Facilitating Log-term Outback Water Solutions
(GFLOWStage @ Final Summary Report

TimMunday, Mat Glfedder, AdrianCostar,TeagarBlaikie, KevirCabhill,
TaoCui, AarorDavis ZijjuanDeng, Bradylinchum, LeGao,
MichaelGogoll, Georgin&ordon, Tanidbrahimi,
Kentlnverarity, Jonathafrvine, Sreekantdanardhanan,
Zhenjiaodiang, MarkKeppel, CarmeKrapf, Tesshane,
AndrewLove, Jameblacnae, DirkMallants,
GregoireMariethoz, JorgéMartinez, DarPagendam,
LukPeeters TrevorPickett, MatthiasRaiber, XiuyaRen,
NevilleRobinson, Adarsiade, Nickmolanko,
CamillaSoerensen, Lilianatoian, Andrew aylor,
GerhardVisser, llkaVallis, Yuegingie

Goyder Institute for Water Research
Technical Report Series Nty 08

www.goyderinstitute.org



Goyder Institute for Water Research Technical Report Series 138382725

The Goyder Institutéor Water Researcis apartnershipbetween the South AustralieGovernment through

the Department for Environmerdand Water, CSIRlinders University, the University of Adelaidaedthe

University of South Australidhe Institute enhanei KS {2 dzi K ! dZAG NI ft Ay D2 B3SNY Y
and deliver sciencbased policy solutions in water management. It brings together the best scientists and
researchers across Australia to provide expert and independent scientific advice to infodng@aernment

water policy and identify future threats and opportunities to water security.

Flinders THE UNIVERSITY  uyniversity of
Depart t fi .
Envir:rfr?]enmteannd?/zater e A B ”fADE LAI DE South Australia

ADELAIDE * AUSTRALIA

Government
of South Australia

¢CKAAd LINP2SOG o1& Fta2 adZJ2NISR o0& /{LwhQa 53SLJ 9

Enquires should be addressed tdGoyder Institute foWater Research
Level 4, Rundle Mall Plaza, 50 Rundle Mall,
Adelaide, SA 5000
tel: 0883135020
e-mail: enquiries@goyderinstitute.org

Citation

Munday, T. Gilfedder, M. Costar, A.Blaikie, T., Cahill, K., Cui, T., Davis, A., Qenglinchum, B., Gao, L.,

Gogoll, M., Gordon, G., lbrahimi, T., Inverarity, K., Irvine, J., Janardhanan, S., Jiang, Z., Keppel, M., Krapf, C.,
Lane, T., Love, A., Macnae, J., Mallants, D., Mariethdgla@inez, J., Pagendam, D., Peeters, L., Pickett, T.,
Raiber, M., Ren, X., Robinson, N., Siade, A., Smolanko, N., Soerensen, C., Stoian, L., Taylor, A., Visser, G
Wallis, I.,and Xie, Y.(2020) Facilitating Longerm Outback Water Solution$GFLOWSStage 3): Final
Summary ReporGoyder Institute for Water Research Technical Report Seriea0Ng8.

© Crown in right of the State of South Australia, Department for Environment and Water.

Disclaimer

TheCSIRO, Department for Environment and Water, and Flindieirgersity as the project partnersadvise

that the information contained in this publication comprises general statements based on scientific research
and does not warrant or represent the compeess of any information or material in this publicatidie
project partnersdo not warrant or make any representation regarding the use, or results of the use, of the
information contained herein about to its correctness, accuracy, reliability, currenaytherwise and
expressly disclaim all liability or responsibility to any person using the information or advice. Information
contained in this document is, to the knowledge of fireject partners correct at the time of writing.



Contents

EXECULIVE SUMIMIALY. ...tieiieeeeie et e ettt e bbbttt e e s e e ae e e e eeeeeeeeeeaaaaaaaaaaaaeaaanens iv
ACKNOWIEAGMENTS ...t s s e e e e s s s snsssnneeeeesssnsnnneeenssnnnnns VI
1 100 [8 Tox 1 o] o ST PPRRP PP 1
1.1 Purpose of th&G-FLOWSIAGE3 PrOJECL........uueiiieiiiiiiiiiie e et e e 1
1.2 PrEVIOUS STUGIES. ..cceiiiiiiiiiiii e ettt ettt e ettt e e e e s bbbt e e e e e e e bbb re e e e e s snbbneeeeeeeaanne 2
1.3 STUAY GICA. ... eeeiiiiiiittiie e e e ettt ettt e e e e e e e e e e e e e e e e e e e nnn e e e e e e e e nnn e e e e e e e e nnrrne s 3
2 [NV o] (o] [=Tox R 11 11 o 11 | S PP OPPPPPPRPPRY”
2.1 Preliminay field iNVeStigatioNS............ovviiiiiiiiic e 4
2.2 Improved groundwater resource characterisation using airborne electromagnetic meth@&ds
2.3 Airborne electromagnetic inversion techniques for groundwater hydralogy................... 10
2.4 Threedimensional geological model of the Musgrave Province..................oeeeeeeieennnnes 13
2.5  Groundbased gEOPNYSICS. .. .uuiiiiiiiiiiiiieeee it e s 19
2.6 Palaeovalley arChitECIUIE..........ccoiii i e e e e e e e e e e e e e e e e e e e e e s e e s e ee e eanas 27
2.7 DIilliNG PrOGIAIM ... ..uiiiiiiee ettt e e e e e e et e e e e e e s bt e e e e e e s aannb b e eeaeeeeannnees 34
2.8 Groundwater recharge and flQW..............uuuiiiiiiiiiiiiic e 39
2.9 Conceptual model of regional groundwater recharge and flow..............cccccovviiiieeennns 42

2.10 Numerical modelling of the Lindsay East Palaeovalley atyimbeological control site....44
2.11 Hydrogeological conceptual understanding of the Anangu Pitjantjatjara Yankunytjatjara Lands

groundwater system including the Lindsay East Palaeovalley..............ccccceeeeiiiiiiiiiiiiiiccces a7

2.12 Groundwater knowledge integration SYSIEM............uuiiiiiiiiiirriiiie e e e e 52
3 RECOMMENUALIONS. ... e e e e e e e e e eeeaaaaaaaeaaeaeaasssseasaaasaaanannnnsnnennnen 56
=] (=T €= o7 PR 57
Appendix A GFLOWStage3 publications t0 date............ccuvvviiiieiiiiiiiiieee e 59
Hgures

Figure 11. Regional study area located in the Anangu Pitjantjatjara Yankunytjatjara Lands. Blue rectangle
depictslocation of hydrogeological control site where drilling and sampling was conducted for the project.

Figure 21. Well survey (boraudit) conducted in the initial stage of tli@FLOWStage3 project......... 5

Figure 22. 50;60m interval conductivity image for the conmed SkyTEf¥?STand TEMPEST high
moment airborne electromagnetic surveys overlain on 1st vertical derivative magnetic greyscale image.
The more conductive areas (reds) shown in the combined images are commonly associated with a
conductive transported Hii sitting within deep palaeovalleys that have incised along and across a
predominantly eastvest orientated set of fractures and faults (as indicated in the magnetics)......7

Figure 23. SKyTEM spatially constrained inversion interval conductivities for the infill area south of
Kaltjiti/Fregon. Intervals are overlain on hydrogeological framework map............ccccuvvvvveeereeeennnen. 8

GFLOWStage3 - Final summary i



Figure 24. Conductivitydepth sections for the Lindsay East Palaeovalley transect for a smoday&0
inversion. Drill hole lithology (adapted from Keppel et(aD19)) and inductive conductivity logs are

overlain on the airborne electromagnetic (AEM) SECHIONS............coooieiiiiiiciciici e 11

Figure 25. Interpreted geadgical section (lower panel) for the Lindsay East Palaeovalley transect. Top
panel is the smooth model conductivity depth section with interpreted geology overlain............ 12

Figure 26. Threedimensional geological model of the Lindsay West and Lindsay East palaeovalley systems
with regional road network and COMMUNILIES...............oooiiiii i e e e e 14

Figure 27. Threedimensional (3D) representation of extent and geometry of base of palaeovalley in a)
two-dimensional view b) 3D view and c) 3D view with outcropping basement.................cc..ee.... 15

Figure 28 Thickness of palaeovalley SYStEMS........couvviiiiiiiiiiiiee e 16

Figure 29. Westeast geological crossection through the Lindsay West and Lindsay East palaeovalley
systems. The orientation of the cressction is shown ithe three-dimensional geological model above
L1 1R 1T o TSP PPPPP 17

Figure 210. Location of the seismic surveys. (a) Underlying 10 m @evdata from Shuttle Radar
Topography Mission. Overlaid on top of the elevation map is a conductivity depth section fdidr0

below the surface. Electrical conductivity values greater thapu® are marked out to highlight the
palaeovalley locatiorilhe airborne data were inverted using 400x400 m pixels, but a minimum curvature
interpolation was applied for visualisation. The seismic profile running perpendicular to the channel was
collected from southeast to northwest because we were required to slatang the road. The yellow

circles represent starts of profiles where the reference location is near the centre of the palaeovalley and
is marked accordingly. (b) Image of a geometrics Geode and cable along the side of the road. (c) Image of
the vehiclemounted PEG and steel plate used as the source. Here it is shown mounted onto the CSIRO
vehicle and the 40 kg weight drop is fully extended..............cccco oo 19

Figure 211. Results from the seismic reflection survey. Data were processed following a basic flow: 1)
bandpass filtered, 2) trace normalised, 3) common midpoint (CMP) sorted, 4) muted surface waves, 5)
normal moveout applied (one velocity pgather), 6) stacked, and 7) a time to depth conversion was
applied using a single velocity. The main reflector (clearly visible in the raw CMP gathers) is highlighted in
yellow. The boreholes are shown as black vertical lines. Where the black linbigkes ts where drillers
intersected saproliteif siturock). The blue line is the extracted depth to bedrock value (from airborne
electromagneticsY note the large difference between 1000 and 1250 abd0 and-250 m along the

[S1 011 =TT PSP UPPPPPPPTPPPP 20

Figure 212. Results for the seismic refraction survey. The velocity model was inverted usingitrevel
tomography and is comprised 820,000 picks. Regions that are white have no ray paths passing through
them. The main reflection results (from Figurd 2) are plotted on the image as a grey line, the blue line

is from the airborne electromagnetic data, and the boreholes are shown Rigiime 210 (Panel a). The
match between the strong reflector and strong velocity change means that the depth conversion is done
1= U RPPPPPPRRINt 20

Figure 213 Borehole nuclear magnetic resonance results for DH1a2 (east of Kaltjiti/Fregon), compared to
(o [g111TaTo M I11gTe] [oTe V2P PPRPT PP 23

Figure 214. Schematic representation of the tird®main electromagnetic acquisition (A), measurement
(B), inversion (C) workflow, with section/traverse of pseudocoloured soundings to aid interpretation (D).

Figure 215. Smoothmodel conductivity depth section from the inverted NanoTEM soundings (top panel)
and the interpreted geology for the transect (lower panel). The geologeion was determined from

the combined interpretation of the drill hole and the conductivity section data. Geological linework is
superimposed on the conductivigepth soundings for added clarity.............ccccevviiiiiiiinnn. 26

Figure 216. The conductivitglepth sections for the Lindsay East Palaeovalley transect for a smoeth 30
layer inversion. Drill hole lithology (adapted from Keppel et al. (2019)j)rahudtive conductivity logs are

i | GFLOWStage3: Final summary report



overlain on the airborne electromagnetic section in the top panel. Water contents from the borehole
nuclear magnetic resonance (BNMR) are overlain on the section in the middle panel and modelled
hydraulic conductivity estintas (Schlumberger Doll Research (SDR) and sum of echoes (SOE)) are overlain
on the section in the lower panel. Adjustments to the predicted lithology textures (whether fining or
coarsening upwards) have been made based on the BNMR.IOQS..........cccccciviiiviiiiiiiiiiieeeeeeee, 28

Figure 217. Geological evolution model of the Lindsay East Palaeovalley (from Krapf et al..20129.
Figure 218. Conceptualised landscape development processes leading to current palaeovalley3l

Figure 219. Map of palaeovalley reinterpretation (extent + thalweg/deepest part) across the Anangu
Pitjantjatjara Yankunytjatjara Lands study area (AnrMimili). (Reproduced from Krapf et al. 202033

Figure 220. Airborne electromagnetic depth slice-60m below natural surface (pseudocolour) draped
over first vertical derivative image dfie total magnetic intensity data (intensity). The presence of-east
west structures in the magnetics and their influence on the location of palaeovalleys is shawn..35

Figure 221. Basic schematic across hydrogeological control site DH1 showing well locations and indicative
screen depths (from Costar et @l. 2019).......ceiiiiiiiiiiiiiieeeeee e 36

Figure 222. Schematic hydrogeological conceptual model showing a typical palaeovalley drainage system
in the Musgrave Province. Figure adapted from Munday.g2813, 2020) and Gogoll (2016)......... 43

Figure 223. Location of the model profile across hydrogeological control sites DH1 andcBfinig
airborne electromagnetic depth slice 6@ m below natural surface (colour) and total magnetic intensity
((E22 LT (=) TR TP SO PPPPPRPPPN 44

Figure2-24. Dimension of model domain and spatial distribution of lithology along model transect from
(L0 1 g Ta=To 1V 1 1T 1o

Figure 225. Simulated groundwater heads (mAHD) and groundwater age (years before present) for model
variants No. 1 to No. 5. Observed groundwater age data basétCameasurements are marked in black

for DH1e, DH1b and DH1a2, while the vertical simulated ageébdison at site DH1 is provided in red for

100 =TT 0 1= o] 4 S UOORPPOY 46

Figure 226. Schematic conceptual hydrogeological understanding in thandgu Pitjantjatjara
YanKUuNYtatjara LANGAS. ........uuuiiiiiiiieiieeeeeee et ra e e e e e e e e e e e aaaaaaaaans 50

Figure 227 Evolution of conceptualisation with increasing datailability: a) three hydrostratigraphic
units based on DEM mapping, b) single aquifer with equivalent properties based on saprolite
palaeovalley interface from airborne electromagnetic survey, c) two aquifer system based on
interpretation Of DOIrENOIE @LA. ...........ooiiiiii e 52

Figure 228. Probability of sustaining a pumping rate of 3@ihfor 10 years with a salinity less than 5000

Tables

Table 1: Summary of groundwater parameters for the palaeovalley sediments......................... 37

GFLOWStage3 - Final summary iii



Executive Summary

Purposeof GFLOWSstage3 project

Groundwater in remote arid areas of South Austridiaften the only available water resource to support
the livelihood of communities as welas to support opportunities for future watatependent
industries/enterprises The third stage of the Goyder Iind\ (G dzi S Q&  C et Ouibéck Watef 3
Solutions (@-LOWS) research progrdotiowed on from the successful first two stag@Silfedder & Munday
2013, Gilfedder et aR015)andaimedto helpreducesignificant risks faced when considering wateo@se
development proposals for thee areas allowing for more informed decisiemaking and prioritisation for
more targeted drilling to secure water sujgs

The GFLOWSStage3 project has developed and appliesh integrated approach to theneasurement,
analysisandmodellingof geophysical, geochemical and hydrogeolodg@ehniques, which aim to help more
efficiently and effectively target groundwater resourcesiiremote part ofarid Australia.

The projecthas focused ogroundwater inthe Anangu Rjantjatjara Yankunytjatjara (APY) Landdich isa
remote arid area in northwest South Australiankestigated theole thatlarge buried palaeovalley systems
canplay as potentiagroundvater resourcs for community and enterprisesG-FLOWSStage3 involved a

[ 2

collaboration between CSIRO, Flinders University and the South Australian Department for Environment and

Water.
Thisfinal summaryreport of the GFLOWStage3 projectoutlines the workundertakento:

1 Mappalaeovalley locatioswith significantly improved accuraegross the APY Lands
1 usemultiple lines of evidence to investigapalaeovalleyevolution, aquifer character angalaeovalley
architecture groundwvater chemistryrecharge andlow.

These combined effortked to the refinement of &ydrogeological conceptual understandioigpalaeovalley
drainage in the APY Lands, as well as a more widely applmatlabilistic modelling approadi provide a
framework fordata-driventargetingfor drillinglocations.

Palaeovalley location

Palaeovalley locatigrgeometryand size weranore precisely mappedhrough the acquisition, processing
and inversion o&irborne electromagneticAEM data fromacross the APY Landhesealatarevealed areas

of deep transporteccoverthat filled ancient valley systems which developed in the area in the mid to late
Mesozoic (~65 million years agdis cover material is more electricallyconductive than the underlying
basement rocksaaind provides a god basis for using AEM data as a means for mapping its extent and
thicknessThere is alspotential to map variations within the palaeovalgwhichisuseful forhelpinglocate
compartmentalised aquifersThe AEM dataset also proved to be an idealliedtfor the development of
machine learning approaches in palaeovalley mapping.

Palaeovalley architecture

Palaeovalley architecture waisvestigatedusing a range of techniques as part of a large grelaskd and
borehole data collection programme, involving drilfiogring and multiple on-ground and borehole
geophysical techniques to hepipportand confirm the interpretation of the AEKta

Palaewalleyarchitectureis an important aspect of understanding the water resources they contain. The
drilling program inG-FLOWSstage3 provided an opportunity to obtain information on thefill materials

and hydragedogic properties down through a largelpaovalley. Drilling in the Lindsay East Palaeovalley (at
Site DH1) has provided detilinformation at this location.

iv | GFLOWStage3: Final summary report



Recharge andlow

Water chemistry environmental tracer analysesnd groundwater modelling were undertaken to better
understand theaate of groundwater recharge and tmeovement of water through the landscapkne review

and reinterpretation of groundwater level, chemistry and environmental tracers from previous studies
integrated with the geological modelling and findings from the interpretation of new and existing geophysical
data has proved invaluable for confirming and refining knowledge of groundwater flow processes. The
collation and reinterpretation of environmentélacer data with more stringent constrainteas helpedo
confirm and refinesome previous characterisation of groundwater recharge and flow proceasddo

refine groundwater recharge estimates for aquifers in key hydrogeological @ritsindwater rebarge was
estimated to be between @0 mm/year on the ranges and between 0.5 and rh@n/year on the alluvial
plains.Groundwater flow and age modelling were undertaken in order to test different plausible conceptual
models of the groundwater regime within the palaeovalley to aid the understanding of the available
groundwaterresource Groundwater ages in the upper part e valleyfill sequences wre ~900 years, but

over 8500 years in the deeper parts of the palasiays.

Hydrogeological anceptual understanding

The combined geophysics and groundwater hydrology wotkkbOWSStage3 builds on the earlier work
in the regionby Munday(2013), Parsekian et al2014) and Gogoll(2016. Thisexisting workwas coupled
with findingsfrom the currentstudy, to adapt and refinethe conceptualunderstanding of palaeovalley
drainage in the APY Lands

Probabilistic modellingapproach

A probabilistic modelling approach was developed as a framework for groundwater prospectivity mapping.
The Groundwater Knowledge Integration System (GKit8jdes a stochastic framework for groundwater
prospectivity mapping based on an explicit défon of sustainability requirements. It allows iterative
updating of conceptualisation as new information becomes available. The level of confidence in the
prospectivity estimate is expressed as a probability of sucddémsmost attractive regions forgundwater
production in the APY Lands are associated with palaeovalley systems. Outside the palaeovalley systems,
prospectivity can also be high, provided drilling targets both the surficial and deeper aquifer.

Recommendations

GFLOWSStage3 has clearly shown the benefits from the application of AEM surveys for providing
understanding of the hydrogeology atrange of scales, botkgionaland finer.This includes spatial mapping

of key hydrogeological unitas well agnapping the sptial extent and thickness of both alluvium/colluvium
and palaeovalleys which are key targets for water resource exploration.

Localised drilling and groundased geophysical investigations such as those conducted on the Lindsay East
Palaeovalley have furdr characterised the hydrostratigraphy and nature of the groundwater present, the
AEM survey provides increased confidence that these findingsbeaextrapolated to other areas of
alluvium/colluvium and palaeovalleys, such as the Lindsay West PalaeoVakgyoject has demonstrated

the potential of different hydrogeophysical techniquesitetter understandthe nature of the groundwater
present in the Lindsay East Palaeovalley system

The GKIS provides a systematic and transparent framework to intetrat@available information into
guantities relevant to water resource management. The prospectivity maps can easily be updated as new
information becomes available and allows to extrapolate to data poor areas. It is recommended that the
prospectivity mapsantinue to be updated as new information becomes available and the hydrogeological
conceptualisation further evolves.

GFLOWStage3 - Final summary v



Acknowledgments

This study was carried out as part of t8FLOWSStage3 Project. This project was funded jointly by the
Goyder Institte for Water Research, and its partner organisations, including: Department for Environment
and Water (DEW), Commonwealth Scientific and Industrial Research Organisation @f@IRID)ders
University.

The South Australian Department of Energy and Mibds\{) is also acknowledged for their support in the
co-funding of the regionahirborne electromagneticAEM survey that formed the foundation for the work
reported here and for supporting i@cquisition through Geoscience Australia. We specifically adkadge

the work and support of Miles Davies, Steve Hill and Rian Dutch in helping make this happen. Mats
Gulbrandsen from iGIS provided invaluable support in the application of the Smart Interpretation method
employed on SkyTEM data in the eastern Musgrax@vince. TheAEM work would also not have been
possible without the support of the Geological Survey of South Australia (GSSA) through the PACE Cu
initiative.

2S | O0ly2sfSR3IS GKS &adzZlllR2NI 2F /{LwhQa 5SSLhis9 I NI K
research.

We acknowledge the traditional owners of thenaghagu Pitjantjatjara Yankunytjatjara (APY) Lands, the
Pitjantjatjara, Yankunytjatjara and Ngaanyatjarra people. We would also like to thank the APY General
Manager and the entire APY Executivail who were supportive of th&-FLOWStage3 project.

We thank the Goyder Institute Research Advisory Committee (RAC) members: Kane Aldridge (Goyder
Institute), Justin Brookes (The University of Adelaide), Jennie Fluin (DEW), Jim Cox (SARDI),rdérk Malla
(CSIRO), Neil Power (DEW), Darryl Day (ICE WaRM), Craig Simmons (Flinders University), Jacqueline
Frizenschaf (SA Water), and Peter Teasdale (UniSA).

We are extremely grateful for the support of a wide range of people, organisations, companies, and
departments who all provided assistance to help undertake and complete this project.

Vi | GFLOWStage3: Final summary report



1 Introduction

Groundwater resources in remote arid areas of South Australia such as the Musgrave Reoeitice only
available water resources to support the livelihood of communities as well as economic development.
However, the arid climate of the province combinadith a geological setting dominated by crystalline
basement at shallow depths presents a hydrogeological environment where both groundwater recharge and
storage are low. For this reason, over the past two decades several important geological and hypdjiogeol
studies varying from desktop analyses, drilling investigations, geophysical surveys and groundwater quality
and resource assessments have taken place. These studies, while varying in nature, have all contributed to
evaluating the opportunities andsks for future groundwater resource development in either isolated parts

of the province or across extensive areas. However, given the remoteness, groundwater resources in large
parts of the province remain poorly mapped and characterised, while demarmfiomunity water supplies

is ongoing.

1.1 Purposeof the GFLOWStage3 project

The Departmentor Environmentand WaterQ &acilitatingLongterm Outback Water Solutions (FLOWS)
Initiative seeks to address an essential step on the critical path to delivStatg@ Economic Priority 1:
Pyf201Ay3 GKS FdzZf LRGSYGAlrt 2F {2dz2iK ! dZAGNI f Al Q&

Water is a critical resource in ensuring a healthy population and maintaining a vibrant agricultural sector but
it is also an integral rawnaterial for mineral exploration, mining and processing. The identification,
characterisation and access to suitable water resources for exploration and processing is essential for the
minerals and energy resources sector and sits at the heart of mahg oélationships between the minerals
industry and communities.

ThisGFLOWStageo LINE 2SO0 Kl a adzlllR2NISR GKS {2dzi K ! dzi G NI ¢
define and quantify groundwater resources in key areas of the state including prarigral prospective
zones as identified in the South Australian Regional Mining and Infrastructure Plan 2014.

TheG-FLOWSstage3 project has delivered new data and informatimgardingthe location and extent of
groundwater resources in the Musgrave #rae. This will help to eliminate some significant risks faced
when consideringdevelopnent proposals for the regiorallowing for more informed decisiemaking and

robust feasibility studies by potential developers and investraddition, it wilkeduce project assessment

times, contributing substantially tecormmic outcomes inSouth AustraliaThis proposal was specifically
designed to ensure the progress of economically viable mining developments are not impeded by a lack of
information on suitablevater supply sources in terms of quantity, quality and cost. The work program was
driven by advances made though previous Goyder Institute research and integrates with the South Australian
D2SNYYSyiQa tftly ¥F2N Ichifedve §ado domplehertsie bagdndldeseédrch y ot
and collaborative efforts of the Geological Survey of South Australia (GSSA), particularly insttienitilf
regional geophysical surveys for exploration under deep cover, data integration and 3D and 4[Lcgkolog
modelling.

The airborne electromagnetic (AEM) geophysical interpretation techniques developeddaRb@WStage

1 project have already been applied the Department for Environment and WatdDEW to identify more
secure groundwater supplies for a number of aboriginal communities in the Musgrave Provinceriarige A
Pitjantjatjara Yankunytjatjara (APY) Lands. Gie.OWStage3 project has provided additional information
and interpretation thatwill be helpful in realising the potential for the provision of enhanced groundwater
supplies to remote townships and communities outside of the resources sector.

This report providesa summay of the work undertaken with theG-FLOWSStage3 Project, inclding
examples of key outputs (maps), and a list of the many publications where this work is puldfiahtber
detailed information can be found within the accompanying project reports.

GFLOWStage3 - Final summary 1



1.2 Previous studies

Some of the earliest work was conducteylFitzgeraldet al. (2000and focussed primarily on the quality of
groundwater in aquifers where concerns about faecal contamination and-goality groundwater being
supplied to Indigenous communities had been raised. Subsequent w@diys et al. (200focussednore

on quantifying groundwater supplies to better evaluate the future suitability and sustainability of existing
community groundwater supplies at nine communities. The findingBdyds et al. (2001)ighlighted the
immediate needor establishing a regnal water maagement plan across the province. The water plan was
first initiated a year later in 200PAPYWMP 200Q2which also included the establishment of theaf\gu
Pitjantjatjara Yankunytjatjara Water Management Council (APYWMC)

Following work bybodds et al. (200} Australian Groundwater Technologies (AGT) was commissioned by the
state water utility (SAWater) to undertake two groundwater supply sustainability assessments at key
Indigenous communities initially in 2008G T 200Band then a broadeassessment in 200AGT 2008Both
assessments were desktop analyses combining groundwater level monitoring, metered groundwater use and
climate data to assess the sustainability of individual community production bores. The key findings from
AGT (2008)vere that some of the community groundwater production botkat supportedkey northern
communities (Amata and Pukatja) were under stress and alternative groundwater supplies needed to be
sourced 6r use in the future.

The sustainability assessments bgAled to further extensive desktop studies across the entire Musgrave
Province, as well as geophysical surveys, drilling and multiple groundwater resource assessments at the
regional scale to improve the understanding of groundwater resources acrossntire erovince. The

@R OSNYYSyhd 2F {2dziK ! dza i NI £ A lin 2808, whicthificludeKtkeRnoritaridg W2 | {
and management of noprescribed groundwater resources to ensure their future sustainable use. Under

this plan Watt and Berens2011)produced the most comprehensiat that time)desktop evaluation of
groundwater resources in the Musgrave Provinthey concluded thathe key knowledge gaps included
estimates of groundwater storage, evaluations of potentiaugrdwater yield rats, estimates of volumes of
groundwaterfor abstraction and an understanding of the nature and volumes of groundwater recharge.

The evaluation byVatt and Berens (2011¢d to the initiation of some key field studies hganey et al.
(2013) Ley-Cooper andMunday (2013 Munday et al. (2013ndKretschmer and Wohling (20that aimed

to improve the understanding of important groundwater processes. sthdiesby LeyCooper and Munday
(2013)andMunday et al. (2013provided much improved hydrogeological mapping across the province by
collating and reinterpreting existing airborne geophysics and using this to develop an improved
hydrogeological map of the province. The studiet&gney et al. (20123ndKretschmer ad Wohling(2014)
involved targeted groundwater sampling for environmental tracers ahdmistry which identified the
presence of a regionacale groundwater flow system, as well as mapping and quantifying groundwater
recharge and flow. laddition, two fonours studies were undertaken into the sustainabi{i@raven 201R

and the hydrogeochemistifCustance 2012)f regolith-hosted aquifers in the region.

Since these regional scale studies, the search for alternative and sustainable community wates suapli
continued with the new regionadcale hydrogeological mapping bunday et al. (2018 underpinning

further targeted localscale workParsekian et al. (20)4uccessfully validated the improved hydrogeological
mapping byMunday et al. (201Bto idertify and better map a locadcale aquifer for one of the indigenous
communities using neagurface geophysics. In 2018pwles et al. (201)7successfully used the airborne
geophysics from additional interpretations of the regional aeromagnetic data urkksmtédy Mundayto
undertake targeted drilling of the fractured and weatherbddrock aquiferswhich resulted in 18 new
production wells being drilled and installed at seven Indigenous communities. The most recent work which
from a hydrogeology perspectiwgill be summarised in this report has involved the acquisition of a new
large-scale airborne electromagnetic (AEM) survey (Soerensen et al. 2018), as well as some targeted drilling
in part of a key palaeovalléZostar et al. 20)9The AEM survey summaatsinSoerensen et al2018 now

fills the large gaps between existing AEM surveys which when combined cover almost the entire Musgrave
Province. In 2018, drilling of the eastern side of the Lindsay East PalaeqGukar et al. 2019%vas
undertaken tocharacterise the depth, nature and hydrological connectivity of aquifers within palaeovalley
fill.
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1.3 Study area

The South Australian Musgrave Province forms partapystalline basement terrain thaxtends across the
common borders of South Australian,edtern Australian and Northern Territorffhe topography and
drainage of the Musgrave region is showrFigurel-1. The northern part of the region is occupied by the
rugged hilly terrain of the Mann and the Musgrave ranges with Mt Woodroffe reaching an elevation of 1435
m AHD (Australian Height Datum]he Birksgate and the Everard ranges occur to the south. The
topographical elevabns decrease to around 3§800m AHDtowards the south and the southeast of the

area where wide calcrete plains occur covered by aeolian deposits. The Great Victoria Desert to the south of
the northern ranges is covered by sand plains and dune f{@i@st and Berens 2011).

Climate for the sudy area is semarid to arid with a hot, dry desert climate, short cool to cold winters and
low, unreliable rainfal(Watt and Berens 2031 The mean temperature ranges from 32°C to 36°C in the
summer and drops to a mean of around 20°C in winter. Rhjpdittierns are spatially variable, with average
annualrainfall ranges from around 1§225mm, althoughrainfall is unpredictable,and averages can be
misleading.Rainfall occurrenceand intensity isepisodic Average annual evaporation excee8s00 mm,
resultingin the rapid evaporation of surfacgater runoff. Perennial surface water and connected drainage
systems are absent.

The geology of the Musgrave Province is complex, and for the area of interest ®RhOWStudy it has
been summarised bPawley and Krapf (2016The Provinceeomprises a region of crystalline basement
consisting mainly of the amphibolite and granuligeies gneisses intruded by madialtramafic dykes and
granitoids, and swarms of dolerite dykes.

= Localities
A Mt Woodroffe
! Groundwater well
Pukatia (Emabelta) | Mineral well
.Yunyannyn {Kenmore Park) — Ephemeral stream
D Hydrogeological control site
Study area

Mt Woodroffe
A

_Ulmwa
Roads
Sealed
Unsealed
Vehicular track

Ground elevation
g High 1435 m AHD
 Kaltitf(Fregon) Low 65 m AHD

5 N
Mimif LE A

Makiri Homeland L

Figurel-1. Regional study area located in thA&nangu Pitjantjatjara Yankunytjatjard_ands. Blue rectangle depicts
location of hydrogeological control site where drilling and sampling was conducted for the project.
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2 Keyproject output

2.1 Preliminary field investigations

2.1.1 WELL SURVEY AND DATABASE

A groundwate well survey (bore audit) was conducted between 10 and 20 October 2017 to identify and
confirm groundwater infrastructure (i.e. water wells) and the condition of such infrastructure to aid in
establishing monitoring and field investigation requirementstsas drilling and groundwater sampling.

Thesi  1SQa 3INRBdzyRgl GSNI RO o6l & SolesasSof 1iMa§ 2057 Rprgad aorosg | (1 S
the GFLOWStage3 study area. Work on the database included a review of all geological and drillers logs

as well as a review of well completion intervals. During the field survey it was not practical to visit every well
and access requirements were required to be specific.

The bore audit was undertaken by navigating to the identified well location usingé&hed GPS, where
the following well attributes were surveyed for 39 welsgure2-1):

Spatial coordinates (accuracy verification) using a diffeaggtobal positioning system (DGPS);
Ground elevation usindifferential global positioning systerdGP 3
Well casing condition (material, diameter, headworks, surface seal);
Cap identification;

Standpipe condition and cementing;

Reference point type anelevation (above ground level);

Depth to water;

Total well depth;

Current status and purpose of use;

Presence of logging devices;

Access constraintsind

Suitability for monitoring and sampling

=4 =4 =4 =4 -4 -8 -8 -f a8 e g

Multiple digital photographs describing the location arwhdition of the wellwere also obtained

Due to resourcing, budget and time constraints, sampling was not undertaken at this time as a routine
component of this audit, however, a pump was used opportunistically for sampling basic salinity if a
measuremenivas not recorded at all in the database.

The bore audit provided valuable information for planning of future field activities and input into numerical
groundwater modelling tasks as part of teFLOWStage3 project, including:

91 Verification of well loction and status for planning and design of drilling and sampling programs;

1 Water level data for developing potentiometric surfaces, to aid initial groundwater modelling and
the design of well drilling programs (i.e. design length and position of scresh); a

9 Identification of access issues/feasibility for future grotabsed activities such as geophysical
surveys and drilling operation.
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Figure2-1. Well survey (bore audit) conducted in the initial stage of tl&FLOWSStage3 project.
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2.2 Improved groundwater resource characterisation using airborne
electromagnetic methods

The project provided interpreted AEM coverage across the APY Lands, revegithgoficover and the
location of deep palaeovalley3he cover of the Musgrave Province, being more conductive than the
underlying basement rocks provides a good basis for using AEM data as a means for mapping its extent and
thickness. Fast, automated anobjective methodsthat employ machine learning approachdwmve
application for defining the basement morphology, and the regolith thickné&s.have usedhe Smart
Interpretation ) methodthat is a machine learning approach described by Gulbrandsah €017)The

results provide an indication of trends in cover variability.

The conductivity structure of the Musgrave Province has been defined through the processing and inversion
of two regional AEM data sets that were acquired by the South Austr@lemernment through the Goyder
Institute and the Geological Survey of South Australia as part d6theOWSStage3 project and the PACE

Cu initiative. Two timelomain AEM systems were employed in the regional surveytse fixed wing
TEMPEST High Momeand rotary wing SkyTE¥™ST Preliminary inversion results indicated that both
systemseffectively define the cover, which is relatively conductive, and thagdocation and geometrpf
buriedpalaeovalley systems in this area

Conductivitydepth intervals or interval conductivities were generated from the inversion results of both the
regional TEMPEST atite SkyTEM surveys, in &0 intervals from surface to 20@ depth. Displaying
inversion results as conductivitlepth imagedss a common way to 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, accountinganations caused by the
topography Examplénterval conductivities for the two regional surveys at®wn overlaid on éirst vertical
derivative (VD of airbornemagnetic data mapHigure2-2). The intervals were gridded using kriging with a

cell size of 40@n.

A more detailed map (overlain on hydrogeological framework for part of the Lindsay East Palaeovalley)
provides more detailed information about the geometry thts site Figure2-3). The DH1 drilling site is
located on this main palaeovalley along the roadkrbKaltjiti/Fregon.
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Figure2-2. 50¢60 m interval conductivity image for the combined SkyTE¥STand TEMPESTigh momentairborne electromagneticsurveys overlain on 1stertical derivative
magnetic greyscale image. The more conductive aré&sls) shown in the combined images are commonly associated with a conductive transported fill sitting within deep
palaeovalleys that have incised along and across a predominagdgtwest orientated sd of fractures and faults (as indicated in the magnetics)
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Figure2-3. SKyTEM spatially constrained inversion interval conductivities for the infill area south of Kaltjiti/Fregon.
Intervals are overlain on hydrogeological framework map.
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Definition of thespatial complexityat a regional scale) dlie coverwill enhan@ our understanding of the
NBIA2YyQad 3INRPdzyRgIl G§SNIJ NB&A2dzNOS L2 GSydAl brimenk Yhel2 NI |y
initial results also indicate @otential to map variations within the palaeovalleystems themselves,
something that wilbe useful for assisting in locating compartmentalised aquifeaticulaty in areas with

limited drilling. Gaining annderstanding of the cover thickness and spatial variability will also help reduce
exploration risks in the area.

Project publications

Macnae J, Xiuyan Rnd Munday T (2028) Strippinginduced polarizationeffects from airborne
electromagneticdo improve 3D conductivity inversion of a narrow palaeovall@gophysic85(5):
B133B139

Macnae JMunday T andoerensen @020 Estimation and geologic interpretationrefgolith crargeability
and superparamagnetic susceptibilityaimborne electomagneticdata. Geophysic85(5):E153E162.

Soerensen CC, Munday TJ, Ibrahimi T, Cahill K and Gilfedder M (20%§&ve Province, Souftustralia:
Processing and inversion of airbomlectromagnetic (AEM) dat& echnical Report Series N&/06,
Goyde Institute for Water Researctidelaide.

Soerensen C, Munday T, Krapf C, Love A, Costar A, Inverarity K, Gogoll M and Gilfedder M (2018b) Uncovering
the Musgrave Province in South Australia using airborne EM: ASEG Extended Abstract$2018, 1

Soerensen C, Munday T, Raiber M, Gilfedder M, Krapf C, Costar A, Keppel M, Gogoll M, Love A, Gulbrandsen
ML and Pallesen TM (2018c) Uncovering an ancient landscape and helping the exploration for
groundwater and mineralg The Musgrave province, South Awdia. Abstract presented at AGCC
Conference, Adelaide Oct 2018.

Sorensen C and Munday T (2018) The Musgrave Prayihesuntold story about Airborne IP. AEM 2018 /
7th International Workshop on Airborne Electromagnetics, Jun22018 , Kolding Denmarpp4.
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2.3 Airborne electromagneticinversion techniques for groundwater
hydrology

The AEM inverted products were examined against available drill hole lithology data and borehole inductive
conductivity data to assess their validity. The assessment ofrtberdion approach taken in this study
involved the comparison between the smooth model atimensional (1D) constrained layered earth
inversion andrilling data in several locations, including the Lindsay East Palaeovalley. Although a smooth
regularsation was employed for the regional data sefigo other inversion methods weralsoexamined.

These included a few layered, and a multilayered, sharp regularisation.

The inversion was undertaken using Aarhusinv (Auken et al. 2015). Commoniipuessithn options include

an Occarstyle regularisation using smoothly varying 1D models with fixed vertical discretisation. These
produce smooth models where layer boundaries are sometimes hard to recognise. Discrete or few layer
models with a fixed numbeof layers, where the layer boundaries are allowed to change in the inversion, are
also employed where the conductivity structure might be relatively simple and laterally extensive. The
smooth layered modslhave shortcomings in terms of defining layemundaries With the few-layer model

on the other hand it can be difficult to pick a number of layers that will be valid throughout a whole survey,
and as a consequence artefacts can be introduced in areas of unexpectedly complex geology. The sharp
inversionmethodology outlined in Vignoli et al. (2017) is a focussed regularisation technique which allows
for an accurate reconstruction of resistivity distributions while maintaining the capability to reproduce
horizontal boundaries. The methodology promoteausioins that are compatible with the observed data and

at the same time features a minimum number of spatial (vertical and lateral) model variations. In essence,
the choice of an inversion approach should be determined by the target or targets we arettryiegplve.

A useful strategy coulobe to start with a smooth model and then explore alternative approaches if additional
detail is required.

The observed conductivity structure in the smooth model constrained inverstaure 2-4) and its
correspondence with the conductivity structure in logs for both bores DH1a2 and preititjesconfidence

that this inversion model adequately represents that required for this sty provides relevant insight
into the groundwater quality and aquifer systems present in the study area. Interpretation of the smooth
model inverted sectionincorporating available dritiole lithology logs yields a section showrFigure2-5.
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Figure2-4. Conductivitydepth sections for the Lindsay East Palaeovalley transect for a smootla@ér inversion. Drill hole lithology (adapted from Keppel et al. (2018hd

inductive conductivity logs are overlain on the airborne electromagnetic (AEM) sections.
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Figure2-5. Interpreted geological section (lower panel) for the Lindsay East Palaeovalley transect. Top panel is the
smooth model conductivity depth section with interpreted geology overlain.

Project publications

Munday T, Taylor A, Raiber M, Soerensen C, Peetémsapf CCui T, Cahill K, Flinchum B, Smolanko N,
Martinez J, Ibrahimi T and Gilfedder BDR0 Integratedregionalhydrogeophysical conceptualisation
of the Musgrave Province, South Australia. Technical Report $¢wieX)/04, Goyder Institute for
Water ResearchAdelaide.

12 | GFLOWStage3: Final summary report



2.4 Threedimensional geological model of tiMusgrave Province

The 3D geological model of the Musgrave Province has been developed using AEM condegtilrigfices

from the inversion models presented in previous sections simattle radar topographic mission (SRTM)
digital elevation data using SKMFOCAD® 3D geological modelling softwBigufe2-6). The conductivity

depth slices of the.0 m intervals were imported into the 3D geological modelling software framework, to
assess the spatial patterns of subsurface conductivity at varying depth intervals below the ground surface.
The regionaAEM data allowd definition of the extent of the @laeovalley system@igure2-7, Figure2-8)

and their spatial relationships tthe geological basement (i.e. characterising the interface between the
palaeovalley depositional system (representing alluvial aquifer systems) and the basement which is
comprised of fractured rocks). In the current version of the 3D geological modebgeddor the Musgrave
Province, two categories were differentiatecpalaeovalley sediments versus undifferentiated basement
(Figure2-9).

From this, theinterface between palaeovalleys and underlying bedrock was picked and a surface
representing the base of the palaeovalley system was generated. This surface was then used to build a
@2t dzYSGNRO o5 3IS2t23A0Ftf Y2RSt  Jzaorkfod. TheYrésultRg3D{ i NIz
geological model was compared with additional geological datasets such as geological structures to identify
relationships between palaeovalley evolution and faults.
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Figure2-6. Threedimensionalgeological model of the Lindsay West and Lindsay East palaeovalley systems with regional road netvabckmmunities
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a) 2D representation of extent and geometry of base of palaeovalley 22
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c) 3D representation of extent and geometry of base of palaeovalley and basement outcrops (red colour)

Elevation base of palaeovalley (mAHD) /e\-
J e —
350 400 450 500 550 600

Figure 2-7. Threedimensional (3D) representation of extent and geometry of base of palaeovalley in a) two
dimensional view b) 3D view and c) 3D view with outcropping basement.
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Figure2-8 Thickress of palaeovalley systems.
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Figure2-9. West-east geological crossection through the Lindsay West and Lindsay East palaeovalley systemsofiémtation of the crosssection is shown in the three
dimensional geological model above the section.
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For theexistingversion of the 3D geological model, colluvial sediments at the foothills of the Musgrave
Range, sandplaimé¢olian) sediments and palaeovalley (alluvial) sediments were not differentiatésl was
becausehere is insufficient spatial coverage of dhithle data throughout the area to distinguish these units

at the regional scale, with most existing bores tedawithin the eastern part of the model domain north of
Kaltjiti and only few bores drilled in the western part. However, based on the observation from the AEM data
and if we assume that the thickness of the surficial sandplain deposits overlying tle®yelay sediments

is similar throughout the APY Lands, it is possible to use the information from DH1a and from the regional
AEM to derive an additional model realisation where the upper approximately 20e considered as

sandplain deposits.

Project pulications

Munday T, Taylor A, Raiber M, Soerensen C, Peet&sapf CCui T, Cahill K, Flinchum B, Smolanko N,
Martinez J, Ibrahimi T and Gilfedder BD20 Integratedregionalhydrogeophysical conceptualisation
of the Musgrave Province, South Australia. Technical Report $¢wie20/04, Goyder Institute for

Water ResearchAdelaide.
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2.5 Groundbasedgeophysics

There were several extenddgkldwork expeditionsrelating to this tak over the life of the projectThese
included onefocused on seismic testing along the main palaeovalley transect at DH1 (to the east of
Kaltjiti/Fregon) Subsequent fieldwork undertook borehole nuclear magnetic resonance (NMR)
measurements in seven ofi¢ newly installed wells, as well as grodvaed timedomain electromagnetic
(TEM) surveys.

2.5.1 LINDSAY EAST PALAEOVALSEMSMIGURVEXT DH1

Seismic reflection and refraction surveys were undertaken in the APY Lands in August 2018. A primary goal
of the survey was to provide a detailed image of the main stem of a palaeovalley system that has been
identified by AEMsurveys (the DH1 site on the Lindsay East Palaeovalley, on the road ~5 km east of the
community of Kaltjiti/Fregon). Over the course okfidays the fouperson team was able to collect a 1974

m of profile running perpendicular to the main trunk of the palaeovalley. An objective of the study was to
obtain another independent measurement of the location of bedrock to help validate the AENietation

and elucidate details about the fill within the palaeovalley. The seismic data set is supported by several
boreholes that had been drilled along the seismic profile earlier in the month. The seismic refraction results
show significant variatiom the near surface (top 10 m) velocity structure and a deep (~100 m) refractor that

is believed to be the top of unweathered bedrock. The seismic reflection results show significant variability,
both lateral and vertical, in the top of bedrock reflecemd reveal prominent and clear reflections down to
depths greater than 400 m.

7035000

7034000

E 7033000

7032000

Northing (

7031000

7030000

I
804000 805000 806000 807000 808000 809000
Easting (m)

I
803000

Figure2-10. Location of the seismic surveys. (a) Underlying 10 m elevation data from Shuttle Radar Topography
Mission. Overlaid on top of the elevation map is a conductivity depth section frongyBOm below the surface.
Electrical conductivity values greater than 5%/m are marked out to highlight the palaeovalley location. The
airborne data were inverted using 400x400 m pixels, but a minimum curvature interpolation was applied for
visualisation. The seismic profile running perpendicular to the channel was colleétenh southeast to northwest
because we were required to shoot along the road. The yellow circles represent starts of profiles where the reference
location is near the centre of the palaeovalley and is marked accordingly. (b) Image of a geometrics Geodatded
along the side of the road. (c) Image of the vehigtfeounted PEG and steel plate used as the soutdere it is shown
mounted onto the CSIRO vehicle and the 40 kg weight drop is fully extended.
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Using the map of the palaeovalley obtained from thé/dtirvey we can compatre it to the seismic reflection
and refraction resultsHigure2-11). There are some very notable differencéke airborne EM defined valley

has ben defined from a widely spaced survey (2B0ine spacing) which indicates the valley to be both
broad and rolling. The base of the conductive response in the AEM matches the transition from transported
sediments to saprolite as defined by drillifkjgure2-12). There are a few locations, particularly in the centre

of the valley where the seismic defined boundary and the airborne boundary matchveglité-igure2-11).

Ly O2y iGN} ad ySIFENI GKS @lItfSeQa SR3ISasz 2yheaithar aAi RS
and seismic deviate3his vertical deviation can be over i#0in places. This difference appears real and is
attributed to a change in the physical properties of the materials presenith is picked up by one
measurement technique but not the other. Therefore the deviation is likely notréiselt of ambiguities
associated with the airborne inversiohis unlikely that airborne data could be matched with an alternative
boundary location that is 70 m below the current predicted locations of the base of the palaeovalley system.
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Figure2-11. Results from the sismic reflectionsurvey. Data were processed following a basic flow: 1) bapass
filtered, 2) trace normalsed, 3)common midpoint CMB sorted, 4) muted surface waves, Gprmal moveoutapplied

(one velocityper gather), 6) stacked, and 7) a time to depth conversion was applied using a single velocity. The main
reflector (clearly visible in the raw CMP gathers) is highlighted in yellow. The boreholes are shown as black vertical
lines. Where the black line gstthicker is where drillers intersected saprolitén(situ rock). The blue line is the
extracted depth to bedrock valugfrom airborne electromagneticsy note the large difference between 1000 and
1250 and-500 and-250 m along the profile.
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Figure2-12. Results for the seismic refraction survey. The velocity model was inverted using ti@wve tomography

and is comprised of ~20,000 picks. Regions that are white have no ray paths passing through them. Tine mai
reflection results from Figure2-11) are plotted on the image as a @y line, the blue line is from theairborne
electromagneticdata, and the boreholes are shown as Figure 2-10 (Panel §. The match between the strong
reflector and strong velocity change means that the depth conversion is done well.
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It appears fronthe stratigraphic bre data that the £M data does an excellent job at defining the bottom
of transportedregolith and the seismic data will define the topurfweatheredbedrock. From a hydrologic
standpoint, most of the water is in thteansported coveso AEM is an excellent tool to site new water wells.
Most of the water found at DH came from just above the large conductor that was identified as a clay layer
in the AEM. On the other hand, if the aim is to precisely locate the top dfdiek itself (not saprolite), then

the seismic refraction method is likely to be better.

Project publications

Davis A, Flinchum B, Munday T, Cahill K, Peeters L, Martinez J, Blaikie T, Gilf@dd#sr&himi T (2020)
Characterisation of palaeovalley system immangu Pitjantjatjara Yankunytjatjara (APY) Lands of South
Australia using grountlased hydrogeophysical methadBechnical Report Series No. @9/Goyder

Institute for Water Researci\delaide.
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2.5.2 BOREHOLE NMR

Borehole Niclear Magetic Resonance (MR) methodshave seen extensive use in the oil and gas industry
gAGK GKS UNBG baw f233Ay3 G22fa RSOSt2LISR F2NJ 2Af
relatively recent development of smaliameter, and highly portable NRItools (see Walsh et §013 and
Trofimczyk et al2018) now permits the nofinvasive use of this technology within existing PVC/fibreglass
cased bores or open holes that commonly support hydrogeological investigations. Borehole NMR logging
offers a method to directly measure water content (free and bound), porosity,-pie distribution, and
estimates of hydraulic conductivity (see, for example, Coates et al. (1998h et al. (2002), Stapf and Han

(2006) andWalsh et al. (2013))rhismethodis regarded as having significant potential in hydrogeological
investigations.

Borehole NMR logging was undertaken for sevenhef iewly installed wells in the APY Lands in late
September 2019Example is provided here for the upper 80 m of the m2aH1 well in the Lindsay East
PalaeovalleyRigure2-13).

All the bores logged in around DH1a (&igure2-13) indicated that estimated porosities from th@rehole
NMRare highly variable, both vertically and laterally. Estimates of bound (capillary) and free or mobile water
vary significantly, averaging from ¢Z% in the upper40m. Trends in the mobile and capillary water
content also suggests fining or coarsening upward sequences which are not always reflected in the lithology
logs. In part that may reflect limitations in the drilling procedure employed which involved aiyrand mud

rotary methods with drill cuttings used to define the lithology. With both approaches, there is potential to
misinterpret the relative abundance of fingrained materials.

The highest relative water content here is deeper tham¥ Galthough his is mainly bound up in the saline
claystone (green ifrigure2-13). The highesinobile water content (pale blue iRigure2-13) is at a much
shallower depth (~180m) in the unconsolidated sand layers.

Project publications

Davis A, Flinchum B, Munday T, Cahill K, Peeters L, Martinez J, Blaikie T, Gill@dd#sr&himi T (2020)
Characterisation of a palaeovalley systemmargu Pitjantjatjara Yankunytjatjara (APY) Lands of South
Australia using grountiased hydrogeophysical methadBechnical Report Series No. @9/Goyder
Institute for Water Researchdelaic.
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Figure2-13 Borehole nuclear magnetic resonance results for DH1a2 (east of Kaltjiti/Fregon), compared to drilling lithology.
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2.5.3 TIMEDOMAIN ELECTROMAGNES

Ground timedomain electromagnetics (TEM) methods have a {stagding application in near surface
geophysical investigations of groundwater resour@gsungroundedoop ofelectricalwire is placed on the
ground and dime-varying current is transrtied through it using a specialised transmitter. A magnetic field

is induced (referred to as the primary magnetic field) in the ground while current is being transmitted. When
the current is turned off abruptly hie magnetic field is then left without isource and responds lgducing

an image of the source loop in the subsurface. Initially this is equal to the primary magnetic field but is rapidly
weakened by the electrical resistivity of the ground and it dissipates or decays. The induced current moves
in circular horizontal paths and generates another magnetic field (the secondary field).

The workflow employed in this pilot study is summarigeBigure2-14 andinvolves the targetedcquisition,
processing and inversion of groubdsed timedomain electromagnetic datdollowed by their processing,
inversion and subsequent interpretation against available hydrogeological information. In this study the
interpretation also involved their forward modelling to provide some guidance as to how an airborne time
domain EM system would perform in this environment.

Conductivitydepth models from the TEM soundings are comparable with those generated from the AEM
data, and arninterpretation of the observeadonductivity structure is similar to that obtained from the AEM
data transect Figure2-15). The saturated zone appears to be coincideith a marked increase in ground
conductivity which may relate to the concentration of salts through evapotranspiration at the interface
between the saturated and vadose zones. A more resistive unit, possibly related to lower salinity
groundwater, is encaotered at about 30n below the ground surface. The deeper parts of the palaeovalley
are more conductive, and this is partially coincident with the presence of muds and clays associated with
fluviaklacustrine and marginal marine sedimentsraported in Kapf et al. (2019). Perhapgbe biggest
difference between the ground and airborne EM data sets is observed in the eastern part of the transect
where the ground TEM data suggests the presence of a more resistive unit (saprock/bedrock) nearer surface.
This & reflected in the revised interpreted geological section (determined from a combination of drilling and
the ground EM data) shown Figure2-15.

Further work on groud TEM methods is planned, including the acquisition of data from different TEM
systems, and interpretation of the derived data using alternative inversion approaches.
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Figure 2-14. Schematic representation of theéime-domain electromagneticacquisition (A), measurement (B),
inversion (C) workflow, with section/traverse of pseudocoloured soundings to aid interpretation. (D)
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Figure2-15. Smoothrmodel conductivity depth section from the inverted NanoTEM soundings (top panel) and the
interpreted geology for the transect (lower panel). The geological section was determined from the combined
interpretation of the drill hole and the conductisy section data. Geological linework is superimposed on the
conductivity-depth soundings for added clarity.
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2.6 Palaeovalleyarchitecture

Palaeovalleyarchitectureis an important aspect of understanding the water resources they contain. The
drilling programin GFLOWSStage3 provided an opportunity to obtain information on the materials and
hydrogedogic properties down through a large palaeovalley. Drilling in the Lindsay East Palaeovalley (at Site
DH1) has provided detat information at this location. ldng the length of the palaeovalley some chasge
would beexpected, but the fill materials are likely to be consistent.

Results from the borehole NMR were imaged against an AEM condudigptir section which traversed the
Lindsay East Palaeovalley. Thoediole lithology information (Keppel @i. 2019 provides spatial context

for the hydraulic information to help support the AEM interpretation. The modelled watetents from the
borehole NMR shown some correspondence with the conductivity structutteit\EM data. For example,

the clayey fine to medium grained unconsolidated sand unit between 17 and 33m (below the ground surface)
identified in DH1a2 has a lower free water content (and lower porosity) than units above and Bédome(

2-16 andFigure2-13). It coincides with a zone of elevated conductivity in the AEM data. Wh#tlserelates

to a slight increase in the solute content of the contained water is unknown but likely. At depth, the
lacustrineestuarinemarginal marine facies described by Krapf et al. (2019) have high porosities, less mobile
water, but the borehole NMRBata also indicate lower permeabilitiesSigure2-13 and Figure2-16). The AEM

data show this zone to be relatively conductive.

The well lithology information (Keppeadt al. 2019 provides information to help support the AEM
interpretation. There are large claynits at depth in thepalaeovalley. These have higher electrical
conductivity but contain less mobile watd&BoreholeNMRhas provided relative estimates of how available
water varies with depth in the palaeovalley (capillary and mobile, compared toner components in
Figure2-16).

The shallower parts of the palaeovalley at DH1 are more prospective for water, with lower groundwater
salinity (sed-igure2-4), and a static water level aroundn®below the land surface. Shallow wellsADm)
may provide the best target in this area, as opposed to going very deel0(@Bd).

2.6.1 GEOLGICAL MODEL OF THE PALAEOVALLEY

The evolution of the palaeovalley system in the APY Lands, particularly the Lindsay East Palaeovalley located
at hydrogeological control site DH1, is well documented by Krapf et al. (2019). Krapf et al. (2019) produced
the following figures Figure2-17 a-e) that used knowledge and information derived from the core at drill

hole DH1a.

Drilling the full thickness of the Lindsay ERsilaeovalley provided for the first time evidence that the
palaeovalley was incised up t® # into the underling weathered crystalline bedro¢kigure2-17a). A
combinaion of data captured by DH1a and the AEM dataset, enabled extension of the findings beyond the
control site, which suggesthat this incision depth may also apply other palaeovalleys in the wider
Musgrave Province region

Infilling of the palaeovallelgegan with the deposition of a sandy fluvial succesdtagufe2-17a and Figure

2-17b). The identification of two marginal marine to estuarine intervals within the mud unit of drill core DH1a
based on palynological constraints (Krapf et al. 2019) suggests that the Lindsay East Palaeovalley periodically
experienced marine influencegth the sea transgressing far inland beyond the coastal margin and wetlands
areas of the Eucla BasiRigure2-17b). The combined effects of a warm and humid climexte a rising sea

level accompanied by subsidence and orogenic movements during the Late Miocene (Hou et al. 2008) can
explain the presence of marginal marine deposits in the Lindsay East Palaeovalley at the foothills of the
Musgrave Ranges more than 300 KINE of the palaeocoastline.

The modern day landscape is characterised by extensive sandplains and dunefields with minor creeks.
Pedogenic calcretes and chalcedonic silcretes, which have widely formed within the sandplain deposits, are
frequently croppingout as resistant mounds in lelying areasKigure2-17e).
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Figure 2-16. The conductivity-depth sections for the Lindsay Eastl@eovalley transect for a smooth 3yer
inversion. Drill hole lithology &dapted from Keppel et al.2019) and inductive conductivity logs are overlain on the
airborne electromagneticsection in the top panel. Water contents from thborehole nuclear magnetic resonance
(BNMR)areoverlain on the section in the middle panel amdodelled hydraulic conductivity estimates (Schlumberger
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predicted lithology textures (whether fining or coarsening upwards) have been made Hamethe BNMR logs.
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Formation of incised valleys (Late Mesozoic to Early Palaeogene).
First fluvial deposition (Eocene).

Freshwater and marine environmental reversals (Late Miocene to Early Pliocene).
Marine incursion into incised palaeovalley estuarine environment.

Evaporation event between freshwater and marine environmental reversals
(Late Miocene to Early Pliocene).

(e)

Sandplain

Longitudinal Officer
dunes Creek _Calcrete
Basement _ @ mounds
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outcrops

Modern day landsurface and landforms.
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Figure2-17. Geological evolution model of the Lindsay East Palaeovalley (from Krapf et al. 2019).
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As part of the conceptualisation of palaeovalley formation in the APY Lé&igisie 2-18 indicatesa
conceptualisation of the development and subsequent valley filling of palaeovalleys.

A: Onset of deep weathering

(Late Mesozoic to Early Palaeogene
~65Ma),with fluvial erosionand
sedimentation of faulted crystalline
Mesoproterozoic basement rocks.
Erosion and sedimentation developed
preferentially along structural

discontinuities with fluvial deposition
occurring through the Palaeocene and L
Eocene (~6 30Ma). v Y e
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D. Wetter conditionsthrough the early
Neogene resulted in increased erosior|
of the ranges to the north, and an
acceleration of sequential fluvial
sedimentation infilling thepalaeovalley
systems(Early to Late Pliocene- 2.5¢
5Ma).

< < < < < < << Sy

< < < < < < < <

E. Sedimentation continuedfter the
palaeovalley systems were infilled
through the early Neogene into the
Quaternary, with sheetwash, fluvial an
colluvial sediments beingeposited
across the landscape with increased
aridity. Aeolian processes started to
dominate in the Holocene with the
development of extensive sand plains
and sand sheets. Local induration
occurred forming calcrete in subdued,
shallow and laterally exteng valley
floors. (Pliocene Holocene ~4Ma to
present).

Figure2-18. Conceptualised landscape development processes leading to current palaeovalleys
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