest
neighbour. The advantage of using a spatially constrained inversion is seenin less striped inversion results as
the geological information from one line to an@his carried across. The output models balance the
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information present locally within the individual TEM soundings with the ones carried by the constraints, in
this case from adjacent soundings. The SCI has a demonstrated applicability-lay@ead enironments
including those encountered in the palaeovalley sediment packages of the Musgrave province.

The inversion solved for both the Low and High Momenbi&ponent data as well as the transmitter height
using the one model. This approach yields the imamn possible resolution of model parameters, as the Low
Moment contains information from the near surface, and the High Moment information relating to the
deeper part of the models.

5.6 Interval conductivities and conductivity depth sections

Conductivitydepth intervals or interval conductivities were generated from the inversion results of both the
regional TEMPEST and the SkyTEM surveys, in 10 m intervals from surface to 200 m depth. Displaying
inversion results as conductivitlepth images is a common wag visualise the spatial distribution of the
conductivity within a survey area. In areas with large topographical variations it can be beneficial to display
conductivities not only with depth but also as elevation intervals, accounting for variations chyitbe
topography.

Example interval conductivities for the two regional surveys are shown overlaid on a hydrogeological
framework map (Figures 1b7), and a first vertical derivative (1VD) of airborne magnetic data map (Figures
18-20). The intervals wergridded using kriging with a cell size of 400 m.

Similar maps for each of the infill areas flown in the Eastern part of the Musgrave Province are shown in
Figures 2e8.

Conductivitydepth sections have also been generated for each flighthneugh both regional surveys and

for the infill areas. These have the Depth of Investigation (DOI) (see next section) appended to assist
interpretation. An example of the nature of these sections is presented in Figure 29; in this example the
results fromthe inversion of overlapping flight lines in the central part of the study area.

5.7 Depth of investigation

The presentation of conductivity models derived from AEM systems can be misleading if there is no attempt
made to qualify the depth of investigatioRQl) of the measurement system. The depth of investigationis a
complex quantity, being a function of the power, sensitivity and accuracy of the acquisition system,
environmental noise levels (e.g. sferiesbroadband electromagnetic impulse that occussaresult of
natural atmospheric lightning discharges, and powerline sources), geologic complexity, the host conductivity
and the target characteristics (e.g. a discrete object or an extensive layer, conductivity contrast to the
surrounds) and the inversin procedure used (Christiansen and Auken 2012). To ensure that the observed
variations in measured conductivity reflect changing ground conditions, rather than inversion or model
dependent changes arising from the inversion process, an estimate of thie okeimvestigation is calculated

and presented on the conductivigepth sections. This information assists the interpreter, helping to quickly
evaluate the results and their validity. The DOI provides a depth to which the model is the most reliable, and
model information below the DOI should be used with caution.

The DOI determination used here is based on the cumulative sensitivity of the actual model output from the
inversion (it includes the full system response and geometry) and is described indbkaestand Auken
(2012). The data noise and the number of data points are integrated into the calculation, which is based on
the final inversion model output and a recalculated sensitivity (Jacobian) matrix. In general terms the more
conductive the groundthe ability to resolve deeper variations in conductivity (or the depth to which the
inverted model is reliable) decreases. In more resistive ground, the system is able to resolve those variations
more reliably to greater depths. Modelled conductivitiesa@as the Musgrave Province study area resultina
DOl that varies significantly (e.g. see Figure 29).
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Figurel4. Schematic describing the process of allowing prior information to migrate along or through a series of
soundings acquired by an AEM system when they are inverted using the Spatially Constrained Inversion procedure
(SCI). Inthe case of the Musgrave subset areas, prior information is allowed to proceed from sounding to sounding
along and across the flightries.

5.8 Airborne induced polarization (IP)

In the analyses of the SkyTEM data over the Musgrave Province, induced polarization (IP) effects are evident
in the data set and are most easily identified as negative receiver voltage values which in some cea®s are

to detect However, they can also be present in these data as exceedingly fast decays, or erratic
slopes/curvatures, without ever changing sign. SmibiL@) refers to such behaviour as 'shape reversals,
where a high spatial frequency feature chasdgem a relative positive at early times to a relative negative

at late times. In some cases, the most subtle IP effects will not become evident until modelling is attempted.

We believe that similar effects are also present inthe TEMPEST HM data slet;dnwolution of these data
during preprocessing prevents their resolutiam the preliminary processing of tigkyTEM ata, soundings
affected by IP were manually identified and removed from the data set prior to inversion. Its presence can
lead to significant artefacts in the resulting model if they are not first identified and removed. Where possible,
only late time channels were removed from the inversion. It needs to be stressed however, that AlP effects
R2 y20 2yfeé | FFSO0I{98%Hideliaf 198% Welzbliset ab ZUGH lout rdtheAdistert lamge
portions of the entire transient. It is therefore virtually impossible to eliminate them totally from the
measured data prior to inversion.

Further discussion of thedssues, particularly as they relate to the regional AEM data sets acquired across
the Musgrave Provincés presented in Soerensemd Munday(2018).
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Figurel5. Airborne electromagnetic (£M) inversion10-20m conductivity depth slice overlaid on a hydrogeologif@mework map(Munday etal. 2013)
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