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Abstract

This project comprises four magnetotelluric (MT) transects in central and southern Austra ia which were

carried out with the aim of improving the understanding of the tectonic evolution of the region. The

basement geology of central and southern Australia records a long and com ex evolution. Prevailing

theories suggest that during the Proterozoic , the Australian continent assem ed through the collision of
p

b

separate continental pieces including the North Austra ia Craton, South Austra ia Craton, Warumpi Province

and Musgrave Block, The suture zones between these separate basement blocks are proposed to lie

within central and southern Australia. However, thick sedimentary cover obscures the proposed suture

zones so the theories are hard to substantiate through geological or geochem ical data. Central Australia

a so records significant Palaeozo c intracratonic reworking, including the Alice Springs Orogen, Despite

relatively good outcrop, significant aspects of the Alice SPrings Orogeny, such as its crusta -scale structure

and the source and extent of syn-orog enic fluid flow, are unknown Long-period MT is able to image

lithospheric-scale resistivity contrasts within the Earth which are often related to the ithological or tectonic

history of the survey reg on. MT has previouslY on been carried out to a imited degree in Austra ia, andv
never to address the geologically motivate dquestions of Proterozoic accretion in central and southern

Austra ia and the extent and nature of the Alice Springs Orogen, This study therefore involved carryrng

out four MT surveys in central and southern Australia, totalling 900 line kilometers, with the aim of using

the results to improve the understanding of the Proterozoic evo lution of Australia and of the Alice Springs

Orogen.

ents with fluxgate magnetometers recording long-

o three days to give resolution to crustal or upper

obust Remote Reference Magnetotellurics (RRRMT)

ts code in tle WinGLink package. Three MT surveys

n, Two of these surveys were linked and together

extended from the palaeoproterozoic North Australia Craton, over the proposed 9xolic Palaeoproterozoìc

Warumpi province, ove Palaeozoic Amadeus Basin and to the Mesoproterozoic

N¡uigráir. Block. Model ospheric-scale.domains, one corresponding to outcropping

Nortñ Australia Craton a ing to outcropping Warumpi Province and Musgrave Block,

lulh to at least 150 km depth. These results suggest that

e Block is contiguous and support the proposition

alia Craton. The southerly dip of the interface

ins from the MT data can provide a valuable constraint

to future drirrhore and geophysicar investigations Thestructi[TfJj]:å'i:,:i#1fl:r:1füîJfü?::i13'å'f

crustal-scale structure of the orogen, a20 km deep

is interpreted to represent the extent of fluid-rock

uids reach mid-lower crustal depths during pre-Alice

Springs Orogen rifting and later syn-deformational compression, destroying graphite in the Palaeoproterozoic

basement and increasing its resistivity.

The results from this study have provided significant new insights into the tectonic evolution of central and

southern Australia. Further MT surveys are planned and proposed throughout Australia to continue to

develop an understanding of the geological history and structure of the continent.

vil
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Chapter 1

lntroduction

1.1 Overview

Unravelling geological histories of terrains can be

a complex procedure, particularly when events

have been overprinted or when there is little

geological history of central and southern Australia

by cairying out a series of magnetotelluric (MT)

profiles in the region.

The basement geology of central and southern

Australia is dominated by the Palaeoproterozoic

Arunta region, the Mesoproterozoic Musgrave

Block and the Archaean to Palaeoproterozoic

Gawler Craton (Figure 1.1). The Arunta region

forms part of the North Australia Craton while the

Gawler Craton forms part of the South Australia

Craton (Myers et al., 199ô). These two cratons

are interpreted to have joined at some time during

the Proterozoic, with the formation of the Musgrave

including the dePosition

ive Neoproterozoic to
perbasin (eg. Walter et

al,, 1995) and the major Palaeozoic intracratonic

Petermann (eg. Camacho et al,, 1997) and Alice

Springs (eg. Haines et al., 2001) Orogenies, which

exhumed the Musgrave Blockand theArunta region

the Musgrave Block and Arunta region and the

Officer Basin between the Musgrave Block and

Gawler Craton. Younger cover obscures much of

the basement geology outside of the sedimentary

basins.

The large amount of cover in central and southern

Australia means that direct geological and

geochemical investigations of the tectonic hlstory

óf the region are often impossible. Contradictory

models for Proterozoic accretion in the region co-

exist without being proven or disproven due to this

paucity of data (Betts and Giles, 2006; Giles et al',

2004; Scrimgeour et al., 2005b; Wade et al', 2006).

Geophysical methods, which are able to image

structures beneath cover, are therefore a vital tool

which must be utilised if such models are to be

constrained.

ln contrast, events such as the Palaeozoic
intracratonic Alice Springs Orogen, which is

focussed in theArunta region (Figure 1.1), have

relatively good exposure and are therefore well

understood through geological mapping and
geochemical and geochronological studies (eg'

Collins and Shaw, 1995; Hand and Sandiford,

1999). Nonetheless, significant aspects of the

Alice Springs Orogen are still poorly understood,

such as its structure at depth, the source of the

initiating stresses and the reason that they were

focussed in central Australia, the source of fluids

and the extent of fluid-rock interaction (eg.

Cartwright and Buick, 1999; Hand and Sandiford,

1999; Maidment, 2005; Sandiford, 2002; Sandiford

and Hand, 1998). The incorporation of geophysical

data is again vitalto reach a full understanding of

this type-example intracratonic orogen'

Regional gravity and magnetic data as well as
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localised seismic reflection and teleseismic data
have been collected over centralAustralia and

resolution to crustal depths and can resolve
significant detail, but are unable to detect structures
with dips >600 unless differences in reflection
characteristiæ between regions can be interpreted
to represent steep structures. Teleseismið data

ofthe orderof30 at 75 km depth and 50 at 300 km

depth, but varies with location within the continent
(Fishwick et al., 2005), The primary control on
wavespeed is temperature and distinctions between

Long period MT data potentially have resolution
to depths of several hundred kilometres and can

wide ( on and
MT s major
f the ROBE

program and have identified features such as a
sub-vertical resistor beneath the Great Slave Lake
Shear Zone and Palaeoproterozoic accretionary

lg{_e l.t Sifnpffed sotd geobg/ of Hecanhian A¡frdh m a
loml ll/lagnelh lrferrsity fltllD fmæ (æt¡rþsv of C*osc*mæ
A.Sah), stìc,tiing t'e ki6¿|þr6 dtpArundRedon, M¡60'a,e
Block and Garb ffin, ù$ed tiæ sho,lra trãgeopbËiãty
inbryebd extentdhe Gafvlerffii berìed' cñer''

2
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1,35.)

-2f

-24

-zd

-zf

which the combined interpretation of seismic

reflection and MT data led to the conclusion that

boundaries and identifying potential accretionary

zones. Three MT profiles were carried out as part

3e

Fioure 1.2 Simplified solid geolo

oröfiles (solid biack lines), telese
bart of ttiis proiect (solid coloured
Amadeus piofüe, tlie orange line

Arunta profile.

1997). The collision between lndia and Asia has

been investigated in the INDEPTH program in

Donaln

Ölrfslie Do,maln

ftltllæds
Ûoøaîn

I

NawøDonaln

Basin

l,lorlhem Gatfller
Proflle

BLOCK
I

MUS9RAVE

Eromanga Basin

SA

Amadeus Basin

Georgina Basin

3



of this aim. Two of these are linked and together
extend from the centralArunta region ín theiorth,
over the Warumpi Provínce (a prõposed accreted
micro-continent), across the Amadeus Basin and
into the Musgrave Block in the south (Figure 1.2).
The aims of these profiles were to invèsigate th'e
proposed accretion of the Warumpi province onto
the North Australia Craton (eg. Sðrimgeour et al.,
2005) and to identify the bcãtion an'd nature of
proposed ancient subduction zones between the
Arunta region and the Musgrave Block, now hidden
beneath the Amadeus Basin (eg. Betts and Giles,
2006; Betts eIai..,2002). fne tn¡rO profile extended
from the central Gawler Craton northwards over
the Officer Basin to the southern Musgrave Block
(Figure 1,2), The aim of this profile wajto examine
the geometry and location of any accretionary
structures between the contrasting lithospheriô
evolutions represented by the Gawlér Craton and

tfp lr/usgrave Block (eg. Betts and Giles, 2006;
Wade et al., 2000). A secondary aim was also to
investigate the lithospheric arôhitecture of the
northern Gawler Craton, which is almost entirely

!U9r cover (eg. Daly et al., 1g9g; payne et ali
2006a). These profiles represent the first
geophysical surveys, other Ûran low resolution
magnetic and seismic tomography surveys, to
cross from the Arunta regic n to the Mûsgrave-Block
and from the Gawler Craton to the Musgrave Block
respectively and therefore provide eñtirely new
constraints on the nature of proterozoic irustal
evolution in central and southern Aushalia.

The second part of this project is aimed at
developing the understanding ôf the palaeozoic
intracratonic Alice Springs Orògen. An MT profile
was carried out across the entire outcrop àxtent
of the eastern Arunta region, from the Ainadeus
Basin in the south to the Georgina Basin in the
north (Figure 1.2). This region is affected by the
Alice Springs Orogen and the profile crosseä the
extent of basement involved deformation of the
Alice Spring_s Orogen (Haines et al., 2001) and
again is the first geophysical survey to do so.' This
survey was carried out with the aims of imaging
the deep internal structure of the Alice Springð
Orogen (eg. Haines et al., 2001; Hanä añ¿
pa.ndifgrd, lg99) and investigating the source of
fluids involved in fluid-rock ìnteráction and the
extent of this interaction (eg. Cartwright and Buick,
1999; Maidment,2005).

1.2 Thesis Oufline

This thesis is nrcscnlcd in ainhf nhantarc.. _ ._ r - vr tqPrvt s.

Clyter I provides an introduction to the scope
of the thesis.

he aspects of
and southern
rveys.

aæretion: Steeply-dipping crustal-scale conductivity
g9llrggt, Geophysicat Research Leffers 35, d,
106305, doi: 1 0. 1 029/2005c1025328.

Chapter 5 presents the results of the Amadeus
profile, a220km long MT profile carried out from
the northern Musgrave Block to the northern

resulting. geophysical model and interpretatíon has
been submitted for publication in Cebtogy.

Chapter 6 presents the results of the northern
Gawler profile, a 380 km long MT profile that
extends from the cenhal Gawler Craton to the
southern Musgrave Block. This profile was
designed to investigate the internal'structure of
the northem Gawler eraton
under cove¡ and proposed
between the Gawler Crato

4
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ts of the eastemArunta
le that extends across

of the Arunta region,

from the Amadeus Basin in the south to the

Georgina Basin in the north. As such, this profile

crosses the extent of basementinvolved tectonism

in the intracratonic Alice Springs Orogen and was

designed to investigate the deep structure of the

0r0gen.

Chapter I synthesises the results of the studies'

It discusses the implications of the findings for
geological models of central and southem Australia

ánd also discusses the broader utility of MT in

investigating tectonic evolution.
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A rc h a e a n to P a I a. o' oåîrt 
åT 

o,snï 
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t h eÁ r u n t a re s i o n, G a w I e r

are partly covered by the Neoproterozoic to

Palaeozoic Officer Basin and Amadeus Basin,

covering any boundaries that may exist between

the basement domains.

2,1 lntroduction

The central and southern Australian lithosphere is

tectonothermal history, The regions of basement

Within the Arunta region, three separate provinces

have been delineated: the Aileron, Warumpi and

lrindina Provinces (Figure 2.3; Scrimgeour, 2003).

The Aileron Province, which constitutes the bulk

of the Arunta region, is part of the North Australia

Fioure 2.1. Geoloqical reqions of Precambrian Australia overlain

ttricli dashed line Ë the Tãsman Line and the thin dashed line is
on oravitv imaqe (courtesy of Geoscience Australia). The

the õeopñysicaìly interpreied extent of the Gawler Craton.

7
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Figure ical regions of precambrian Australia overlain on total maonr

.o,.Ì3;l äi' T#ihÌ.i'üff:ä'ä'åii'ìH:'t;;;mä ä,iî;î iï;iyä:li¿iîl:*t',ilSi:JJiilJ¿åfriî.îär,,?1,.0

Ftqplltg 1ft 9r1ent 
(Hand et at., 1999; Mawby et

al., 1999; Buick et al.,2001; Maidment, ZOóS).

tradition AnanguYankuny anyatjaira
this time, nd to carry
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and geophysical investigations has been very

limited and the development of a geological

understanding of the region has been significantly

affected.

ln rief summary of the

as and lithostratigraPhic

ev that are relevant to

this research is given.

2.2 P alaeo-M es o Prote rozo i c

2.2.1 Stratigraphic framework for the Arunta

Region:

2.2.1 (al Ai leron Provi n ce

The Aileron Province of the Arunta region (Figure

2.3) comprises the southern part of the North

Auótralia Craton. The earliest stratigraphic package

in the Aileron Province is the Lander Package

Lander Package is dominated by shallow marine

to turbiditic seðiments which were shed from 2'5

- 2.0 Ga rocks in the North Australia Craton and

deposited onto Prob
(Collins and Williams,

These sediments are

most commonly to greenschist facies (Young et

al., 1995; Hand and Buick, 2001; Scrimgeour,

2003).

The Ongeva Package was deposited onto the

Lander Þackage in the eastern Arunta regio-n

between 1.8i and 1.79 Ga (Figure 2'3)

2003; Maidment et al., 2005).

2.2.1 (bl Waru m Pi P rovi nce

The Yaya Package comprises granulite to upper

amphibdite facies metapelite, psammite, quartzite,

calc-silicate and massive cordierite granulite

1 9e5)

2,2.2Eventchronology for the Arunta Region:

2.2.2(al Ai leron Provi nce

The two major tectonothermal events that affected

the Aileron Province during the Palaeo-

I
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Mesoproterozoic are the 1 ,23 -1 .T 15 Ga Strangways
Orogeny_and the 1.59-1.56 Ga Chewings Orógeñy
(Figure 2.3). While early workers cons-ideredthai
+h^ O+.^-^,.,^.,^ /^----.-- - ----liltr !)r.r dilgwdyr vtugeily was a tong_llveo event
that began as early as c. 1.78 Ga añd consisted

1.77 Ga (Figure 2,3; Maidment et at,, 2005). The
Yambah Event affected much of the Aileron piovince
and was associated with metamorphism and felsic

of the event were focussed in the eastern Arunta
region, they also include granite intrusions in a
northwest-trending belt across the northern Arunta

legion and magmatism and metamorphism at
Fidlers Lake on the edge of the Tanami Region
(Figure 2.3; Scrimgeour, 2003).

The south-west margin of the Aileron province was

Warumpi Province and Aileron province
(Scrimgeour et al., 200Sb), however the effects of
the deformation did not extend further into the

(Figure 2.3) appears to have occurred during the
Chewings Orogeny (Shaw and Black, tSSt¡.

2.2,2(bl Waru mpi Provi nce

The earliest tectonothermal event recorded in the
Warumpi Province is the 1.69 - 1.66 Ga Argilke
Event (Figure 2.3; Collins and Shaw, 1g95; Warren

the relatively short timespan between sedimentation

the Liebig Orogeny is the first event experienced
by both the Warumpi and Aileron provinces and
that it conesponds to a hairpin bend in theAustralian

2.2.3 Stratigraphic framework for the Gawler
Craton:

The earliest recorded lithologies on the Gawler
Craton are the late Archaean, 256 - 2.5 Ga Sleaford
and Mulgathing Complexes (Figure 2,4, Figure

12
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Karari
Fault Zone

a

o 100 200

KILOMETERS

@ Fowter Orogenic Belt

Hiltaba Suite (1.59-1.57 Ga)

I Gawter Range Volcanics (1,59 Ga)

I Coober Pedy Ridge Paragneisses

fl Undifferentiated Nawa Domain

I eeale and Denison Metamorphics

I rut Woods Complex

l-l st Peter's Suite (1.64-1.62 Ga)

I Tunkillia Su¡te (1,69-1.67 Ga)r y;ì:ff :1T1",' ffå: ì:iiiÏ; i'i #' äi,
Donnington Suite (1.85 Ga)

I ttutchinson Group Metased¡ments (2,0-l .85 Ga)

fl nrchaean Mulgathing and Sleaford Complexes

Fiqure 2.4. Simplified basement geological map showing the main geological units that form both the Gawler Craton and its

iniärpreted domäin boundaries, aðapteð from Fàirclough-et al. (2003) and Payne et al. (2006a).

2.5; Swain et al., 2005b), which form the core of

the craton. They are dominated bY

metasedimentary rocks, volcanic rocks and a

granite-greenstone terrain (Daly et al., '1998). The

Mitalie Gneiss (Figure 2.5) has been the subject

of only a little study but it is thought that its protolith

is a magmatic suite that intruded aIc.2.0 Ga (Daly

et al., 1998; Ferris, 2001).

The metasedimentary Hutchison Group (Figure

2.4, Figure 2.5) was deposited from c. 1.96 - 1.85

Ga (Daly et al., 1998; Ferris, 2001). The Hutchison

Group was subsequently intruded by the

voluminous Donnington Suite (Figure 2.4, Figure

2.5) at 1.85 Ga (Daly et al., 1998; Ferris, 2001),

Following isolated magmatism in the Peake and

Dension Ranges (Figure 2.4) a|1.8 Ga (Daly et

al., 1998; Ferris, 2001), there was a period of

widespread basin formation and sediment
deposition from 1.8 - 1.73 Ga across most parts

of the Gawler Craton (Daly et al., 1998; Ferris,

2001) including the Peake and Denison Ranges,

the Walleroo Group and the Price Metasediments

(Figure 2.5). This sedimentation was punctuated

by magmatism from 1.75 - 1.73 Ga in the Nawa

Domain a|1J5 Ga (J. Payne, pers. comm.), the

'13
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Sleaford

ozt

a Archaean to eartv
Pa!aeoprotemzo'ic
-2550-200O Ma

b.

d.

1 850
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Sleafodian Orogeny
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c Palaeoprctêrozoic
179È1720 Ma

Kimban Orogeny
-1730-1690 Ma

Peake
Metamorphics

Newa Domain

Undifierenliated

Kararan Orogeny
-156ù1340 Ma

Suite

Fowler

e I Palaeù to Mesoprcterozo¡ct' 1630-1510Ma '

Spilsby Suile
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Gawler
Range
Volcanics

Figure 2.5'.Stratigraphy and event chronology of the gawler Craton, showing the distribution and timing of emplacement of
the major lithological packages and the diskibution of the major oroóenic evãnts 1Oiãgonai ¡øitl¡näi),"aãa¡e'à lrom Hanä
et al., in submission.

Hutchison

ù

Donlngton Sulte

-186r.È^1850 Ma
Cornian Orogeny

l) z¿r

C) et
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i

{'

--1

I

Peake and Denison Ranges (Hopper, 2005) and

in the Fowler Belt (Teasdale, 1997).

Magmatism associated with the Kimban Orogen

occ-uned from 1 .73 - 1.67 Ga (Figure 2.5; Daly et

in a subduction-related arc setting (Swain et al',

2005a). This was followed by intrusion of the

volumiñous felsic and minor mafic magmatic rocks

of the Hiltaba Suite and Gawler Range Volcanics

(Figure 2.4, Figure 2,5) over the interval c.' 1'595

I t.-SZS Ga (Da-ly et al., 1998; Ferris, 2001).

2.2.4Eventchronology for the Gawler Craton:

The earliest recorded event in the Gawler Craton

is the 2.45 -2.43 Ga Sleafordian Orogeny (Figure

Domain, Peake and Denison Domain and Coober

Pedy Ridge (Figure 2.5; Payne et al', 2006b)'

2.2.5 Stratigraphic framework for the Musgrave

Block:

a volcanic or rift depositional environment
(scrimoeour et al., 1999; Edgoose et al., 2004)'

Ìnr t ,Z"O - 1.14 GaPitjantjantjara Supersuite (Figure

et al., 1996; Edgoose et al., 2004).

2.2.6 Event chronology for the MusgraveBlock:

The first recorded event in the Musgrave Block

reflect the collision of the North Australia Craton

intrusions of the Giles Complex and with felsic

I
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12go

Neoproterozoic to phanerozoic

c. 1.09-1 .05 Ga graniteVsedimenls

Giles Complex

I 320

25n

27ñ

Dom¡nently 1.2-1 .OS Ga granites

Amphibolite facies

Granul¡te facies

2.3,2 lrindina province of the Arunta Region

event which began with parlial melting of the Hañs

(u(,
c
q

Figure 2.6 Simplified geologicar map of the Musgrave Brock, adapted from wade et ar. (2006)

2.3 Neoproterozo¡c to palaeozoic

2.3.1 Centralian Superbasin

Officer Basin

N.T

Amadeus Basin

l¡tA. 100 km
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>25(n Me

2500-17(n Ma

Archaean Cratons

Palaeoproterozo¡c Orogen

Palaeoproterozoic Basin

lf0ù14n Ma

1¿{O&1100 Ma

Early Mesoproterozoic Orogen

Early Mesoproterozoic Basin

<11(n Ma

II

Late Mesoprotêrozo¡c Orogen

Late Mesoprolerozoic Basin

Neoproterozoic Bas¡n

Delamer¡an Orogen (580-500 Ma)

Palaeozoic Orogen

v
Figure 2.7 . Simpli¡ed map of the major basement units of Auslralia, adapted.from Mvers et al. (1996)' Thick dashed lines

markthe interpreted oornúrii.i'äiiir¿il'{üöi;àtä'ôiaón'(ñÀö), wãit'Áustralia cräton (wAC)and SouthAustralia craton

iöïöi. L¡ìi,íå;ñ;ilkr; räiã irrä exteniot tre neãpìotèìdoic tó'p.laeozoic centralian Supeibasin (Haines et al ' 
2001)'

the dominant present-day east-west trending

architecture that also extends into the southern

Amadeus Basin (Figure 2.6)' Thick-skinned

deformation occurred along the Mann Fault and

Woodroffe Thrust and offset the Moho (Mathur,

1976; Lambeck, 1983;Sandiford and Hand, 1998)'

creating major gravity gradients that dominate the

gravity signature of the Musgrave Block to the

present day (Figure 2.1).

2.3.4 Alice Springs OrogenY

The c. 450-300 Ma intracratonic Alice Springs

Orogeny exhumed the Arunta region fro-m beneath

the Ceniralian Superbasin and ceased Superbasin

sedimentation, effectively separating it into the

remnant Amadeus, Georgina, Ngalia and Wiso

Basins (Figure 2.3) (Haines et al', 2001). The Alice

Springs Orogeny produced pervasive east-west

to northeast-southwest structures and fabrics in

the Arunta region in (Figure

2,3). Deformation the south

anó east Arunta asin with

dominantly thick-skinned deformation in the

southern Arunta region (eg .Goleby et al., 1989),

Range Group and mafic magmatism during th-e

-S2O Ma Stanovos Event (Mawby et al', 1999;
progressed to granulite-

accompanied by regional

formation and the intrusion

2.3.3 Petermann OrogenY

The c. 630-530 Ma intraplate Petermann Orogeny

17
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thin-skinned deformation in the Amadeus Basin
and possibly a mixture of thick- and thin_skinned

was achieved (Shaw et al., 1g91; Dunlap and
Teyssie¡ 1995; Cartwright and Buick, 1g9g; Hand
et al., 1999a). Rehydration is also manifest as a
pervasive fluid infiltration that converted much of

The Petermann genies are
classic example ñy. Forces
probably origina more than
1000 km away and the Central Australian
lithosphere must have therefore been weak for

2,4 Reconstruction Models

The regional extent of events such as sedimentation
into the Centralian Superbasin shows that the
Precambrian terranes of Australia have been joined
since at least -1 Ga. However the exist'ence,
timing, nature and location of accretional events
before this time are the cause of much debate.
Many different models for the constructíon of
Proterozoic Australia have been proposed and the
most important models proposed will be briefly
described below. One of the reasons for thé
existence of such varied reconstruction models is
a lack of constraints, due in a large part to the fact
that many of the proposed accreionary shuctures
(eg. Myers et al., 1996; Betts et a1.,2}b2;Giles et
a1.,2004; Betts and Giles, 2006;Wade et a|.,2006)
lie beneath thick sedimentary basins or regolith
and cannot be direcfly geologiælly or geocherñically
investigated

Early models suggested that proterozoic Australia
was constructed through ensialic, or vertical
accretion, mechanisms 7;
Wyborn, 1988; g;
Wyborn et al., 1 at
the Australian P in
their present configuration since at least c. 2.5 Ga
and that ensialic processes created packages of
younger lithologies within the precamirian
continent. These models were based upon the
interpreted significance of a major period of felsic
volcanism and granite emplacemeni between 1.gg
and 1.84 Ga. These granites, that span the whole
of Proterozoic Australia, rr" g'.ó.dñi.rt't'yiiritr¡
have geochemical signaturós that suggôst they
are not subduction related and generali/frave trtit
isotopic data of 2.0 - 2.2 Ga in ãge (Etheridge etrl.r 1987; Wyborn, 198S). 

- 
Additionälly,

palaeomagnetic data suggested that th'ó
Precambrian terranes of Auslialia have been in
their present relative configurations since the
beg.inning of the Proterozoic (McElhinny and
Embleton, 1976; Piper, 1gg2). proponents
suggested that these granite suites were ieworked

Í!o.I r. major early Proterozoic manfle underplate
(Etheridge et al., 1987;Wyborn, lggg).

ln contrast to the ensialic model, there is increasing
geochemical evidence for subduction-relateð
processes ín the Australian proterozoic. ln the
Arunta region 1.8-1.7 Ga granites have arc{ype
geochemical signatures and mafic Oytes r,iritn

1B



Chapter 2 Geolooical Backqround

WAC

1.8 - 1,5 Ga 13-1,1 Ga

I t at o Ga oroganic Belt

[--l t.z-t 6 Ga orogenic Bell

|__l t el I Ga Orogenic Belt

?
I

Figure 2.8. Model of proPosed
1.8-1.5 Ga the SAC was attach

Proterozoic accretion of the Australian continent adapted from Giles et al. (2004). From

a configuration
southern margin

-520 anticlockwise from its present day
Ga the SAC

coordinates anded to the NAC in
rifted away froma north-dipping subduction zone existed on the of the continent. After 1 .5

the NAC and was reattached in its current position during the c. 1.3-1.1 Ga Albany-Fraser and Musgrave Orogenies. WAC

rl

= West Australian Craton.

subduction-modified mantle geochemical signatures

have also been recognised (Foden et al., 1988;

Zhao and Cooper, 1992;Zhao and McCulloch,

1993; Zhao, 1994;Zhao and Bennett, 1995; Zhao

and McCulloch, '1995). The characterisation of

these rocks led the authors to suggest that the

North Australia Craton was on the overriding plate

of a north-dipping subduction system from c. 1.8-

1.7 Ga (Zhao, 1994;Zhao and Bennett, '1995;

Zhao and McCulloch, 1995). Similarly the
development of the western Australian components

of Proterozoic Australia are thought to reflect

subduction or accretionary processes (Tyler and

Thorne, 1990; Myers, 1993; KraPez, 1999;

Occhipinti et al., 2004).

authors defined the North Australia Craton (NAC),

South Australia Craton (SAC) and West Australia

Craton (WAC) as independent cratonic units that

had assembled by -1,83 Ga (Figure 2.7). The

authors proposed that the NAC first joined to the

north east marg¡n of the WAC, then the combined

NAC and WAC joined the SAC along the Albany-

Fraser Orogen between -1.3 and '1.1 Ga (Figure

2,7; Myers et al., 1996). They suggest that this

may have originally been linked to the Musgravian

Orogen (Myers et al., 1996) and that this event
played a major role in the formation of the Musgrave

Block.

ln developing the hypothesis that a north-dipping

subduction zone existed on the southern margin

of the NAC during the Proterozoic, Scott et al.

(2000) and Giles el al. (2002) interpreted 1.80-

1.67 Ga basins in the NAC to be far-field continental

back-arc basins and therefore suggested that the

NAC was the overriding plate until 1.6 Ga (Figure

2.8). Giles et al. (2004) and Betts and Giles (2006)

developed reconstruction models for the Australian

Proterozoic that included this assumption by

aligning c. 1.8-1.5 Ga orogenic belts on the NAC

and SAC. They propose that from 1.8-1,5 Ga the

SAC was attached to the NAC in a configuration

-520 anticlockwise from its present day coordinates

(Figure 2.8). After 1.5 Ga the SAC rifted away

from the NAC and was reattached in its current
position during the c. 1.3-1.1 Ga Albany-Fraser

and Musgrave Orogenies (Figure 2.8; Giles et al.,

2004; Betts and Giles, 2006).

Evidence for more complex patterns of accretion

has recently been found in the Arunta region. The

southern margin of the Arunta region consists of

c. 1.69-1.6 Ga rocks that many authors have

recognised are lithologically, geochronologically

and geochemically distinct from the remainder of

the Arunta region (Teyssier et al., 1988; Black and

Shaw, 1992; Collins and Shaw, 1995). Recently,

Scrimgeour et al. (2005b), Scrimgeour (2004) and

Claoue-Long and Hoatson (2005) have proposed

that this region, termed the Warumpi Province

(Figure 2.3), comprises an exotic terrane that
accreted to the NAC during the 1.64 Ga Liebig

Orogeny, whose timing corresponds to a dramatic

bend in the NAC APW path (ldnurm and Giddings,

1995). A collisional model is consistent with

observed crustal thickening, high-grade
metamorphism and voluminous magmatism as

well as the contrasting crustal evolutions and

orogenic ages of the Warumpi Province and the

WAC
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sAc

NAC

Background

c 1.6 Ga 1 6-1 58 Ga

South

<1 58 ca

South

NOnn

North

I -+

WAC
accret on
atcsIIT¡¡

Mawson Continent

Figure 2 9 Model o roterozoic accretion between the North Australia Craton (NAC) and South Australia Craton

!?îr?$i3låi':¡ (2006), who proposelñäiâ;.rä'-à'pöi;ò 
'ibduction 

.oie.iilt.lonîä ròìlü;;;;öiiì

fAC (Collins and Shaw, 1995; al,,
2005b). Scrimgeour et at. (20 hat
the Warumpi Province may h via

Wade et al. (2006) characterised c. L59-1.SS Ga
granites with volcanic arc geochemical signatures
in the northern Musgrave Block. The preéence of
these lithologies suggests that subd'uction was
occurring at that time. The authors propose a
reconstruction model in which the subduction that
generated the to the suturing of the
NAC and SAC . They proposé that asouth-dipping zone existed on the
southern marg¡n of the NAC from at least c, 1.6
Ga, producing the 1.Sg-1,5S Ga arc-related rocks
in the nodhern Musgrave Block and also the Gawler
Range Volcanics and Hiltaba Suite on the Gawler
Craton as in-board expressions of the subduction
zone.(Figu et al., 2006). They interpret
collision of SAC at <1.58 Ga, resulting
in the am of the island arc terrane
(Musgrave Block) between them (Wade et al.,
2006). This was the first reconstruction model to
propose that the NAC and SAC accreted via south-
dipping subduction. The suggestion that the
Warumpi Province accreted to thõ NRC via south_

9iPP by Scrimgeour et al. (200sb)
is c h the Wade et at. (2006)
reco el.

2,5 Motivation for this study

Long-period magnetotellurics (MT,
has been successfully used to aid th
of geological and tectonic histories

limited extent in the Australian continent and these

suryeys canied out in central and southem Australia
could potentially provide a valuable aid to
understanding the evolutions of the Arunta region,
Musgrave Block and Gawler Craton.

Four therefore carried out (Figure

1 2)' urveys were designeð toinves c evolution and aciretion,
The Warumpi profile extends from the central
Arunta region, over the Warumpi province and into
the northern Amadeus Basin. lt links with the
Amadeus profile which extends from the northern

Ì.lAc

r.¡Ac
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and Musgrave Block. The northern Gawler profile

extends from the Archaean core of the Gawler
Craton, over the Proterozoic tenains of the northem

Gawler Craton and into the southern Musgrave
Block. lt was designed to investigate relationships
between the Nawa Domain, Coober Pedy Ridge,

Mt Woods Domain and the Mulgathing Complex
in the Gawler Craton and to investigate potential

suture zones between the Gawler Craton and

Musgrave Block. The fourth profile was designed
to investigate the deep architecure of the Alice
Springs Orogen and is named the eastern Arunta
profile, lt extended from the Amadeus Basin to
the Georgina Basin, crossing the north-south extent
of the eastern Arunta region affected by basement
involved faulting during the Alice Springs Orogen.
Specific aims were to image the deep crustal

structure of the Alice Springs Orogen and to
investigate the source and nature of fluid flow.
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Chapter 3

Magneotellurics: Theory, Procedure and Gonduction Mechanisms

3.1 MT Theory

Magnetotellurics (MT) is a passive sounding method

that utilises naturally occurring geomagnetic
variations as a source for electromagnetic induction

within the Earth (Cagniard, 1953; Swift,1971;
Telford et al., 1990;Tikhonov, 1950; reprinted as

Tkhonov, 1986;Vozoff, 1991), MT images electrical

resistivity (or its inverse, conductivity) within the

Earth and can resolve depths ranging from tens

of meters to several hundred kilometres. A detailed

discussion of the theoretical concepts that underlie

the MT method can be found in Simpson and Bahr

(2005); only the most important points will be

discussed here.

3,1.1 Induction

V.B=Ü

(3 1)

(3 2)

(3,3)

(3.4)

(3.5)

V'E=L
E

Atime changing magnetic field will induce a current

in a conductive body, which will then generate

associated electric and secondary magnetic fields.

The source field used in the MT method is the

Earth's magnetic field (Cagniard, 1953), which is

time-changing due to electrical storms at short
periods (<1s)and due to the interaction between

the Earth's magnetosphere and ionosphere and

solar wind at longer periods (>1s). Electrical

currents and electric fields are generated in

conductive bodies within the Earth.
Electromagnetism is described by Maxwell's

equations. With the assumptions that at MT periods

the displacement currents are negligible (Simpson

and Bahr, 2005), Maxwell's equations are:

rF ðBv"tr=-Ef

VxB = A,Æ

where E is the electric field intensity in V/m, B is

the magnetic induction in T (B=pH where H is the

magnetic field intensity in ,A/m), r'¡r is the^electric

charge density due to free charges in C/m'' j is the

electric current density due to electric displacement

in Ar/m2 and o is conductivity in Sm-1. Equation

3.1 is a mathematical statement of Faraday's law

that a time varying magnetic field generates an

electric field with an induced emf proportional to

the rate of change of magnetic flux, Equation 3.2

is a mathematical statement of Ampere's law that

a magnetic field is generated by current flow.

Equation 3.5 is a statement of Ohm's law that

current density is directly proportional to the electric

field strength.

A diffusion equation can be derived by taking the

curl of Equation 3.1 or 3.2, which will provide

information about the conductivity structure of the

Earth. The diffusion equation is

1E
VtE = uooä

and

(3 6)

V2E = ial¡looE (3 8)

and

-1- 
ðBv'u=troo af (37)

Assuming a plane wave (Cagniard, 1953; Madden

and Nelson, 1964, reprinted 1986) with surface

amplitude of Eo and a time dependence sf sirot

equations 3.6 and 3.7 become

j=oÊ
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Electromagnetic fields therefore propagate
diffrlsivelv with fhp rccr rlt that I\/T moacr¡ramonrc_,tr..,-t I rrtvq9vtvtttvttto

are volume soundings, yielding a volumetric
average of the conductivity of the region sampled.

An important value in MT is the complex impedance
Z (Cantwell, 1960), which relates the incident
magnetic and induced electric fields in the
subsurface and is determined by the relation

Apparent resistivity and phase are linked by the
Kramers-Kroenig relationship (Wiedelt, 1 972)which
shows that, in the absence of disto¡tion, ihe phase
can be calculated from the apparent resistivity:

Ð" {.r) dx
_ ..t ?üo ),'-c,.r' (3.14)

lf only the horizontal field components are
considered and the assumptions made that Hz=O
for a plane wave source propagating in the z
direction and that Jz=O at the surface as current
can not flow into the air, the tensor reduces to

3.1.3 Dimensionality

The behaviour of the fields and impedance tensor

neither of the horizontal (x or y) directions (Figure

1 t (r)) Conductivity of a two-dimensionat (2D)
Earth changes both vertically and in one direction

The impedance tensor (Equation 3.10) contains
useful information about the dimensionality of the
subsurface, ln a 1D situation, electric fieids are
only induced orthogonal to the inducing magnetic
fields, so Zxx ãt1d Zyy ãtê both zero. Since there
are no lateral conductivity gradients, a magnetic
field will induce an electric field of the same stiength
in any direction, so l7-yt=lZyxl but these values will
have different signs, such that, whatever direction
the x and y axes are in,

lE,l:l o z.yllHl

lu,l= l-r., ,ill";l ryu,

ln a 2D situation with the x and y axes orientated
randomly, ZxxandZyywill be equal in magnitude
but opposite in sign while Z*v andZy*wili differ,
such that

lcl-x
lE"

1..

1n =-
¡¿rd

ili'l (3 10)

(3.11)

2",,

2,,
2,,

z*
2,,
2,,

vÍ

r

3.1.2 Apparent resistivity and phase

Since MT is a volume sounding method, the
impedance tensor measured at any period will be
the volumetric average of impedance tensors at
that period and all periods less than it, Therefore,
unless the subsurface is a uniform half-space,
resistivity at a point cannot be directly calculated.
lnstead, the apparent resistivity parameter is

through the relation:

[z]'
(3.12)

Since the impedance tensor is complex it also
con (þ. Physically,
this here is a phase
lag c and induced
electric fields and is calculated by the relation:

Q=arctan(Z), (3.13)

(3 16)

However when the axes are oriented parallel and
perpendicular to electromagnetic strike, Zxx âfld
Zyy become zero, while Z"t andZyx remain different

J*,

llx;
_7

L
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Chapter 3 MT Backoround

Figure 3.1 (a) The conductivity of a one-dimensional (1D) Earth varies only in the ve¡tical dimension; (9) the conductivity_of a

tr¡vó-¿¡mens¡onal (2D) Earth váries vertically and in ond diiection laterally; (c) the conductivity of a three-dimensional (3D) Earth

varies vertically ànd'in both lateral directiôn, through the existence of bodies with finite strike length and/or structures with

different strike directions.

(al (b)

lF;l- Þi ',rlli;l (3 17)

ln this situation, the MT tensor decomposes into

two independent modes: the transverse electric
(TE) mode (also referred to as the E polarization

or Epol mode), where the electric field is measured

parallel to strike; and the transverse magnetic (TM)

mode (also referred to as the B polarisation or

Bpol mode) where the magnetic field is measured
parallel to strike.

Taking x as the strike direction and y as the direction
perpendicular to strike, for the TM mode Ampere's

law reduces to

(c)

processing and modelling and most MT surveys
are therefore canied out under an approximation

of a2D geoelectric environment.

At a vertical boundary with strike x between two
media of different conductivities, the following
boundary conditions must be obeyed (Swift, 1971)

The component of B perpendicular to the interface
(¡rHy) is continuous.
The component of H parallel to the interface (Hx)

is continuous.
The component of E parallel to the interface (å)
is continuous,
The current density J perpendicular to the interface

(oEy) is continuous.

The only discontinuous quantity is Ev, the electric

field perpendicular to the interface. This must have

a discontinuity at the interface since the conductivity

across the boundary changes but the current
density must remain continuous, and

aE-

ãî= -¡tolt,z)E, 
(3.1S)

and

+ = -y,o(y,z)E, 
(3.1e)

For the TE mode Faraday's Law reduces to

E r- = ¡rA.av (3.20)

and

FI
-y

Jy
(3.22)g

The TE mode is therefore independent of Ev and

Ez and is represented by the impedance Z*v. The

TM mode is independent of Ex and is represented

by the impedance Zy*,

This decomposition greatly simplifies MT data

The TE mode will not be affected by this boundary

as it is independent of E¡¡, but the TM mode will be

affected.

Charge distributions build up in the region of the

interface (Vozoff, 1991; Wannamaker et al,, 1984),

These charge distributions, often referred to as

current gathering, produce electric fields in the -y

and y directions. These secondary fields add

vectorially to the inducing Ey field in each medium.

On the more conductive side, the resultant electric

field is

Er""= Ey primary - Ey secondary (3.23)

Due to the relationship between the electric field

aE-

-=lû)ôz (3.21)
By

25



Chanter 3 MT Backoround

and the apparent resistivity in Equation 3,12, this
decrease in the electric field will decrease the
apparent resistivity of the conductor.

Similarly, on the more resistive side of the fault,
the resultant electric field is

H,(u) = (tt'l T,(u

(3.27)

lnduction arrows are vector representations of the
complex ratio of the veilical to horizontal magnetic
fields. ln the Wiese convention (Wiese, 1962),
real (in-phase) induction arrows point away from
regions of high conductivity (or towards regions of
high resistivity). However induction arrows are
more commonly displayed in the Parkinson
convention (Parkinson, 1959)in which they point
towards regions of high conductivity, or away from
regions of high resistivity. The length of induction
arrows is dependent on the magnitude of the
resistivity gradient.

ln a simple 2D environment with a single resistivity
boundary, induction arrows will point perpendicular
to the boundary and in the Parkinson convention,
towards the region of higher conductivity. However
in more complex 2D environments, for instance
where a region of high resistivity is bounded by
two regions of high conductivity, the induction arrow
pattern will be more complex and the magnitude
of induction arrows in the central high conductivity
region may be negligible even though significant
conductivity gradients exist (Jones and Price,
1 e70)

))

E

,h
By

lto

E 
"" 

= Ey primary * Ey secondary p.24)

and the íncrease in the electric field makes the
resistor look even more resistive. This effect allows
for accurate delineation of boundaries in the TM
mode and the under- and over-estimated resistivity
values are corrected by most 2D modelling
algorithms (Wannamaker et al., 1984).

3,1.4 Penetration depth

Long period signals penetrate deeper within the
Earth than short period signals. The depth at which
a signal has strength e-t of its amplitude at the
surface is considered to be the maximum depth
that information can be gained from that signal
and is referred to as the skin depth d, with equation
(Simpson and Bahr, 2005)

I

,-( r ìãU -l-l

l"oo ) (3 25)

where T is period, ¡r is magnetic permeability and
ö is the average conductivity of the medium
penetrated. ln MT studies, p can be approximated
by the free space magnetic permeability

.É¿o = 4n r 1û -i Hm -1

which reduces Equation 3.25 to

d * 500.-,fiã (3,26)

Therefore a longer recording time of MT signal
results in a larger depth penetration and resistivity
information about greater depths within the Earth.

3.l,5lnduction arrows

Where lateral conductivity gradients exist, vertical
magnetic fields (H') are induced by the horizontal
magnetic fields as described by the relationship
(Simpson and Bahr, 2005)
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3.2 MT Procedure

3,2.1 Instrumentat¡on

lnstrumentation consisted of five-component MT

systems, which record Ex, Ey, Bx, By ârìd Bz fields,

Magnetic fields were measured using a Bartington

three component fluxgate magnetometer (Figure

3,2) which is capable of sampling the magnetic

field at up to 3 kHz with sensivity at_lrequencies

higher than 1 Hz and a precision of {10 pT, Noise

levels are quoted as -5 pT/ Hz at 1 Hz. Electric

fields were measured using pairs of copperhopper
sulphate porous pots separated by distances (d)

of between 20 and 100 m (Figure 3.3). By

measuring the voltages (V) at each electrode, the

electric field (E) can be determined by the equation:

¡ =av/d (3,28)

lnstruments were powered by either 12V gel cell

batteries or packs of alkaline D cell batteries. The

magnetometer and logging electronics were housed

in pelican cases for protection (Figure 3.4).

3.2.2Data collection

Recording axes were oriented at a default of
geomagnetic north-south and east-west for data

collection, Electric dipoles in these orientations
were laid out with dipole lengths of between 20

and 100 m, These dipoles were formed using

three electrodes, one at the northern extent, one

at the eastern extent and one acting as a common

electrode, each with individual cables running to

the logging electronics housed in the Pelican case

(Figure 3.5). Electrodes were buried to a depth of

approximately 15 cm, such that the top of the
electrode was levelwith the ground surface. The

dirt in the bottom of the electrode hole was

moistened with water to assist connection between

the electrode and the ground. Aground electrode,

consisting of a metal spike, was hammered into

the ground and connected to a cable attached to

the main Pelican case (Figure 3.5).

The Pelican case containing the magnetometer
and logging electronics was buried to reduce
visibility from passing traffic, to avoid disturbance

by animals or wind and to reduce the range of
temperatures affecting the magnetometer. The

recording parameters were input to the instrument

through a PC interface, This interface also allows

data quality to be checked before the instrument

stañs recording. This process was used to orientate

the magnetic sensor so that the magnetometer
recording axes were directed north-south and east-

west by minimising the magnitude of the measured

east-west magnetic field to within t100 nT. Electric

field magnitudes were also checked to be steady

and safely within the instrument's threshold of ¡25
mV, lf the field measurements were unsteady or

off-scale, the electrodes were moved and reburied

until the problem was rectified, Once these checks

had been made the instrument was set to record

at a rate of 10 Hz.

3.2.3 Processing

Data are recorded as a time series of field
magnitudes. Processing refers to the steps of (1)

Fourier transforming the recorded data into the
period domain and (2) determining outputs including

impedance tensors, apparent resistivity, phase and

induction arrows. The code Robust Remote
Reference Magnetotellurics (RRRMT) (Chave et

al., 1987) was used to process all data in this
project.

RRRMT uses robust statistics to remove non-

Gaussian data outliers, such as dropped bits of
digital data, spikes in the data or magnetic storm

Figure 3.2 tometer used in data collection

Filure 3.3 an electrode in data collection

fifiure f.+ housed in a Pelican case for data collection, here shown with 12V gel

cell batteri
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North-South electric dipole

East-West electrlc dlpole _

Battery

Ground

case housing
magnetometer end electronlcs

signal affecting the geomagnetic field. Robust
techniques are efi¡cient because they are insensitive
to a moderate amount of contaminated data and
react gradually ralhgr than abruptly to disturbances
in the data (Chave et al., 1gS7). The robust
methods implemented by RRRMT operate in an
automatic, data adaptive fashion that breaks down

T!yl! unusual circumstances (Chave et al,, 1987).
RRRMT uses a remote reference (Gamble et al.,
1979a; Gamble et al, t al,, 1979c)
to reduce incoherent Thompson,
1989), Figure 3,5(a) periods the
magnetic field is dominated by noise since the

the noise is greater than the power
This has the result that apparent

ch is proportional to the square of

electric ñeld

Power netic field Power

magnetic noise
levef

the electric field divided by the magnetic field,
becomes very small at low periods. To address
this, remote magnetic field measurernents are
taken at a reference point some distance away
from the site of primary magnetic fielð
measurement. Differences between the remote
and primary magnetic field measurements are
taken to be incoherent noise and are downweighted
or removed from the data. This lowers the
amplitude of the magnetic noise
with the result that the values of ap
do not fall off until a significanfly

3,2.4 Dimensionality

All data were collected under the assumption of
2-dimensionality, that is, they were collected along
a profile as close as possible to perpendicular to
geological strike, with the intention of modelling
them with a 2D modelling algorithm. However, if
3D features do exist in the data and are modelled
with a 2D algorithm, spurious model artefacts will
be created, for two main reasons, First, 2D
modelling algorithms assume that all variations in
resistivity occur in the plane of the profile, so the
response of electrical bodies that exist out of this
plane wíll be transferred to the profile plane.
Second, the TE mode does not experience current
gathering in 2D so it is not factored into inversion
codes, However if 3D bodies exist the TE mode
will experience current gathering, producing
incorrect apparent resistivity estimates.

due to errors in data or galvanic distortion, making

1

I

I

I

I

I

I

I

Figure 3.5 nstrument deployment for field datacollection Electric diþoleís are deployed innorth-sout st directions'and are stañdaidised
by a ground electrode. A magnetometer measures the
magnetic field in the north-south, east-west and verticaldi s hous logging elect insidea For mo nts, b¿iteries ousedin elican uce contami . The
main Pelican case is buried to a depth of -S0cm and the
electrodes are buried so that their toþ is approximately level
with the surface.

(a) (b)
eledric fìeld

netic lield

mâgnelic noise
level

ilg^:,:jl9 l{ltlt r lt vel of magnetic noise is greater than that of the magnetic signat, teadino to a sharp
0r0p 0n ln apparent. s. (b) The addition of a remote reference removes inóohereni no¡se añAjowárð iñä
level 0l magnetic noi in apparent resistivity to occur at a lower period.
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testing more difficult, Galvanic distortion is caused

by localised 3D bodies which are small compared

to the scale of observation. These bodies create

a local, real, frequency-independent, non-inductive

response that superimposes on the regional,

underlying, 1D or 2D response (Wannamaker et

al,, 1984), with the result that the off-diagonal
elements of the impedance tensor do not equal

zero. Since the galvanic distortion is real, the MT

phase is unaffected by it. ldentification and removal

of galvanic distortion from the regional tensor is

referred to as tensor decomposition, Numerous

methods for decomposition and testing for the

dimensionality of the regional response have been

proposed (eg. Swift, 1986;Groom and Bailey,1991)

three of which have been used in this research:

phase sensitive strike (Bahr, 1988; Bahr, 1991);

Lilley angles and Mohr circles (Lilley, 1993a; Lilley,

1993b; Lilley, 1993c; Lilley, 1993d; Lilley, 1998a;

Lilley, 1998b) and the phase tensor (Caldwell et

al., 2004).

Once decomposition methods have been applied

to data, an analysis must be made of whether the

data can be considered 2D or are 3D. Alternatively

(as is often the case), some period range or subset

of the data may be found to be 3D which must not

be included in the modelled data. Recording axes

of the stations must be mathematically rotated to

the strike directions indicated by the decomposition

technique as the 2D strike. RRRMT contains a

capability to rotate the electric and magnetic axes

independently.

3,2,5 Phase sensitive skew

The phase sensitive skew method (Bahr, 1988)

identifies the distortion of MT tensors by multi-

dimensional heterogeneities which are much

smaller than the inductive length-scale of the data

and produce period-independent, galvanic
distortion, The impedance tensor for data collected

with recording axes aligned parallel and
perpendicular tó the 2D geoelectric strike (t,y')
and affected by a galvanic distortion tensor C, is
(Bahr, 1988):

-[

where Zn is the normal mpedance measured at

the surfaceof the Earth (Bahr, '1991). Within each

column only one phase should occur since the
phase is not affected by galvanic distortion,

Howeve¡ in an arbitrary coordinate system in which

the recording axes are at angle 0 from the 2D

geoelectric strike, the tensor will be affected by

the rotation matrix ß,

ã_tt -

z=

cos d

-sinü
sin É

cos d
(3.30)

(3 31)

and the tensor will have the form:

z : Fez*,Fr

where Zro is the impedance when the measuring

axes are oriented parallel and perpendicular to the

geoelectric strike. The condition that the elements

in the columns of the Zro tensor should have the

same phase leads to an equation for the rotation

angle 0, through which the measuring axes must

be rotated through to be oriented parallel and
perpendicular to the geoelectric strike:

-nsin(:n)+Eccrs(2r)+r}:û (3.32)

where A, B and C are determined from the

measured tensor:

Z z^,

z^,

2",
Z -Z

(3.33)

lf no rotation angle can be found that equalises

the phases, the difference õ between the phase

elements of a column are minimised such that
(Bahr, 199'1):

A =lz** Zu

B=lz-+z*
c =lz,*-z*

'I

l*lz + 7I t-xy - yx

l-lz,* - 2,,

)-lz* * 2,,
F,y

Z

_7tyy

+7
-yx

+7
-yx

-7.-yx

_7tyt

l

l

l

Zn,x'r H

0 ,4

,^2
ú liL xy,

-iÃcylxf,e '
þ

T

tr

E l
0

7
-n,y x It

X

v
(3 34)

v

^?- vtzLn,y'*

^7v22- tl,y';4'

crrZn,^'y'

CztZn,t y' l[;;]

The phase sensitive skew, q (Bahr, 1988), is a

rotationally invariant measure of the extent to which

an impedance tensor can be described by Equation(3,2e)
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3.29, or by Equation 3.34, or is 3D

(z* -z Z +/ l-[z* * z L

l¡,- - \. ¿ \,

xt¡ = 1 l\l¿yyq 
+ l.xxq )' + l,¿Wc - Zx'yo Irq 

'I-k*r -zxxo)'*(¿*vo *zYXo

ilì

í,'l
-l

- Z.l)1 P

ìl=

(3 35)

(3 37)

7
L

1+ -Ç

Lì

0
4art-\-)

-t+,/ Ixy -y.<l

Bahr (1988) suggests that for n=0,3 the tensor

appropriate. lf q>0.3 the tensor is describing a
regionally 3D geoelectric structure which should
not be treated as galvanic distortion affecting a 2D
regional structure (Bahr, 1988).

3.2,6 Lilley angles

Lilley angles (Lilley, 1998a; Lilley, l gg8b) are based
on the observation that decomposition of a 3D
tensor lo a 2D tensor is possible if the electric and
magnetic observing axes are allowed to rotate
independently, The full complex MT tensor
relationship is

lE*. 
* iE.-l 

_ lZu, + tZuo Z^r, *,2*,W*,1

lEr, 
* iEr- I lzr^, 

*izr^o zrr, *¡zrrrllur,l

(3 36)

where the subscript r denotes the real part and
the subscript q denotes the quadrature part. When
the parts are separated and electric field is rotated
through angle 0e and the magnetic field rotated
through angle 0h such that the tensor is 2D, the
equation reduces to the form

z, v^. = 1fitar, 
a 1YY, ,\2 + tzvx; - zr:v )'l I

' [. [e*, - Zxx,')r +(zxy, . =*)'ÈJ

z, w, =:[?*, * zr*o)' *(zwo - zxvc)'

'[- [(z:yy, -zxx)t +(zxvo * zvxc

[::tî ::îî]

æ

(3 3e)

(3 40)

(3.42)

Zw, * zxx,
Zx:.v, - Z¡ni,

(3.44)

trl
IËJ

(3,41)

Two simple operators are proposed which can act
on a 2D tensor to produce a 3D tensor. The first
is a splitting operator, which acts in the same way
as a pure shear operator in structural geology and
has the form:

where S defines the extent of the splitting.

The second is a twist operator which can be thought
of as a rotation of only the electric field or only the
magnetic field through angle Q and has the form

lF:;l:1.1- ';llï;l

(3 43)

These two operators can affect a tensor in two
simple ways: split after twist (referred to as path

1)9nd twist after split (referred to as path 2). After
a full investigation of the Path 1 operation , the
angle of rotation of the electric field 0e, which can
be interpreted to rotate the axes to the local
geological strike, is determined to be

ZPry ãnd ZPry are termed the principal values,
where

7p..,., lk un. + zxx,)2 *(zyx, -z*y,,)'þ I1 Ãlr =ti- 
v¿"'-zxx'), +(zxv'.""lfl|I 1[

(3 38)

30

Zw- -Zxx.AfCtAn + afctan
zxyr + lty\',



Chaoter 3 MT Backqround

and

æ

ã1q

Zu

(3 45)

A full investigation of the Path 2 operation gives

the angle of rotation of the magnetic field 0h, which

can be interpreted to rotate the axes to the regional

geological strike, as

These values can be clearly illustrated on Mohr

circles (Figure 3.7), a common accompaniment to

Lilley angles.

Conductive structures as small as the length scale

of the dipoles used to collect the electric field data

can channel currents along them. This has the

result that currents induced at depth can be diverted

to run in a different strike direction in the near

surface if the small-scale conductive structure has

a high enough conductivity, Such structures may

include palaeochannels, riverbeds, valleys and

clay pans, However, since the magnetic field

represents an integration over a volume, the

magnetic field strike is generally taken to represent

the regional geoelectric strike . ln practise therefore,

Lilley angle analysis is useful not only in determining

the dimensionality of the subsurface but also in

obtaining an enhanced understanding of the
changes in local and regional strikes along a profile

and the influence of near-surface or topographical

features on the data. For data to be considered

2D, the real and imaginary parts of both 0e and

0h should agree, and 0e and 0h should be period-

independent, lf this does not occur over the whole
period range, a sub-set of the period range may

exist for which this is true. Additionally, since 0h
is representative of the regional geological strike,

it should remain consistent along the line for a 2D

assumption to hold,

3,2.7 Phase tensor

The phase tensor (Caldwell et al,, 2004; Bibby et

al., 2005) analyses the phase alone as it is
unaffected by galvanic distortion. Phase tensor

analysis allows a determination of the dimensionality

of the subsurface without the need for assumptions

that the regional structure is 1D or 2D and is
affected by galvanic distortions, which underlie

other decomposition techniques such as the phase

sensitive skew

The phase tensor is defined as

1

1
[u,.,un Y' -?'+ 

arctan

L z*yo + lWc

ZW
ZWc

+ ZXXq

&1,
Zw- - Zxx-

^ _- -arîtan
/xY, + ¿YY,

arcla
1

,

c

and

Megnitudes of Principal Values

f,, fY*

+ Zxx,
ZW,

(3 46)

zw, * Zxx,

Zxyo - Zyx,

(3.47)

point

1

1
Zw- - Zxx-arctan - arctan
¿xyq + ¿wq

Z'xy
0

Figure 3.7 Mohr circle representation of Lilley angle analysis,

trõm tittey (199Sa). The relations of this representation hold

for the real and imaginary parts of the tensor. 0e is the

clockwise angle between the direction of the measuring axis

and the electric field strike, and 0h is the clockwise angle

represented by a circle centred off the horizontal axis'

o= Íütt 1[',

þ2, (3,48)f2l

oe-oh
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þ = X-tY

where X aircl Y are definecj from the impedance
tensor Z through the complex tensor relation
Z=X+N.

The phase tensor is characterised by three values
which are invariant on rotation, the maximum
(amax) and minimum @min) phase values and
the skew angle B. The skew angle is a measure
of the tensor's asymmetry and therefore of
dimensionality. lt is given by the relation

p-)nn-'['.:,-+,1¿ laln+hzJ (350)

The fourth parameter that defines the phase tensor
is the angle cr that expresses the tensor's
dependence on the coordinate system.

(3 4e) other settings, the orientation of the major axis is
gíven by cr-8.

A 2D tensor is represented by an ellipse, with small
skew values at periods greater than that at which
the galvanic approximation applies. While the
authors provide no precise definition of a 'small'
skew value, Þ. -50 is used in examples as a small
skew, dependent on data enors. The azimuth of
the major axis of the phase tensor is related to the
maximum direction of current flow in the earth and
should therefore be period-independent in a 2D
setting. lndeed, the authors suggest that this is a
better indicator of 2-dimensionality than a low skew
value. However at periods where emax and
Qmin are similar, the azimuth is ill-defined and is
itself an unreliable indication of dimensionality, A
3D setting is characterised by p not equalling zero
or, if B does approximate zero, by a period-
dependent strike direction.

o-)nn-'lffil 
(3s1)

The phase tensor is commonly represented as an
ellipse, as demonstrated in Figure (phase tensor).
ln 1D or 2D settings, the skew angle p equals
zero, the tensor is symmetric and the orientation
of the major axis of the ellipse is given by cr. ln

Static shift (Jones, 1988) is caused by a frequency-
independent enhancement or reduction in
measured electric fields due to local structures
that are too small to have an inductive response.
The frequency-independent field modifications
cause the magnitudes of the impedances to be
multiplied by real numbers, with the result that

unaffected since static shifts are period-
independent. Static shift can be detected and

3.2,8 Static shift

0min

x

I
I

I
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2006). The Rodi and Mackie (2001) algorithm
contains a capabil¡ty to invert for static shift as a
model parameter. Like most such schemes, this

algorithm carries out the inversion by assuming

that the magnitudes of the static shifts have a

Gaussian distribution and that the logs of the static

shifts of all stations should therefore sum to zero,

although this constraint can be manually
downweighted.

3.2.9 Modelling

2D inversion is the process of converting apparent

resistivity, phase and/or vertical magnetic field
against period data from individual stations to a
cross-section of resistivity against depth for an

entire profile. Since MT is a volume sounding
method, data from any depth greater than the
station spacing will be recorded by more than one

station. lnversion integrates the data from all

stations, producing a much more reliable model

than simple stitched '1D inversions for each station,

2D inversion proceeds under the assumption that

the strike of modelled features is infinite and that

there exist no electrical bodies out of the plane of
the profile which affect the data. lnversion
algorithms therefore account for current gathering

in the TM mode but not in the TE mode. MT

inversion is inherently non-unique. Therefore,
rather than simply being satisfied with a model

with small misfit, it is prudent to run inversions with

alternative parameters or starting models and to

check inversion results through forward modelling.

Data identified as 2D were modelled using the

inversion code non-linear conjugate gradients
(NLCG) (Rodiand Mackie, 2001) included in the

software package WinGLink, published by

Geosystem. The NLCG technique is described in

Polak (1971) and Luenberger (1984). One of the

most computationally expensive operations in 2D

MT inversion is the determination of the Jacobean
(eg. de Groot-Hedlin and Constable, 1990), Mackie

and Madden (1993)show that operations with the

Jacobean and its transpose can be achieved
without having to actually compute the Jacobean

itself using the method of conjugate gradients.

The NLCG algorithm proceeds from this premise

and abandons the structure of iterated and

linearised inversions. lnstead, NLCG performs a

sequence of line searches along computed search

directions to solve the minimisation problem.

3.2.10 Data fit

The fit of the model data to the station data is
reported as a root mean squared (rms) difference

between model and station data points for all
parameters included in the inversion (apparent

resistivity, phase and/or vertical magnetic field).
As for all MT data, a perfect data fit can be obtained

if the model is permitted to contain sufficient
structure, however a realistic model is one which

is limited in detail by the resolving power of the

technique. For interpretational purposes, a
smoother model that contains reliable structure is

preferable to a less smooth model that contains
unrealistic structures. For this reason the Rodi

and Mackie (2001) algorithm contains a

regularisation parameter tau (t) that acts as a
trade-off between smoothness and model fit.
Larger values of t create a smoother model at the

expense of data fit, while smaller values of t
produce a rougher model with a better data fit ,
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3.3 Conduction mechan¡sms

For electrical current to flow charnc narri¡re mrret

exist. These charse .*i#ää g;ffiü;;ffii
in solids and ions in fluids. Conduction can be of
three types, electronic, semi-conduction and
electrolytic (Nove¡ 2005; Simpson and Bahr, 2005).
Electronic conduction occurs through the

movement of electrons and occurs in metals, ln
the Earth, electronic conduction is important in
metallic minerals, particularly sulphides and in the

through the movement of electrons but differs from
electronic conduction in that it occurs in materials
that have only a few free electrons with the result
that conductivities are significantly lower. Semi-
conduction dominates in minerals such as olivine
(Nover, 2005; Simpson and Bahr, 200S),
Electrolytic conduction occurs through the
movement of free ions in fluids, ln the Earth
electrolytic conduction is important in brines and
melt (Nover, 2005; Simpson and Bahr, 2005).
Since all of these conduction mechanisms can be
caused or influenced by tectonism, MT can be a
useful tool for understanding tectonic and geological
processes at depth (Figure 3.9),

\{/here fluid exists in pore spaces berw-een n¡iilei.ai
grains conduction occurs through the movement
of ions in the fluid, The magnitude of conductivity
is dependent on the connectivity of the fluid, which
is in turn dependent on the percentage of fluid in
the rock and the dihedral angle of the mineral
grains (von Bargen and Waff, 1986). The dihedral
angle is the intersection angle of two solid-fluid
phases meeting at a grain edge, lf the dihedral
angle is less than the critical angle of 600, fluid will
penetrate along grain boundaries and form an
interconnected network, however for dihedral
angles greater than 600 fluid will be segregated in
pockets and will not form an interconnected network
(Bulau et al., 1979; Mibe et al., 2003; von Bargen
and Waff, 19B6), For a connected fluid fraction,
the conductivity can be approximated by Archie's
law

om = ofln (3.52)

where om is the conductivity of the matrix, or is
the conductivity of the conducting phase and r.¡ is
the porosity of the matrix. The Hashin-Shtrikman
upper bound (Hashin and Shtrikman, 1962) is often
used to predict the maximum effective bulk
conductivity of an interconnected two-phase
mixture:

3.3.1 Fluids

Resistivity (f)m)

10 100 't000 10000 100000 1 oooooo
Crystalline Rocks

Young Sediments

Old Sediments

Upper Crust

Lower Crust

Oceanic Upper Mantle

Continentâl Upper Manile

1% Saline Fluid (50 S/m)

5% Saline Fluid (50 S/m)

l% Graphite Film (sx104 S/m)

Figure 3.9 Estimated average typical resistivity values for different Earth materials, taken from Jones (1ggg).
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oH.' -o*lxrl

(3.53)

where x indicates volume fraction, subscript m

refers to melt and and subscript x1 refers to crystals,

Numerous laboratory experiments have been
conducted which have shown that, given a dihedral

angle of <600, a fluid proportion of as little as 0.1%

will dramatically decrease resistivity (eg, Lupulescu

and Watson, 1999; Minarik and Watson, 1995;

Roberts and Tyburczy, 1999; ten Grotenhuis et al.,

2005;Watanabe and Kurita, 1993). Watanabe and

Kurita (1993) conducted tests on the two phase

Hz0-ice-KCl solution as an analogue for partial

melt fractions in the Earth which showed that a

partial melt fraction of <5% increases conductivity

by 1.5 to 3 orders of magnitude (Watanabe and

Kurita, 1993), The conduction mechanism was

observed to change from electronic conduction
through solid ice at temperatures below the solidus,

to ionic conduction through the small melt fraction
present at the solidus, to increasingly efficient ionic

1ot

solidus

loo

1o{

-30 -20 -10

conduction with increasing melt fraction as the

liquidus is passed (Figure 3.10; Watanabe and

Kurita, 1993).

Conductivity in saline water increases with
temperature to -3500C. At temperatures above

-3500C conductivity decreases with pressure (Quist

and Marshall, 1968). The concentration of NaCl

in crustal aqueous fluids varies from 0 to 40% and

in general conductivity increases with increasing

concentration, although at concentrations >30%

the conductivity decreases and becomes that of
molten NaCl (Nesbitt, 1993).

Aqueous fluids exist in pore spaces between
mineral grains and are therefore most voluminous

in near-surface sedimentary rocks which commonly

have porosities as high as 10-20% (Hermance,

1997). Many MT surveys have interpreted shallow,

highly conductive zones to represent sedimentary

basins with pore spaces occupied by saline fluids
(eg, Hautot et al., 2000; Hoffmann-Rothe et al.,

2001; Santos et al., 2002; Tournerie and Chouteau,

2005). The existence and extent of fluids at depths

of the mid-lower crust is, however, much less well

understood, A highly conductive mid-lower crustal

liquidus

-f
+

xñ

3o

E
t/,

Þ
.¿
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5Þcoo

0 10 20

Temperature (oC)

Figure 3.10 Experimental results of the conductivity of samples of Hz0-ice-KCl solution reported in Watanabe and Kurita (1993)

sfräw tnat conductivity increases as melt fraction ihcreaseò and the conductivity mechanism changes from semi-conductance

to ionic.
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zone has been imaged in many various geological
settings worldwide and has sometimes been
interpreted to be caused bir the presence of fluids
(eg, Gough, 1986; Hyndman and Shearer, 198g;
Shankland and Ander, 19S3). Fluids released from
prograde metamorphic reactions (Arzate et al.,
1995) and fluids pumped downwards into the crust
by pressure gradients (Connolly and Podladchikov,
2004) can exist at these depths, but their residence
time will be temporary. The bulk of geological
arguments state that a combination of pressure,
which forces fluids towards the surface, and
retrograde mineral reactions, in which remaining
fluid in the lower crust will be consumed to producé
hydrous minerals, mean that aqueous fluids will
not remain in tectonically stable continental crust
for geologically significant time periods (eg. yardley

and Valley, 1997).

Partial melt will be present only in tectonically
active crustal regions, either through a temperature
increase to above the solidus, an influx of water
lowering the solidus, or an input of manfle melt,

been interpreted to cause high conductivity
anomalies in other tectonically active regions such
as melting or devolatisation of a subducting slab
(eg. Azate et al,, 1995; Schwaz and Kruge¡-1997;
Soyer and Unsworth, 2000) and at mid ocean
ridges (eg, Heinson et al., 2000),

3.3.2 Sulphides

Electrical conduction occurs in sulphides by the
movement of free electrons through an
interconnected network of sulphide grains. Although
larger bodies containing disseminated sulphidés

cause of conductivity anomalies detected in regional
MT studies (Li et ai,, 2003). Sutphidic bodiôs are
associated with positive gravity anomalies, so
interpretations can be easily tested. Sulphides

in fold hinges have been proposed to explain the
high conductivity of the North American Central
Plains (NACP) anomaly in Canada (Garcia and
Jones, 2005; Jones et al., 2005a). Howeve¡ the
NACP anomaly has a strike length of more than
2000 km, so it is unlikely that sulphides alone are
the cause of enhanced conductivity.

3,3,3 Graphite

graphite in rocks and partly through a process of
elimination: in tectonically stable continental shield
areas large zones of enhanced conductivity cannot
reasonably be caused by any other mechanism,
Epigenetic graphite precipitates into crustal rocks
out of C-O-H containing fluids which may be manfle-
derived, or may be generated through
metamorphism of carbonates and carbon-riòh
sediments (Duba and Shankland, 1gg2).
Alternatively, primary organic carbon that exisis
within sediments can be graphitised under
metamorphic conditions, producing syngenetic
graphite (eg. Jödicke et al., 2004),

Discrete graphite bodies are rare in the crust but
graphite occurs frequently in shear zones and
veins. Graphite in veins, interpreted to have been
concentrated through shearing, was found to be

section of former lower continental crust exposed
in the Calabrian arc of the Alpine-Apennine
mountain system. The section included metapelites
that contained highly conductive, 1-15 cm thick
stratiform black horizons, interpreted to be
metamorphosed carbon-rich organic shales. The
metamorphism of carbon-rich sh
carbon (Nover et al., 2005) but doe
increase conductivity as the graphi
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flakes (Jödicke et al., 2004). The authors suggest

that mechanical smearing during shearing produced

the interconnected graphite network necessary to

produce the observed conductivities in samples

(Jödicke et al., 2004; Nover et al., 2005), Since

MT only poorly resolves the depth extent of

conductors, instead resolving more accurately the

product of conductivity and thickness (Simpson

and Bahr, 2005), as little as a few metres total

thickness of such graphite-rich horizons at mid-

lower crustal depths could account for observed

high conductivity (Jödicke et al., 2004).

The paucity of graphite bodies or even graphite

grains observed in hand-specimens led many

áuthors to doubt that graphite is a likely cause of

the first to observe graphite films as 1000 Angstrom

thick films on rocks of the 1.4 Ga Laramie

Anorthosite complex. Mareschal et al. (1992)

found 30 to 300 Angstrom thick films on all but one

of their samples from the Kapukasing uplift of the

Canadian shield. Mathez et al. (1995) combined

X-ray mapping with conductivity measurements

on rocks from the Yukon-Tanana terrane and found

that graphite films are very common, Laboratory

testing of the actual resistivities of such rocks is

difficult since their resistivity must be measured at

mid-lower crustal temperature and pressure

conditions, connections between the graphite grains

will be broken when the rocks are at surface

temperature and pressure conditions, and

conductivity is likely to be dependent on fractal

conduction pathways, many of which will be broken

in an isolated sample. However many laboratory

tests have suggested that observed conductivities

in mid-lower crustal rocks can be explained by

graphite films as little as several tens of Angstroms

thick (eg. Duba et al., 1994; Duba et al,, 1988;

Glover and Vine, 1992; Glover and Vine, 1995;

Mathez et al., 1995). Therefore, while evidence

remains inconclusive, many authors invoke grain-

boundary graphite films to explain anomalously

conductive crustal and upper mantle regions (eg.

Garcia and Jones, 2005; Heinson et al., 2005;

Jones et al,, 2005b; Losito et al., 2001; Patro et

al., 2005; Ritter et al., 2003; Tauber et al., 2003)

3.3.4 Other conduction mechanisms

Serpentinite is formed by hydrothermal alteration

of ultramafic rocks and serpentinization is therefore

often associated with mantle processes that involve

fluids, such as subduction (Hyndman and Peacock,

2003). Serpentinites have a considerably lower

resistivity than conesponding rocks that have not

undergone serpentinization (Bakhterev and Bulykin,

2002; Katsube, 1976; Stesky and Brace, 1973).

They have been interpreted to be the cause of

conductivity anomalies in the mid-lower crust and

upper mantle in various settings, including Japan,

lndia and the Urals, which have experienced fluid

flow through the mantle such as continental collision

or subduction zones (Bakhterev and Bulykin, 2002;

Gokarn et al., 2001; Ogawa et al., 1994; Rao and

Prasad, 2001; Soyer and Unsworth, 2006),

The upper mantle is often measured to have a

lower resistivity than would be expected for pure,

dry olivine (eg. Constable et al., 1992; Heinson,

1999; Jones, 1999). ln some places, this can be

accounted for by partial melt and increased

temperature (eg. Wei et al., 2001) but most regions

do not exhibit mantle thermal anomalies and other

mechanisms must be invoked to explain the low

resistivity. Trace amounts of water in the mantle

have been proposed to result in hydrogen ion

diffusion, whereby free H* ions act as the charge

carriers (Karato, 1990), As for the crust, trace

amounts of graphite within the mantle will decrease

its resistivity, but this will only have an effect within

the graphite stability field which extends to a depth

oÍ -120 km (Pearson et al., 1994), Minor
components of conductive minerals such as

sulphides or magnetite have also been proposed

to decrease upper mantle resistivity (eg, Gokarn

et al., 2004; Hirsch et al., 1993; Wu et al., 2005).
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4.,l lntroduction

Ghapter 4

Magnetotelluric survey across the southern North Australia Graton and
Warumpi Province, central Australia

This chaoter is oublished as: Selwav, K., Heinson, G. and Hand, M., 2006, Electrkal evidence for continental a-ccretion: Steeply-dipping crustal-scale conductivity

öìäi:ò;ói,ññrcãiCeiãaicrr Létteiå ¡¡, o, r-oosos, doi:10.1029/2005c1025328 (included asAppendix 3).

Summary

Many geophysical images of ancient orogenic belts utilise seismb reflection data but increasingly MT !a!a
nave Oäen sñown to póvide insights into orogenic architecture not evident in seismic surveys, particularly

through their ability to image õteeply-dippìng structures. A 140 km long MT survey carried out.in
paheóproterozoic ciust in ceñtralRuéträl¡a fras imaged a crustal-scale resistivity contrast across a steeply-

dipping boundary. The surface location of this contrast coincides with the Redbank Thrust Zone, previously

stidw'itrom seismic reflection and gravity data to be a moderately-dipping, thick-skinned fault that produces

one of the largest continental graùty giadients known on Earth. The steeply-dipping resistivity interface.

is interpreted t-o be a strike-slifbounOãry separating the North Australian Craton from a younger accreted

terrane. This result is therefore a first-order geofhysical image of a Proterozoic accretion system in

Australia. The steep boundary is not evident in the seismic data and highlights the utility of MT in defining

fundamental crustal boundaries.

4.2 Geological Background

The southern margin of the Arunta region consists

of c. 1690-1600 Ma rocks that many authors have

recognised are lithologically, geochronologically

and geochemically distinct from the remainder of

the Arunta region, termed the Aileron Province

high-grade metamorphism and voluminous
magmatism as well as the contrasting crustal

evolutions and orogenic ages of the Warumpi

Province and the NAC (Collins and Shaw, 1995;

Scrimgeour et al., 2005b).

The Redbank Thrust Zone is a major crustal-scale

structure in the Arunta Region (Shaw and Black,

1991). Movement on the RTZ was initiated during

the 1590-1560 Ma Chewings Orogeny and the

structure later reactivated during the 450-300 Ma

The bulk of the Arunta region is comprised of the

Aileron Province (Figure 4.1) which forms part of

the North Australia Craton (NAC) and ranges in

age from 1830-1780 Ma (eg, Collins and Shaw,

1995). However, along the southern margin of the

NAC, a system of 1690-1600 Ma aged rocks

defines the Warumpi Province, a distinct and more

juvenile domain (Collins and Shaw, 1995; Sun et

al., 1995; Teyssier et al,, 19BB) that has been

proposed to have accreted to the NAC during the

c. 1640 Ma Liebig Orogeny (Scrimgeour et al',

2005b; Zhao and McCulloch, 1995). The surface

trace of the boundary between the Warumpi

Province and the NAC, termed the Central

Australian Suture (CAS), coincides with the

Redbank Thrust Zone (RTZ) for much of its strike

length (Figure 4.1), suggesting that the RTZ may

represent the suture zone. Results from a deep

seismic survey in the region were inconclusive on

this issue (Goleby et al., 1989), To assess this

theory and the broader theory that the Warumpi

Province is an allochthonous terrane, a 140 km

MT survey was canied out was carried out from

the centralArunta region to the northern Amadeus

Basin (Figure 4.1).
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Alice Springs Orogeny. The RTZ is accompanied
by one of the largest continental gravity anomalies
in the world with a magnitude of over 140 mgal
(lt/alhur, 1976) Explaining this anomaly in a way
that is tectonically, isostatically and geophysically
sound has been a challenge to many investigators.
The earliest gravity modelling was carried ôut by
Mathur (1976) who concluded that the observeð

gravity anomaly could not be produced by crustal
rocks alone but that it was caused by the comb¡ned

were collected by Lambeck and Penney (1g84) in
which early arrivals were seen at the hanging wall
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I

of the RTZ and late arrivals seen at the footwall of
the RTZ. Again, the travel time anomalies could

not be explained by crustal structure alone but
required a Moho offset, thus supporting the gravity

models.

ln 1985 theAustralian Bureau of Mineral Resources

(BMR) undertook an extensive deep seismic
reflection survey over the Amadeus Basin and the

Arunta Region (Goleby et al., 1988). The northern

section of this line crossed the RTZ and is marked

on Figure 4.1. lnterpretation of the seismic data

suggests that the RTZ can be traced with
confidence to depths of 30-35 km and potentially

to 50 km with a dip of -350 north (Goleby et al.,

1989), A combination of the seismic, gravity and

teleseismic data led to the interpretation that on

the southern side of the shear zone the Moho is

at a depth of -50 km, A seismically transparent
zone in the hanging wall of the RTZ at a depth of
25-30 km was interpreted to be offset mantle
material, while further north the Moho was
interpreted to be at a depth of 35-40 km (Figure

4.2; Goleby et al,, 1989; Korsch et al., 1998).

Thus, the seismic survey supported the thick-
skinned model proposed by the gravity modelling
(Goleby et al., 1990).

The north-dipping geometry of the RTZ would imply

that, if the RTZ is the suture between the Warumpi

Province and the NAC, the Warumpi Province was

underthrust beneath the southern margin of the

NAC, However, teleseismic data (Figure 4,3;
McQueen and Lambeck, 1996)imaged a velocity

contrast in the vicinity of the RTZ but with a

significantly steeper dip, implying the presence of

crustal-scale structure not imaged by seismic
reflection data, The aim of the present study is to

explore the geometry of crustal-scale structures
across the southern margin of the NAC and

examine the conespondence between MT sensitive

structures and those imaged by seismic reflection

fast ms/km

methods, ln doing so, we also investigate the

feasibility of continental accretion models for the

Australian Proterozoic,

4.3 MT Data

MT data were collected at a total of 40 stations
along a 140 km traverse during three field seasons

in Auguslseptember 2003, March 2004 and July

2005. Data collection varied from season to
season. During 2003,23 stations of data were

collected with an average recording time of 26

hours. After processing this dataset it was

discovered that much of it was of poor quality,

largely due to insufficient recording time. Therefore

in 2004 data collection was repeated at seven of
these stations, Additional data were collected at

six new stations. The average recording time was

46 hours. Data were collected at four more
additional stations in 2005, with an average
recording time of 68 hours. The increase in

recording time with each field season resulted in

improved data quality and greater depth
penetration. The site locations for each field season

are shown in Figure 4.1, Site spacing was
approximately 5 km along most of the line and

approximately 2.5 km for the stations closest to

the RTZ,

MT impedances and jackknife enor estimates were

calculated using the code nrmt (Chave et al,, 1987),

Remote reference data were taken either from a
simultaneously measuring site or from the Alice

Springs magnetic observatory, Data quality was

measured by assessing smoothness of apparent

resistivity and phase curves, coherences and

whether phases were in quadrant (between 00 and

900). By comparing such parameters at the seven

stations where recording had been repeated in

2003 and 2004,itwas determined that data quality

at all of the stations was superior in 2004, so the

Figure 4.3.

data (slown
close to the
McQueen and Lambeck (1996).
Survey location is shown on Figure
4.1.

ü
ril

c
v
E
CLo
E

slow

0 9

i
¡

i

't
I
¡,

rì

1-
ï
I

rt

I

4
Ir
T
'lt'

-9

41



Chapter 4 NAC to Warumpi Province

^ i 
^^ 

a^ 
^

^a^-a 
- .?

+1

t

ti

Stalion 32 Station 1 (20M)

Perbd (s)

Stalion'18

0r

10

E1o'
o

!r
õ
u;
d,
rv

&r

Eo'
oY
8(Y

ëro'

utoÉ

o&10'

aÉ
o
(ú

(L

g
o
E
fL

o
a
oø
.8
CL

ot 1ot

Period (s) 1 10 Period (s¡ 1

s) and TM (squares) mod
and station 1B (typical of
the subsequent improve

r bars.

2003 data at stations that had been repeated were

stations, and the longest period varied between
-1000 and -3000s. Depending on subsurface
conductivity, this period range gives good resolution
from depths of -Skm to the upper to mid manfle.

4.3.1 Dimensionality Analysis

Dimensionality of the data, degree of galvanic
distortion and geomagnetic strike direction were
a_ssessed using technique
(Bah¡ 1988) an ey angies
(Lilley, 1998a;Lill aisatisfied
two-dimensionality in all criteria were retained for
modelling. Sites were excluded on the basis of
Lilley angles if the angles were not period
independent, did not show good agreement
between real and imaginary parts, or if their
geoelectric strike direction was inconsistent with
the rest of the line.

These analyses showed that the section of the
survey through the West MacDonnell Ranges is
electrically complex. The West MacDonnell Ránges

are defined by approximately east-west striking
ridges of Heavitree Quartzite at the upturned
northern margin of the Amadeus Basin and extend
from station 5 to station 8. These stations exhibit
an approximately 900 difference between path 

1

Lilley angles (which indicate electric, or local, strike
direction) and Path 2 Lilley angles (which indicate

¡nagnetic, or regional, strike direction; Lilley, 199ga;
Lilley, 1998b). Lilley angles for these staiions are
shown on Figure 4.5 together with angles from
stations 2 and 10 which demonstrate the Lilley
angle behaviour outside the West MacDonneil
Ranges. Strike directions determined by Lilley
angles, together with all MT strike determinatioñ
methods, have an inherent g0o ambiguity as there
is no purely mathematicalway of deteimining which
mode should be the TM mode and which should
be the TE-mode (Lilley, 1998a; Liiley, 199gb).
However for an individual station such large
differences between the Path 1 and path 2 shike
direction will only be caused by actual differences
in field behaviour and current flow direction.
Regions with significant topography often exhibit
current channelling, whereby currents in the near

between the Path 1 and Path 2 Lilley angles. This
distortion was considered too severe for the stations
to be modelled with a 2D algorithm with confidence
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that 3D effects would not influence the model, so

stations 5, 6, 7 and B were excluded from modelling.

Two additional stations, station 29 and station 25,

were excluded from the model on the combined

basis of poor data quality and the suggestion of

3D effects. Since surrounding stations showed

good evidence for 2-dimensionality, it is possible

Station 29
1

that the poor data quality appear as 3D effects,

The magnetic field (or regional) strike of station

29 differs by approximately 400 from the sunounding

stations. Apparent resistivity and phase curves

for both stations demonstrate large error bars,

rough curves and phases <0o or >900 (Figure 4.6).

Regional strike direction (taken from the Path 2

Lilley angle) for the 25 remaining stations is shown

Station 25
10'

1

Figure 4.6. Apparent
resistivity and phase data
for the TE (triangles) and

TM (squares) modes for
stations 29 and 25. Both

stations have poor data
quality as shown by the
laçe enor bars, unsmoofi
curves are phases <900.
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ligure 4.7 Rose diagram of strike directions obtained from the magnetic Lilley angles of all stations included in modelling.
The dominant strike direction along the transect is N100oE. r --- - -'

EW

S

in Figure 4.7. Station data exhibit a dominant strike
direction of approximately N1000E. Deviations

in modelling are dominantly 2D. period ranges
that the phase sensitive skew analysis showed
were not 2D (skews >0.3) were not included in
modelling.

achieved. Figure 4,8 shows the data from each
station involved in the inversion with the modelled
data and individual rms errors for each station.
Pseudosections comparing the modelled and the
raw data for both apparent resistivity and phase
are shown in Figure 4,9. Both transverse elechic
(TE) and transverse magnetic (TM) modes were
modelled for all stations except station 11, j7 ,23
and 24. Before and particularly after rotation, TE
data from stations 11 and 17 were
and very low amplitude, probably
channelling concentrating the elec
ïM direction. TE data were excluded from stations
23 and 24 to further prevent any 3D effects
producing significant structure in the model
(Wannamaker et al,, 1gS4). Static shift in both
modes was included as a model parameter to be
inve¡'ted, The TM error íloor was set ai Sot'o lor

4.3.2 Modelling

regularisation parameter t which acts as a hade-
off between model roughness and data fit (Rodi
and Mackie ,2001; Tauber et al., 2003). A r of 3
was chosen for this model and an rms of 2.3 was

44



Chapter 4 NAC fo WarumpiProvince

Statlon 1, rms 1 93

10'

Slâlion 2, rfis 2 02

Sletion 16, ms 1 64

Station 21, rns 3.32

Station 28 rms 1 34

Slatkr 3, rms 1,79

Sl¡lron 12, rms 5 2

Station 17, rms 2,06

Stalion 22, rms 2 11

Slâtion 30, ms 2 32

Slalion 4, ms 2.05

Slation'13, rms 1,9

2.98

Slalbn rms 2.05

Slalion 3'1. rns 1 38

Slalion 9, rms 2 74

Slatior rns 1 77

Slation 19, ms 1 49

10'

Stalion 2ô. ¡ms 1,93

SÞIÈN rm 1,43

10'

10'

Station 10. rms 2,04

Station 15,

Slation 20, rms 2,25

statron 27 tÍß2 47

10

Fioure 4.g. Station data for the TE mode (blue circles) and modelled data for the TE mode (red

iinËäianO fU moOei (Otue lines) for all s model, show ng individual rms errors for each station.

Very'noisy data points which were not incl hown.

t

\

t=i-6..^-
hl

45



Chapler 4 NAC to Warumpi Province

L

(1)
a)

1 00s

1 000s

b)

1 000s

c)
1

1 000s

d)

ïi 

.,'''

1

1 000s

(deg)

Figure 4.9' Pseudosections of originaland modeldata. (1).islM ¡gde anO (?)is TE mode, (a)is the measured p, (b)is
the calculated p, (c) is the measuréd phase and (d) is the bátcutar¿d ph;;;. ñ,ìl.th i; tJtrJriõñi-' 

- ' -

to cunent channelling, meant that a lot of the TE
data were of poorer q ical magnetic
field was of poor qua aminatión by
instrument noise an luded in thó
inversion.

resistive domain. These models reached rmsvalue at
the m thofthe nt
with the data that the conductor reaches a depth
of 40 km. The boundary between the conductìve
and resistive regions dips at approximately 45.
for the uppermost 5 km and then becomes sub-
vertical.

4.4 Results

ligure 4.10 shows the 2D modelto 40 km depth.
The southern end of the model exhibits a conductive
zone that extends from the pth of
10-15 km, tested as the min depth
for the conductor to reach. B north
of this conductor is a resistive region that extends
across approximately one third of the model to at
least 40 km depth. A conductive region extends
across the remainder of the model, again to a
depth of 40 km. Constrained inversions were run
to test the depth extent of this conductor. Separate
models were run with the cells below 30 km depth
and below 20 km depth locked at2400Om which
is comparable to the resistivity of the southern

The aim of this survey was to determine whether
the CAS could be imaged and, if so, to ascertain
its relationship to the RTZ. The model has imaged
a steeply dipping interface between southern
resistive crust and a northern region of higher
conductivity. The surface interfaee between tñese

4,5 Discussion
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Chapter 4 NAC to Warumpi Province

Figure 4.10. MT TE and TM datg with triangles.showing^sitg locations.,Error.floors.were applied.

ati% to TM p an p and phase. The final rms misfit is 2.3. Overlain is the seismically inlerpreted

Amadeus Ba'sin, nd mantte offset (solid lines) and the boundary between the Warumpi Province

and the North Australia Craton (dashed line) interpreted from this model.
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Chapter 4 NAC to Warumpi Province

reflection survey (Goleby et al., 1g89) which
demonstrate that the imaged conductivity interface
is too steep to be the RTZ,

The uppermost 5 km of the interface follows the
dip of the RTZ (the region below stations 13 to 17
in Figure 4,10). A model test was carried out to
determine whether this moderately dipping zone
is required by the data, lnitially, the resistivities of
the model cells in the moderately dipping zone
were increased to 2400 Om, a value comparable
to the adjacent cells to the south. A fonryard model

been offset at shallow depths along the RTZ.

1999) constraints. lt is reasonable that the
enhanced porosity of the basin compared to the
underlying basement rocks should increase its
conductivity (Hermance, 1 gg7).

The dominant feature of the model is the
demarcation of two crustal-scale domains of
contrasting conductivity. The difference in crustal
conductivity could have been produced by either
the juxtaposition of two crustal blocks with different
conductivities or by a geological process that
altered the conductivity of a section of the crust.
The only geological processes able to alter
conductivity on a regional scale are fluid flow and
metamorphism (eg, Hermance, 1gg0). Neither
process would generally affect an entire thickness
of crust and then stop along a sub-vertical boundary
(eg. Wing and Ferry, 2002). Even if such
phenomena were to occur, there have been no
major geological events that have affected only
one side of the interface since the proposed docking
of the Warumpi Province and the NAC at -1640
Ma (Collins and Shaw, 1995). lt is therefore much
more likely thai the irrieríace is due to the
juxtaposition of crustal-scale blocks with different
conductivity signatures. We therefore suggest that
the modelled interface is the CAS.

The resistive and conductive regions in the model
conespond to the Warumpi Province and the NAC

presence of interconnected graphite films, which
have been detected in many samples
representative of lower to mid-crustal rocks (eg.
Mareschal et al., 1992; Mathez et al., 19g5) and
are considered to be a dominant cause of enhanced
crustal conductivity (Glover, 1gg6; Nover et al.,

4.6 Conclusions

Modelling of MT data from Palaeoproterozoic
lithosphere in the Arunta region, central Australia
has imaged a sub-vertical crustal-scale boundary
between the 1830 - 1700 Ma Aileron province oî
the NAC and the 1690 - 1620 Ma Warumpi province

which have been interpreted to have amalgamated
during the 1640 Ma Leibig Orogeny (Scrimgeour
et al., 2005), The conductivity of the Aileron province

is up to 3 orders of magnitude greater than the
Warumpi Province and is interpreted to be caused
by a primary material property. The boundary
between the Warumpi and Aileron provinceô
appears to be displaced by the crustal-scale
Redbank Thrust Zone, which, although dominating
the gravity structure of centralAustralia, is not ã
fundamental crustal boundary.

This result demonstrates the increased depth of
understanding of a region that is possible by utilising
geological, seismic reflection, gravity, teleseismic
and MT data. lt also demonstrates the caution
that should be applied in making interpretations
about the geological history of terrains that have
undergone multiple periods of tectonism using
iimited data sources. ln this region the CAS is thé
more fundamental lithospheric structure but appears
to cause neither the seismic reflector nor the gravity
anomaly.
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Chapter 5

Magnetotelluric survey across the Amadeus Basin and northern Musgrave
Block, central Australia, and inversion from the Arunta region to the

northern Musgrave Block: implications for Proterozoic subduction polarity.

This chapter is in review as: Selway, K.M., Hand, M., Heinson, G. and Payne, J., 2006. l\4agnetotelluric constraints on subduction polarity: turning reconstruction

models for Proterozoic Australia back to front. Geology. ln review

Summary

Two-dimensional, lithospheric-scale magnetotelluric (MT) imaging in the centralAustralian Proterozoic

has constrained the large-scale architecture of terrain assembly during Palaeoproterozoic accretion and

collision. The comparatively conductive North Australia Craton, consisting of rocks between c. 2500-1730

Ma in age, has been imaged to extend for 200 km under the 1690-1620 Ma Warumpi Province, which

forms párt of a large, comparatively juvenile terrain in southern central Australia, Collision between the

North Australia Craton and Warumpi Province occurred at c. 1640 Ma. The boundary between these

domains is modelled to be sub-vertical at crustal-scale but dips south at -450 in the mantle to depths of

at least 200 km. We interpret this geometry to reflect lithospheric-scale under-thrusting of the North

Australia Craton beneath the Warumpi Province and suggest it may provide a first order constraint on

subduction polarity during collision at c, 1640 Ma. ln contrast, most contemporary models for the evolution

of Palaeoproterozoic Australia propose that the North Australia Craton was located on the overriding plate

of a long-lived (c. 1 800-1 550 Ma) north-directed subduction system. The polarity of these models is not

consistent with the lithospheric-scale geophysical architecture,

5.1 lntroduction

Early models of the Proterozoic assembly of
Australia (eg. Etheridge et al., 1987; Wyborn and

Etheridge, 1988) proposed that the Australian
Precambrian terranes have been in their present

configuration since at least c. 2,5 Ga and that
ensialic processes created the Palaeoproterozoic

orogenic belts. These models were in contrast to

proposed subduction related processes of
equivalent age in North America and Europe.
However, more recently, geochemical evidence

has led to the proposition that subduction-related
processes played a central role in the assembly

of Proterozoic Australia (eg. Wade et al., 2006;

Zhao and Bennett, 1995; Zhao and McCulloch,

1995). As a result, models have been proposed

for reconstructions of Proterozoic Australia involvi ng

separate cratonic blocks colliding and accreting in

various configurations (eg. Betts and Giles, 2006;

Cawood and Tyler, 2004; Giles et al., 2002; Giles

et al., 2004; Karlstrom et al., 2001; Myers et al,,

1996; Wade et al., 2006). Central to a number of
these models is the notion that north-directed
subduction along the southern margin of the North

Australia Craton led to the accretion and outboard

growth of the craton via a series of orogenic belts

over the interval 1.8-1.6 Ga (Figure 5.1). ln this
paper we present the results of a 360 km long MT

survey across the proposed 1.7-1.6 Ga southern

boundary of the North Australia Craton designed

to test such models by providing lithospheric-scale

constraints on the subsurface geometry of proposed

sutures.

5.2 Geological Background

The proposition that Proterozoic Australia formed

by the accretion of separate continental blocks

was first discussed in detail by Myers et al (1996)

who defined the North Australia Craton (NAC),

South Australia Craton (SAC) and West Australia

Craton (WAC) (Figure 5.1) as separate cratonic
units that had independently assembled by c, 1.83

Ga and accreted to one another at c. 1.3 Ga (Myers

et al., '1996). The bulk of the Palaeoproterozoic
Arunta region in centralAustralia (Collins and Shaw,

1995) is interpreted to form part of the NAC (Figure

5.2). Granites with arc-like geochemical signatures

in the Arunta region (Zhao and Bennett, 1995;

Zhao and McCulloch, 1995) led authors to suggest

that the southern margin of the NAC was located
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1.8 - 1.5 Ga 1.3 - 1,1 Ga

I t.at.o ea Orogen¡c Bâtt

[-.l t.r-t.O Ca Orogenic Bett

f l t.+t.t Ga Orogenic Betr

Nd isotopic data (eg. Windrim and McCulloch,
1986) yield model ages for the NAC in the Arunta
region of c.2.2 Ga, with the bulk of the exposed
crust reflecting basin formation and magmatism
over the interval 1.84 - 1.71 Ga (eg. Collins and
Shaw, 1995). At the southern margin of the Arunta
region, a system of 1,69-1,6 Ga aged rocks defines
a distinct and more juvenile doma our
et al,, 2005a; Scrimgeour et al hat
contrasts with the comparatively ev der

liq:f^lj posed Proterozoic accretion of the Australian continent adapted from Gites et at. (2004), showingproposed subduction beneath the North Australia Craton (NAC) and ä model for its amalgâmaticjn with thð
south Aus sAC) to form the Musgrave Brock. wAC = westhusüaiian craton.

on the overriding lived, north-dipping
c. 1,8 - 1.6 Ga stem (Figure 5.1;
Betts and Giles, a1.,2002; Giles et
a1.,2004; Karlstrom et al,, 2001; Scott et al., 2000).
The polarity of this subduction system from 1.7 to
1.6 Ga was argued largely on the interpretation
that basins in northern Australia formed as far-field
continental back-arc basins to the Arunta margin
(Scott et al., 2000), rather than any structural or
geophysical evidence.
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Chapter 5 NAC fo Musqrave Block

NAC (Collins and Shaw, 1995). This younger

domain, termed the Warumpi Province, has recently

been proposed to represent an exotic terrane that

accreted to the NAC at c. 1.64 Ga (Scrimgeour et

al., 2005b; Zhao and McCulloch, 1995), possibly

via south-dipping subduction (Scrimgeour et al.,

2005b). The Warumpi Province probably forms
part of a more extensive region of comparatively
young and juvenile crust in the Australian
Proterozoic, which includes the Musgrave Block

in southern centralAustralia (eg. Camacho et al.,

1997; Scrimgeour et al., 1999; Wade et al., 2006;

Zhao and McCulloch, 1995), ln contrast to prevailing

models for north-directed subduction in the

assembly of Proterozoic Australia, Wade et al.

(2006) suggest that this region of juvenile crust
formed and was amalgamated into Proterozoic
Australia during south-directed subduction between

the NAC and SAC at c, 1,64 to <1.58 Ga, leading

to the accretion of the NAC and SAC.

Due to the presence of thick younger sedimentary

basins in central Australia, models for accretion at

the southern margin of the NAC are largely
unconstrained and are difficult to substantiate by

traditional geological means, A '1985 deep seismic

reflection suruey extended from the centralArunta
region to the southern Amadeus Basin (Figure 5.2;

eg, Shaw et al,, 199'1b), but did not cross the
southern margin of the Amadeus Basin. A crustal-

scale structure (Redbank Thrust Zone),
corresponding to the surface contact between the

NAC and Warumpi Province was identified,
However south of the Redbank Thrust Zone no

major structures were found, suggesting that the

lithosphere beneath the Amadeus Basin comprises

a single domain (Shaw et al., 1991b). MT data

collected along the Warumpi transect (Chapter 4)

imaged the boundary between the Warumpi
Domain and NAC as a crustal-scale, sub-vertical

interface (Selway et al., 2006). MT is a valuable

addition to seismic reflection data as it images a

different physical parameter, has much greater

depth resolution and can image steeply-dipping

structures. Therefore the MT survey has been

extended southwards over the Amadeus Basin

and into the Musgrave Block in the Amadeus
transect (Figure 5,2) to provide additional
constraints to reconstruction models.

5,3 MT Data

The Amadeus transect was designed to link with

the Warumpi transect in the north (Figure 5.2), but

data from the two transects were collected and
processed separately, Along the 220 km long

Amadeus transect, data were collected at 36

stations in July 2005. Data were recorded for
approximately three days. lnstrumentation
consisted of five-component MT instruments, each

measuring three orthogonal magnetic components
(B*, By and B') and two orthogonal electric
components (Ex and Ey). Magnetic fields were
measured using a fluxgate magnetometer and

electrodes were porous copper/copper sulphate
pots. The survey was carried out under an

assumption that the region is electrically 2D, such

that resistivity changes with depth and across strike

but not along strike. ln 2D settings, after recording

axes have been rotated parallel and perpendicular

to strike, MT data decompose into two independent

modes: the transverse electric (TE) mode, where

the electric axis is parallel to strike, and the

transverse magnetic (TM) mode, where the electric

axis is perpendicular to strike (Simpson and Bahr,

2005),

MT impedances and jackknife error estimates were

determined using the code Robust Remote

Reference Magnetotellurics (RRRMT) (Chave et

al., 1987). This produced impedance estimates in

the period range -10 s to 4000 s. Station data

were remote referenced either with magnetic

observatory data from Alice Springs or with data

from a simultaneously recording station to improve

the signalto noise ratio. lnitial processing showed

that usable data were not collected at station 9

due to instrument malfunction.

5.3.1 Dimensionality Analysis

Although surface geology supports a 2D

assumption with a consistent, approximately easl
west strike, the deeper geoelectric structure may

be significantly more complex. Therefore
dimensionality of the data was analysed with both

the phase tensor (Caldwell et al,, 2004) and Lilley

angle (Lilley, 1998a, b)techniques. Figure 5.3(a)

shows the Lilley angles, phase tensor skews and

phase tensor azimuths for nine representative

stations spaced along the transect. Three criteria

were considered important for data to be assessed

as 2D: period-independent Lilley angles with good

agreement between real and imaginary parts,

phase tensor skews less than l50l and period-

independent phase tensor azimuths. For each

station, the period range which fulfilled these criteria

was considered 2D and suitable for modelling with
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a 2D algorithm. For several stations, the phase

tensor analysis implied that data were 2D for a
smaller period range than the Lilley angle analysis.

This appears to be correlated to data quality such

that Lilley angles are more stable than the phase

tensor where data quality is low. Figure 5,3(b)

shows Lilley angle and phase tensor data for station

24 together with apparent resistivity and phase.

Data quality in the TM mode decreases significantly

at periods greater than approximately 1000 s. The
phase tensor skew and azimuth become very
erratic over this period range, whereas the Lilley

angles remain period-independent and show good

agreement between real and imaginary parts.

lnterpretation of the phase tensor alone would
probably lead to the identification of these data as

3D, but joint analysis with the Lilley angles shows

that the data are likely to only be of poor quality.

Decisions were made regarding the dimensionality

of such data by comparing magnetic Lilley angles

with surrounding stations, Erratic phase tensors

correspond with period-independent Lilley angles

almost only at longer periods. These longer periods

respond to a subsudace volume that extends a

significant distance from the station and is therefore

also imaged by sunounding stations. Therefore
abrupt changes in dimensionality at long periods

between closely spaced stations is physically

impossible. For this reason the stations with poor

data quality at long periods were also compared

with adjacent stations with better data quality,

N

Full dimensionality analysis could not be carried

out on stations 4,6,7 , 12,23 and 25 since they
did not contain a full record of electrical data due

to cables being disconnected by animals early in
the recording time. The only dimensionality
parameter that does not require electric field data

is the magnetic Lilley angle, The magnetic Lilley

angles of station 6 were very period-independent,

with good agreement between real and imaginary
parts and good strike direction conelation with the

rest of the transect, so the TM mode, whose electric

field was not affected, was included in the model

and rotated to strike defined by the magnetic Lilley

angles. Magnetic Lilley angles of the other stations

did not provide sufficient evidence for 2-
dimensionality that they should be included in the

model. Strike directions obtained from magnetic

Lilley angles of all other stations are shown in
Figure 5.4 and show very good agreement over
most of the transect with an average strike of
N1000E, The strike direction at stations 1,2 and
3 (the southernmost three stations of the transect)

changes to -N450E, as shown in red on Figure

5.4, These stations also exhibit period-dependent

Lilley angles and phase tensor azimuths. The
inclusion of these stations in the model may result

in spurious 3D effects and they were therefore not

modelled.

5,3.2 Modelling

Strike directions of both the Warumpi and Amadeus

Figure 5.4. Rose diagram of
skike directions of stations along
theAmadeus transect taken from
magnetic Lilley angles. Red line
shows the strike direction of the
southernmost three stations of
the transect, These stations
were not included in the model
since they demonstrate a

significantly different strike
direction than the rest of the
transect.
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transects are displayed on Figure 5.5, showing that

the strike is consistent along both transects at
approximately N1000E, The two profiles were
therefore modelled together as a single 360 km

long profile with bearing of N'100E using the Non-

Linear Conjugate Gradients (NLCG) algorithm (Rodi

and Mackie, 2001). TE and TM modes, together
with the vertical magnetic field (H') were jointly

inverted. To account for static shift effects, static
shift was included as a parameter to be inverted

and the apparent resistivity enor floors were set at
30% while phase error floors were 1.450. Models
(with tau=3) were run with starting half-spaces of
1000, 700, 500 and 200 am (Figure 5,6). While

the main features of all the models are consistent,

some differences are also apparent, as has been

noted in other surveys (eg. Tauber et al., 2003).

ln all models narrow resistive zones were modelled

where larger spaces existed between stations,
particularly evident between stations 24 and 26

and stations 28 and 30 on the Warumpi transect.

These resistive zones appear to be a modelling

arlefact since they are not constrained by data from

an overlying station. This effect is more exaggerated

in the models with starting half-spaces of 2004m

(Figure 5.6(a)) and 500Qm (Figure 5.6(b)) than

models with starting half-spaces with higher
resistivities. Figure 5.6(d) shows the modelwith
starting half-space of 1000Qm, which is shown in

Figure 5.6(e) with a normalised colour scale,
These models show that at a higher resistivity
starting half-space the boundaries between
conductive and resistive model regions are less

defined as conductive regions become more diffuse.

Figure 5.6(c) shows the model produced from a
starting half-space of 700Qm, which was identified

as being the optimum starting half-space value to

image distinct model features while minimising
artefacts,

The inversion code contains a parameter (tau) that

acts as a trade-off between model smoothness
and data fit (Rodi and Mackie, 2001; Tauber et al.,

2003). Models with a starting half-space of 70K)m
were run at tau values of 1, 3, 5 and 10 to test
which features were sufficiently required by the
data that they remained even when model
smoothness was emphasised (Figure 5.7). Three

features were required by the data by this measure

and are labelled A, B and C on the final model
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section shown in Figure 5.8. This model has a tau
of 3 and inverted to an rms of 2.4. The rms of the
model fit at each of the stations is also shown in
Figure 5,8. Complete data fits and pseudosections
are shown in Appendix 2.

5.4 Results and Discussion

Three dominant features are evident in the final
model: a region of resistivity 10-500 em with a
surface location that corresponds with the Amadeus

South

The surface location of region A corresponds with
the outcrop location of the Amadeus Basin, and it
is reasonable that the basin sediments should have

Norfi

Figure 5.8. Final model (rm.9=f a), showing rms errors of individual stations and outcrop extent of the Amadeus Basin,
warumpi.Province and North Ausiralia cra'ton (NAc). sol¡¿ lineJ ma* Inr oðunìãiie.ó r.grrin;' ã änc c o¡scusseo
in the text.

Basin, labelled A on Figure 5.8; a region of resistivity
10004000 Clm that underlies region A and has an
outcrop lo rTespond
Province, n Figure
of resistiv Qm with
that conesponds with the NAC, labelled C on
Figure 5,8.
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Figure 5.9. Correlation of conduclance
in Siemens across the uppermost
modelled 50km of the Amadeus Basin
(diamonds)to basin depth from seismic
interpretation (solid line, from Shaw et
al., (1ee1)).
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Chapter 5 NAC to Musqrave Block

a higher conductivity that the surrounding crystalline

rock (Nover, 2005). However the depth extent of

region A is greater than the depth of the Amadeus

Basin (Figure 5.8; Shaw et al., 1991). MT does not

precisely resolve the depth extent of conductors,

but resolves conductance (the product of
conductivity and thickness) much better. The

conductance of region Awas therefore determined

to test for conelation with Amadeus Basin depth.

Conductance was calculated by averaging the

conductivity of model cells over the uppermost
modelled 50 km and is shown in Figure 5.9 with

the depth to basement interpreted from the deep

seismic reflection line (Shaw et al., 1991). The

shapes of the plots correlate well, suggesting that

region A is the Amadeus Basin. Features in the

conductance plot are smoother and broader in the

seismic depth plot, which is to be expected since

MT is a volume sounding method.

A lithospheric-scale boundary exists between region

B and region C. This boundary intersects the

surface at the boundary between the Warumpi
Province and the NAC (Scrimgeour et al., 2005b).

At the surface, the more resistive region B

conesponds to outcropping Warumpi Province and

the more conductive region C corresponds to
outcropping NAC. The boundary between these

regions is steeply-dipping to a depth of -40 km

and then dips south at -450 to the displayed depth

of 200 km (Figure 5.8). ln the uppermost 40 km

this boundary has been interpreted as the suture

between the older, more evolved NAC and the
younger, more juvenile Warumpi Province (Selway

et al., 2006). A skin depth calculation (Equation

3.26) shows that the model is robust at least to

200 km depth since the skin depth at period 4000s

in a subsurface of 200 Ç)m, which is less resistive

than the modelled subsurface, is 450 km.

Region B (Warumpi Province) extends beneath

the entire Amadeus Basin with no evidence of
being intersected by crustal- or lithospheric-scale

structures. This result supports the interpretation

of the deep seismic reflection data in which no

major structures were identified beneath the

Amadeus Basin (Shaw et al., '1991), which led the

authors to suggest that the lithosphere beneath

the Amadeus Basin is a single domain. The MT

dataset extends further across the entire Amadeus

Basin, and is able to detect steeply-dipping
boundaries, Therefore the absence of any evidence

of major structures beneath the Amadeus Basin

from either survey provides a strong argument that

no such structures exist, This contrasts with models

which propose that major structures do exist (eg.

Betts and Giles, 2006; Giles et a'.,2002i Giles et

a\.,2004).

The MT data show that the major electrical
boundary in central Australia separates the

combined more resistive Warumpi Province and

Musgrave lithosphere from the more conductive
NAC. While Selway et al, (2006) interpreted the

slightly elevated conductivity of the NAC to be

caused by grain boundary graphite films, this

conductivity signature is here shown to persist

beneath the graphite stability field. Since the

resistivities of both regions are typical of crystalline

rock (Nover, 2005), the conductivity contrast could

simply be caused by differences in bulk lithology

(Kariya and Shankland, 1983).

The amalgamation of the Warumpi Province and

NAC is interpreted to have occurred at 1.64 Ga

during the Liebig Orogeny (Scrimgeour et al.,

2005b), whose timing corresponds to a dramatic

bend in the NAC APW path (ldnurm and Giddings,

1995). A collisional model is consistent with

observed crustal thickening in the Warumpi
Province, high-grade metamorphism and
voluminous magmatism as well as the contrasting

crustal evolutions and orogenic ages of the

WarumpiProvince and the NAC (Collins and Shaq
1995; Scrimgeour et al,, 2005b). The MT data

suggest that lithosphere of the NAC extends

beneath the Warumpi Province and is separated

by a structure that dips southward at -450 to a
depth of at least 200 km. 0n the lithospheric-scale,

the MT data suggest that the NAC was transported

southward beneath the Warumpi Province, probably

during the 1.64 Ga Liebig Orogeny Similar
structures imaged in terranes elsewhere in the

world have been interpreted to represent fossil

subduction zones (eg. Hjelt and Kor¡a, 1993; Jones,

1993; Jones et al,, 2005 (Figure 5.10)), ln Europe,

an ancient subduction zone has been imaged

between Archaean Karelian rocks and
Palaeoproterozoic Svecofennian rocks (Korja et

al., 1993; Rasmussen et al., 1987), Unlike the

model presented here where two lithospheric units

of different resistivities are separated by a structure

dipping at -450, a low resistivity region with a dip

of -450 in an othenruise more resistive crust was

modelled. Although the reasons why lithospheric-

scale conductivity contrasts should be so long-

lived are debated, no geological process other

than subduction can reasonably explain such
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of the wavespeed anomalies in central Australia
are largely unknown (Fishwick et al., 2005), any
such interpretations are quite speculative.

The majority of reconstruction models of the
Australian Proterozoic propose north-dipping
subduction along the southern margin of the NAÕ
until at least 1,6 Ga (Betts and Giles, 2006; Giles
el a1.,2002; Giles et a1.,2004). This MT model
represents the first geophysical data on the

directed beneath the NAC prior to 1.64 Ga. Until
age-constrained suture systems can be identified
and their geometry at depth determined, models
for north-directed Palaeoproterozoic subduction
beneath the NAC remain speculative.

Seismic tomography models of the Australian
lithosphere (eg. Fishwick et al., 200b; Kennett et
a1.,2004; Simons et al., lggg) show a complex
pattern of seismic wavespeeds in centralAustralia.
Anomalously slow wavespeeds at 75 km depth
(the shallowest depth resolved) become
anomalously fast by 100 km depth and continue
to increase in speed to 200 km depth (Figure S.11;
Fishwick et al,, 2005). The location oÍ the fast
wavespeed anomaly appears to migrate southward
with depth, being centred beneath the Amadeus

which would agree with the MT results. However
since the resolution of the seismic tomography
model is less than that of the MT and the causes
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Chapter 6

Magnetotelluric survey from the central Gawler Craton to the southern
margin of the Musgrave Block, southern Australia

Summary

Magnetotelluric (MT) data were collected at 39 stations along a 380 km long profile extending from the

ceniral Gawler Craton to the southern Musgrave Block in South Australia. The Archaean to Palaeoproterozoic

Gawler Craton is largely under cover so the understanding of its geological evolution is limited. Analysis

of the MT data has shown a crustal-scale difference in resistivity between the southern Nawa Domain

and the Gawler Craton to the south of it, suggesting that the tr¡ro regions have different geological evolutions

and that the Karari Fault which separates them is a fundamentalcrustal structure. The crust of the northern

Nawa Domain is less resistive than that of the southern Nawa Domain, again suggesting contrasting
geological evolutions. The boundary that separates them conesponds to a fault interpreted from TMI data

ánd mãy be an important interface, Mantle lithosphere beneath the southern Musgrave Block and northern

Nawa Domain has a moderately high resistivity that is comparable to the resistivity of Musgrave Block

mantle lithosphere modelled in the Amadeus profile.

6.1 Introduction

The Precambrian geology of South Australia is

dominated by the late Archaean to
Palaeoproterozoic Gawler Craton and the
Mesoproterozoic Musgrave Block (Figure 6.1;

Camacho and Fanning, 1995; Daly et al,, 1998;

Betts et a',.,2002). The tectonic history of these

regions is relatively poorly understood, due in large

part to the fact that Neoproterozoic to Cainozoic

sediments and sedimentary basins obscure the

bulk of the older lithologies. Nonetheless, a good

understanding of these regions is vital in piecing

together the broader Proterozoic evolution of
Australia (Betts e|a|.,2002; Giles et al., 2004;

Betts and Giles, 2006)

The 2560 - 1600 Ma Gawler Craton comprises the

bulk of the South Australia Craton (SAC), defined

by Myers et al (1996) (Figure 6.2(a)). The
Mesoproterozoic Musgrave Block is both younger

(1600 - 1050 Ma) and more juvenile than the

Gawler Craton (Camacho and Fanning, 1995;

Camacho et al., 1997; Scrimgeour et al., 1999;

Edgoose et al., 2004; Wade et al., 2006). Various

reconstruction models of the Australian Proterozoic

have proposed that the South Australian Craton

docked with the North Australian Craton (NAC)

and the WestAustralian Craton (WAC), however

the models differ in the timing and configuration of
the juxtaposition (eg, Myers et al., '1996; Cawood

and Tyler, 2004; Giles et al., 2004; Betts and Giles,

2006;Wade et al,, 2006), Generally, the formation

of the Musgrave Block is interpreted to be

associated with this docking. Most notably, Myers

et al. ('1996) suggested that the SAC joined to the

combined WAC and NAC at c. 1.3 Ga along the

Albany-Fraser and Musgrave Orogens (Figure

6.2(a)). Betts and Giles (2006) propose that from

1,8 - 1.5 Ga the SAC was attached to the NAC in

a configuration -52o anticlockwise from its present

day coordinates (Figure 6.2(b)). After 1.5 Ga the

SAC rifted away from the NAC and was reattached

in its current position during the c. 1.3 - 1.1 Ga

Albany-Fraser and Musgrave Orogenies (Betts

and Giles, 2006). Wade et al. (2006) propose that

a south-dipping subduction zone existed on the
southern margin of the NAC from at least c, 1.6

Ga, producing 1.59 - 1.55 Ga arc-related rocks in

the northern Musgrave Block and also the 1.59 -

1.57 Ga Gawler Range Volcanics and Hiltaba Suite

on the Gawler Craton as in-board expressions of
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the subduction zone (Figure 6.2(c)). They interpret
collision of the NAC and SAC at <1.58 Ga, resulting
in the amalgamation of the island arc terrain
(Musgrave Block) between them (Wade et al.,
2006). However Wade et al. (2006) did not consider
the 1.3 - 1,1 Ga evolution of the Musgrave Block.

Since the Gawler Craton is largely under cover
(Teasdale, 1997; Daly et al., 1998; Ferris, 2001)
and the boundary between the Gawler Craton and
Musgrave Block lies under the Officer Basin,
conventional geological approaches are unlikely
to place substantive constraints on lithospheric
structure. Therefore geophysical methods offer
the only real way to constrain reconstruction
models. Much of the geology of the Gawler Craton
(padicularly the northern Gawler Craton) and the
Musgrave Block is inferred from gravity and TMI
data (Figure 6.3), including important features such
as cratonic boundaries. ln order to provide further
constraints on the lithospheric architecture of the
northern Gawler Craton and the boundary between
the Gawler Craton and Musgrave Block, a 380 km
long magnetotelluric (MT) survey was carried out
from the central Gawler Craton to the southern
Musgrave Block.

6.2 Geological Background

The Gawler Craton contains a central lateArchaean

that were deformed during the c. 2.44 Ga
Sleafordian Orogeny (Daly et al., 1gg8; Swain et
al., 2005b). The regions to the south and east of
the Archaean core are dominated by mid-
Palaeoproterozoic metasedimentary rocks, the
1,85 Ga Donnington granitoid suite (Daly et al.,
1998), the 1,59 Ga Gawler Range Volcanics and
the 1 .59 - 1.57 Ga Hiltaba Suite (Figure 6.1 ; Creaser
and White, 1991; Daly et al., 1gg8), The
emplacement of the Donnington Suite (Figure 6.1)
was associated with the 1.86 - 1.BS Ga Cornian
Orogeny (Reid et al,, 2006)which also produced
granulite facies metamorphism. North and west
of the Archaean core are the 1.69 - 1 .67 Ga Tunkillia
Suite and the 1,64 - 1.62 Ga St Peter Suite (Figure
6,1), which have both been proposed to have
formed in a subduction-related arc setting
(Teasdale, 1997; Ferris, 2001 ; Swain et al., 2005ã;
Betts and Giles, 2006). Further to the west lies
the Fowler Orogenic Belt which is poorly exposed

but interpreted to be Palaeoproterozoic in age with
one mildly deformed gabbro producing an
emplacement age oí i730+i0 Ma (Daly et ai.,
1998) with later magmatism and deformation in
the interval L6 - 1.45 Ga (Teasdale, 1997). North

Mt Woods Complex and Coober Pedy Ridge
(Figure 6.1). Further north, and extending to tñe
edge of the Gawler Craton, lies the Nawa Domain
(Figure 6.1; Payne et al., 2006b) which contains
virtually no outcropping geology and is therefore
largely geologically undefined apart from
metamorphic ages of 1690 - 1653+8 Ma and -1M0
Ma from drillhole data (Daly et al., 1998).

Since the Nawa Domain is entirely under cover,
very little is known about its geological evolution
and its relationship to the rest of the Gawler Craton.
Daly et al. (1998) and Direen et al. (2005) suggest
that the Nawa Domain is allochthonous to the
Gawler Craton and that the Gawler Craton accreted
to it during the Kararan Orogen and between c.
1600 - 1550 Ma respectively. The Karari Shear
Zone forms the boundary between the Nawa
Domain and the remaining Gawler Craton (Figure
6.1), While the shear zone is entirely under cove¡
limited dating from drillcore samples (Swain et al.,
2005c) suggests that the shear zone was active
during the Kararan Orogen but it is unknown
whether this movement was a reactivation of an
earlier structure, ln contrast to the proposition that
the Nawa Domain and Gawler Craton accreted
during the Kararan Orogen is the fact that monazite
U-Pb and garnet Pb-Pb ages corresponding to the
c. 1730 - 1710 Ma Kimban Orogen have been
found in the southern Nawa Domain and peake

and Denison Metamorphics (Hopper,2005; payne

et al., 2006b). The Kimban Orogen was a
widespread event that affected the whole of the
Gawler Craton (Vassallo and Wilson, 2001), so
the fact that these ages have been found in the
southern Nawa Domain suggests that it was joined
to the Gawler Craton by this time or that they joined
during the Kimban Orògen.

The
the

lnc
Palaeoproterozoic Gawler Craton, the oldest known
lithologies in the Musgrave Block comprise the 1.6
- 1.54 Ga Musgravian Gneiss (Camacho and

64



Chapter 6 Noñhern Gawler profile

Figure 6.3. Total magnetic intensity (TMl) image of South A.ustralia.(top) adapted from Fairclough et.ql (2003b). and detailed

rrüi ¡mágé oi ttre suïey region with intbrpreied geotogy (bottom) adaprc9 ItqI Teasdale et al. (2001) with black circles

,f.,g*inójócàtion oi H¡f'staiíons and blaik diamõnds ðñowing lobatioñ of drillholes ìn the Nawa Domain, which provide

the only available geological constraìnts.
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Fanning, 1995; Edgoose et a1.,2004). lsotopic
studies of the Musgrave Block have shown that it
is also more juvenile than the Gawler Craton (eg.

Camacho et al., 1997; Scrimgeour et al., 1g9g;
Wade et al., 2006). These fundamental differences
have led to the suggestion that the Musgrave Block
and Gawler Craton were separate crustal volumes
until some time during the Meso- or Neoproterozoic
and the proposition of various different tectonic
reconstructions for their assembly (Figure G.2; eg.
Giles et a].,2004; Betts and Giles, 2006; Wade ét
al,, 2006). Such models are difficult to test since
thick sedimentary packages obscure not only a
large proportion of the Gawler Craton, but also the
boundary between the Gawler Craton and the
Musgrave Block,

The utilisation of geophysical data that can penetrate
beneath cover and indicate the location and nature
of major crustal-scale features is vital if an
understanding of the tectonic history of the Gawler
Craton and Musgrave Block is to be developed,
To investigate the internal structure of the Gawler
Craton and the relationship between the Gawler

the Palaeoproterozoic Mt Woods Complex, Coober
Pedy Ridge and Nawa Domain and into the
Musgrave Block.

6.3 MT Data

Long period MT data were acquired at a total of
39 stations at approximately 10 km spacing along
a 380 km long profile in the northern Gawler Craton.
The transect extended along the Stuart Highway
and its northernmost point entered into the
Musgrave Block (Figure 6.1), Twenty-nine stations
of data, shown in black on Figure 6.1(b) were
collected in June 2004 by M. Scroggs, The
collection of these data is described in Scroggs
(2004). lnstrumentation and procedure used was
the same as that explained in Chapter 3. To extend
the survey into the Musgrave Block and infill gaps,
an additional 10 stations of data (shown in red on
Figure 6.1(b)) were collected in July 2005 by the
author.

lnstrumentation consisted of five-component MT
instruments, each measuring three orthogonal
magnetic components (B*, B,, and B,) and two

orthogonal electric components (E*, and E,,).
Magnetic fields were measured using a fluxgate
magnetometer and eleetrodes were porous
copper/copper sulphate pots. ln both field seasons,
data were collected for an average of 45 hours at
each station. Data collection failed at station 3g
due to instrument error.

All data were processed using the code 'Robust
Remote Reference Magnetotellurics' (RRRMT)
(Chave et al,, 1987; Chave and Thompson, 1989)
which uses robust statistical methods to determine
the impedance and jackknife enor determination.
Data were remote referenced with either magnetic

observatory data from Alice Springs or witÈdata
from a simultaneously recording station, depending
on which produced the cleanest response. For
most stations, this produced data in the range -10
s to -2500 s.

6.3.1 Dimensionality Analysis

s, with low skew values, consistent phase tensor
azimuths and period-independent Lilley angles.
It is likely that data at shorter periods appear 3D
largely due to poor data quality. However stations
1 to 6 at the southern end of the transect did not
show good evidence for 2-dimensionality,
demonstrated by their phase tensor and Lilley
angle data in Figure 6,4. The TMI image shows
a predominant strike direction of northeast-
southwest along the profile, but at the southern
end of the profile shows structures with easlwest,
northeast-southwest and northwest-southeast
strikes, including a major northwest-southeast
striking fault interpreted to be the southern margin
of the Mt Woods Domain (Figure 6.3). lt is tikely
that these structures with different strike directions
have caused the 3-dimensionality observed at
these stations. Data from station 21, also shown
on Figure 6.4, also did not show evidence of 2-
dimensionality.

Figure 6.5 shows the phase tensor azimuths for
the remaining stations along the profile. Stations
i4 and 34 are noi inciudeci in this anaiysis since
they each contain only one electric channel, due
to the electrics drifting off-scale for the majority of
the record. For most stations there exists a period
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(s)

Station 4

(sì

Slallon 2l

range in which the phase tensor azimuth is period-

independent, The amplitude of the azimuth in this

range is either approximately 400 or -500. These

values are equivalent due to the 900 ambiguity in

azimuth direction obtained from the phase tensor
algorithm. Since the phase tensor azimuth is
related to the direction of maximum current flow
(Caldwell et al., 2004), this direction was taken to

be the geoelectric strike direction and stations
were rotated 500 anticlockwise, which is in good

agreement with the strike of known geological and

magnetic structures (Figure 6.5), The phase tensor

azimuth of some stations, such as station 30, are

relatively period-dependent throughout the record.

Lilley angles of such stations show much greater

evidence for 2-dimensionality than do the phase

tensor data, having period-independence and good

agreement between real and imaginary parts

(Figure 6.5(b)). Therefore in these cases data

from the spurious station was compared with data

from surrounding stations and where this suggested

Figure 6.4. Real Path 1 (blue), real Path 2 (red), imaginary Path 1 (black)

an-d imaginary Path 2 (magenta) Lilley angles with the phase tensor skew
(green) ãnd ázimuth (yellow) for statlons that did not show clear enough
òî¡Oenôe of 2-dimensiòhality to be included in modelling. All data for stations
1 to 6, at the southern end of the line are erratic and period-dependent,

suggesting that area is 3D. Lilley angles and the phase tensor azimuth are

also period-dependent for station 21.

aI
.:!

Staüon 2

Stalion 5

-1

(s) (sl

Station 6

(s)

2-dimensionality the data from the spurious station

were considered 2D. For instance, station 30 is

almost co-located with station 31. The phase

tensor azimuths of station 31 are between
approximately 300 and 400 from periods of 3s to
1000 s (Figure 6.5(a)), showing good period-

independence which would suggest 2-
dimensionality. lt is physically impossible for station

30 to be responding to 3D structures in the
subsurface while station 31 is responding to 2D

structures, lt is therefore more likely that the phase

tensor data from station 30 suggests 3-
dimensionality (Figure 6,5(a)) due to poor data
quality and that the Lilley angles, which suggest
2-dimensionality (Figure 6.5(b)), are a more
accurate representation of the subsurface. Such

stations were therefore considered suitable for
modelling, For all stations, the period range
identified as 2D was included in modelling.
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6.3.2 Modelling

The transect was modelled along a profile oriented

50oW of N using the Non-Linear Conjugate
Gradients (NLCG) algorithm (Rodi and Mackie,

2001). Amore detailed description of the modelling

process is given in sections 4.3.2 and 5.3.2, TE

and TM modes, together with the vertical magnetic

field Hz) were iointlv inverted. To account for static-
(a) ¡rs

(c)

(c)

shift effects, static-shiftwas included as a parameter

to be inverted and the apparent resistivity error
floors were set at 30% while phase error floors
were 1.450, Models (with tau=3) were run with

starting half-spaces of 1000, 700, and 500 f¿m
(Figure 6.6). Similar features were imaged in all

models. The model run with a starting half-space

of 700 Ç)m was selected for further analysis.

The inversion code contains a oarameter tau (t)
(b)

N S

N s

Figure 6.6. (a) Model run with a starting half-space of 500Ç¿m, with an rms of 2$ (b)

of700om, with an rms of 2.6; (c) Model run with a starting half-space of 1000Qm,
(a) 

N run with a tau of 3. , (o) 
lr

Model run with a starting half-space
with an rms of 2.9. All models were

S

N s

Figure 6.7. (a) Model run with a tau of 1, with an rms of 2.5;
(bl lvtoOet run with a tau of 3, with an rms of 2.6; (c) Model
iuh with a tau of 10, with an rms of 2.7. All models had a
starting half-space of 700Qm
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Station 33. rms 3 34

101

Stalion 38, rms 2,41

Station 34, rms 1 92 Station 35, rms 1 57

that acts as a trade-off between model smoothness

and data fit (Rodi and Mackie, 2001). Models with

a starting half-space of 700 Ç)m were run at r
values of 1, 3 and 10 to test which features were

sufficiently required by the data that they remained

even when model smoothness was emphas¡sed
(Figure 6,7). The same features were imaged in

each of the models. The model run with a t of 1

contains detailed apparent structure that is unlikely

to be resolvable by the method, such as the small

zone of high resistivity at 20 km depth between

stations 29 and 30 (Figure 6.7). Models run with

t values of 3 and 10 are very similar. The main

differences are that the broad region of low
resistivity (<500 Om) at the southern end of the

line extends to -50 km depth in the t 3 model and

to -80 km depth in the t 10 model, and that the

t 3 model contains more exaggerated vertical
banding of zones of high and low resistivity
corresponding to station locations than the t 10

model. The vertical banding persisted in the models

after over 150 iterations. lt is possible that even

more iterations may be necessary to smooth these

features. While the t 3 model was selected as

the basis for further interpretation, the depth extent

of the low resistivity zone and existence of the

vertical banding are not robust features.

Station 36, ms 2 26 Station 37 rms 1 81

6.4 Results and Discussion

The MT data fit at each station is shown in Figure

6.8 and the final model is shown in Figure 6,9.

Data fits and pseudosections are shown in

Appendix 2. The total range of modelled resistivities

is small,at approximately one order of magnitude,

and all modelled resistivities are typical of average,

dry lithosphere (Simpson and Bahr, 2005).
Changes in resistivity along the profile are therefore

most likely to be due to changes in the bulk lithology

or mineralogy of the lithosphere,

The surface locations of the Archaean Sleaford

and Mulgathing Complexes, the Mt. Woods
Domain, the Coober Pedy Ridge, the Nawa Domain

and the Musgrave Block are shown with relation

to the model on Figure 6.9. Several broad
correlations can be made between the resistivity

model and the surface geology:

1. Granulite rocks of the Coober Pedy Ridge and

Mt Woods Domain correspond to a region of lower

resistivity (200-500Om) that extends to at least

crustal depths. The depth extent of this region

may increase toward the south however this is
constrained by relatively few stations and may be

an end-effect of the model.

10'

Figure 6.8. (And previous page) TE mode (red circles) qld IM mode (blue circles) and modelled data for

tfräte moOb (red lines)añOit¡ forallstations included in thefinalmodel, showing individualrms errors

fòr each statioh. The iniersion p static shift by producing a model -!t curyg that is parallel to but offset from

the apparent resistivity curve, su , 26 and 31 . Ihe phase fit is unaffected by this.

' ','"1

, n6ñat ¡¡l'
ï 'j
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Middle Boæ Fault

I

É&*aÞqndn

2.The Karari Fault corresponds to the northern
boundary of the lower resistivity zone.

3. The Nawa Domain corresponds to two regions
of different electrical character. The southem ñawa
Domain, from stations 17 to 25, corresponds to a
region of moderate resistivity (500-g00Qm). This
zone appears to extend to the maximum modelled
depth of 120 km, but its depth extent may increase
southwards. The northern Nawa Domain, from
station 26lo 37 , is represented by a less resistive
zone (100-500Om)extending to the mid to lower
crust. The boundary between the less resistive
crust of the northern Nawa Domain and the
moderately resistive crust of the southern Nawa
Domain corresponds with the location of the Middle
Bore Fault that has been interpreted from TMI data
(Figure 6.1, Figure 6.3).

Nonetheless, no major boundary is imaged between
the Musgrave Block and the Nawa Domain,
although the crust does appear to continually

Fault Woods

Rho (am)

become more resistive to the north

Real induction affows at period 1000 s are shown
in Figure 6.10(a) and at periods of S0 s, S00 s and

5. ïhe resistivity of mantle lithosphere decreases
from north to south along the transect, with the
highest resistivity mantle lithosphere (>1000 Om)
beneath the Musgrave Block and northern Nawa
Domain, This lithospheric mantle has a similar
resistivity to that interpreted to represent Musgrave
Block lithospheric mantle modelled in theAmadeus

Craton (Chapter 5) and more southerly Gawler
Craton (Figure 6.9) that have been modelled. lt

hat this section of higher
osphere underlying the
lock and northern Nawa

Domain is mantle lithosphere,
which wou -dipping geometry ofstructures position of these two
erustai elements.

1500

1000

770

710

0

250

I was run with a starti of 700Qm and a tau of 3 and inverted to an rms of 2.6, shown
e Archaean sleaford 9. Ç91nRlexes, the Mt. woods Domain, ttrecoó¡ei pãdi R¡ðö;,
Musgrave Block and fr¡¡O¿le Bore Faults.
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2000 s in Figure 6.10 (b). Arrows are shown in

the Parkinson convention, such that they point

towards regions with concentrations of induced

currents. The length of arrows is proportional to

the resistivity gradient at the station location, such

that a large difference in resistivity will produce

large arrows while small differences will produce

small arrows (Section 3.1.5). The MT model imaged

two regions of lower resistivity, one between stations

7 and 16 and the other between stations 25 and
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Ga'rrler Craton

{.¡

19

-J#

in-
'-h.

Figure 6.'1 '1 . rows from
the Gawler at period
1000 s from y from aninterpreted ê Gawler
Craton.

39, decreasing in resistivity to the nor1h, Between
these two regions the induction arrows are small
as would be expeeted for stations affected by two
bounding regions of low resistivity. lnduction arrows
of stations 39 to 28 are larger and point very
consistently to the south-east. While these anows
may simply be responding to the low-resistivity
zone centred aroLtnd station 27,the relatively small
differences in modelled resistivities makes it more
likely also y from a higher
resist n the corresponding
to the lock. ock lithosphere
has been modelled as having resistivity of several
thousand Om further north (Chapter 5). The fact
that the induction arrows suggest that the southern
Musgrave Block also has a higher resistivity
supports the notion that the high resistivity region
extending from 40 km depth below the Musgrave
Block and northern Nawa Domain is Musgrave
Block lithospheric mantle

arrows at the southern end of the profile are not
responding only to the modelled region of low
resistivity. insteaci, they coutd also be responding
to either a region of high resistivity to the south-
west or a region of low resistivity to the norlh-east.
A pattern of induction arrows pointing away from
a central resistive region of the Gawler Craton, to
the south-west of this profile, has been found in
other studies (Figure 6.11; Gough el al., 1g74;
Chamalaun and Barton, 1993b; Chamalaun and
Barton, 1993a; Maier, 2005; Heinson et al., 2006),
suggesting that this is the more likely explanation.
Since these induction arrows do not point precisely
parallel to the determined geoelectric strike
direction, there must be some 3D features in the
regional geoelectric structure. However, the
dimensionality analysis carried out on the MT data
has shown that these 3D effects are not pervasive
enough to prevent 2D MT inversion.

The combination of the MT model and the induction
arrows agrees with previous studies (Maier, 2005)
in suggesting that the high resistivity region in the
central Gawler Craton does not have a simple
conelation with the lateArchaean core of the craton.
Stations 7 to I are situated on late Archaean
lithosphere of the Sleaford and Mulgathing
Complexes but the MT model shows that at least
the crust and possibly the upper mantle at these
stations has a comparatively low resistivity.
Additionally it is possible that this Archaean
lithosphere extends at least some distance beneath
the Mt Woods Domain and Coober Pedy Ridge,
which the MT model has shown also have relatively
low resistivities.

6.5 Conclusions

The extreme paucity of data regarding the tectonic
evolution of the northern Gawler Craton and
Musgrave Block means that detailed interpretations
of the MT model and of causes for resistivity
distributions will necessarily be speculative.
However several broad observations can be made
which should inform future geological investigations
and interpretations:

1. There exists a distinct difference in resisiivity of
the crust and possibly the upper mantle between
the southern Nar¡ra Donnain and the combined
eoober Pedy Ridge, Mt. Woods Domain and
northern Sleaford and Mulgathing Complexes.
The resistivity changes at a location that

lnduction arrows from station 1 to station 16 are
small and slightly erratic , but on average point
north to north-east with a length that decreases
northwards (Figure 6.10(a)). The MT model(Figure
6.9) shows a region of low resistivity from station
7 to station 13. lf the arrows were responding only
to this region, arrows at stations north of station
1 :l (stations '14, 15 and 16) would point southwards
towards the low resistivity region. The fact that
the induction arrows at these stations continue to
point nofth to norlh-east suggests that the induction
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corresponds to the Karari Fault. This may suggest

that the southern Nawa Domain has a different
lithological or tectonothermal evolution than the
Gawler Craton to the south of it and that the Karari

Fault marks the boundary between these different

domains. This would also suggest that the Karari

Fault is an important crustal interface.

2. The crust of the northern Nawa Domain is less

resistive than the crust of the southern Nawa

Domain. The boundary between these two regions

corresponds to the location of the Middle Bore

Fault. This may suggest that the crustal evolution

of the northern Nawa Domain is different to that
of the southern and that the Middle Bore Fault is

an important tectonic interface.

3, Lithospheric mantle beneath the southern
Musgrave Block and northern Nawa Domain has

a relatively high resistivity, consistent with it being

Musgrave Block lithospheric mantle. This would

suggest a south-dipping geometry to structures
associated with the juxtaposition of the Musgrave

Block and Gawler Craton,
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Chapter 7

Magnetotelluric survey across the eastern Arunta re_gion, centralAustralia:
lmplications for the Alice Springs Orogen

Summary

Two-dimensional, crustal-scale magnetotellurics (MT) in the eastern Arunta region, centralAustralia has

imaged in cross-section the zone of fluid-rock interaction associated with the intracratonic Alice Springs

Orogen. lnversion of MT data collected at 30 stations along a 150 km long traverse through the eastern

Arunta region shows a broad low resistivity zone that spatially correlates with fluid-unaffected rocks at

the surface and broad zones of higher resistivity extending to 20 km depth that spatially correlate with

fluid-affected rocks at the surface. The low resistivity is interpreted to be caused by grain-boundary
graphite films. ln the fluid-affected regions, these graphite films are interpreted to have been destroyed

by oxidising fluids, leading to higher resistivities. This interpretation suggests that fluid-rock interaction

in the central eastern Alice Springs Orogen extended to lower crustal depths. Fluids could have penetrated

to such a depth through initial deposition into the deep rift system and the subsequent intracratonic

shortening caused by compressional deformation in the Alice Springs Orogen. This result highlights the

potential utility of MT as a tool to explore the depth and nature of fluid flow in the crust.

7.1 lntroduction

The lithospheric architecture of the Arunta region

in central Australia is dominated by structures
produced in the early Silurian to late Carboniferous
Alice Springs Orogen. The Alice Springs Orogen

is an intracratonic event, with deformation focussed
in centralAushalia after stresses were transferred
-1500 km from plate boundaries (Goleby et al.,

1989; Shaw et al., 1991a; Sandiford and Hand,

1998; Hand and Sandiford, 1999). One of the

major features associated with the Alice Springs

Orogen is the development of large-scale fluid flow

systems that led to extensive rehydration of the
middle crust (Arnold et al., 1995; Cartwright and

Buick, 1999; Hand et al., 1999a; Bendall, 2000)

along shear zones and other regional structures
within the orogen (Figure 7.1), Existing geophysical

studies have focussed on seismic reflection and

teleseismic techniques (Goleby et al., 1989; Shaw
et al., 1991b; Lambeck and Burgess, 1992;

McQueen and Lambeck, 1996; Korsch et al., 1998)

which are relatively insensitive to the distribution
of zones that have undergone fluid-rock interaction.

ln contrast, magnetotellurics (MT)can be sensitive

to regions of fossil fluid flow as fluids can deposit
or destroy conductive minerals such as sulphides

or graphite (eg. Glover, 1996; Ducea and Park,
2000 and see section 7.3). ln this study we have

therefore utilised MT to image the electrical
resistivity structure across the Harts Range Region

of the eastern Alice Springs Orogen, This region

of the orogen has undergone large-scale
rehydration of previously granulitic crust and was

the locus of pre-orogenic Cambro-Ordovician rift
development (Hand et al,, 1999a; Mawby et al.,
1999; Buick et al., 2001). The rehydration is

expressed by the development of hydrous upper-

amphibolite grade mineral assemblages at regional

scale and fluid saturated partial melting (Arnold et

al., 1995; Foden et al., 1995; Hand et al., 1999a;

Hand et al., 1999b).

7.2 Geological Background

The geological history of the eastern Arunta region

has been shaped by three major periods of
tectonism, the late-Palaeoproterozoic Strangways

Orogeny (c, 1760 - 1700 Ma), the mid-late-
Neoproterozoic to Carboniferous development of
the Centralian Superbasin (c. 800 - 330 Ma) and

the early Silurian to late CarboniferousAlice Springs

Orogen (c. 450 - 320 Ma). The basement consists

of the dominantly metasedimentary and meta-
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igneous Palaeoproterozoic Strangways
Metamorphic Complex. At least part of the
Strangways Complex Rocks are thought to have
formed ata 1760 - 1730 Ma plate margin regime.
Onto this basement, deposition of the Centralian
Superbasin is interpreted to have begun at -800
Ma as a result of crustal thinning over a large
mantle plume associated with the Amata dykes in
the Musgrave Block and the Gairdner Dykes in the
Gawler Craton (Zhao et al., 1994; Walter et al,,
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Chapter 7 Eastern Arunta reoion

by surface exposure of the Harts Range Group
(Figure 7.1), which show similar detrital zircon
patterns to the Centralian Superbasin sediments
(Buick et al., 2005; Maidment, 2005), Peak
metamorphism of the Harts Range Group occurred

at 480 Ma at conditions of -8000 and -10 kbar
(Miller et al., 1997; Hand et al., 1999a; Mawby et

al., 1999; Buick et al., 2005), This significant burial

is interpreted to have taken place largely due to
loading of the Harts Range Group within an actively

subsiding sub-basin (Buick et al., 2005; Maidment,

2005). The Delny-Mt Sainthill Shear Zone (DMSZ)

marks the northern boundary of the Harts Range
Group (Figure 7.1), suggesting that the DMSZ was
the noñhern bounding fault of the rift, The southern

margin of the rift is currently defined by the extent
of the the lllogwa Shear Zone (lSZ; Figure 7.1),

At 450 Ma the tectonic regime changed from
extensionalto compressional (Mawby et al., 1999;

Haines et al., 2001), marking the beginning of the

intracratonic Alice Springs Orogeny. The Arunta
region was located in the continental interior at

this time and stresses were probably transferred
-1500 km through the crust before the deformation

was focussed in central Australia (Shaw et al.,
1991a). While the reasons that deformation was
focussed in this area are unknown, it is possible

that subsidence associated with sedimentation into

the Centralian Superbasin localised fault
reactivation (Sandiford and Hand, 1998; Hand and

Sandiford, 1 999; Sandiford, 2002).

ln the eastern Arunta region, the Alice Springs
Orogeny produced pervasive E-W to NE-SW
trending shear zones and fabrics. lt exhumed the

Arunta region from beneath the Centralian
Superbasin, separating the Superbasin into the

remnant Amadeus, Georgina, Ngalia and Wiso
Basins (eg. Walter et al., 1995; Haines et al., 2001).

Total shortening in the eastern Alice Springs
Orogeny was >90 km (Haines et al., 2001) and
parts of the eastern Arunta region were reworked

to at least amphibolite facies (Arnold et al., 1995;

Hand et al., 1999a). Deformation produced bi-

vergent, crustal-scale shear zones that verge
towards the remnantAmadeus, Georgina and Wiso

Basins that flank the orogen (Hand and Sandiford,
1999; Haines et al., 2001), however the geometry

of these structures at depth is unknown. The
DMSZ (Scrimgeour and Raith, 2002) was the major

shear zone active along the northern margin of the

orogen during the Devonian and juxtaposed the
highly metamorphosed Harts Range Group against

essentially unmetamorphosed Georgina Basin

sedimentary rocks. The DMSZ and linked shear
zones along the northern margin of the Strangways
Metamorphic Complex (such as the Entire Point

Shear Zone (EPSZ), Figure 7.1) accommodated
partial exhumation of the amphibolite-grade core

of the Alice Springs Orogeny, beginning at or before

380 Ma (Haines el a1.,2001; Scrimgeour et al.,
2001), The moderately inclined lllogwa Shear
Zone (lSZ) was the major active fault on the
southern side of the orogen and its northern
(hanging wall)side has also accommodated large-
scale exhumation. A high-grade core has therefore

been exhumed in the central-northern east Arunta

Region as a pop-up structure (Foden et al., '1995;

Hand et al., 1999a). Although these shear zones
have good surface exposure, their depth extent
and dip at depth are unknown. Knowledge of the

crustal-scale structure of the Alice Springs Orogen
could provide insight into understanding the source
of the forces that produced the deformation and
the reasons that deformation was focussed in

central Australia.

During the Alice Springs 0rogen, the largely
anhydrous lower crustal Palaeoproterozoic rocks
of the Strangways Metamorphic Complex were re-

hydrated on a regional scale (Arnold et al., 1995;

Miller et al., 1997; Cartwright and Buick, 1999;
Hand et al., 1999a), This rehydration partially

occurred through fluid flow along the steeply-
dipping, thick-skinned shear zones such as the
DMSZ and the ISZ along which the Arunta region
was being exhumed (Shaw et al,, 1991a; Dunlap

and Teyssier, 1995; Hand et al., 1999a).
Rehydration through pervasive fluid infiltration
converted a minimum volume of -3500 kn? of the

eastern Arunta region into hydrated amphibolite-
grade terrain, as represented by the Entia Gneiss

Complex in the Harts Range (Arnold et al., 1995;

Foden et al., 1995; Hand et al,, 1999a). Available
geochronology from fluid affected rocks suggests
that this rehydration took place during the Alice
Springs Orogeny (Hand et a\.,1992; Mawby, 2000).

Sm-Nd data from discrete garnet bearing shear
zone assemblages in the adjacent Strangways
Metamorphic Complex (Ballevre et al., 2000;
Bendall, 2000) and U-Pb monazite and titanite
data (Hand et al., 1999a; Scrimgeour and Raith,

2001) from the pervasively infiltrated Entia Gneiss
Complex gives ages in the range 430-330 Ma.

Mineralassemblages in the Entia Gneiss Complex
indicate that reworking associated with fluid
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infiltration occurred at pressures of around 7-8kbar
(-25km depth) (Arnold et al,, 1995; Foden et al,,
1995; Hand et al., 1999a). ln the Harts Ranges,
Alice Springs-aged amphibolite-facies
metamorphism was accompanied by the
emplacement of extensive dyke swarms of HrO-
saturated muscovite-rich peraluminous pegmatites
that additionally contain garnet+tourmalinetberyl
(Hand et al., 1999b). The pegmatites were
emplaced during a number of discrete episodes
at c. 430-415 Ma, c. 390-380 Ma and c. 3G0-330
Ma (Hand et al., 1999a; Buick et a1.,2001),
suggesting that fluid assisted partial melting events
may have occurred several times in the eastern
Alice Springs Orogen. Currently it is unclear
whether the fluids involved in the Alice Springs
Orogen were internally or externally derived.
lndividual shear zones in the Reynolds and
Anmatjira Ranges record infiltration by at least
some surface-derived fluid (Cartwright and Buick,
1999). Further east in the Harts Range, available
data suggest that surface derived fluids infiltrated
the Cambrian rift packages either during or before
they were metamorphosed in the early Ordovician
Larapinta Event (Miller and Cartwright, 1997).

7.3 Electrical record of fluid.rock interaction

Enhanced electrical conductivity in the Earth is
interpreted as either due to ionic conduction through
brines or melt or due to conduction through
interconnected sulphides or graphite (eg. Simpson
and Bahr, 2005). Since these properties are often
fluid-related, MT is a potential tool for'mapping'
the depth extent of fluid-affected regions. The
relation between conductivity and fluids is obvious
in regions that currently contain fluids, melt or
partial melt (eg, Heinson et al., 2000; Li et al.,
2003; Park and Ducea, 2003; Unsworth et al.,
2005) but is also often true for regions of fossil
fluid flow (eg. Glove¡ 1996; Ducea and Park, 2000).
Deposition of sulphides occurs through
metasomatism, so the distribution of sulphides is
an indication of the region affected by fluid flow,
even though the fluids themselves are no longer
present (Livelybrooks et al., 1996; Ducea and Park,
2000), Enhanced conductivity in dry crystalline
rocks is generally interpreted to be due to graphite
since interconnected grain-boundary films of
graphite have been detected in many samples
representative of the midlower crust (eg. Mareschal
et al,, 1992; Glover, 1996; Jödicke et al., 2004;
Pous et a|.,2004). These films can be as thin as
30 Angstroms and can not be seen in hand

Eastern Arunta

specimen or by conventional microscopy, The
source of the graphite is often interpreted to be C-
O-H bearing fluids (Glover, 1996) but it is also
possible for carbon-bearing sedimentary protoliths
to be the source (eg, Jödicke et al., 2004; Pous et
a\.,2004). Even in the lattercase, metamorphism
is necessary for graphitization of the carbon and
high-grade metamorphism associated with partial
melting may enrich the graphite content (Jödicke
et al., 2004). Graphite will be converted to CO,
when it interacts with oxidising fluids in the reaction
C + Oz = COz and can potentially be removed from
a rock volume,(Holloway, 1987; Skippen and
Marshall, 1991 ; Ague and Rye, 1999) Even if the
carbon content of the rock is preserved, the
destruction of graphite is likely to increase the
resistivity of the rock volume,

A fluid-affected volume of rock will therefore often
retain some record of this fluid-rock interaction in
its electrical conductivity character, even if the
fluids are no longer present, either through the
deposition of sulphides, or the deposition or
destruction of graphite. An MT suryey was therefore
carried out over the pervasively fluid-affected
eastern Alice Springs Orogen in the eastern Arunta
region with the aim of examining the electrical
properties of crust that has experienced large-
scale rehydration.

7.4 MT Data

7

Long period MT data were acquired at 33 stations
along a -150 km long profile in the eastern Arunta
region in July-August 2004. The transect (Figure
7.1) is the first geophysical survey to traverse the
entire exposed N-S extent of the Arunta region,
As shown on Figure 7.1 and the accompanying
cross-section, the survey crosses the Harts Range
Group and the Palaeoproterozoic Strangways
Metamorphic Complex, The Centralian Superbasin
is represented by the remnant Amadeus Basin at
the southern extent of the survey and the Georgina
Basin in the north. Numerous Ordovician-
Carboniferous aged shear zones, including the
crustal-scale DMSZ and lSZ, cross the survey line.
The available structural framework (eg, Hand et
al., 1999b) suggests that the region is 2D for the
purposes of the survey, that is, that the geoelectric
^{.:1,^ li-^^¡:^- ^^..tr L- ^^--:i-.-^-r ---- -L, L IùUil\v uiltrrruutr uuutu ue uuilSluef gu uuflsl,anl ln
the survey area, The survey area is ideal for
carrying out MT surveys as it is remote from power
lines, traffic and towns that could produce cultural
noise.
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Chapter 7 Eastern Arunta region

'1

lnstrumentation consisted of five-component MT
instruments, each measuring three orthogonal

7.1). Towards the north of the line, an approximately
25 km E-W offset was necessary due to locations
of tracks. Data collection failed at 3 stations due
either to instrument error or animals disconnecting
cables early in the record. Of the remaining 30
stations, data were recorded at 13 sites for -2 days
and at 17 sites for -3 days. Average recording
time was 56 hours, with the shortest recording time
40 hours and the longest 74 hours. For most sites
this produced good quality data for the period range

10 s to 2730 s, although data quality did vary
considerably between sites.

7.4.1 Processing

All data were processed using the code 'Robust

Remote Reference Magnetotellurics' (RRRMT)

(Chave et al,, 1987; Chave and Thompson, 1989)

which uses robust statistical methods to determine

the impedance and jackknife error determination.

't0000
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Figure 7.2. Apparent resistivity and phase data of typical
station 16 after remote referencing.

Data were remote referenced with either magnetic

observatory data from Alice Springs or with data

from a simultaneously recording station, depending

on which produced the cleanest response. Figure

7.2 shows the response from typical station '16

after remote referencing.

7.4,2 Dimensionality Analysis

Data from each station were analysed to determine

whether the assumption that the region is 2D was

correct, The first method used to do this was Lilley

angles (Lilley, 1993; Lilley, 1998a; Lilley, 1998b).

The majority of sites were found to have Lilley
angles that suggest two-dimensionality for periods

of -16 s to -2000 s, although this period range

did differ considerably between sites and some
sites produced quite period-dependent angles,
An average magnetic rotation angle of 21oE ot
magnetic north, conesponding to a strike of N 1 1 1 

oE,

was obtained and was quite consistent along the

line, This angle agrees wellwith the strike of known

geology, The Lilley angles for a typical station
(station 10) are shown in Figure 7.3.

The dimensionality of the data was further tested

using the phase tensor (Caldwell et al., 2004).
For data to be considered 2D, it should have a low

skew value and an azimuth direction that is period

rd t6
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Chapter 7 Eastern Arunta region

¡
û

independent and consistent between sites (Caldwell
et al., 2004). The skew and azimuth of station 10
are also displayed on Figure 7.3. The demonstrated
pattern is typical, with low skew values for most of
the period range and an azimuth that varies
smoothly at shorter periods and is reasonably
constant from -100 s. Many sites showed
significant inconsistencies between the
dimensionality suggested by the phase tensor and
the Lilley angles, especially at short periods where
the phase tensor azimuth varied significantly but
the Lilley angles were period independent.

Figure 7.4 shows a contour plot of skew angle
against period for the survey line. Several trends
are obvious from this plot, including an increase

rqr¡¡)l..o-oo¡.-OroeFOoOOOO--NNNññ

Slation '19

in two-dimensionality with depth and a more 3D
region in the centre of the line extending from -10s
to -150 s. Since abrupt ehanges in dimensionality
of data are inconsistent with MT being a volume-
sounding method, regions of abrupt changes were
more closely examined and found to generally
coincide with regions of poorer data quality. This
assessment is also true of much of the shorter
period data across the survey line. The skew
values in these areas are therefore not necessarily
responding to 3D effects but may be responding
instead to noise in the data. This interpretation is
supported by the fact that the Lilley angles for short
period data generally suggested two-dimensionality.

Stations 15, 19 and 23 demonskate strong evidence
for three-dimensionality (Figure 7,5). Stations 15
and23 exhibit period-dependent Lilley angles with
poor agreement between real and imaginary parts
and period dependent phase tensor azimuths.
While the Lilley angles of station 19 are period-
independent and have good agreement between
real and imaginary parts, the magnitudes of the
Path 1 and Path 2 Lilley angles differ by
approximately 600, suggesting that the station may
be affected by current channelling. The phase
tensor azimuth is period-dependent and the skew
values are high (Figure 7.4). These three stations
were therefore excluded from modelling to prevent
spurious 3D features affecting the results.

7.5 Modelling

The real component of induction arrows in the
Parkinson convention can be considered to point
either towards conductive regions or away from
resistive regions and therefore in a 2D setting
should point along the survey line. Despite the
analysis of MT data suggesting that they are
dominantly 2D, the real induction arrows at all

Phase
tensor
skew
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o'E
o
fL

100

llir

1000

Figure 7.4. Contour plot ensor skew angles
for periods of 6 s to 100 tation. Equal a-rea
on the plot has been each data point.
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Chapter 7 Eastern Arunta region
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Figure 7.6. lnduction arrows at period 1000 s from each station on a simplified gqgl-o-glgal map_of the region-showing the
loðation of the Carpentaria Conductivity Anomaly proposed by Chamalaun et al. (1999) and Lilley et al. (2003).

periods greater than 50 s point consistently to the

east (Figure 7.6). The orientation of these induction

arrows is consistent with other more regional
geomagnetic depth sounding surveys which show
induction arrows in central Australia pointing
towards the east (Chamalaun et al., 1999; Lilley
et al., 2003, Hanekop, O., pers, comm, 2006). To

explain these features, Chamalaun et al, (1999)

and Lilley et al. (2003) proposed that the Eromanga

Basin in central eastern Australia is highly
conductive (which is likely given that the basin
contains saline groundwater of the Great Artesian
Basin), and that there exists a highly conductive
linear feature beneath the Eromanga Basin, termed

(a) I UNIT
-\ scALE-lr- .+

the Carpentaria Conductivity Anomaly (CCA, Figure

7.6). Lilley et al. (2003) modelled the CCA as
having resistivity <1OQm to at least Moho depths.

To test whether these anomalies could produce

the induction arrows seen in this survey, a forward

3D model was run using the Mackie et al (1993)

code included in the WinGLink software package.

The observed induction arrows were reproduced
well by modelling a combination of the Eromanga
Basin, the CCA and upper Georgina Basin
sediments. The Georgina Basin itself has not

appeared highly conductive in previous surveys
(Chamalaun et al., 1999; Lilley et al,, 2003),
however at periods <100 s the anows toward the

north of the line fit best when the uppermost 1 km

of Georgina Basin sediments were set to resistivity
2Qm. A comparison between the modelled arrows
and the station data (Figure 7.7) shows that the

arrows at '1000 s are reproduced almost exactly
and that arrows at 100 s are reproduced well,
although the modelled arrows are of slightly shorter

length in the northern parl of the line. lt is therefore
very likely that these intensely conductive regional
features that have been detected in all other MT

and GDS surveys in this area are responsible for
the consistent easterly direction of the induction

arrows. Since these regionalfeatures are almost
10 times (-600 km) as distant as the depth of
investigation (-60 km) it is reasonable to suggest

that they will not significantly affect the MT model
(Jones, 1983) with the caveat that the vertical
magnetic field data are not included in the 2D MÏ
model,

The MT data were therefore modelled with the 2D

modelling code NLCG (Rodi and Mackie, 2001) in

the WinGlink modelling package. The model
profile was 210E of north, perpendicular to the

magnetic strike obtained from Lilley angle data
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Figure 7.7. Comparison between station data and fonivard

modelled induction arrows. Dashed grey arrows are the
station data while solid black anows have been calculated
by forward modelling the effects of regional 3D conductive
features. (a)is at period 1000 s and (b)is at period 100 s.
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Chapter 7 Arunta reqion

analysis. Only data that have been identified as
2D should be included in a 2D model as spurious
features can be produced if 3D daia are included.
Since the two techniques used to determine the
dimensionality of the data (Lilley angles and phase
tensors) identified different period ranges as being
2D, separate models were run with each dataset
to further assess the dimensionality of the data
and the robustness of model features. For most
sites the phase tensor suggests two-dimensionality
only for longer period data whereas Lilley angles
suggested two-dimensionality for a broader period
range, The two models were run with the same
parameters, using a starting half-space of 500 Am
and a t of 3. TE and TM modes were inverted
and to reduce the influence of static shift effects
the apparent resistivity error floor was set at 30%
in both modes and static shift was included as a
parameter to be inverted,

Figure 7,8(a) shows the model using data identified
as 2D using Lilley angles, which inverted to an

(a)

(d) (e)

rms of 1.9. The model of data that the phase
tensor approach identified as 2D, which inverted
lo an rms of 3.5, is shown in Figure 7.8(b). The
phase tensor model has a lower average resistivity
and smaller range of resistivities. As this may
simply be a feature of different static shift conections
between the models, the same model is shown
with a normalised colour scale in Figure Z.S(c).
Apart from the range of resitivities, the models
produced with the phase tensor and Lilley angle
data are quite similar, with the main differences
being in the uppermost 20 km which is to be
expected since the longer-period data have less
sensitivity to this region. Both models show a
conductive region extending from mid-lower crustal
depths over the southern two{hirds of the model.
The upper boundary of this conductor is at
approximately 15 km depth in the phase tensor
modelbut is at 20-25kn depth in the Lilley angle
model. This distinction, and associated changes
in smoothing of upper crustal structures, appears
to cause most of the differences between the

(c)
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(a,b,d,e,0
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models, The model run with Lilley angle data
contains less complex structures in the upper 20

km than the phase tensor model, suggesting that
it is imaging real 2D features since 3D effects tend
to create extra structure, From this observation,
the similarity of the models and the fact that the
Lilley angle model inverted to a significantly lower
rms, we suggest that the data suggested as 2D
by the Lilley angle analysis are sufficiently 2D for
further modelling. lt is probable that the phase

tensors identified some of these data as 3D due
to poor data quality rather than actual 3D effects.

Even though these data appear suitable lor 2D
modelling, further testing is prudent to assess the
robustness of the various features of the model.
The inversion code includes a t value that acts as
an offset parameter between model smoothness
and data fit. An increase in t will increase the
smoothness of the model at the expense of data
fit. Models were run at different t values of 10, 5,

3 and 2 to test which features are sufficiently
required by the data such that they remain even
when the model is forced to be smoother. No
significant differences exist between the various
smoothness models, suggesting that all the
modelled features are required by the data.

It is common practise (eg. Wannamaker et al.,
1984; Berdichevsky et al., 1998; Tournerie and
Chouteau, 2005) to check for 3D features by
modelling only the TM mode as it is less likely to
by affected by 3D bodies. Therefore a modelwas
run with the same parameters as described above
but with only TM mode data included. This model
inverted to an rms of 1.96 and is shown in Figure
7.8(d). lt displays the same major features as the
joint TE and TM model, again supporting the
existence of the modelled bodies. lndeed, Ledo
et al (2002) suggest that when 3D bodies exist out

of the profile of a survey, as probably exist here,
a joint inversion of TE and TM modes is more likely

to model the desired 2D features and that it is
instead the TM mode modelled alone that is more
likely to be affected by the 3D body, even when it
is more than one skin depth from the survey line.

ln the present survey the similarity between the
TM-only model and the joint TE/TM model,
particularly at depth, provides further evidence that

the distant 3D bodies that affect the induction
arrows do not significantly affect the MT data.

lnduction arrow analysis has shown that 3D features

do exist on a regional-scale and affect at least the

vertical component of the magnetic data, A final

model test was undertaken to provide certainty
over whether these 3D features (the Eromanga
Basin and CCA) could be affecting the features
seen in the 2D MT model. Aforward 3D MT model

was run with the out of plane 3D features and
simplified 2D features based on Figure 7.8(a).
The dominant features simplified from the 2D model

are shown along the line of the profile in Figure
7.8(e). A 3D fonruard model was produced and the

resultant synthetic data input into a 2D inversion
with the same model parameters used for the 2D
model described above. This model inverted to
an rms of 0.3. As shown in Figure 7,8(f), the 2D

features input into the forward model were
reproduced well, with most of the differences
between the forward model and inversion appearing

to be due to smoothing and end effects, suggesting

further that the 2D inversion is not significantly
affected by the 3D bodies. This is reasonable
since induction arrows respond to more regional
features than MT data which are more affected by
local features (Brasse et al,, 2005; Simpson and

Bahr, 2005). These results suggest that the 2D
modelling carried out is sufficient for these data
and the modelled features can be considered to
be robust, The model produced by 2D inversion
of the dataset identified as 2D by Lilley angle
analysis, shown in Figure 7,8(a), can therefore be

interpreted with confidence. The model data fits
are shown in Figure 7.9 and are shown together
with pseudosections in Appendix 2.

7.6 Discussion

Three main features are evident in the final model

(Figure 7.10): A crustal-scale, steeply-dipping
resistive region labelled A; a broad resistive region

that extends to a depth ol -20-25 km over the
centre of the model labelled B; and the sunounding
more conductive region labelled C that extends to
the surface at the northern and southern extents
of the model and underlies the resistive region B

in the centre of the model. Several small,
conductive regions have been modelled in the

uppermost 10 km but since these are constrained
by relatively little data and could simply be artefacts

created by the modelling process (cf. Figure 7.8(f)),

no attempt will be made to interpret their possible
geological significance.

Since the Harts Range region has relatively good

geological exposure (Figure 7.1), quite accurate

correlations can be made between the modelled
regions A, B and C and known surface geology,

At the surface, region A conesponds to the location
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Figure 7.10 lnterpreted model show¡ng the outcrop locations of the Delny-Mt Sainthill Shear Zone (DMSZ), the region of
shäar zones sunbunding the Delny-M[sainthill Shear Zone which includ-es the Entire Point Shear Zone (DMSZ Region),

the Harts Range Group,ihe lllogwá Shear Zone (lSZ), the interpreted along-dip location of the Entia Dome and the spatial

extent of base-menlinvolved faulting associated with the Alice Springs Orogeny. North is to the left.

of a system of shear zones including the DMSZ

and EPSZ. At the northern end of the profile region

C extends to the surface and corresponds to the

Palaeoproterozoic basement to the Georgina Basin.

Similarly, at the southern end of the profile where

region C again extends to the surface, outcropping
geology is of Amadeus Basin sediments that are

underlain by the Palaeoproterozoic basement rocks

(Shaw and Freeman, 1985). Region B

encompasses the outcrop of the Cambrian Harts

Range Group but also extends approximately 30

km south of the extent of the Harts Range Group

into outcropping Palaeoproterozoic metamorphic

and igneous rocks that correlate with the
Strangways Metamorphic Complex,

The preserved Harts Range Group has been

estimated to have a probable maximum thickness

of 5-6 km (Mawby, 2000) and is underlain by the

Strangways Metamorphic Complex. This is
particularly evident in the western Harts Range

where domains of Strangways Metamorphic
Complex equivalents occur as windows within the

Harts Range Group (Figure 7.1; Shaw and

Freeman, 1985). Therefore, apad from the shalloq
near-surface metasedimentary packages of the

Harts Range Group, all of the model regions are
primarily imaging the same rock package, the 1780
- 1700 Ma igneous and metasedimentary
Strangways Metamorphic Complex and its age

equivalents (eg. Zhao and Cooper,1992; Hand et

al,, 1999b), Therefore the variations in resistivity
probably do not represent lithological changes.

lnstead, the regions of contrasting resistivity
correlate well with zones of hydrous and anhydrous

rocks within the Strangways Metamorphic Complex

(Figure 7.10). During the 450-300 Ma Alice Springs

Orogen, the eastern Arunta region was affected

by profound fluid flow which is currently reflected

by hydrous mineralogies observed in volumes of
Strangways Metamorphic Complex which
experienced basement-involved Alice Springs-
aged deformation and partial melting (Arnold et
al., 1995; Foden et al., 1995; Hand et al., 1999b;

Maidment et al,, 2005)., ln outcrop, the zone of
Strangways Metamorphic Complex that undenruent

this fluid-rock interaction during the Alice Springs

Orogen corresponds precisely with regions A and
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B, while region C corresponds with the outcrop
locations of comparatively unretrogressed fluid-
unaffected Strangways Metamorphic Complex and
equivaients.

The total variation in resistivity across the model
is relatively small, between approximately 100 and
1800Qm, and no model region can be considered
to he highly conductive or resistive in comparison
with global datasets (Heinson, 1999). Nonetheless,
region C is more conductive than would be
expected for purely crystalline rock (Jones, lggg),
It is likely that this elevated conductivity is due to
interconnected grain-boundary graphite films, which
have been widely observed in crustal rocks (eg.
Glover, 1996). Grain-boundary graphite films will
significantly decrease resistivity even with a
thickness as small as 30 Angstroms and may
therefore not be evident in hand sample. No
appropriate spectroscopic data are available for
the Strangways Metamorphic Complex to test
whether such films exist. However, since the
Strangways Metamorphic Complex is a dominantly
metasedimentary rock system, it is possible that
any syngenetic carbon in the protolith formed
interconnected graphite films durin g metamorphism
and deformation (Glover, 1996; Jödicke et al,,
2004), as early as the Palaeoproterozoic
Strangways Orogeny. Syngenetic carbon in rocks
undergoes graphitization during prograde
metamorphism (Jödicke et al., 2004). Shearing
can mechanically smear these grains of graphite
to form interconnected pathways and further reduce
resistivity (Jödicke et al., 2004). Correlatives of
the Strangways Metamorphic Complex further west
in the Arunta region have been interpreted to
contain such films, based on their relatively low
resistivity (Selway et al., 2006).

Since resistive regions correlate with outcropping
fluid-affected rocks and conductive regions conelate
with outcropping fluid-unaffected rocks whose
conductivity is due to graphite, it appears that there
is a first-order correlation between fluid-rock
interaction and modification of electrical resistivity,
lf the lower resistivity of the fluid-unaffected rocks

is due to graphite, as is likely (Glove¡ 1996; Garcia
and Jones, 2005; Heinson et al., 2005; Selway et
al., 2006), it follows that the increased resistivities,
particularly of the core of the Alice Springs Orogen,
are likclv to hc drc ln tho lncc nf a nnnnonfod
graphite network from the rock mass.

and Vine, 1992; Duba et al., 1994; Glover and
Vine, 1995; Mathez el al., 1995). Therefore
resistivity could have been increased either by
oxidation of graphite into CO, or by intense
deformation associated with the 450 -320 Ma Alice
Springs Orogeny breaking the connections between
the graphite grains, However the region of
increased resistivity extends into regions that did
not undergo pervasive high-strain deformation
during the Alice Springs Orogeny south of the ISZ
(Figure 7.1; Dunlap et al., 1995). Therefore it is
probable that the increased resistivity reflects
removal of graphite by oxidation associated with
infiltrating fluids rather than breaking the
interconnected graphite network thåugh
deformaion. An oxidation process is also consistent
with the reduction in TMI in the rehydrated Entia
Gneiss Complex compared to the surrounding
relatively anhydrous Strangways Metamorphic
Complex and its correlatives (Figure 7.11).

Oxidation of graphite to CO, can occur during
prograde metamoprphism (eg, Whitney, 1gg2;
Ague et a1.,2001; Cesare et al,, 2005) and also
by hydrolysis (eg. Kontak and Kerrich, 1997). ln
particular, Whitney (1992) showed that graphite-
bearing rocks infilhated by oxidised aqueous fluids
that drove partial melting, undenruent COr-producing
melt reactions. However, Ague (1998) suggests
that oxidation of a large rock mass, such as the
one modelled in the eastern Arunta region, is
unlikely through infiltration of oxidising O-H and
C-O-H fluids and that for typical metamorphic event
time scales (c. 10 M.y.), oxidising fronts are unlikely
to propagate more than several kilometres.
Effective fluid infiltration length scales can be
shortened by deformation, which assists fluid
migration (eg. Sibson, 1996; Connolly and
Podladchikov,2004), and by fluids released from
crystallising melts in the terrain (eg, Hand et al.,
1 e99b).

The resistive region in the eastern Alice Springs
Orogen extends to a depth of around 25 km (Figure
7.10), Although smoothing in the modelling may
have over-emphasised this depth, the result
suggests that the fluid-affected rocks existed at
approximately this scale in the orogen. Additionally,
however, approximately 20 km of material has
been removed from the orogen between the ISZ
(!-land et al., '1999b; Haines et al,, 200'1), implying
that the vertical length-scale of fluid-rock interaction
was near crustal-scale.

An interconnected network of grains is necessary
for electricity to conduct along graphite (Glover
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Arunta region and the timing of its introduction into

the crust are still poorly constrained. ln the
Palaeoprote rozioc Entia G neiss Com pl ex, existin g

geochronology (eg. Cooper et al., '1988; Hand et
al,, 1999a; Mawby, 2000; Maidment, 2005)
suggests that the development of hydrous
assemblages at the expense of igneous and high-
grade metamorphic protoliths occurred over the
interval 480 - 320 Ma, Garnet Sm-Nd dating of
hydrous amphibolite-grade assemblages gives
ages of around 480 Ma (Mawby et al,, 1999).
However hydrous structural fabrics that enclose
protolithic boudins in the southeastern part of the

Entia Gneiss Complex have monazite U-Pb ages
that range between 390 - 330 Ma (Hand et al,,
1999a; Maidment, 2005), suggesting that later fluid

flow events may also have occurred. This is
consistent with the emplacement of abundant
pegmatites derived by fluid-present partial melting
(Storkey, 2004) in the Entia Gneiss Complex at
around 330 Ma (Hand et al., 1999a). P-T estimates

from these hydrated mineral assemblages range
between 6-8 kbar (Arnold et al., 1995; Hand et al.,

1999a), implying that fluid-affected rocks lay deep
in the crust. While the combination of
geochronological, P-T, MT and TMI data appears
to leave little doubt that the eastern Alice Springs
Orogen has undergone large-scale fluid-rock
interaction between the ISZ and the DMSZ, the
mechanisms that would allow crustal-scale fluid
ingress are still unclear,

The rehydration of largely anhydrous older high-
grade metamorphic terranes has been examined
in detail by a number of studies (eg. Selverstone
et al., 1991 ; Cartwright et al., 1993; McCaig et al.,

1995; Cartwright and Buick, 1999), lngress of fluid

into shallow fault zones has been explained by

deep circulation of meteoric fluids (McCaig, 1988;

McCaig et al., 1990; Cartwright and Buick, 1999)
but this explanation becomes difficult to envisage
when the rehydrated assemblages are located in
the mid and lower crust (eg. Cartwright and Buick,
1999; Clark et al., 2006), Deep infiltration of
surface-derived fluids must overcome physical
factors such as the buoyancy of the fluid,
unfavourable temperature and pressure gradients

and the lack of permeability and porosity of mid-
crustal rocks, Given these factors, a number of
mechanisms have been proposed that would allow
fluids to ingress into the mid and lower crust,
These mechanisms include underthrusting of
hydrous material (Lobato et al., 1983), seismic
pumping (Sibson, 1996) and rehydration from deep
magmatic bodies (McCaig et al., 1990; Sibson,
1ee6).

Several of these mechanisms do not appear to be
plausible for the rehydration of the core of the
eastern Alice Springs Orogen. The MT model
(Figure 7.10) shows no evidence for significant
underthrusting and the intracratonic setting would
also make this difficult, with the only logical hydrous
footwalls being the Amadeus and Georgina Basins.

Seismic pumping is proposed to occur during
periods of dilatant deformation, when fluid is drawn
down into large-scale shear zones (Sibson, 1996)

and has been used to explain the presence of
meteoric fluids or formation waters into ductile
crust in the Pyrenees (McCaig et al., 1990)and in

the Reynolds Ranges of central Australia
(Cartwright and Buick, 1999). However, fluid fluxes
in the model are dependent of the size of dilatencies
generated during deformation, which must
approach zero at the brittle-ductile transition
(Connolly and Podladchikov, 2004) and can

Figure 7.11. ïotal magnetic
intensity of the eastern
Arunta region displayed as
linear greyscale to 99% of
the histogram (courtesy of
Northern Tenitory Geological
Survey). Dashed line is MT
transect location. The fluid
affected region shows a
general demagnetisation,
suggesting that the fluids
were oxidising.
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therefore not explain the large-scale, lower-crustal
rehydration in the eastern Alice Springs Orogen.
Conceivably, rehydration could have been driven
by fluicis released from crystallising magmatic
bodies. There is evidence for limited granitic
magmatism at around 360 Ma in the eastern Alice
Springs Orogen (Maidment, 2005) and there exist
voluminous pegmatites. However these bodies
appear to represent the products of fluid-present
melting (Storkey, 2004) and therefore largely
represent redistribution of fluid in the tenane rather
than the introduction of external magmatically-
derived fluids,

More recently, Clark et al. (2006) proposed that
the presence of rehydrated rocks in the mid crust
reflects a two stage process in which fluids initially
migrate along rift faults in the basement beneath
a sedimentary basin and the fluid affected volume
is subsequently buried as subsidence associated
with basin development continues. Fluid ingress
into the basement could readily occur down to at
least the brittle-ductile transition beneath the basin
(eg. Sibson, 1996). Depending on the
deformational and thermal regime, this could be
as much as 10 km (eg, Cloetingh et al., 1997;
Cloetingh et al,, 1998; Starin et al., 2000). This
means that for a deep basin (c, 15 km), rehydrated
rocks could be present in the lower crust simply
as a consequence of coupled basin-driven burial
and fluid ingress into the basement. Clark et al.
(2006) further suggested that fluids transported
into the basement by this process may be driven
even deeper into the basement during subsequent
compressional deformation due to shess gradient
inversions arising from relaxation in the yield stress
of the brittle upper crust (Connolly and
Podladchikov, 2004).

A similar mechanism may have operated to
rehydrate Palaeoproterozoic basement rocks in
the eastern Alice Springs Orogen, lntracratonic
shortening between 450 - 320 Ma was preceded
by rifting associated with the deposition of the
Harts Range Group over the interval 600 - 500 Ma
(Buick et al,, 2005; Maidment, 2005; Hand and
Maidment, 2006). The preserved rift packages
are localised in the core of the orogen between
the ISZ and DMSZ. Rifting resulted in the
deposition of at least 20-25kn of basinal packages
in a deep localized pul! apart intracratonic marine
basin (Buick et al., 2005; Maidment, 2005; Hand
and Maidment, 2006). Therefore relatively fluid-
rich rift sequences would have been transported
to at least mid-crustal depths during basin

development. lf fluids had migrated along
basement faults in the early stages of the basin
history (eg. Miller and Cartwright, 1997), rehydrated
basement rocks would have been located in the
lower crust. The notion that large-scale rehydration
of the Palaeoproterozoic basement in the Eastern
Alice Springs Orogen was associated with the
Late-Neoproterozoic to Cambrian rifting is
consistent with the absence of pervasive hydration
and fluid-present Palaeozoic-aged partial melting
in Palaeoproterozoic rocks not spatially associated
with the Harts Range Group.

The rift basin undenruent high-T ductile extension
at c. 480 - 470l,lia (Hand et al., 1999a; Mawby et
al., 1999; Buick et al., 2005), resulting in near
isothermal decompression of around 12 km (Miller
et al,, 1997; Mawby et al., 1999). The effect of
this extension would have been to thin the domain
of fluid affected crust, including the deeper
basement, and assist fluid redistribution via
structural pathways and crystallization of migmatitic
melts associated with 480 - 470 Ma metamorphism
(Miller et al,, 1997; Mawby et al., 1999). During
the subsequent Alice Springs Orogeny,
compressional deformation shortened this thinned
region by t50% (eg. Haines et al., 2001). This
compressionally driven burial may also have
assisted additional downward migration of fluid
through transient inversions in stress gradients
below the brittle-ductile transition (Connolly and
Podladchikov, 2004). However in the model
envisaged here, the bulk of the rehydration of the
deep core of the Alice Springs Orogen is related
to the downward movement of rocks hydrated in
the upper crust. As an associated process, fluid
migration through the rock mass was probably a
second order effect that further assisted the
rehydration of the crust.

7.7 Conclusion

Fluids can cause or affect all of the mechanisms
responsible for producing enhanced conductivity
in the Earth, This is true not only of melt, partial
melt and free water but also of sulphides and
graphite in dry, crystalline rock. Graphite, in
particular, is often formed through precipitation
from C-O-H fluids, is preferentially enriched through
partial melting and can be destroyed through
interaction with oxidising fluids. The
Palaeoproterozoic metasedimentary Strangways
Metamorphic Complex in the eastern Arunta region
in centralAustralia has been affected by pervasive
fluid flow. Fluids were transported into the mid-
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lower crust by shallow marine sedimentation into
a deep (-20 km) Cambrian rift basin. Fluid-rock
interaction occurred during intracontinental
compressional deformation in the 450-300 Ma
Alice Springs Orogen. This fluid-rock interaction
is evident in outcrop in Alice Springs aged
basement-penetrating shear zones and in
pegmatites and hydrous minerals over a broad
region in the central eastern Alice Springs Orogen.

Models of MT data over the eastern Arunta region

show broad resistive zones that correlate with
outcropping regions of fluid-affected Strangways
Metamorphic Complex and a conductive zone that
correlates with outcropping regions of fluid-
unaffected Strangways Metamorphic Complex.
The elevated conductivity of fluid-unaffected
Strangways Metamorphic Complex is interpreted
to be due to grain boundary films of graphite,
These films have been destroyed by oxidising
fluids in the region of fluid-rock interaction. The
regional resistive zone extends to a depth of 20-
25 km, which corresponds to a depth of 40-45 km

before exhumation in the Alice Springs Orogen.
Fluids are interpreted to have reached such a
depth firstly by ingression along basement faults
during marine sedimentation into the -20 km deep
Cambrian riftand the subsequent extension. Fluids

could potentially have reached even deeper into
the crust through transient inversions in stress
gradients below the brittle-ductile transition during
compression in the Alice Springs Orogen.
lmportantly, this result highlights the potential of
using MT as a tool for mapping fossil fluid flow. lt
is therefore a novel way to explore the depth and

nature of fluid flow in the crust and to discover and

better understand mineralising systems.

Although the DMSZ has been identified as a crustal

to lithospheric-scale resistive structure, other major
Alice Springs Orogeny faults, such as the lSZ,
have not been modelled. This prevents any
interpretation of the crustal-scale structure of the
Alice Springs Orogen. lt had been hoped that the

identification of the crustal-scale structure of the
orogen would provide insight into the possible
source and nature of the forces that produced it,

such as whether they were transtensional or purely

compressional, and possibly the reasons why
deformation was localised in centralAustralia. The
apparent lack of variation in resistivity in the major
shear zones means that this is not possible, A
seismic survey over the same region may show
such structures more clearly.
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Chapter 8

Synthesis

8.1 Introduction

Four MT profiles, with a total line length of
approximately 900 km, have been carried out in
this project (Figure 8,1). Three of these profiles

aimed to constrain models describing the
juxtaposition of the North Australia Craton,
Musgrave Block and Gawler Craton during the
Proterozoic by imaging cratonic boundaries and

major accretionary structures. The fourth profile

was canied out across the PalaeozoicAlice Springs

Orogen with the aims of imaging its crustal-scale
structure and the extent of fluid-affected rock,
While results from this profile provided few
constraints on the crustal-scale structure of the
Alice Springs Orogen, an interpreted crustal-scale
zone of fluid-rock interaction has been imaged.

Results from the three profiles that traverse the
boundaries of Proterozoic geological provinces
have provided important constraints to models of
the formation of Proterozoic Australia. ln contrast

-2f

-24

-zd

-2æ

3f

Figure 8.1 Locations of profiles carried out as part of this project on a simplified solid geology map. Blue I

the Warumpi profile, red line is the Amadeus profile, orange line is the northern Gawler profile and green I

the eastern Arunta profile.
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I
to most proposed models (Scott et al., 2000;
Karlstrom et al., 2001; Giles el a|.,2002; Giles et
al.,2004: Betts and Giles, 2006), a south-dipping
lithospheric-scale resistivity interface has been
imaged atthe southem margin of the NorthAustralia
Craton. This is the first geophysical image of an
interpreted Proterozoic subduction zone in central
Australia. Additional important results are that
fundamental, lithospheric-scale structures between
the Musgrave Block and Gawler Craton also appear
to dip south and that the crust beneath theAmadeus
Basin forms a contiguous unit. All of these results
should inform future geological and geophysical
investigations of the Australian continent,

8.2 Assembly of Proterozoic Australia

Some models of the evolution of the Australian
Proterozoic suggest that it was largely shaped by
intraplate processes (Etheridge et al., 1gB7;
Wyborn, 1988; Wyborn and Etheridge, 1988;
Wyborn et al., 1992; Mclaren et al., 2005).
However an underlying assumption of this research
is that the evolution of the Australian Proterozoic
was shaped to a large extent by collision processes
that juxtaposed regions of contrasting composition,
age and evolution, as has been widely proposed
(Myers et al., 1996; Karlstrom et al., 2001; Betts
e|ai.,2002; Giles et a1.,2002; Giles et a1.,2004;
Occhipinti et al., 2004; Mclaren et al,, 2005;
Scrimgeour et al,, 2005b; Betts and Giles, 200G;
Wade et al,, 2006). This study has investigated
several proposed Proterozoic collision zones in
central and southern Australia and added important
constraints to limited available geological,
geochronological and geochemical datasets.

SOUTH

8.2,1 Waumpi Province - North Australia Craton

.Seeminnlv differcnt Palaonnrntarnznin nonlnninoI.v., _...-, Yvvrvvrvqr
histories have led to the suggestion over many
years that the southem Arunta region may comprise
an exotic terrane (eg. Shaw and Black, 1991;
Collins and Shaw, 1995; Sun and Shaw, lgg5).
More recently, evidence from the south-western
Arunta region of more juvenile eNd values, different
lithologies and different geochronology as well as
the identification of high-grade metamorphism led
to the suggestion that this region, named the
Warumpi Province, accreted to the North Australia
Craton during the 1.64 Ga Liebig Orogeny
(Scrimgeou¡ 2003; Scrimgeour, 2004; Scrimgeour
et al., 2005b), The nature and dip of collision
zones has been unknown, with suggestions that
the juxtaposition may have been related to south-
dipping subduction (Scrimgeour et al., 2005b) or
that it may have involved the north-dipping Redbank
Thrust Zone (Shaw and Black, 1991).

The rumpi MT profile was carried out from the
northern Amadeus Basin, over the Warumpi
Province and into the North Australia Craton, thus
crossing the proposed suture zone between the
Warumpi Province and the North Australia Craton.
Modelling results to 40 km depth (Figure 8,2) show

a crustal-scale resistivity contrast between the less
resistive North Australia Craton and the more
resistive Warumpi Province. This resistivity contrast
is interpreted to represent the suture between the
North Australia Craton and the Warumpi Province.
This result suggests that a fundamental difference
exists between crust of the Warumpi Province and
the North Australia Craton. The resistivity contrast
is sub-vertical to 40 km depth except for the

NORTH
Res
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1319

114

Figure.B.2 Model produced from the inversion of data from the Warumpi profile. The model included both TE and TM modes,
had a tau of 3 and inverted to an rms of 2.3.
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uppermost 5 km where it dips at 45' north. The

moderate dip in the upper crust is interpreted to
be an offset of the suture zone across the younger

Redbank Thrust Zone, which has a comparable
dip, suggesting that the juxtaposition of the rumpi

Province and the North Australia Craton was not

associated with the Redbank Thrust Zone. lnstead,

the steep dip of the contrast suggests that the two

may have juxtaposed in a transpressive regime,

8.2.2 NoÉh Australia Craton - Musgrave Block

The Musgrave Block is younger and more juvenile

than the North Australia Craton to its north (Collins

and Shaw, 1995; Zhao and McCulloch, '1995;

Camacho et al., 1997; Scrimgeour et al,, 1999;

Wingate et al,, 2004; Wade et al., 2006) and various

models have been proposed both for its formation

and for its accretion to the North Australia Craton
(Myers et al,, 1996; Giles et a\.,2002; Betts and

Giles, 2006; Wade et al., 2006). The most widely
quoted of these suggest that the Musgrave Block

was largely formed through north-dipping
subduction at the southern margin of the North
Australia Craton between 1.6 and 1.1 Ga (Giles

el aJ.,2002; Betts and Giles, 2006). However

South

other models suggest that it was largely formed

through south-dipping subduction at the southern
margin of the North Australia Craton from at least

c. 1.6 Ga (Wade et al., 2006), a regime that agrees

with the suggestion that the Warumpi Province
accreted to the North Australia Craton during south-

dipping subduction at 1.64 Ga (Scrimgeour et al.,

2005b). Data that would clarify such models are

difficult to obtain since the proposed boundary
between the Arunta region and the Musgrave Block

is overlain by the thick Neoproterozoic to Palaeozoic

Amadeus Basin and also because access to the
bulk of the Musgrave Block is very limited due to

cultural constraints and lack of outcrop.

The Amadeus MT profile was designed to link with

the Warumpi profile to its north such that the two
profiles together cross from the North Australia
Craton, over the Warumpi Province, the Amadeus
Basin and into the northern Musgrave Block. The

aim of canying out the survey was to investigate
possible links between the Musgrave Block,
Warumpi Province and the North Australia Craton.
Modelling results to a depth of 200 km (Figure 8.3)

show that the higher resistivity lithosphere
interpreted to belong to the Warumpi Province in
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Figure 8.3 Model produced from the joint inversion of the Warumpì¿n-d Amadeus profiles. The model included TE and TM

mõdes and the vertical magnetic field, had a starting half-space of 700Om and a tau of 3 and inverted to an rms of 2.4.
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the Warumpi profile extends beneath the entire
Amadeus Basin to the Musgrave Block, with no
orrir{onna nf mainr ofrr r¡{r rrna inlaraa^+ih^ +1.^v y rvvr rvv vr r t tqJvt sU uvLLtt gO il il.çl OgtJl,ll lg U ltt

lithosphere between the Warumpi Province and
the Musgrave Block. This result suggests that the
lithosphere of the Warumpi Province and Musgrave
Block form a contiguous unit, an interpretation
supported by their relatively juvenile eru¿ signatures
(Collins and Shaw, 1995; Zhao and McCulloch,
1995; Camacho et al., 1997; Scrimgeour et al.,
1999; Scrimgeour et al., 2005a; Scrimgeour et al.,
2005b; Wade et al., 2006) and that a deep seismic
survey carried out over much of the Amadeus
Basin also found no major structures (Shaw et al.,
1991; Korsch et al., 1998). The boundary between
this higher resistivity lithosphere and the lower
resistivity lithosphere interpreted as the North
Australia Craton in the Warumpi profile is steeply
dipping in the uppermost -40 km before dipping
south at -45" to the modelled depth of 200 km.
This inclined interface between regions of
contrasting resistivity is interpreted to represent a
south-dipping subduction zoRe active at 1,64 Ga
during the accretion of the North Australia Craton
to the Warumpi Province. These results, together
with geological data, suggest that a south-dipping
subduction zone existed on the northern margin
of the Warumpi Province from at least 1.04 Ga
and that the crust beneath the Amadeus Basin
and at least the northern Musgrave Block comprises
a series of island arcs that formed as a result of
<1 M Ga 

warumpi province

this subduction zone and sequentially accreted to
the North Australia Craton (Figure 8.4). These
.^^,,1+^ ^-^ +L^ ti-^L -^^-L..-:--t ^-.^^r---!--1 - 1rtuòuil.ù dtu Lt tts ilt5r geupilystuat uofì5t,[alnI on Ine
interpreted polarity of a likely Proterozoic subduction
zone in Australia.

8.2,3 Musgrave Block. Gawler Craton

The Mesoproterozoic Musgrave Block is younger
and more juvenile than the Archaean to
Palaeoproterozoic Gawler Craton to its south (Zhao
and McCulloch, 1995; Camacho et al., 1gg7; Daly
et al,, 1998; Scrimgeour et al., 1999; Fenis, 2001 ;

Wade et al., 2006). As for the North Australia
Craton to the north, models have been proposed
in which the Musgrave Block amalgamated with
the Gawler Craton through both north-dipping
(Giles et a|.,2002; Betts and Giles, 2006) and
south-dipping (Wade et al., 2006) subduction.
Thick sedimentary cover obscures not only the
boundary between the Gawler Craton anð the
Musgrave Block but also much of the northern
Gawler Craton leaving its geological history very
poorly constrained (Daly et al., 1998; Payne et al.,
2006b). Some interpretations have suggested that
the northern Gawler Craton, termed the Nawa
Domain, is allochthonous to the remaining Gawler
Craton and accreted during the late
Palaeoproterozoic - early Mesoproterozoic (Daly
et al., 1998; Direen et al., 2005). Recent results

Mawson Continent SAC

<1,64 Ga
lsland a¡c

Mawson Continenl

1.64 Ga: Accretion of Warumpi Province and backstep of subduction zoneI
n 1

Mawson Continenl

<1.58 Ga: Accretion of island arcs and closure of subduction zone
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from Payne et al. (2006b) suggest that the Nawa

Domain has been joined to the remainder of the
Gawler Craton since at least 1.73 Ga.

The Gawler MT profile extended from the late
Archaean core of the Gawler Craton, over the
Proterozoic Coober Pedy Ridge, Mt Woods Domain

and Nawa Domain and into the southem Musgrave
Block. lt was designed to investigate the internal

lithospheric architecture of the northern Gawler
Craton and and the nature of the interface with the

more juvenile Musgrave Block. Modelling results,

to a depth of 120 km, show that the lithosphere of
the Coober Pedy Domain, Mt Woods Domain and

the extent of Archaean lithosphere crossed by the
profile have a lower resistivity than the southern

Nawa Domain, suggesting that the Nawa Domain

has a different evolution than the regions to its
south, The crust of the northern Nawa Domain

has a lower resistivity than the southern Nawa

Domain, suggesting diverse geological evolution
even within the Nawa Domain. Mantle lithosphere

beneath the Musgrave Block and northern Nawa
Domain has a moderately high resistivity, The

resistivity is comparable to the resistivity of the
combined Warumpi Province and Musgrave Block

mantle modelled in the Amadeus profile. The two
profiles are shown together with the same colour

scale on Figure 8.5. The comparable mantle
resistivities suggest that Musgrave Block
lithospheric mantle may lie beneath the northern
Nawa Domain. lf this is the case, it would imply

that juxtaposition of the Musgrave Block and Gawler

Craton may have occurred along structures with

a south-dipping geometry.

8,3 The Alice Springs Orogen

The 450 - 300 Ma Alice Springs Orogen was a
major intracratonic event in centralAustralia that
exhumed the Arunta region from beneath the
Centralian Superbasin (Goleby et al., '1989; Shaw

and Black, 1991 ; Arnold et al., 1995; Walter et al.,

1995; Sandiford and Hand, 1998; Hand and

Sandiford, 1999; Haines et al., 2001) and produced

the dominant structural trends and fabrics that
define the region today (Collins and Shaw, 1995).

Deformation inverted a deep Neoproterozoic to

Cambrian rift basin, represented in cunent exposure

by the Harts Range Group (Hand et al., 1999;

Mawby et al., 1999; Maidment, 2005). ln contrast

to Proterozoic accretionary tectonics, the Alice
Springs Orogen has not been overprinted by later

events and has significant outcrop and is therefore
relatively well understood. For the most part the

effects of Palaeozoic deformation of the central
Australian lithosphere is expressed by the formation

and reactivation of shear zones (eg. Collins and
Shaw, 1995). These shear zones have been the

focus of significant fluid flow, with fluids derived
from meteoric sources (Miller and Cartwright, 1997;

Cartwright and Buick, 1999; Cartwright et al., 2001),

however fluids also appear to have been derived
from deep basinal sources (Bendall, 2000), The

origin of the driving forces that caused the
deformation and the reasons the deformation were
focussed in centralAustralia are not well understood
(eg. Goleby et al., 1989; Sandiford and Hand,

1998; Hand and Sandiford, 1999; Sandiford, 2002)

and knowledge of the crustal-scale structure of the

orogen could provide insight into these questions.

A '150 km long MT profile, named the eastern
Arunta profile, was carried out over the entire north-

south extent of the eastern Arunta region with the
aims of imaging the crustal-scale structure of the
orogen and gaining insight into the extent of fluid-

rock interaction. Modelling results to a depth of
70 km (Figure 8.6) show that the bulk of the
modelled lithospheric volume has a relatively low

resistivity (<500Ç)m). A region of higher resistivity
extends to a depth ol20-25 km over a lateral
distance of -Q0 km. At the surface, the change
in resistivities corresponds to the change from
fluid-unaffected rocks at the edges of the orogen
to fluid-affected rocks in the core of the orogen.
The more resistive unit corresponds to fluid-affected

rocks while the less resistive unit corresponds to

comparatively fluid-unaffected rocks. The main

lithological unit volumetrically imaged by the profile

is the metasedimentary Strangways Metamorphic
Complex and the low resistivity of much of the

crust is likely to be due to graphite films within it
(Duba et al,, 19BB; Glover and Vine, 1992;

Mareschal et al., 1992; Duba et al., 1994; Mathez

et al., 1995; Glover, 1996). lf this is the case, the
increased resistivity in the fluid-affected region

could reflect removal of graphite or destruction of
connections between graphite grains. Conceivably
graphite removal could have been caused by

oxidation at a large scale (eg. Whitney, 1992;Ague

et al., 2001; Cesare et al., 2005). This notion is
consistent with the significant reduction in TMl,
implying loss of magnetite, observed in regions

that have been affected by fluid flow in the eastern

Arunta region compared to domains with
comparatively less hydrous retrogression
(Maidment, 2005). The region of higher resistivity
is therefore interpreted to represent the extent of
fluid flow during the Alice Springs Orogen.
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Chapter B Synfhesis

The Alice Springs Orogen was associated with
-20 km of exhumation in the eastern Arunta region.

This suggests that the resistive region extended
to a depth of 40-45 km before this exhumation,
implying that fluids also reached this depth. Fluids

are interpreted to have reached this depth through
the deposition of fluid-rich sequences into the 20-
25 km deep Cambrian rift (Hand et al., 1999;
Mawby et al., 1999; Buick et al., 2005) and through
migration along associated basement faults (Clark

et al., 2006), Further downwards fluid flow may
have been driven by negative pressure gradients

caused by transient stress inversions in during
compressional deformation in the Alice Springs
Orogen (Connolly and Podladchikov, 2004).

The interpretation that the region of increased
resistivity correlates with a zone of fluid-rock
interaction provides valuable insight into fluid flow
during the Alice Springs Orogen, demonstrating
that fluid+ock interaction is very extensive laterally
and with depth and suggesting that fluids were
dominantly introduced into the system through the
Cambrian rifting event, However little insight has
been gained about the crustal-scale structure of
the orogen. A region of higher resistivity in the
model corresponds in outcrop to the crustal-scale

Zone of Allce Springs-aged fl uÍd-rock lnteractlon
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Delny-Mt Sainthill Shear Zone that bounds the
northern margin of the core of the orogen and
models it as a lithospheric-scale shear zone with
a steep southerly dip. However since no other
shear zones appear to have been imaged, no

inferences can be made about the crustal-scale
structure of the orogen and therefore about the
initiating forces. ln a broader context, the fact that
the modelled lithospheric extent has a moderately
low resistivity agrees with the findings from the
Amadeus profile that the lithosphere of the North
Australia Craton has a moderately low resistivity.

8.4 MT as a tool to interpret tectonic history

The focus of this pro.¡ect has not been a theoretical
development of the magnetotelluric method itself
or of processing or modelling techniques, but the
application of MT data to large-scale geological
problems. ln the past, similar campaigns have
been carried out elsewhere in the world, most
notably in Canada (eg. Ferguson et al., 2005b;
Jones et al., 2005a), but this project was aimed
specifically at understanding the tectonic history
of central and southern Australia, ln some respects

the results of this project have shown that MT can

be very successful in this pursuit. However the
results have also highlighted difficulties in the
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geological interpretation of MT data

Much of the Australian continent is under thick
sedimentary cover, making direct geological and
geochemical investigations of tectonic history
difficult or impossible and meaning that geophysical
data must be utilised. MT is effective at imaging
through cover to the basement geology below. All
of the profiles in this project were carried out over
areas of cover, from the 14 km thick Amadeus
Basin to as little as tens of meters in some areas
of the eastern Arunta profile. Sedimentary cover
showed no evidence of impeding data quality or
causing significant galvanic distortion except in
the West MacDonnell Ranges where topography
appeared to cause current channelling (Chapter
4). Most of the sedimentary cover may simply be
1D, in which case no distortion would be caused,
This result is a promising indication that future MT
profiles in the region may also be unhampered by
galvanic scattering. The fact that basement
structures have been successfully imaged beneath
even significant cover demonstrates that MT is
very useful in settings such as Australia where so
much important geology is beneath cover.

Apart from gravity, which has low resolution, MT
and seismics are the only two geophysical
techniques able to image crustal- to lithospheric-
scale structure. As demonstrated by the coincident
Warumpi profile and deep seismic reflection line
(Chapter 4), significantly different structures can
be imaged by MT and seismic reflection, The
techniques respond to fundamentally different
physical properties which inevitably leads to different
models, and additionally seismic reflection can
resolve more detail than MT, MT can image more
steeply-dipping structures and MT can image deep
regions within the lithosphere. As shown in the
Warumpi and Amadeus transects (Chapters 4 and
5), major structures have been imaged with MT
which were not detected with seismic reflection
due to their steep dip and depth extent. Where
available, joint interpretation of seismic reflection,
teleseismic, MT, gravity and magnetic data is ideal.
An additional benefit of MT over seismic data is
that large-scale profiles can be carried out much
more cheaply and the processing and modelling
of data can be canied out much more quickly. MT
is therefore ideally suited to regional-scale surueys
in Australia where proposed important basement
structures are covered by such spatially expansive
cover that seismic reflection surveys are often
financially unviable.

Geological problems regarding the construction
of Proterozoic Australia are of a very broad scale
and the demonstrated ability of MT to image crustal-
to lithospheric-scale structures and fundamental
differences between different cratonic units makes
it ideal for investigating such problems (eg Chapters
4 and 5). However MT models are by nature
ambiguous. Models contain an inherent non-
uniqueness so uncertainties will always exist
regarding the physical nature of model features.
Beyond this, interpretations regarding the cause
of resistivity anomalies and the correlation of a
modelled resistivity structure to geological units
can only ever be inferences based on relatively
little data. Even if a rock sample is available it is
difficult or impossible to accurately determine the
resistivity that a large volume of that rock would
have within the Earth (Chapter 3.3). Long-period
MT has resolution only at depths where generally
no rock samples will be available. Geological
interpretations can therefore only be made through
conelations with outcropping and inferred geology
or through comparison with global MT datasets
and a realistic appraisal of the geological processes
that would impact resistivity. Results from this
prgect show that such interpretations can be made
to differing degrees. ln the Warumpi and Amadeus
profiles a major resistivity boundary coincident with
a major geological province boundary was required
by the MT data, so it is a very reasonable
interpretation that the two are related. The fact
that no major resistivity boundaries were observed
beneath the Amadeus Basin suggests that none
exist, however it is also possible that such
boundaries do exist but are not accompanied by
resistivity changes. lnterpretation of the northern
Gawler profile is more difficult since so little is
known about the region's geological evolution to
act as a constraint to the MT interpretation.
Therefore while the suggestion can be made that,
for example, the southern and northern Nawa
domains have different geological evolutions, the
nature of this difference is obscure. lnstead, the
MT data can act as a guide and constraint to further
geological and geophysical investigations. Results
from the eastern Arunta profile suggest that
resistivity can be affected by many different
processes. While it was expected that the model
of the eastern Arunta region may have imaged
several major shear zones, providing constraints
on the deep structure of the Alice Springs Orogen,
the most reasonable interpretation of the model is
that it has mapped a zone of fluid-rock interaction.
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MT has been shown to be a very useful tool for
interpreting geological history in Australia through
its ability to image fundamental structures through
cover at a reasonable cost and speed.
lnterpretations of long period MT data will always
contain a degree of ambiguity. Constraining
interpretations using as much geophysical,
geological and if possible petrophysical data as
possible is the only way to produce more reliable
interpretations.

8.5 Future work

One of the main impediments to the interpretation
of MT data is a lack of understanding of the causes
of conductivity anomalies and further general and
theoretical research in this field will aid in
constraining interpretations. Specific to this project,
petrophysical and petrological studies on rocks of
the easternArunta region to determine the oxidation
state of fluids during theAlice Springs Orogen and
to test for the presence of graphite in fluid-

unaffected rocks and the absence of graphite in

fluid-affected rocks would test the interpretation
that the resistivity structure is related to fluid-rock
interaction.

This project has clearly demonstrated the utility of
MT in seeking to explain the Proterozoic evolution
of Australia. Several related MT profiles (Figure
8,7) would extend the findings and further the
understanding of their implications:

' Musgrave Block: An obvious gap in data exists
between the southern end of the Amadeus profile

and the noñhem end of the northem Gawler profile,

through the Musgrave Block. Data through this
gap would provide information on the internal
structure of the Musgrave Block and provide
constraints on the interpretations that Musgrave
Block lithosphere has a moderately high resistivity,

that the Musgrave Block formed as a series of
island arcs and that the polarity of lithospheric-
scale structures between the Musgrave Block and

Figure 8.7 Proposed MT surveys that would continue to develop the findings of this project and improve the understanding of
the Proterozoic evolution of Australia, shown on a background of the major ProterozoicAustralian regions overlain on total
magnetic intensity. The red line would investigate links between the North and West Australia Cratons, the yellow lines would
investigate the Musgrave Block, the blue lines would investigate the proposed south-dipping subduction zone at the southern
margin of the North Australia Craton and the white line is a planned survey crossing the Capricorn Orogen to investigate the
evolution of the WestAustralia Craton.
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Gawler Craton is south-dipping. Data collected at
the southern and northern Musgrave Block suggest
a noÉh-east/south-west geoelectric stri ke (Chapters
5 and 6), so an MT profile would be ideally carried
out in this orientation, Unfortunately the main road
through the Musgrave Block is in a north-south
orientation and access outside of the road corridor
is limited. A suruey through the Western Australian
Musgrave Block, where access is more open, is
planned for early 2007 with the hope that results
will be relevant to the central Musgrave Block

' Southern Nofth Australia Craton'. Results from
the Warumpi and Amadeus profiles (Chapters 4
and 5) have led to the interpretation that a south-
dipping subduction zone was active at the southern
margin of the North Australia Craton from at least
1,64 Ga. lf this interpretation is correct the
subduction zone must have continued along the
southern margin of the North Australia Craton.
Parallel surveys along the interpreted southern
margin would test this interpretation and investigate
the nature of the subduction zone.

' Norlh Australia CratonMest Australia Craton
/inks: Structures related to the accretion of the
North and West Australia Cratons are interpreted
to lie beneath the Canning Basin. ln a similar way
to the Amadeus profile, an MT profile run across
the Canning Basin could investigate the location
and nature of such structures.

' West Australia Craton: A survey is planned for
September 2006 to investigate the juxtaposition
of the Archaean Vlgarn and Pilbara Cratons, which
combined to form the bulk of the West Australia
Craton across the Palaeoproterozoic Capricorn
Orogen.
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Appendix 1 - Station locations
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Aonendix 1

Amadeus Profile
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Appendix 1

Northern Gawler Profile
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Appendix 1

Eastern Arunta Profile
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Appendix2 - Data fits for all profiles
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Figure 42.1 . Warumpi profile station data for the TE mode (red circles) and TM mode (blue circles) and modelled data for
the TE mode (red lines) and TM modes (blue lines) for all stations included in the final model, showing individual rms errors
for each station. Very noisy data points which were not included in modelling are not shown.
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Figure 422 Pseudosectisns of original and model data. (1) is TM mode and (2) is TE mode. (a) is the measured p, (b) is
the calculated p, (c) is the measured phase and (d) is the calculated phase. North is to the right
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lines) and vertical magnetic field (green lines) for all stations i model, showing rms errors for'each
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Figure 42.4 Linked Amadeus and Warumpi profile pseudosections of original and model data. (1) is TM mode and (2) is TE
mode. (a) is the measured p, (b) is the calculated p, (c) is the measured phase and (d) is the calculated phase. North is to
the right
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Figure 42.5. (And previous page) Northern Gawler prof¡le station data for the TE mode (red circles) and TM mode (blue circles)
and modelled data for the TE mode (red lines) and TM modes (blue lines) for all stations included in the final model, showing
individual rms errors for each station.
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Figure A2.6 Northern Gawler profile pseudosections of original and model data. (1 ) is TM mode and (2) is TE mode. (a) is
the measured p, (b) is the calculated p, (c) is the measured phase and (d)is thricalculated phase. Ñorth is to theiilht
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[r] Many geophysical images of ancient orogenic belts
utilise seismic reflection data but increasingly
magnetotelluric (MT) data have been shown to provide
insights into orogenic architecture not evident in seismic
suryeys, particularly through their ability to image steep
structures. A l40km long MT survey carried out in
Palaeoproterozoic crust in central Australia has imaged a
crustal-scale conductivity contrast across a steeply-dipping
boundary. The surface location of this contrast coincides with
the Redbank Thrust Zone, previously shown from seismic
reflection and gravity data to be a moderately-dipping, thick-
skinned fault that produces one of the largest continental
gravity gradients known on Earth. The steeply-dipping
conductivity interface is interpreted to be a strike-slip
boundary separating the North Australian Craton from a
younger accreted terrane. This result is therefore a first-order
geophysical image of a Proterozoic accretion system in
Australia. The steep boundary is not evident in the seismic
data and highlights the utility ofMT in defining fundamental
crustal boundaries. Citation: Selway, K., G. Heinson, and
M. Hand (2006), Electrical evidence of continental accretion:
Steeply-dipping crustal-scale conductivity contrast, Geophys. Res.

Lett., 3 3, L063 05, doi 10.1029 12005cL025 32 8.

l. Introduction

[z] In general Proterozoic cratons are recognised to have
formed via the accretion of smaller continental fragments

le.g., Condie, 1992]. In contrast to this global style, the
Australian Proterozoic is enigmatic in that there is little
unequivocal evidence ofcontinental accretion fe.g., Betts et
al., 2002]. This lack of evidence has lead to two contrasting
models for the evolution of this Proterozoic system: (l) that
the Australian Proterozoic evolved largely through intra-
cratonic processes le.g., Wyborn et al.,1992]; (2) accretion-
ary processes played a central role [e.g., Myers et al., 1996],
despite the general lack of juvenile magmatic systems that
characterise collisional and accretionary Proterozoic ter-
ranes elsewhere [e.g., Condie, 1992].

þ] Models describing continental tectonics are increas-
ingly reliant on effective imaging of the sub-surface [e.g.,
Jones et a\.,20051to supplement traditional data sets. As a
means to image crust-scale volumes, MT is increasingly
being used as an effective tool le.g., Jones et al., 2005;
Ritter et aL.,2003; Schwarz and Krüger, 1997; Spratt et al.,
2005; Tauber el a1.,20031 and has been shown to substan-
tially change interpretations of geological and seismic data,

rContinental Evolution Research Group, Geology and Geophysics,
University of Adelaide, Adelaide, South Australia, Australia.

Copyright 2006 by the American Geophysical Union.
0094-827 6t 06 t2005cL02s32 8$05.00

often due to its ability to image steeply dipping structures

lcf. Unsworth et al., 19971. In this study we present data
from an MT survey carried out across a recently proposed
terrane accretion system in Proterozoic central Australia
fScrímgeour et al., 2005f.

[+] The bulk of the central Australian region (Figure 1)
forms part of the North Australia Craton (NAC) and ranges
in age from 1830-1780 Ma [e.g., Collins and Shaw,l995l.
However along the southem margin of the NAC, a system
of 1690-l600Ma aged rocks defines a distinct and more
juvenile domain fSun et al., 1995) that contrasts with the
comparatively evolved NAC fCol/ins and Shaw, 1995;
TÞyssier et al., 19881. This younger domain, termed the
Warumpi Province, has recently been proposed to represent
an exotic terrane accreted to the NAC at around 1640 Ma
fScrimgeour et a1.,2005; Zhao and McCulloch, 1995]. If
this hypothesis is corect, the boundary between the NAC
and the younger Warumpi Province, termed the Central
Australian Suture (CAS) fScrimgeour et aL.,2005; Zhao and
McCulloch, 1995], is an important constructional interface
in the Australian Proterozoic.

þ] In 1985 the Australian Bureau of Mineral Resources
(BMR) undertook a seismic reflection survey across the
southem margin of the NAC (Figure l). The seismic data
delineated a crustal scale structure (the Redbank Thmst
Zone,KlZ), dipping nofh at -35o to depth 30-35 km and
possibly to depth 50 km fGoleby et al., 1989]. The RTZ is
interpreted to vertically offset the Moho by 15-20 km
leading to one of the largest continental gravity gradients
on Earth with a magnitude of over 140 mgal lLambeck,
1984; Mathur,1976l.

[o] Significantly, the surface trace of the RTZ coincides
with the CAS for much of its strike length (Figure l),
suggesting that the RTZ may be the suture zone between
the NAC and the Vy'arumpi Province. If this is the case, the
north-dipping geometry would imply that the Vy'arumpi
Province was underthrust beneath the southem margin of
the NAC. However, teleseismic data lMcQueen and
Lambeck, 1996] imaged a velocity contrast in the vicinify
of the RTZ but with a significantly steeper dip, implying the
presence of crustal-scale structure not imaged by seismic
reflection data. The aim ofthe present study is to explore the
geometry of crustal-scale structures across the southem
margin of the NAC and examine the correspondence between
MT sensitive structures and those imaged by seismic reflec-
tion methods. In doing so, we also investigate the feasibility of
continental accretion models for the Australian Proterozoic.

2. MT Data

[z] MT data were collected at 33 sites along a 140 km
traverse extending from the Warumpi Province into the
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f igures 1. Map of the Warurrpi Province and sonthern
North Australia Craton which are separated by the Central
Australian Suture (CAS). The southem Warrnnpi Province
is overlain by the Amadeus Basin. The CAS is co-located
with the Redbank Thrust Zone (RTZ) for much of its strike
length. The dashed line r¡arks the location of the northeln
section of the 1985 BMR deep seismic reflection profile and
the black circles are the MT sites.

NAC, designed to be as coincident with the deep seismic
line as existing track locations would allow. The site
locations are shown on Figure l. Data wele collected duling
three freld seasons in August September 2003,March2004
and July 2005. Site spacing was approxirnately 5 krn along
most of the Ìine and approxirnately 2.5 km for the nine
stations closest to the RTZ. Instnunentation consisted of a

5-component MT system using a fluxgate magnetometer
and copper/copper sulphate electrodes. Data at rnost stations
were recorded for approximately two days giving a period
lange of lOs to 2740s.

[a] MT impedances and erors were calculated using the
code rrrmt lChc;e et o1.,19871. Remote reference data were
taken either from a simultaneously rneasuring site or frorn
the Alice Springs magnetic obseruatory where appropriate.
Dimensionality of the data, degree of galvanic distortion
and geomagnetic strike direction were assessed using both
the tellr.rric vector techniqve lBahr, 1988] and Mohr circles
and Lilley angles þilley, 1998a, l998bl. Only data that
satisf,red two-dimensionality in all criteria were retair-red for
rnodeling. Sites were excluded on the basis of Lilley angles
if the angles were not period independent, did not show
good agreement between real and irnaginary parts, ol'if their
geoelectric strike directions were inconsistent with the rest
of the line.

[r] These analyses showed that several sections of the
suryey line are electrically complex, particularly the section
through the West MacDonnell Ranges in the southem end
ofthe line. Such sites contained significant 3D effects due to
topography and galvanic distortion and five adjacent sites in
this region were not included in the tnodel, r'esulting in a

15 krn gap toward the southern end of the line. Two
additional sites, one between rwa20 ancl rwa2 I and the
other between- rwa23 arr.d rwa24, rvere al.so excl'-rded frorn
the rnodel due to three-dimensionality.

Iro] Inversion of the apparent lesistivities and phases of
the retained 26 sites was caried out using the algorìthrn of
Rocli ancl Mctckie [2001]. The cocle Lrtilises a regularisation
parar.neter r which acts as a tracle-off between nrodel

L0630s

Figures 2. Data and rnodel fit of site rwal2. Apparent
resistivity is in ohm.rn. and phase is in degrees. Circles are
TM mode and triangles are TE mode. The solid line shows
the fit of the final model and the dashed line shows the fit of
the test in which the shallowly dipping upper' 5krn of the
condtLctivily interface was removed fronr the model. The
lines are coincident for phase.

roughness and data frt. A T of 3 was chosen fol this model
and an nns of 2.3 was achieved. Figure 2 shows the raw
data frorn site rwal2 with the model fit. Pseudosections
cornparing the rrodelled and the raw data fol both apparent
resistivity and phase are shown in Figure 3. Both transverse
eiectric (TE) and transverse rnagnetic (TM) rnodes were
rnodelled for all sites except rwaT , rwal I , rwa I 5 and rwa 16.
TE data from rwaT and rwal I were of poor quality ancl very
low amplitr,rde, probably due to cunent channelling, while
TE clata were excluded from rwal5 and r-wal6 to further'
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Figures 4. MT model from inversion of TE and TM data

with triangles showing site locations. Error floors were
applied at 5o/o to TM p and phase and l0%o to TE p and
phase. The final rms misfit is 2.3. Overlain is the seismically
interpreted Amadeus Basin, Redbank Thrust Zone and
mantle offset (solid lines) and the boundary between the
Vy'arumpi Province and the North Australia Craton (dashed

line) interpreted from this model.

prevent any 3D effects producing significant structure in the
model lI4/annamaker et al., 1984f. Static shift in both modes
was included as a model parameter to be inverted. The TM
error floor was set at 5%o for apparent resistivity and 1.45'
forphase and the TE error floor was set at l0% for apparent
resistivity atd2.9" for phase as low signal strength recorded
at many sites meant that a lot of the TE data were of poorer
quality. The vertical magnetic field was of poor quality due
to contamination by instrument noise and was not included
in the inversion.

[rr] Figure 4 shows the 2D model to 40 km depth. The
southem end of the model exhibits a conductive zone that
extends from the surface to a depth of l0-15km, tested as

the minimum possible depth for the conductor to reach.
Below and to the nofh of this conductor is a resistive region
that extends across approximately one third of the model to
at least 40km depth. A conductive region extends across the
remainder of the model, again to a depth of 40km. Con-
strained inversions were mn to test the depth extent of this
conductor. Separate models were run with the cells below
30 km depth and below 20 km depth locked af2400 ohm m
which is comparable to the resistivity of the southem
resistive domain. These models reached rms values of 2.5
and2.6 respectively, showing that the model fit improves as

the depth of the conductor increases. It is therefore likely
that the conductor does extend to a depth of at least 40 km.
The boundary between the conductive and resistive regions
dips at approximately 45o for the uppermost 5 km and then
becomes sub-verlical.

3. Discussion and Conclusions

[rz] The aim of this survey was to determine whether the
CAS could be imaged and, if so, to ascertain its relationship
to the RTZ. The model has imaged a steeply dipping
interface between southem resistive crust and a northem
region of higher conductivity. The surface intetface between
these contrasting regions coincides approximately with both
the RTZ and the CAS (Figure 4). Superimposed on the MT
model in Figure 4 are major features interpreted from the
seismic reflection survey lGoleby et al., 1989] which
demonstrate that the imaged conductivity interface is too
steep to be the RTZ.

L06305

[r:] The uppermost 5 km of the interface follows the dip
of the RTZ (the region below sites 8 to 12 in Figure 4). A
model test was carried out to determine whether this
moderately dipping zone is required by the data. Initially,
the resistivities of the model cells in the moderately dipping
zone were increased to 2400 ohm.m, a value comparable to
the surrounding cells. A forward model was produced with
an nns of 8.6. To test whether the original fit could be
gained by altering other parts of the model, the resistivify of
these cells was locked and the model allowed to invert but
the lowest rms reached was 6.0, showing that this moderate
dip is required by the data. Figure 2 shows the model test
data fit for site rwal2. This result suggests that the steeply
dipping interface is an older structure that has been ofßet at
shallow depths along the RTZ.

[r+] The Amadeus Basin overlies the southem Warumpi
Province (Figure l). The conductive region at the southem
end of the line conelates very well with the Amadeus Basin
both from seismic fGoleby et al., 1989) and geological

lFlottmann and Hand, 1999] constraints. It is reasonable
that the enhanced porosity of the basin compared to the
underlying basement rocks should increase its conductivity
lHermance, 19971.

[rs] The dominant feature of the model is the demarca-
tion of two crustal-scale domains of contrasting conductiv-
ity. Th€ difference in crustal conductivity could have been
produced by either the juxtaposition of two crustal blocks
with different conductivities or by a geological process that
altered the conductivity of a section of the crust. The only
geological processes able to alter conductivity on a regional
scale are fluid flow and metamorphism le.g., Hermance,
1997]. Neither process would generally affect an entire
thickness of crust and then stop along a sub-vertical
boundary le.g., l{ing and Ferry, 20021. Even if such
phenomena were to occur, there have been no major
geological events that have affected only one side of the
interface since the proposed docking of the Warumpi
Province and the North Australia Craton at -1640 Ma

fCollins and Shaw,1995]. It is therefore much more likely
that the interface is due to the juxtaposition of crustal-scale
blocks with different conductivity signatures. Vy'e therefore
suggest that the modelled interface is the CAS.

[ro] The resistive and conductive regions in the model
correspond to the Vy'arumpi Province and the North Aus-
tralia Craton respectively. Geological data suggests that the
provinces amalgamated during the 1640 Ma Leibig Orog-
eny. The imaged section of the North Australia Craton has

elevated conductivity at a crustal scale which incorporates
contrasting regions of mafic and felsic granulite, metasedi-
mentary granulite and granite. This implies that the con-
ductivity is not a function of distributed pore fluid or of
metamorphic grade. Instead we suggest that the high con-
ductivity reflects the presence of interconnected graphite
films. These have been detected in many samples represen-
tative of lower to mid-crustal rocks [e.g., Mareschal et al.,
1992; Mathez et al., 19951 and are considered to be a

dominant cause of enhanced crustal conductivity lGlover,
1996; Nover et a1.,2005f.

[ru] This result demonstrates the increased depth of
understanding of a region that is possible by utilising
geological, seismic reflection, gravity, teleseismic and MT
data. It also demonstrates the caution that should be applied
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in making interpretations about the geological history of
tenains ihai have undergone rnultipie periods of tectonisrn
using lirnited data sources. In this region the CAS is the
rnore firndamental lithospheric structure but appears to
cause neither the seismic reflectol' nor the gravity anomaly.
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