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Abstract 

The central Australian Musgrave Province at the junction of the South, North and West Australian cratons has under-
gone and continues to retain evidence of significant whole-of-crust, and most likely ‘whole-of-lithosphere’ tectono-
magmatic processes. The area is known for some of the largest geophysical anomalies related to significant Moho 
offsets of up to 15 km, which resulted from repeated intracratonic reworking since the Neoproterozoic. New magne-
totelluric (MT) data have been collected across the Musgrave Province in Western Australia and South Australia as part 
of the Australian Lithospheric Architecture Magnetotelluric Project (AusLAMP). Station spacing was ∼ 50 km between 
96 sites over an area of 500 × 700 km. Long-period MT impedance and tipper data over a bandwidth of 8 s to 10,000 
s period have been inverted using a smooth 3D inverse algorithm. The 3D model shows two predominant resistivity 
trends. There are deep ( > 65 km ) north–south mantle conductors that we infer to be related to the Palaeo- to Meso-
proterozoic north-trending arc-related rocks that experienced ultra-high temperature metamorphism and widespread 
magmatism during the Mesoproterozoic Musgravian Orogeny. These conductors are preserved in the crust south 
of the Musgrave Province. The upper mantle also contains a localised resistive zone that possibly represents genera-
tion of mafic- to ultramafic magmas during the c. 1090–1040 Ma Giles Event. The crust ( < 65 km depth) contains 
strong east–west crustal conductors interpreted to reflect the east–west structural grain that initiated during the c. 
1090–1040 Ma Giles Event and overprinted the older N–S-oriented mantle anomalies. These E–W crustal conductors 
coincide with magnetic anomalies that represent crustal-scale structures, and high gravity anomalies associated with 
significant Moho offsets resulting from further reactivation during the c. 630–520 Ma Petermann and c. 450–300 Ma 
Alice Springs orogenies.
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Introduction
Tectonothermal events leave an imprint in the lith-
ospheric architecture and the electrical resistivity 
structure measured today is a result of the cumulative 
fertilising and depleting effects of all events (Unsworth 
2010; Selway 2014). With an increasing awareness that 
the rheology of the lithosphere plays an important role 

in controlling tectonic development (Griffin et al. 2013), 
geophysical techniques including MT (Thiel and Heinson 
2010; Duan et al. 2010; Selway et al. 2011; Thiel and Hein-
son 2013; Duan et al. 2013; Selway 2014; Robertson et al. 
2016; Pollett et  al. 2019; Wise and Thiel 2020), seismic 
tomography (Rawlinson et al. 2014; Kennett et al. 2013), 
as well as geochemical sampling of the lithospheric man-
tle (O’Reilly and Griffin 2010; Gaul et  al. 2003) have 
become fundamental in imaging lithospheric structure 
and providing constraints on tectonic evolution. Under-
standing various tectono-magmatic processes of a region 
and their resultant orientation assists in interpreting the 
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MT results in terms of identifying the cause and potential 
age of the various conductivity anomalies observed in the 
MT data. Understanding the cause of the MT response is 
important in interpreting the MT data as well as how this 
response changes over time and with successive deforma-
tion. The electrical response of rocks is usually affected 
by fluids, e.g. brines, pore water and by the presence 
of metallic or semiconductor minerals, e.g. sulphides, 
graphite distributed in rocks or shear zones (Hyndman 
and Shearer 1989; Glover 1996; Selway 2014; Pommier 
2014).

The Musgrave Province in central Australia is a worthy 
area to evaluate the use of 3D AusLAMP MT in under-
standing geological processes. The Musgrave Province 
occurs at the junction of the North Australian, South 
Australian and Western Australian Cratons, and records 
evidence for the assembly of Proterozoic Australia. The 
geological history of the Musgrave Province involves 
c. 1650–1270 Ma magmatic arc history (Howard et  al. 
2015), followed by prolonged UHT conditions and mag-
matism during the Musgrave Orogeny (Smithies et  al. 
2011). Subsequent multiple overprinting with the intru-
sions of the giant layered mafic-ultramafic intrusions of 
the Giles Event (Smithies et  al. 2011) and of the Wara-
kurna Large Igneous Province (Alghamdi et al. 2018) and 
again localisation of deformation during the amagmatic 
Petermann and Alice Springs orogenies further com-
plicates the unravelling of the Musgrave Province (Rai-
mondo et  al. 2010). The range of geological processes 
recognised in the Musgrave Province provides ample 
possibilities for leaving behind signatures of tectono-
magmatic events in the lithosphere. A full 3D image of 
the lithosphere beneath the Musgrave Province will add 
an important dataset to help constrain the evolution of 
the Musgrave Province.

This paper presents the results of this study of the Mus-
grave Province and shows new lithospheric-scale 3D MT 
data across this intracontinental deformation zone. The 
paper presents a preferred interpretation of this new 3D 
AusLAMP MT model and describes each of the signifi-
cant features observed in the 3D MT data. This interpre-
tation is then validated against current understanding 
of the Musgrave Province’s tectonic history, other exist-
ing MT surveys, deep seismic reflection transects of the 
crust and passive seismic studies of the lithosphere.

Geology of the Musgrave Province
The Musgrave Province is a Mesoproterozoic orogen 
exposed between the North Australian Craton (NAC), 
South Australian Craton (SAC), and West Australian 
Craton (WAC). The orogen forms a prominent east-
trending gravity and magnetic anomaly located along the 
border between South Australia and Northern Territory, 

extending into Western Australia. The province com-
prises granulite to amphibolite facies’ metamorphic 
rocks, intruded by granitic plutons and by mafic and 
ultramafic rocks, which are bound to the north and south 
by the Neoprotoerozoic to Paleozoic rocks of the Ama-
deus and Officer basins, respectively (Figs. 1, 2).

The oldest crustal component is not preserved, but is 
inferred from Nd and Hf isotopic studies to be c. 1950 Ma 
oceanic crust that was subsequently recycled (Kirkland 
et al. 2017). The next stage of crustal evolution was long-
lived and involved the development of a series of mag-
matic arcs (Dutch et  al. 2016; Smits et  al. 2014). These 
include the oldest preserved rocks in the Musgrave Prov-
ince, c. 1650–1600 Ma mafic to felsic volcanic and intru-
sive rocks, and sedimentary rocks that typically form the 
protolith to the Birksgate Complex in the eastern part 
of the province (Edgoose et al. 2004; Howard et al. 2015; 
Jagodzinski and Dutch 2013; Major and Conor 1993). The 
central part of the province contains c. 1590–1540 Ma 
felsic intrusive and volcanic rocks that form the protolith 
to the Birksgate Complex (Wade et al. 2006), although the 
1607–1583 Ma Warlawurru Supersuite is exposed in the 
western Musgrave Province as a tectonically interleaved 
sliver (Howard et al. 2015; de Gromard et al. 2019). The 
western part of the province contains two main basement 
rock packages. The c. 1402 Ma Papulankutja Supersuite 

Fig. 1 Gravity image of Australia, showing the main crustal elements. 
The Musgrave Province is located on the boundary between the 
Central and South Australian Cratons. Low gravity regions are shown 
in blue and high gravity regions in red. The new Musgrave Province 
MT sites described in this study are shown as triangles. All regional 
deep seismic traverses intersecting the Musgrave Province are shown 
as red lines, with seismic line names provided for those traverses 
referred to later in the text. All MT profiles intersecting the Musgrave 
Province are coincident with deep seismic traverses. The region used 
for Fig. 2 is marked by the black bounding box
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has limited distribution and a composition consistent 
with an arc setting (Howard et al. 2011). The 1345–1293 
Ma Wankanki Supersuite intruded during the Mount 
West Orogeny, with volcano-sedimentary protoliths to 
the 1340–1270 Ma Wirku Metamorphics deposited in a 
basin adjacent to the arc (Evins et al. 2012; Howard et al. 
2015; Smithies et al. 2011). The Wankanki Supersuite and 
Mount West Orogeny are interpreted to reflect final col-
lision of the volcanic arcs, and ultimately amalgamation 
of the WAC and SAC (Betts and Giles 2006; Giles et al. 
2004).

The c. 1650–1270 Ma rocks have geochemical com-
positions consistent with volcanic arc settings (Dutch 
et al. 2016; Howard et al. 2015; Wade et al. 2006), and are 
interpreted to form a series of north–northeast-trending 

arcs that are young to the west (Dutch et al. 2016; Smits 
et al. 2014). These arcs can also be traced south into the 
Coompana and Madura Provinces (Dutch et  al. 2016). 
The eastern Coompana Province contains migmatitic 
rocks with c. 1618–1604 Ma protoliths that have arc-
like compositions (Dutch 2018; Jagodzinski et  al. 2018; 
Smithies et al. 2015c; Wingate et al. 2015a), whereas the 
Madura Province to the west contains c. 1415–1389 Ma 
metagabbros and tonalitic gneisses interpreted to form 
part of an oceanic arc (Smithies et  al. 2015b; Wingate 
et al. 2015b).

The c. 1220–1150 Ma Musgrave Orogeny was wide-
spread, affecting all of the Musgrave Province (Edgoose 
et  al. 2004; Major and Conor 1993; Smithies et  al. 
2011). Deformation resulted in widespread upright 

Fig. 2 Simplified geology of the outcropping Musgrave Province and subsurface structural trends inferred from interpreted magnetics and gravity. 
Subsurface geological trends modified after the Australian Crustal Elements Map (Geoscience Australia) and the simplified outcropping Musgrave 
Province from Wade et al. (2008). Musgrave Province MT site locations are shown as blue triangles. The inferred location of the Mundrabilla Shear 
and its northern extension is shown as a north–south dotted line (Aitken et al. 2016). State boundaries are shown for reference to Fig. 1, where NT—
Northern Territory, SA—South Australia and WA—Western Australia. Regional deep seismic traverses intersecting the Musgrave Province are shown 
as red lines
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north–northeast-trending isoclinal to tight folding, and a 
steeply dipping north- to northeast-trending migmatitic 
layering, which forms a grain that is prominent on the 
aeromagnetic images (Aitken and Betts 2008; Edgoose 
et  al. 2004; Pawley et  al. 2014; Wade et  al. 2008). These 
observations suggest that the orogen was undergoing 
southeast–northwest-directed shortening. This steep 
fabric, however, is a relatively late feature, with parts of 
the eastern Musgrave Province preserving evidence for 
east–west-directed extension during the early Musgrave 
Orogeny (Pawley et  al. 2016). Magmatism was wide-
spread, including the voluminous mantle-derived granitic 
magmas of the 1220–1140 Ma Pitjantjatjara Supersuite, 
and was accompanied by prolonged ultra-high tempera-
ture crustal conditions (Edgoose et al. 2004; Jagodzinski 
and Dutch 2013; Smithies et  al. 2011, 2015a). Smithies 
et al. (2011) proposed that the extensive magmatism was 
triggered by the remobilisation of lower crustal MASH 
zones where mantle-derived mafic magmas assimilated 
felsic crust. The ultra-high temperature conditions were 
generated during intracontinental extension, when asthe-
nospheric upwelling was focussed and fixed between the 
WAC, SAC and NAC. Gorczyk and Vogt (2015) proposed 
that the prolonged high temperature could also be due to 
delamination of post-subduction mantle lithosphere fol-
lowing the Mount West Orogeny.

There is evidence that the Musgrave Orogeny forms 
part of a larger tectono-magmatic event. Aitken and Betts 
(2008) recognised a northeast-trending magnetic grain in 
the basement beneath the Amadeus and Officer basins. 
This grain was interpreted to represent chains of Pit-
jantjatjara Supersuite granite plutons that can be traced 
back to the Musgrave Province. Spaggiari et  al. (2016) 
proposed the Maralinga Event, which produced magmas 
with similar ages and compositions to the Pitjantjatjara 
Supersuite in the Albany–Fraser Orogen and Madura 
and Coompana provinces to the south of the Musgrave 
Province (Clark et al. 2000; Dutch 2018; Jagodzinski et al. 
2018; Smithies et al. 2015b; Wingate et al. 2015a). North 
of the Musgrave Province, the southern margin of the 
North Australian Craton was undergoing north–south-
directed shortening at c. 1130 Ma that was interpreted to 
record convergence of the North Australian Craton with 
the Musgrave Province (Wong et al. 2015).

The 1090–1040 Ma Giles Event followed the Musgrave 
Orogeny, and can be recognised across the Musgrave 
Province (Smithies et  al. 2015d). The Giles Event is the 
dominant rock package in the western Musgrave Prov-
ince, where intracontinental rift-related mafic–felsic vol-
canic and sedimentary rocks (including supervolcanoes), 
and giant layered mafic–ultramafic intrusions, gabbros, 
dolerites and leucogranites are preserved (Evins et  al. 
2010; Howard et  al. 2015; Smithies et  al. 2015a, d). The 

central Musgrave Province contains large layered mafic 
intrusions, granite plutons and Alcurra Dolerite dykes, 
which generally appear to reduce in size and number 
towards the east (Edgoose et al. 2004; Major and Conor 
1993). In the eastern Musgrave Province, the Giles Event 
is represented by east-trending dykes of Alcurra Doler-
ite, which form the Kulgera dyke swarm (Camacho et al. 
1991; Werner et al. 2014). The Giles event was accompa-
nied by deformation, with evidence for normal faulting, 
or fault reactivation. These structures range from north-
west-striking in the west (including the Ngaanyatjarra 
Rift) to east-striking in the central and eastern parts of 
the province (Evins et al. 2010; Pawley et al. 2014; de Gro-
mard et al. 2019).

Smithies et  al. (2015a) proposed that the Giles Event 
was triggered when intraplate movement along the 
north-trending, crustal-scale Mundrabilla Shear Zone, 
displaced and destabilised the thermal anomaly underly-
ing the Musgrave Province. Magmatism was particularly 
focussed at the intersection of these two features, pro-
ducing the voluminous magmatism in the western Mus-
grave Province. Rocks of the Giles Event can be traced 
south of the Musgrave Province into the Coompana 
Province, where a series of circular remanently magnet-
ised bodies can be recognised on the aeromagnetic data. 
These bodies form a chain that can be traced down the 
eastern side of the Mundrabilla Shear Zone for ∼ 300 km , 
before turning to the southeast for ∼ 300 km (Pawley 
et al. 2018).

The c. 825–760 Ma Amata Dolerite forms widespread 
northwest-trending dykes in the eastern Musgrave Prov-
ince (Glikson et al. 1996; Werner et al. 2018). These rocks 
form part of the Gairdner–Willoran–Guibei Large Igne-
ous Province that resulted from plume activity, centred 
to the southeast of the present Musgrave Province during 
early rifting stages of Rodinia (Werner et al. 2018; Win-
gate et al. 1998; Zhao et al. 1994). This period of magma-
tism was followed by thermal recovery and subsidence 
as plume activity declined, leading to broad crustal sag-
ging and the onset of sedimentation within the Central-
ian Superbasin that covered most of central and southern 
Australia (Lindsay 2002; Walter et al. 1995). Sedimenta-
tion was terminated by the Petermann Orogeny, which 
caused local uplift of the basement to dismember the 
Centralian Superbasin into a series of basins, including 
the Amadeus and Officer basins that are now separated 
by the upthrust Musgrave Orogen (Lindsay and Leven 
1996).

The c. 630–520 Ma Petermann Orogeny involved 
intracontinental reactivation (Camacho and Fanning 
1995; Major and Conor 1993; de Gromard et  al. 2019; 
Sandiford and Hand 1998). The earliest phase of defor-
mation (c. 630 Ma) was recognised in the western 
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Musgrave Province where east–west-shortening resulted 
in north-trending folds and thrust system (de Gromard 
et  al. 2019). However, the Petermann Orogeny gener-
ally appears to have involved north-directed shortening, 
which resulted in uplift and thrusting of the Musgrave 
Region over the Amadeus and Officer basins (Edgoose 
et  al. 2004; Flöttmann et  al. 2004; Sandiford and Hand 
1998). Uplift of the core of the orogeny was accommo-
dated by diverging thrusts, including the north-dipping 
Everard Thrust located along the southern margin of the 
province, and the south-dipping Woodroffe Thrust in 
the north (Camacho and McDougall 2000; Edgoose et al. 
2004; Flöttmann et  al. 2004; Major and Conor 1993). 
The Woodroffe Thrust juxtaposed transitional granulite 
facies’ rocks of the Fregon Domain to the south against 
low to medium pressure amphibolite facies’ rocks in 
the Mulga Park Domain to the north, with grade reduc-
ing northwards (Camacho and Fanning 1995; Raimondo 
et  al. 2010; Scrimgeour and Close 1999). Seismic stud-
ies have shown the two thrusts to be crustal-scale struc-
tures that offset the Moho (Korsch and Kositcin 2010; 
Lambeck and Burgess 1992). The Petermann Orogeny 
also produced, and reactivated, steep predominantly 
strike-slip faults within the core of the province (Aitken 
et al. 2009; Major and Conor 1993; Pawley et al. 2014; de 
Gromard et  al. 2019). These include the Mann Fault in 
the central Musgrave Province, and the Echo-De Rose-
Wintinginna fault system that bounds the dextral, strike-
slip pull-apart Moorilyanna Graben in the eastern part of 
the province (Gravestock et al. 1995; Korsch and Kositcin 
2010).

The c. 450–300 Ma Alice Springs Orogeny was focussed 
north of the Musgrave Province, where it was responsible 
for deformation and uplift of the Arunta Province (Col-
lins and Shaw 1995; Mawby et al. 1999). However, there 
is also evidence for north–south-directed shortening in 
the Musgrave Province at this time (Edgoose et al. 2004; 
Hand and Sandiford 1999; Lindsay and Leven 1996). 
Internal east-trending structures were reactivated across 
large parts of the province, including the Woodroffe 
Thrust, and the Marryat and Coglin faults in the east-
ern Musgrave Province (Glorie et  al. 2017; de Gromard 
et al. 2019). There is also evidence for reactivation of the 
southern margin of the Musgrave Province at the contact 
with the Officer Basin (Hand and Sandiford 1999; Lind-
say and Leven 1996; Drexel et al. 1993).

Lithospheric structure of the Musgrave Province
The lithosphere, comprising the crust and uppermost 
solid mantle, varies between 180 and 240 km in  thick-
ness across the Musgrave Province (Fishwick and Read-
ing 2008; Fichtner et  al. 2010; Kennett et  al. 2013). 
Teleseismic tomography and receiver function studies 

show the Musgrave Province is underlain by  40  km 
to 50  km  thick crust and a mainly transitional Moho, 
similar in thickness to both the North Australian and 
South Australian Cratons (Lambeck and Burgess 1992; 
Salmon et  al. 2013; Clitheroe et  al. 2000). Seismic 
reflection and 2D gravity forward modelling also show 
that the regions’ gravity anomalies coincide with signif-
icant Moho offsets, suggestive of ‘thick-skinned’ defor-
mation (Goleby et  al. 1989), resulting from the lower 
crustal response to the Palaeozoic deformation during 
the Petermann Orogeny (Aitken et al. 2009). The veloc-
ity models also image significant heterogeneity within 
the Musgrave Province down to 200 km (Fichtner et al. 
2010; Kennett et al. 2013).

Ambient noise studies were used to map the upper and 
middle crust to depths of around 30 km (Saygin and Ken-
nett 2010). The authors concluded that Rayleigh wave 
velocities as low as 2.0 km · s

−1 are due to crustal compo-
sition and the presence of high thermal gradients in the 
Musgrave and Arunta Provinces.

Deep seismic reflection studies over the region are 
limited to four transects, all at the margins of the Mus-
grave Province (Fig.  1). The two oldest seismic surveys 
do not directly cross the Musgrave Province but identi-
fied significant Moho offsets in Central Australia which 
share a similar tectonic history in the Phanerozoic (pro-
files BMR85 and 93AGS in Fig.  1) (Goleby et  al. 1988; 
Korsch et al. 1998). The 2011 Yilgarn–Officer–Musgrave 
survey (11GA-YO1; Fig.  1) crosses the Musgrave Prov-
ince’s south-western boundary and heads northeast 
into the centre of the Musgrave Province (Howard et al. 
2011; Neumann 2013). The 2008 Gawler–Officer–Mus-
grave–Amadeus (GOMA) survey crosses the Musgrave 
Province’s south-eastern boundary and extends into the 
centre of the Musgrave Province (Korsch and Kositcin 
2010). The 2013 and 2008 surveys both imaged south-
dipping crustal-scale structures.

Previous MT studies of the Musgrave Province proper 
are either scattered individual conductivity profiles or 
2D MT surveys acquired coincident with the deep seis-
mic traverses. The 2D profiles relevant to the current 
MT investigation are the Yilgarn–Officer–Musgrave 
MT (YOM MT) survey, which is coincident with the 
deep seismic traverse 13GA-YO1 (Fig. 1) and crosses the 
south-western margin of Musgrave Province and images 
the western-most portion of the Musgrave Province 
(Duan et al. 2013; Aitken et al. 2013). Second, the GOMA 
MT survey (Duan et al. 2010; Selway et al. 2011) which is 
also coincident with the 08GA-OM1 deep seismic trav-
erse (Fig. 1) runs north–south through the eastern-most 
Musgrave Province. Both MT profiles identified good 2D 
structures including significant south-dipping structures 
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in the resistivity model that approximate the location of 
the Woodroffe Thrust.

Pollett et al. (2019), after remodelling the GOMA MT 
Survey data and extending it to the north, argue that 
the transition from Musgrave Province lithosphere to 
Gawler Craton lithosphere can be imaged through sig-
nificant changes in heat flow and electrical conductivity, 
with the respective contrasts strong enough to constrain 
this boundary more accurately than previous geophysical 
models.

A third 2D MT transect that is useful in understanding 
the regions’ lithospheric structure is MT profiles 12GA-
AF3 and 13GA-EG1 (Wise and Thiel 2020; Spratt et  al. 
2014). These two MT profiles link, are located south of 
the Musgrave Province, and run east–west from the edge 
of the Yilgarn Craton, eastwards across the Albany-Fraser 
Orogen, the Madura and Coompana Provinces, east-
wards to the northern part of the Fowler Domain and 
central Gawler Craton (Wise and Thiel 2020; Spratt et al. 
2014). Together these two profiles highlight an extensive 
lower crustal to upper mantle conductor spanning the 
entire Eucla and Coompana Province. The conductor 
appears to cut through the interpreted extent of the sub-
vertical Mundrabilla Shear Zone derived from seismic 
reflection data and coincides with a low-reflectivity zone 
in the co-located seismic reflection profile (Wise and 

Thiel 2020). Following its subdued response in the MT 
data, the 2D inversion of the profile also does not show a 
clear sub-vertical feature associated with the Mundrabilla 
Shear Zone.

The Musgrave Province AusLAMP experiment
Data were collected as part of the larger AusLAMP pro-
ject, creating a continuous MT data coverage across 
South Australia and eventually the whole of Australia. 
The area covered by this survey incorporates Ngaanyat-
jarra Lands in Western Australia and the Anangu Pitjant-
jatjara Yankunytjatjara (APY) Lands in South Australia 
(Fig. 3). This survey recorded long-period (50 s to 10,000 
s) MT data spaced approximately every half degree 
latitude and longitude (about 55 km at mid latitudes) 
to record the resistivity of the crust and upper man-
tle to improve the understanding of the structure of the 
lithosphere.

Instruments were predominantly from the ANSIR/
AuScope National MT long-period instrument pool con-
sisting of 6 channel Earth Data Recording Instruments 
(Model—PR6-24), Bartington 3-component Fluxgate 
Magnetometers (Model Mag03MS70, 70 nano Tesla, 
0–3 kHz) and unpolarisable Pb-PbCl electrodes (Model 
-PMS9000, SDEC, France). These instruments were 
deployed for around 3 weeks to ensure data to 10,000 

Fig. 3 Map of the central Australian region showing total magnetic intensity over the Musgrave Province with the location of the Musgrave 
Province MT sites superimposed as black triangles. Inset is Australian relief image with MT sites superimposed to show geographic coverage with 
respect to the Australia continent. The Mundrabilla Shear Zone is shown as a dashed line (Aitken et al. 2016)
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s were recorded. As the survey area was so remote and 
financial costs to get to the survey area were high, before 
retrieval of each unit, the data were analysed on site to 
ensure it was of suitable quality.

Data collected throughout the Musgrave Province are 
generally of very high quality with smooth impedance 
and tipper responses between 5 s and over 10,000 s. Dur-
ing collection, continuous time series were produced 
for the individual Ex , Ey , Bx , By and Bz signal, where x 
referred to the North direction, y referred to East direc-
tion and z the vertical direction. Time series were con-
verted to impedances using the BIRRP robust processing 
code (Chave and Thomson 2004). These time series were 
inspected to ensure the signal was of sufficiently high 
quality to meet the objectives of the survey. An example 
of two MT time series is shown in Fig. 4. Figure 5 shows 
a plot of five representative MT responses: the data qual-
ity for the array is excellent throughout with longest peri-
ods exceeding 10,000-s period at almost every site. The 
responses generally divide into two sub-groups, repre-
senting low apparent resistivities for stations across the 

sedimentary basins surrounding the Musgrave Province, 
and the continuously high apparent resistivities for sta-
tions across the Musgrave Province.

Figure  6 is a composite image showing phase tensors 
and induction arrows at periods of 50 s, 500 s and 4000 
s to show variation in spatial and depth dependence of 
resistivity, confirming that 3D induction is at a Province 
scale. The relative rotation of the phase tensors indicates 
the Musgrave Province has a strong three-dimensionality 
at depth. For the phase tensors, the southern margin of 
the Musgrave Province is clearly seen as an arcuate struc-
ture; the boundary trending east–west in the south east 
and south, then bending northwards at the western side 
of the model.

Induction arrows show a first-order resistive nature of 
the Musgrave Province compared to its margins (Fig. 6), 
particularly in the south and southwest. Induction arrows 
at all periods have a larger magnitude with a predomi-
nant orientation towards the arcuate southern margin of 
the Musgrave Province. This suggests a significant change 
in resistivity contrast from resistive Musgrave Province 

Fig. 4 Concatenated MT time series for a site SA275 and b site SA294. These time series plots illustrate the data quality recorded. The plots show 
strong diurnal signal variation as well as several periods of strong geomagnetic activity
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to the more conductive southern margin and the Officer 
Basin sediments.

Results
Inversion parameters
The MT data were inverted using ModEM (Egbert and 
Kelbert 2012; Kelbert et  al. 2014). Data were initially 
edited to omit noisy soundings with large scatter or large 
error bars, but given the overall data quality little editing 
was required. The ModEM input data consisted of both 
full impedance and vertical magnetic transfer functions. 
The 96 MT stations were inverted using 23 periods for Z 
over the range 8 to 16,000 s (error floors of 3% and 10% 
for the off-diagonal and diagonal impedance tensor ele-
ments, respectively) and 21 periods for the vertical field 
transfer functions over the range 8 to 7000 s (error floor 
of 0.03).

Grid-cell dimensions were 6 by 6 km in the horizon-
tal north and east directions for the inner grid, with 15 
padding cells added each side surrounding the inter-
nal model, increasing by a factor 1.5 at each horizontal 
direction increment. The vertical grid started at 50 m cell 
thickness beneath the surface and increased by factor 1.11 
to a final depth of 2131 km. This resulted in a model size 
of 2517 km× 2805 km× 2131 km with 115× 163× 81 
cells in the x-, y-, z-directions respectively. A 100�m 
starting half-space was used, and bathymetry ( 0.3�m 

sea resistivity) and ocean sediments were included as the 
margins of the model covered to the coastline. A number 
of different inversions were undertaken, varying covari-
ance and smoothness parameters and for each, to test 
model fit and sensitivity of model features (Robertson 
et  al. 2020). The best fitting model was achieved using 
a covariance of 0.4 and the smoothness applied once. 
Other inversions included a covariance of 0.3, as well as 
smoothing applied twice for a covariance of 0.3 and 0.4.

The resulting model misfit analysis (Fig.  5) shows the 
MT data across the Musgrave Province are consistently 
fit with RMS values commonly less than 2. The final RMS 
for the preferred 3D inverse model, with a covariance of 
0.4 and the smoothness applied once, is 1.53 (Z normal-
ised RMS = 1.50, T normalised RMS = 1.61). The MT 
response of stations surrounding the Musgrave Province 
is dominated by sediments with an increase in apparent 
resistivities towards longer periods surrounding the Mus-
grave Province. Within the Musgrave Province, data for 
the principal components Zxy and Zyx of the impedance 
tensor show relatively constant apparent resistivities over 
the entire period range, suggestive of a predominantly 
resistive crust and upper mantle. The splits in the appar-
ent resistivity curves suggest some directional distortion 
in the data, yet these are retrievable in the 3D inversion.

Site SAA070 (Fig. 5) has phase out-of-quadrant in the 
southeast part of the grid, near the northwest edge of the 

Fig. 5 Model Fit plots for all sites in the Musgrave Province. The final RMS for the preferred 3D inverse model is 1.53 (Z RMS = 1.50, T RMS = 1.61). 
Within the Musgrave Province, data are generally flat, with strong resistivity splits between modes (e.g. SA301, SA323). Note the out of quadrant 
phase in the southeast part of the grid near the north-western edge of the Gawler Craton (Site SAA070)
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Gawler Craton. This is likely indicative of current chan-
nelling at the confluence of the margins of the Musgrave 
Province and the Gawler Craton to the southeast. Whilst 
the RMS for this site is higher at RMS = 4.08, the inver-
sion model is able to fit the phases out of quadrant.

The 3D AusLAMP resistivity model of the Musgrave 
Province
The 3D MT electrical responses presented herein reflect 
variations in either the electrical characteristics of the 
various rock types present within the crust and the 

mantle beneath the Musgrave Province or the structures 
superimposed on these rocks during tectonic events (e.g. 
metamorphism, partial melting, stress) (Selway et  al. 
2014; Thiel et  al. 2016b; Wise and Thiel 2020). Equally, 
shearing or faulting a rock can also significantly change 
the electrical properties (Jones et  al. 2005) through 
increased fluid flow through these new pathways and 
associated recrystallisation within these zones; meaning 
some of the 3D MT electrical response images also repre-
sent structural features. The 3D MT electrical responses 
are therefore a mix of both geological/lithological varia-
tions as well as structural features.

The preferred 3D resistivity model is shown in Fig.  7, 
with depth slices at 10 km, 20 km, 30 km, 38 km, 65 km 
and 100 km. Several trends can be recognised in this 
model. The crustal depth slices (10 km, 20 km, and 30 
km and in-between) show a strong east–west trend, par-
allel to the gravity highs and restricted to the Musgrave 
Province (Fig. 7a–d). In the lower crustal levels, a north–
south trend can be seen south of the Musgrave Province 
in the Coompana Province (Fig.  7c, d). The location of 
the Mundrabilla Shear Zone is plotted in Fig.  7c, but is 
not a prominent electrically defined structure but a non-
conductive reactivated zone. The deeper depth slices (65 
km and 100 km and in-between) show a predominant 
north–northeast trend in electrical response, which can 
generally be traced across the Musgrave Province and 
into the adjacent regions (Fig. 7e, f ). To the west of the 
survey area, the lithosphere is generally resistive reflect-
ing the depleted Yilgarn Craton; however, resolution is 
limited due to the station coverage mostly centred across 
the Musgrave Province.

A series of east–west cross-sections were made 
through the preferred 3D resistivity model, and show a 
range of features that vary across the region (Fig. 8). The 
northern two sections (Fig. 8a, b), which cross the north-
western Musgrave Province, show several features that 
appear to be influenced by the location of the Mundrab-
illa Shear Zone. The upper crust is highly conductive, 
and would correspond to the sediments of the Amadeus 
Basin to the north, and Phanerozoic Canning Basin to 
the northwest (Fig.  2). The lower crust immediately to 
the east of the Mundrabilla Shear Zone is highly conduc-
tive and overlain by restive middle to upper crust, which 
is best observed in Fig.  8b. The upper mantle is gener-
ally resistive in this area. West of the Mundrabilla Shear 
Zone, there is a large, moderately conductive zone in the 
upper mantle that is ∼ 100 km wide and deeper than 100 
km. Fig. 8b shows a narrow conductive corridor that can 
be traced from the deeper conductive zone up into the 
crust. In plan view, the narrow corridor forms a small 
discrete (pipe-like) conductive zone that can be seen on 
all depth slices of the 3D resistivity model (Fig. 7).

Fig. 6 Phase Tensor ellipse plots with respective induction arrow 
at a 50 s, b 500 s and c 4000 s, each with overlain respective period 
induction arrows to show both the aerial and depth variation of the 
Musgrave MT Data. a A total magnetic intensity background image, b 
a Bouguer gravity image and c an elevation image
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The three east–west cross-sections through the Mus-
grave Orogen (i.e. Fig. 8c–e) show a series of higher resis-
tivity areas in the crust that may represent more mafic/
ultramafic material that has been thrust upwards. The 
three sections are also characterised by a series of mod-
erately conductive anomalies in the upper mantle that 
occur generally between 80 to 120 km depth, but rise 
towards the surface in the west, where it corresponds to 
the southwestern margin of the Musgrave Province. In all 
three of the cross-sections, the conductivity anomalies 

are intercalated by more resistive zones under the central 
Musgrave Province, which correspond to upper man-
tle north–northeast-trending resistive zones in the 3D 
resistivity model (Fig. 7e, f ). The resistive zone is gener-
ally steep, although there is an inclined (apparently east-
dipping) moderately conductive zone in the cross-section 
across the southern part of the province. Overall, this 
suggests that the crust and upper mantle beneath the 
Musgrave Province can be divided into several electri-
cally different regions. The resistive mantle lithosphere 

Fig. 7 Composite of six depth slices at a 10 km, b 20 km, c 30 km, d 38 km, e 65 km and f 100 km through the preferred 3D inverse model of 
the Musgrave Province. The resistivity distribution is shaded with the residual Bouguer gravity data across the survey area and highlights the 
east–west-trending gravity highs co-located with the crustal east–west-oriented conductivity anomalies (C1 at depths from 20–38 km). The West 
Australia, Northern Territory and South Australia state boundaries are plotted as dashed lines for location reference, with the respective state name 
identified. The Gawler Craton boundary and the Musgrave Province Boundary are shown as thick solid lines for reference. The red star denotes the 
location of the Ni–Cu Nebo Babel deposit. The Mundrabilla Shear Zone is shown as a dashed line (Aitken et al. 2016)
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Fig. 8 Composite of six east–west cross-sections through the preferred 3D inverse model of the Musgrave Province. The inferred positions of the 
Mundrabilla Shear and Woodroofe Shear are shown (Aitken et al. 2016). The red dashed trend lines bound a large layered mantle structure that 
gently deepens southwards. The Western Australia, Northern Territory and South Australia state boundaries are plotted on the inset map for location 
reference
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under the western Musgrave Province in Fig. 8c is in an 
area that corresponds to the focus of Giles Event magma-
tism. The moderately resistive mantle is not seen in the 
model to the south, suggesting this resistive zone does 
not continue further south. To the north, the resistive 
zone continues to the north–northeast in the 3D resis-
tivity model below 65 km depth, and also to the north–
northwest in the 65 km depth slice (Fig. 7e, f ).

The southernmost east–west cross-section (Fig.  8f ) is 
located south of the Musgrave Province and shows two 
main features. First, the uppermost part of the crust, 
which corresponds to the thick sediments of the Officer 
Basin, is highly conductive. Second, the upper mantle 
is characterised by zones of moderately conductive and 
resistive material, with the resistive zone corresponding 
to the upper mantle north–northeast-trending resistive 
zone (Fig. 7e, f ) that can also be seen in Fig. 8c–e.

Seven north–south cross-sections through the model 
were made, with the intention of traversing the east–
west-trending grain observed in the crust on potential 
field images. All sections show highly conductive upper 
crust to the north and south of the Musgrave Province, 
which would correspond to the sedimentary rocks of the 
Amadeus and Officer basins, respectively.

The crust of the Musgrave Province contains a series of 
conductive ( < 50�m ) anomalies between 10 km and 40 
km width that can be traced between the cross-sections 
(Fig.  9) indicating they form approximately east–west-
trending features, similar to that seen on the 3D resistiv-
ity model (Fig.  7a–d). The boundaries of the east–west 
conductors correspond to the major shears and faults 
that are seen in the geology and potential field images. 
The Woodroffe and Everard thrusts are particularly 
prominent, with the latter structure defined at the sur-
face by the edge of the highly conductive Officer Basin to 
the south (e.g. Fig. 9d–f). The core of the orogen is char-
acterised by a conductive zone (e.g. Figs.  7a, b, 9d–g), 
which can be traced down into the upper mantle in the 
two easternmost cross-sections where it links with the 
conductive upper mantle to the north of the Musgrave 
Province (i.e. Fig. 9f–g).

The upper mantle to the north and under the northern 
Musgrave Province tends to be variably conductive (e.g. 
Fig. 9f–g), which is controlled by the location of the sec-
tion lines relative to the north–northeast-striking elec-
trical banding in the deeper levels of the model (Fig. 7e, 
f ). There is weak doming of moderately conductive 
( < 100�m ) material in the lithosphere beneath the Mus-
grave Province within the 3D model that is associated 
with offsets in the upper crust (marked X in E–W profile 
D of Fig. 9).

It is likely that anisotropy may play a role in the inver-
sion and interpretation of our preferred model of the 

Musgrave Province. Meqbel et al. (2014) showed that the 
elongated streaks that are about the same width as the 
station spacing at lower crustal and upper mantle depths 
(30–60 km) are probably not structures, but rather 
an expression of anisotropy in an inversion that does 
not solve for anisotropy. 3D inversions of the USArray 
MT program across the continental US observed elon-
gated conductivity anomalies at Moho and upper man-
tle depths (30–60 km) with a characteristic width equal 
to their depth (Meqbel et  al. 2014). Importantly for the 
Musgrave Province MT data discussed herein, the USAr-
ray MT data are comparable to the presented Musgrave 
Province MT data in that it has similar station spacing 
and therefore we might expect to see elongated streaks 
in the data that are about the same width as the station 
spacing. Meqbel et  al. (2014) supported their observa-
tion by comparing with the fast axis of an SKS split study 
and show that both the seismic and the electrical fast 
axis point in the same direction. The preferred Musgrave 
Province MT model presented herein does show features 
that could be related to anisotropy, i.e. with structures 
showing elongated features similar in scale to the station 
spacing. Phase tensors and induction arrows inherently 
cannot uniquely resolve the presence of anisotropy, i.e. 
through phase splits (Heise et al. 2006). Whilst anisotropy 
is principally an explanation that needs to be considered, 
the cross-correlation of the E–W-trending gravity highs 
and the spatial changes in orientation of the phase tensor 
major axes and of the induction arrows across the array 
(Fig.  6) make anisotropy an unlikely cause for the con-
ductors around the Moho depth. A more likely candidate 
may be the NNE orientation of conductors deeper in the 
lithosphere at depths greater than 100 km in our models. 
The alignment of the phase tensors is more homogene-
ous for very long periods of a few thousand seconds.

Discussion
These new MT data provide information of the resistivity 
structure of the crust and upper mantle beneath the Mus-
grave Province, and provide constraints on the tectonic 
evolution of the Musgrave Province. Whilst the Mus-
grave Province shows a complex history of tectono-mag-
matic events that successively overprint each other, our 
approach is to correlate the geometry and orientation of 
conductors in the MT model with the postulated spatial 
extent of other geophysical and geological records across 
the survey region. In addition, the resistivities within the 
3D model of the lithosphere shed light on the degree of 
fertilisation and depletion of the crust and mantle and 
constrain the association to a unique or limited number 
of tectonic events. We discuss these in terms of three 
main features of the lithosphere: the N–S-orientated 
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Fig. 9 Composite of seven north–south cross-sections through the preferred 3D inverse model of the Musgrave Province. The inferred position of 
a number of the Musgrave Province’s main faults, imaged by the MT survey, is identified and labelled. In particular, the Woodroffe Thrust and the 
Mann Fault are shown as well as the inferred position of the Mundrabilla Shear Zone (Aitken et al. 2016). The surface ’X’ is interpreted to suggest 
offsets in the upper mantle. The Western Australia, Northern Territory and South Australia state boundaries are plotted on the inset map for location 
reference
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mantle features; the resistive mantle; and the E–W-orien-
tated crustal features and shearing.

N–S mantle features and arc evolution
In one of the most fundamental outcomes of this experi-
ment, the mantle lithosphere appears to demonstrate a 
different resistivity imprint with an almost 90° switch in 
orientation compared to the crust and immediate upper 
mantle ( ∼ 50 km and shallower). We suggest that this 
reflects a decoupling of crustal and mantle geodynamics 
with time, such that the resistivity of the mantle litho-
sphere records older tectonic processes represented by 
the c. 1650–1270 Ma volcanic arc-related magmatism. 
The markedly north–south resistivity trends seen at the 
western extreme of the model area and throughout the 
mantle lithosphere beneath the entire survey area likely 
reflect a north–south-trending grain related to the c. 
1650–1270 Ma volcanic arcs (Dutch et  al. 2016; Smith-
ies et al. 2015a; Smits et al. 2014). In the mantle at depths 
greater than 65 km, the N–S-trending conductors have 
a width of between 100 and 200 km (Fig.  7). Given its 
geometry, it is possible the NNE-trending intercalated 
conductive and resistive structure is a possible repre-
sentation of a retreating/migrating, or amalgamating arc 
environment between c. 1650 and 1270 Ma. Within this 
scenario, melting of the fluid-rich sedimentary layers 
atop the subducting slab in the mantle fertilises the over-
lying lithosphere (Wannamaker et  al. 2009). As the slab 
migrated to the west during the Mesoproterozoic, a sec-
ond fertilised zone would develop at the position of the 
new arc. In this scenario, the western N–S-directed man-
tle conductors would arguably be younger than the ones 
in the east and reflect the successively younger geological 
record to the west exemplified in the Palaeo- to Mesopro-
terozoic arc rocks (Dutch et al. 2016; Howard et al. 2015; 
Smits et al. 2014; Wade et al. 2006).

Resistive mantle and the Giles Event–Mundrabilla Shear 
Zone connection
Furthermore, our model images resistive mantle litho-
sphere beneath the postulated intersection of the north–
south Mundrabilla Shear Zone with the east–west trend 
of the Musgrave Province. This zone has been linked 
to voluminous mafic and ultramafic magmatism of the 
1090–1040 Ma Giles Event (Smithies et al. 2015d). Such 
a mafic event requires mantle melting and hence deple-
tion, imaged as the resistive mantle. The Mundrabilla 
Shear Zone is a significant structure that can be traced 
south into Antarctica and is interpreted to have trig-
gered Giles Event magmatism (Aitken et al. 2016; Smith-
ies et al. 2015d). However, the Mundrabilla Shear Zone is 
not a prominent feature in the 3D resistivity model and 
does not form a long and linear conductive structure in 

the crust, as one might expect from its response in the 
regional magnetics further south in the Coompana Prov-
ince. Other regional MT datasets in the region support 
similar conclusions. The 2D east–west MT profile that 
runs from the edge of the Yilgarn Craton, eastwards 
across the Albany-Fraser Orogen, (MT profile—12GA-
AF3) (Spratt et  al. 2014), the Madura and Coompana 
Provinces, eastwards to the northern part of the Fowler 
Domain and western margin of the Gawler Craton (MT 
profile—13GA-EG1) also does not show a vertical con-
ductivity response at the location of the Mundrabilla 
Shear Zone (Thiel et al. 2016a; Wise and Thiel 2020), yet 
it is clearly visible in the seismic reflection profile and the 
regional magnetics.

Rather, the position of the Mundrabilla Shear Zone 
is inferred by offset of the east–west-trending crustal 
conductors on either side of the inferred position of the 
Mundrabilla Shear Zone imaged in the 3D AusLAMP 
model (Fig. 7). The preferred electrical current flow and 
associated geoelectric strike in the lower crust and upper 
mantle follow the main subregions of the Gawler Cra-
ton, i.e. a north-northeast direction in the Gawler Craton 
and changing to due north direction for the Nullarbor 
Region (Thiel et al. 2016a; Wise and Thiel 2020) aligning 
with the orientation of the Mundrabilla Shear Zone in 
the south. Based on our results, the inferred position of 
the Mundrabilla Shear Zone is depicted in Fig. 7c based 
on lateral offset of the E–W-trending crustal conductiv-
ity zones. It has been postulated that the transpressional 
movement along the Mundrabilla Shear Zone leads to 
the widespread triggering of voluminous emplacement of 
mafic and ultramafic material into the crust at c. 1074 Ma 
(Smithies et  al. 2015a), leaving behind a depleted man-
tle. Our model is consistent with this interpretation and 
we image an N–S-trending resistive mantle lithosphere 
in the western half of the survey area roughly parallel to 
the Mundrabilla Shear Zone in the crust and also under-
lying the Nebo Babel Ni–Cu deposit. Intrusions of the 
Giles Event can be traced south of the survey area into 
the Coompana Province as a series of circular rema-
nently magnetised bodies (Fig.  2) (Pawley et  al. 2018). 
We should note that the north-northeast-trending man-
tle resistor in the western part of the survey area may 
be either the result of the c. 1650–1270 Ma arc system, 
or it could be related to upper mantle depletion during 
Giles Event magmatism at c. 1090–1040 Ma, as explained 
above, or both. We cannot distinguish the cause from the 
resistivity model alone, yet both could plausibly lead to 
the resistive mantle lithosphere.

E–W crustal features and shearing
Results also show a number of significant east–west-
trending conductors in the preferred MT model that are 
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restricted to the crust (Fig. 7). There is a strong similar-
ity between these conductors and the dominant struc-
tural grain mapped throughout the crust of the Musgrave 
Province, both in aerial extent and at depth (Figs.  2, 3). 
At the surface, the dominant east–west shear zones, e.g. 
Mann, Hinckley, Wintiginna faults and the Woodroffe 
and Everard thrusts (Fig.  2) subdivide the Musgrave 
Province into a number of east–west-trending zones, 
consistent with the east–west-trending crustal zonation 
of resistivity in the MT data (Fig. 7).

The main E–W crustal conductor through the central 
part of the Musgraves and our survey area spatially coin-
cides with a co-linear gravity high (Fig.  7). The gravity 
anomalies have been associated with mantle uplift dur-
ing the Petermann Orogeny (Aitken et  al. 2009; Korsch 
and Kositcin 2010; Lambeck and Burgess 1992), emplac-
ing higher density material at lower crustal levels leading 
to lithospheric strengthening. We observe a conductivity 
anomaly associated with the geometry implied from pet-
rologically constrained gravity forward modelling (Ait-
ken et al. 2009), which further supports that at least some 
of the wide-spread linear E–W-trending crustal conduc-
tors are caused by intraplate processes, such as the Peter-
mann and Alice Springs orogenies (Edgoose et  al. 2004; 
Flöttmann et al. 2004; Hand and Sandiford 1999; Lindsay 
and Leven 1996; Sandiford and Hand 1998).

There is also first-order similarity between the pre-
ferred model with steeply dipping resistivity structures 
and results obtained from passive seismic, teleseismic 
and deep seismic reflection studies (Fig. 9) (Goleby et al. 
1988; Korsch and Kositcin 2010; Neumann 2013). The 
GOMA seismic reflection line (08GA-OM1) to the east 
shows that the east–west-trending structures in the Mus-
grave Province change from north dipping in the south-
ern part of the province (e.g. the Everard Thrust along 
the southern margin of the province), to south dipping in 
the north (Fig. 9); e.g. the Woodroffe Thrust (Korsch and 
Kositcin 2010). To the west, the north-eastern portion 
of the YOM seismic reflection line (13GA-YO1) shows 
the prominent south-dipping structures in the northern 
Musgrave Province, including the dip-slip Woodroffe 
Thrust and dextral strike-slip Mitika Fault (Howard et al. 
2015).

The YOM MT Survey crossing the south-western part 
of the Musgrave Province, Duan et  al. (2013) suggest a 
model with a lower resistivity region in the middle and 
lower crust beneath the southern Musgrave Province. 
Duan et  al. (2013) also identified a southwest-dipping 
boundary in the resistivity model that approximates 
with the location of the Woodroffe Thrust in that area 
(Fig. 10). The Musgrave Province region immediately fur-
ther south-west of this thrust appears to be characterised 
by very high resistivity values of about 10000�m in the 

upper crust. We image a similar southwest-dipping fea-
ture in the 3D dataset presented herein (see north–south 
profiles, Fig. 9).

We also propose that the electrical resistivity variations 
imaged are related to geodynamically created porosity 
pathways within the rock fabric created during emplace-
ment and/or deformation. These rheologically weak 
zones provide pathways for fluids or magmas in the right 
temperature/pressure regime that can result in enhanced 
and pervasive electrical conductivity. Once far-field 
stresses subside, remnants of the dynamically created 
porosity likely leave an imprint in the rocks long after the 
fabric is sealed, as mineral precipitates and alterations 
within the pathways or zones can still be imprinted and 
are a low-resistivity product of past deformation (Yang 
et al. 2015; Thiel et al. 2016b). From modern day exam-
ples of collision zones, Yang et al. (2015) propose higher 
conductivities can be the result of conductive minerals 
(e.g. sulphide or carbon) being subducted to great depths, 
or resulting from mineral shearing during subduction. 
This is consistent with the structures imaged across the 
Musgrave Province.

We infer that the more conductive features repre-
sent large-scale overprints in an otherwise resistive 
lithosphere. The abundance of A-type granites in the 
Musgrave Province may hint at similar conduction mech-
anisms for the conductors observed for enhanced con-
ductivity structures in the Gawler Craton (Heinson et al. 
2018; Skirrow et  al. 2018) and the Coompana Province 
(Wise and Thiel 2020). These could be a higher Fe-con-
tent in the form of magnetite or possibly fluorine enrich-
ment (Xing et al. 2019; Li et al. 2016; Skirrow et al. 2018; 
Thiel and Heinson 2013). These electrical resistivity vari-
ations are likely related to past enhanced porosity created 
during emplacement and/or deformation acting as con-
duits to fluid/magma flux through the lithosphere. Even 
after closure of the permeable pathways to fluids, mineral 
precipitates may survive over much longer periods of 
time giving rise to enhanced conductivity structures seen 
today.

Finally, the 3D MT data of this survey are companion 
to that collected as part of the SA AusLAMP MT survey 
collected MT data for the Officer and Gawler Craton and 
eastwards under the Cooper basin. Thiel et al. (2018), in 
interpreting the SA AusLAMP dataset, particularly over 
the Gawler Craton to the south, conclude the Gawler 
Craton MT signature suggests ponding of fluids beneath 
the brittle–ductile transition zone in the ductile regime 
of the crust. Heinson et  al. (2018) suggest that fluids 
moved into the upper brittle crust forming narrow path-
ways to the surface, which are imaged as steep changes 
in resistivity. Thiel et al. (2018) note the thickest zone of 
resistive core correlates with lithosphere–asthenosphere 
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boundary estimates derived from seismic tomography 
studies and thermal models of the lithosphere (Kennett 
and Iaffaldano 2013). Thiel et  al. (2018) conclude that 
large-scale vertical low-resistivity zones often demarcate 
long-lived terrane boundaries, and that mantle conduc-
tors signify past lithosphere fertilisation events (Thiel 
and Heinson 2013). We also see this correlation in the 
Musgrave Province data in the eastern-most part (Fig. 9g 
where the Musgrave Province abuts the Gawler Craton.

Conclusion
The new 3D MT data collected across the Musgrave 
Province, Central Australia provide new insights into the 
geological history of the Musgrave region. The 3D MT 
model presented images of the province’s 3D internal 
crustal structure, as well as structure within the mantle. 
The improved understanding gained through 3D acquisi-
tion also assisted in understanding of known deformation 
events.

Fig. 10 Deep seismic reflection sections imaging the Musgrave Province. a Interpreted migrated seismic reflection section for the northern portion 
of the GOMA Seismic Survey (08GA-OM1). Provinces and key faults are named. The display is ∼ 60 km depth, with V/H ∼ 1 , assuming an average 
crustal velocity of 6000m · s

−1 . The location of this seismic traverse is shown in Figs. 1 and 2 (Korsch and Kositcin 2010). b Interpreted migrated 
seismic reflection section for the north-eastern portion of the YOM Seismic Survey (11GA-YO1). Key faults are named. The display is ∼ 60 km depth, 
with V/H ∼ 1 , assuming an average crustal velocity of 6000m · s

−1 . The location of this seismic traverse is shown in Figs. 1 and 2 (Korsch et al. 2013). 
c Seismic interpretation from 10B above plotted on 2D MT model acquired along the north-eastern portion of the YOM Seismic Survey (11GA-YO1) 
(Korsch et al. 2013). All three images are reprinted with permission from Geoscience Australia under copyright Commonwealth of Australia 
(Geoscience Australia) 2019. This Fig. is released under the Creative Commons Attribution 4.0 International Licence. http://creat iveco mmons .org/
licen ses/by/4.0/legal code

http://creativecommons.org/licenses/by/4.0/legalcode
http://creativecommons.org/licenses/by/4.0/legalcode
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The 3D MT model defines two predominant resis-
tivity trends: a deeper lithospheric ( > 65 km ) north–
south-trending conductivity structure that is inferred 
to represent original whole-of-lithosphere deformation 
structures formed during docking of the North Austral-
ian Craton and proto-South Australian Cratons to the 
existing older West Australian and the formation of the 
proto-Musgrave Province, and a stronger and more per-
vasive east–west conductivity structure in the crust rep-
resenting more recent deformations during the Musgrave 
Orogeny (c.1220–1150 Ma), the Petermann Orogeny 
(c.630–520 Ma) and the Alice Springs Orogeny (c.380 
Ma). These east–west electrical structures correlate with 
regional gravity highs as well as inferred Moho offsets 
from gravity forward modelling (Aitken et al. 2009).

At the regional scale, the MT data have imaged inter-
nal structure within the Musgrave Province, identifying a 
number of significant crustal-scale east–west-orientated 
conductors that are north-dipping to the north of the 
Woodroffe Thrust then become predominantly south-
dipping from the Woodroffe Thrust southwards through-
out the central part of the Musgrave Province to the 
southern margin of the Musgrave Province. South of the 
Musgrave Province, there appears to be evidence of fur-
ther minor northward-dipping structures.

The 3D MT Model presented shows evidence of an 
arcuate south-west boundary to the Musgrave Province, 
with east to northeast-dipping structures at the western 
margin of the Musgrave Province.
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Appendix A. The Magnetotelluric method
The MT method is a passive electromagnetic geophysi-
cal technique that records Earth’s electrical response to 
natural, time-varying magnetic fields at the surface of the 
Earth (Cagniard 1953; Chave and Jones 2012). For lith-
ospheric MT investigations, one needs to record time-
varying fields between bandwidths of 1 s and 10,000 s. 
The source field for this bandwidth is caused by interac-
tions between solar winds and Earth’s ionosphere and 
magnetosphere (Cagniard 1953; Chave and Jones 2012).

In practice, MT recording system sample time series of 
orthogonal horizontal electric fields (E field as Ex and Ey ) 
and three-component magnetic induction (B field as Bx , 
By and Bz ), where x, y and z refer to geographic north, 
east, and vertically down directions. The time series 
is converted into the frequency domain using Fourier 
robust remote-referencing processing schemes (Chave 
and Thomson 2004; Chave 2014). The period T of the 
recorded signal as well as the bulk resistivity of the sub-
surface ρa determines the penetration depth δ (in �m ) 
of the signal via the skin-depth formula, noting that skin 
depth relies heavily on a half-space assumption and is 
only a rough approximation in a 3D setting:

(1)δ(T ) ≈ 500
√

T · ρa.

http://ansir.org.au/
https://nci.org.au/
https://map.sarig.sa.gov.au/
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Although the resistivity of rocks can vary by more than 
14 orders of magnitude (Nover 2005), a reasonable aver-
age crustal resistivity of 100�m implies a skin depth of 
about 500 km for signal of periodicity 104 s (frequency of 
0.0001 Hz). At the shortest period of 1 s, the skin depth is 
approximately 1 km to 2 km for a typical sediment cover 
resistivity of 1�m - 10�m , placing a limit in terms of 
resolution in the upper crust.

The ratio of the horizontal electric to magnetic induc-
tion, as a function of period T, yields the impedance 
tensor Z from

The impedance tensor Z is a complex, frequency-depend-
ent tensor that contains all the information about subsur-
face resistivity and can be used to calculate the apparent 
resistivity and impedance phase (Cagniard 1953). The 
impedance phase relates the phase difference between 
the inducing magnetic field and the induced electric field. 
Each component of Z = X + iY  can be expressed as 
a magnitude ρa and phase ϕ (Chave and Jones 2012), as 
follows:

where ω is the angular frequency, and µ0 is the magnetic 
permeability, and

where I and R denote the imaginary and real parts of Zij.
An alternative way to represent the impedance tensor 

information is the galvanic distortion-free MT phase 
tensor. This is important in MT processing as this ten-
sor is unaffected by distortions caused by near-surface 
and small-scale inhomogeneities and therefore can be 
used to estimate and remove distortion from Z (Cald-
well et  al. 2004; Bibby et  al. 2005; Booker 2014). The 
galvanic distortion-free MT phase tensor is expressed 
as

This can be displayed as an ellipse and shows the dimen-
sionality and strike of the impedance tensor. One-
dimensional resistivity distributions are characterised 
by a circle whereas 2D or 3D resistivity distributions are 
ellipses, with a non-zero value of the phase tensor skew 
indicating 3D induction. The principal components of 
the phase tensor denote the transverse electric and trans-
verse magnetic polarisation phases and in 3D and the 

(2)
[

Ex Ey
]

=

[

Zxx Zxy

Zyx Zyy

] [

Bx

By

]

.

(3)ρa =

1

ωµ0

�Zij�
2

(4)ϕ = tan
−1

IZij

RZij

(5)� = X−1Y .

ellipses will be elongated in a skewed direction of current 
flow (Booker 2014).

Induced electrical currents flowing along strong elon-
gated subsurface conductors, where current flows in a 
preferred geoelectric strike direction, create anomalous 
vertical magnetic fields. The measured vertical magnetic 
field ( Bz ) is related to the measured horizontal magnetic 
fields ( Bx , By ) through a frequency-dependent complex 
magnetic transfer function. Graphically, this complex 
magnetic transfer function is represented by an induction 
arrow whose in-phase or real components points towards 
good conductors and imaginary part provides informa-
tion about the dimensionality of the conductive anomaly 
(Parkinson 1962). Arrow length represents the strength 
of vertical magnetic fields and is useful for locating lateral 
boundaries of subsurface conductors (Parkinson 1962).

Controls on conductivity and what can be imaged 
by the MT method have been well covered elsewhere 
(Glover 1996; Bedrosian 2007; Selway 2014; Thiel 2017); 
however, in essence the electrical response of rocks 
is usually affected by the connectedness of fluids, e.g. 
brines, pore water and by the presence of metallic or 
semiconductor minerals, e.g. sulphides, graphite. Fluids 
require a connected porosity to cause a significant reduc-
tion in electrical resistivity, with sedimentary basins a 
prime example. Recent laboratory studies indicate that 
even mid-crustal shear zones can have sufficient porosity 
to sustain an enhanced conductivity response over time, 
either through fluids or their precipitates (Fusseis et  al. 
2009).
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