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Ab stract

The understanding of processes responsible for driving crustal growth and tectonism
during the Proterozoic is still open to debate, and nonuniformitarian processes may
be responsible for some of the features observed in Precambrian terrains. An
investigation of Palaeoproterozoic magmatism, crustal growth and tectonism on
southern Eyre Peninsula, part of the Gawler Craton, South Australia is made.

The southem Eyre Peninsula comprises a terrain which underwent extension
and sedimentation from -2000 - -L850 Ma, prior to voluminous felsic magmatism of
the Lincoln Batholith at L853-L848 Ma. Emplacement of the tholeiitic Tournefort
Dykes at 1812t5 Ma was the result of impingement of a mantle plume upon ancient
lithospheric mantle and juvenile asthenosphere frozen to the base of thinned
continental lithosphere. The Kimban Orogeny (I750-L700 Ma) was responsible for
mid-upper amphibolite to lower granulite facies metamorphism, as well as generating
the syn-post orogenic Moody Suite magmas. Sedimentation, magmatism and
deformation were all controlled to differing degrees by the Kalinjala Shear Zone, a
feature manifested in the present outcrop distribution of the Precambrian geology on
southern Eyre Peninsula.

The Lincoln Batholith comprises voluminous felsic even-grained and rapakivi
textured charnockites and granite gneisses with subordinate syn-plutonic mafic
magmatism of the Jussieu Dykes. Granite gneisses are typically retrogressed
equivalents of the charnockites, however primary hydrous melts are observed in the
Colbert Suite. The Lincoln Batholith is chemically and isotopically homogeneous,
containing elevated K, LREE and Y and negative Nb, Sr, P and Ti anomalies. e¡¿11s5s¡

values range ftorn -2.'1. to -4.2. The jussieu Dykes preserve isotopic mixing trends
between the contemporary depleted mantle and local upper crust, i*ptyng
asthenospheric involvement in Lincoln Batholith generation. The total area of
preserved Lincoln Batholith magmatism is largø exceeding 5000km2, and was
probably emplaced in an extensional intracontinental setting over a short period of
time. Trace element geochemistry and Nd isotopic signafures suggest the source for
felsic Lincoln Batholith magmatism was enriched in incompatible elements, of
intermediate composition and had experienced a prolonged prehistory isolated from
the depleted mantle. Crustal contamination of the Lincoln Batholith is not likely to
exceed 30%, with the remainder of the batholith representing the addition of new
material to the continental crust.

The Tournefort Dykes comprise four geochemical groups; high Magnesium
tholeiites, Iron rich tholeiites, high Barium tholeiites and a group comprising
remaining unassigned tholeiites. Pb-Pb zircon evaporation geochronology suggests an
emplacement age of. 1.8\2+6 Ma for the Toumefort Dykes, comparable to a Rb-Sr
isochron age of 1817+43 Ma. The Tournefort Dykes contain two isotopic groups;
primitive dykes with e*.,,r,r, ranging from +L.8 to -L.8, and more evolved dykes with
twa(rerz) values from -2.9 to -6.2. Low compatible element ratios such as Ti/V and
Zr /Y and depleted mantle{ike geoche^istty of non-cumulate dykes suggests the
evolved signatures are not a product of crustal contamination. Nd-Sr isotope
relationships preclude simple depleted mantle - continental crust mixing. An
enriched lithospheric mantle source is therefore required to generate the evolved
isotopic signature of the Toumefort Dykes. The low €rua.arz¡ dykes also display ocean
island basalt affinities, suggestive of a mantle plume, which is also a plausible source
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of thermal energ'y to drive Tournefort magmatism. High €Nalrerz¡ dykes exhibit a
tendency towards depleted mantle - continental lithospheric mantle mixing arrays,
suggesting that asthenosphere was involved in their genesis. This is likely to be
asthenosphere frozen onto the base of extended lithosphere between -2000 - 1850
Ma. The Tournefort Dykes therefore record the interaction between the ancient
lithospheric mantle, a Palaeoproterozoic mantle plume and juvenile lithosphere in the
form of asthenosphere frozen onto the base of the lithosphere.

The Kimban orogeny took place between 1zs0-rz0o Ma, and was
responsible for deformation of all of the lithologies described above. Metamorphism
was distributed as)¡mmetrically about the Kalinjala Shear Zone, suggesting the
overall orogenic environment may have been transpressional. Strain and
metamorphism was partitioned into distinct zones within the Lincoln Batholith,
resulting in enrichment of Sior, Na, K, Rb, Tþ La and Ce and depletion of Ba, Sr, p,
and Ti in felsic lithologies in high strain zones. The geochemical subgroups of the
Tournefort dykes display changes in absolute trace element concentrations with
increasing deformation, however overall trace element patterns within a geochemical
subgroup tend to be preserved, regardless of mineralogy.

The Kimban Orogeny was also accompanied by Moody Suite magmatism
west of the Kalinjala Shear Zone. This dominantly felsic magmatic event evolved
from early S-type granitoids through I- to A-fpe granites and intermediate
intrusives, terminating in post orogenic small volume mafic-ultramafic magmatism.
An increasing mantle input to magmatism dr:ring the orogen is implied.

Lincoln Batholith magmatism is similar in age and chemistry to magmatic
suites of northern Australia. Further, corresponding isotopic, chernical and terrain
scale geophysical signatures suggest a possible correlation between the Lincoln
Batholith and the Ewen and Kalkadoon Batholiths of the Mount Isa Ir¡lier. Such a
correlation is further strengthened by similarities in timing and style of magmatism in
the adjoining eastern terrains; the Moonta subdomain and Eastern Foldbelt
respectively. Nd isotope signatures and geochemistry of basement granodiorites at
Roxby Downs, and geochronology of magmatism in the Peake and Denison Inliers
support correlations by providing a geographic link between the two terrains.

Palaeoproterozoic magmatism in general falls into two distinct classes; those
containing primitive isotopic signatures, coincident magmatism and deformation and
displaying calc-alkaline affinities. Such magmatic provinces are analogous to Andean
and Cordilleran style continental margin settings on the modem Earth, and as such
represent a mechanism for Proterozoic crustal growth. FIowever, Palaeoproterozoic
provinces such as the Lincoln Batholith and the Ewen-Kalkadoon Belt in Mount Isa
record homogeneous magmatic systems with elevated K, LREE, and Y enrichment
with respect to modem plate margins. They also occur in intraplate settings with
little or no synchronous deformation and contain evolved Nd isotopic ratios. Such
magmatic events represent discrete,large volume crustal growth events.In the case of
the Kimban Mobile Belt, orogenesis was in part driven by the processes responsible
for Lincoln Batholith magmatism. Processes associated with crustal growth and
tectonism in such settings are not immediately reconcilable with modem plate
tectonic models, and represent a mode of Proterozoic crustal growth competing with
uniformitarian processes.
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CHAPTER ONE

Thesis Overview

L.L General introduction

The Proterozoic represents a crucial period in the evolution of the Earth,

marking the transition from the youthful, hot Earth of the Archaean to the senescent

plate tectonic modem Earth. The record of this transition is to be found in the

structure and chemistry of the Proterozoic crust, and considerable effort has been

expended on detailing the key aspects of this evolution. Studies investigating the

origin and nature of Proterozoic continental crust (Allegre and Othman, L980; Dewey

and Windley, L991., Condie, 1,993; McCulloch and Berurett, 1994; Taylor and

Mclennan,'1,995), mechanisms driving Proterozoic tectonism and orogenesis (Baer,

1,983; Etheridge et à1., 1,987; Hill, 1993), interaction between the crust and

lithospheric mantle (Goldstein, 1988; Davies, 1992) and the thermal structure of
Proterozoic crust (Davies, 1993) have all served to higtrlight enigmatic features of
this period of Earths history (eg, Moores, L986).

Such features have proved difficult to decipher, in part due to the

polymetamorphic and deformational history of Proterozoic terrains. Úrcreasingly

sophisticated geochronological techniques, such as SHRIMP U-Pb zircon analysis,

have allowed the construction of accurate temporal frameworks of geological events

(eg, Page, 1998). IÂ/hen combined with precise isotopic and geochemical

parameterisation of igneous suites such a framework can constrain petrogenetic

processes, temporal magmatic evolution and ultimately offer insights into tectonic

styles and their driving processes (eg, Allegre and Othman, L980; Anderson, 1,99t;

Taylor and Mclennan,1995). Further information regarding the nature of tectonism

and geodynamics may be derived from integrating structural and metamorphic

observations of a given terrain with geochemical data (eg, O'Dea et al., L997).

This thesis approaches understanding the evolution of Proterozoic terrains

and processes from the perspective of geochemistry and crustal evolution, using the

Palaeoproterozoic of the southern Eyre Peninsula, South Australia, as a case history.
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Eyre Peninsula is well suited to such a study due to; (1,) semi-continuous

exPosure of a large igneous province over a large area allowing evaluation of styles

and volumes of the growth of continental crust, (2) extensive mafic dyke magmatism,

potentially allowing insights into contemporary mantle chemistry and (3) a well
preserved relationship between magmatism and deformation, offering constraints on

tectonic setting. Additionally, the nature of contemporary crust can be constrained

by proximal basement lithologies, limiting potential crustal contaminantion models.

Therefore, the interplay between magmatism, deformation and the lithospheric

evolution, and hence crustal growth and Proterozoic tectonism is accessible in such

terrains.

The exposed Late Archaean - Palaeoproterozoic supra- and infracrustal rock

sequences of the southem Gawler Craton are generally well constrained temporally.

These sequences are geochemically and isotopically evaluated from a crustal growth

and tectonic perspective, and placed in a global context to determine the validity of
regional scale tectonic models to global scale problems associated with the

Precambrian.

With this in mind, in order to investigate Proterozoic crustal evolution and

growth, the primary aims of this thesis are:

i) documenting the geology of southem Eyre Peninsula, particularly with
respect to intrusive rocks, in order to elucidate a model for tectonism and crustal

evolution for this setting, and

ii) comparison of geochemical, structual and metamoqphic features of the

southern Eyre Peninsula with terrains of similar age and/or chemistry in order
evaluate secular global variations in tectonism and crustal growth.

To achieve the first of these aims, definition of the primary magmatic

relationships, chemistry and petrogenesis of Palaeoproterozoic intrusives of southern

Eyre Peninsula and characterisation of the chemical and isotopic evolution of the

Palaeoproterozoic lithosphere on the southern Eyre Peninsula by regional scale

analysis of older rock suites was conducted. This produced a geodynamic model for
the isotopic and structural evolution of the intrusives and their basement during the

Kimban Orogen.

The second primary aim involved a review of eústing models for Proterozoic

tectonism and crustal growth and collection of data from terrains potentially
analagous to southern Eyre Peninsula. This allowed the chemistry of
Palaeoproterozoic intrusive suites on southem Eyre Peninsula (specificatly the

Lincoln Batholith and Tournefort Dykes), and the geodynamic model developed
from the regional study, to be interpreted in a global geodynamic context.
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úr order to set the scene for this thesis, the remainder of this chapter briefly
outlines some of the prevailing views on Proterozoic tectonics and crustal growth.

This is followed by a description of how this thesis is set out to address problems

relating to crustal growth and tectonics from the perspective of southern Eyre

Peninsula.

1.2 Proterozoic crustal growth

Precambrian terrains contain many features that are not immediately
explicable within the modem plate tectonic paradigm (eg, Taylor and Mclennan,
1,983; Kröner,1984; Etheridge et al, 1987; Park, L997). Regional high temperature-

low pressure metamorphism (figure 1.1,), bimodal magmatism (Etheridge et al., 1,987)

and an absence of ophiolites (Moores, \986) and paired metamorphic belts has led
to speculation on the relationship between Proterozoic tectonism, continental crustal

growth and potential modem analogues (eg, Fyfe, 'J.978; Etheridge et al., 1.987;

Moores, 1993; Ellis, L992;Taylor and Mclennan,1995).

o

s
o

00
6tâ{

C)

È

l0
0 500 1000 1500 2000 2500 3000

Age (Ma)

Figure 1.1: An example of non-uniformitarian phenomena. Average values for regional scale

metamorphism over the history of the Earth, expressed as a ratio of peak temperafure and

pressure. A gradual trend towards higher pressure orogeru; in the Phanerozoic from high
temperatute/low pressure Proterozoic terrains is observable. Data summarised in Appendix

4.

That features exist in the Precambrian geologic record whidr do not have

immediate modern analogues is undisputed; komatiites and Tonalite-Trondjhemite-

Granodiorite's (TTG's) are classic examples of this. The crux of the issue is whether

such features are driven by essentially modem processes acting in different
conditions, or if. they reflect a fundamentally unique tectonic mode and hence

geodynamicdriving force. One example of such a feature is illustrated in figure L.L,

where peak P-T regional metamolphic conditions are suÍunarised as a function of
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!
c.)

o
o
Ê

o

Ë50
oú
s

the age of the Earth. What is immediately noticeable is that only in the last -L Ga

has the crust of the Earth preserved low T/high P metamorphism. Moores (1986)

notes a distinct change in the nature of ophiolitic and related complexes at about the

same time, suggesting that some change in the strength of the lithosphere has

occurred during the history of the Earth.

Maty other features of the Precambrian show similar temporal patterns, with
the apparent age of changing from one distinct characteristic to that of the modem
day varying significantly from as early as the Archaean-Proterozoic boundary (eg,

changes in the chemistry of sediments; Taylor and Mclennan, L995), to as late as -1
Ga (as in the example above).

100

4.0 3.0 2.0 1.0 0
Age (Ga)

Figure 1.2: Cumulative crustal growth curyes from various workers. Note models involving

steadily increasing volumes of crust, episodic growth, decreasing and steady state. Curves

f¡omHurley and Rand, 1,969;Fyf.e 1978;Dewey and windley, 198L; Mcl-ennan and Taylor,
1'982; '\llégre and Rosseau, 1984; Nelson and DePaolo, 1985; Yeizer and Janserç 19g5;

Patchett and Arndt, 1986; Reymer and Schubert, 1986; o'Nions and McKenzie, 1988;

Armstrong, 1991; McCulloch and Bennett, L994. Summarised in Tamey and Jones, L994.

Regardless, there is still no clear understanding of whether the tectonic regime

of the Earth has changed over time (a non uniformitarian view, eg, Fyfe, 1978;
Kröner, 1983 ,1984; Etheridge et al., 1987), or merely experienced variations within a

single tectonic mode (a uniformitarian approach, eg Windley, 1,993; Armstrong,
1991). The development of a unifying tectonic theory for the ancient Earth remains of
fundamental importance to geoscientists, as tectonics influences setting and duration

Armstrong

&.
Veizer &

Jansen

&
Ra¡d
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of sedimentation, orogenesis and tectonism, as well as style and size of ore deposits

(eg, Barley and Groves,1992).

Central to the notion of a unifying tectonic theory is the concept of crustal

growth. Crustal growth in general involves understanding whether the total mass of
continental crust has grown, remained constant, or even decreased over time. On the

modern Erath, the bulk of continental addition is thought to take place via the lateral

accretion of arcs at plate margins (eg, O'Nions et al., \979; Reymer and Schubert,

1987), with comparatively small (but disputed) masses of continental material being

reycled into the mantle at subduction zones. Hence, the growth of continental crust is

related directly to the driving tectonic regime on the modern Earth.

Methods for estimating the growth of continental crust vary widely.

Arguments involving continental freeboard (eg, Windley, 1977; Mclennan and

Taylor, L983; Armstrong, 1991) all agree that greater continental emergence will
result in greater deposition of continentally derived sediment in ocean basins,

however the net effect of this on crustal growth is unclear (eg, Gumis and Davies,

1986). Armstrong (1991) interprets greater sedimentation to imply greater rates of
sediment subduction. It also appears that continental freeboard is greater on the

modem Earth, suggesting gteater levels of erosion, however no calculations involving

the effect of biota (particularly the emergence of land plants) which may inhibit

erosion, have been carried out, Hence, crustal growth curves calculated on freeboard

arguments can appear different to those calulated from the age distribution of

preserved continental crust (eg, McCulloch and Wasserburg, 1,978; Nelson and

DePaolo, 1985). Other estimates for crustal growth come from investigating the role

granitic magmatism and AFC processes (eg, DePaolo et al., 199'J., 1992) in adding

new material to the continental crust and those derived from sedimentary residence

times and fluxes through various reservoirs (eg Veizer and Jansen, 1985; Condie,

1993). Curves derived by each of these methods are suûunarised in fig:urre'[..2.

Precambrian crustal growth can be broadly discussed in terms of those

models involving an uniformitarian approach, and those requiring secular changes in

tectonism and mechanisms of crustal growth during Earth history. Preceding

discussion has assumed continental growth, however a model advocated by

Armstrong (1991,, and references therein), suggests that the mass of the continental

crust has remained constant. Armstrong (1991) proposed rapid development of

crustal volumes similar to those of the modern Earth, very early in the Earths history.

This large crustal volume has been maintained throughout time by balancing crustal

growth via volvanic arc related processes with recycling of crustal sediments through

the mantle via subduction. Such a model results in a steady state, no net continental

crustal growth scenario driven by essentially modem Earth plate tectonic processes

(figure 1.2).
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Ir a similar vein, Windley (1993) argued that processes driving orogenesis

and tectonism "...since the early Archaean have not been fundamentally different

from those that operate today...", resulting in subtly different features forming in
response to modern processes. Most notable amongst these are chemical variations in
magmatism, both within plates and at plate margins. Modem arcs. for example,

commonly (but not exclusively) contain calc-alkaline affinities and intermediate

compositions, whereas the reverse appears to be the case for the Proterozoic:

Felsic
volcano First cycle

sediments
sea
level

25 km

50 km

Figure 1.3: Example of Precambrian crustal growth using essentially uniformitarian

processes to produce nonuniformitarian features (after Taylor and Mclennan, 1995).

Subduction of young, hot oceanic crust results in melting reactions taking place prior to
complete slab dehydratiory with melting occurring not only in the mantle wedge, but in the

slab itself. This style of melting produces distinctly bimodal magmatism and sodic felsic

intrusives.

Many other uniformitarian models suggest only small volumes of continental

crust developed during the early stages of Earth formation, which has been added to
subsequently, either by steady state accretion of material from the mantle (eg,

O'Nions et al., 1979; Gurnis and Davies, 1986), or punctuated periods of crustal

growth in episodic pulses (figure 1.2) within a plate tectonic setting (eg, Taylor and

Mclerurary 198L, 1995). The main distinctions between models within this latter

class is the timing of onset of plate tectonics (or analogous regimes), and whether

crustal growth is episodic (Moorbath,1977) or continuous in nature (eg, Hurley and

Rand, 1969; Gurnis and Davies, 1986). All such models assume crustal growth takes

place in settings analogous to modem arc settings (e& figure L.3), with secular

variations in magma chemistry (and hence composition of accreted crust) due to the

changingthermalbudgetof the Earth (Windley, 1993; Taylor and Mclennan,1995).
The most commonly cited estimate for the timing of the onset of modem style plate

Magma
+

++
+

+

++++++

?mantle

of slab
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tectonics is the late Archaean, as reflected by a major pulse of crustal growth
(McCulloch and Bermett, 1994), a major change in the REE signatures of sediments at
the time, reflecting a change in source areas available for such sediments (Taylor and
Mclennan,1985) and possible climate changes (eg, Young,1991).

Figure L.4: "Hot Spot " tectonics of. Fyfe, 1978. Mafic magma rises from the asthenosphere

over a length scale of hundreds of kilometres, with the majority underplating a layer cake

crust of submarine felsic and mafic volcanics. Rising magma domes the crust (DC), creating a

gravitational potential resulting in lateral movement of crustal material along thrust
planes, overthickening crust between upwelling zones. Cessation of mantle upwelling results

in cooling and finally retum of overthickened material to the mantle at sites labelled R.

Such a scenario would be applicable for Archaean plate motions, setting the scme for a

transition towards modern style plate tectonics during the Proterozoic with the generation

of increasing volumes of oceanic crust (Fyfe, 1978).

Alternatively, workers have argued for distinctly unique geodynamic

Processes driving Precambrian tectonism and crustal growth. A comparatively recent
(post Palaeoproterozoic) onset of modern style plate tectonics is implied by such
models. For example, Fyfe (1978), suggested an early segïegation of large volumes of
sialic crust, followed by small scale convective tectonics (figure 1.4) after freezing of
continental crust to the mantle (ie formation of the subcontinental lithosphere).
Proterozoic tectonics was, he argued, dominated by the progressive segregation of
the sial and hydrosphere to form continental and oceanic crust, and ultimately
lithospheric plates able to be driven by large scale mantle convection. The onset of
modern (Wilson cycle) plate tectonics took place at the start of the Phanerozoic, and
crustal growth has been maintained essentially in a steady state since this time.
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A) Extension
continental

+++++++++++++++a++++t+a++++++

+++++

C) Compression

Figure 1.5: Cartoon of ensialic foldbelt evolution involving A-subduction as proposed by

Kröner (1983). Lithospheric extension due to transmission of far field stresses results in
rifting with small volume extensional magmatism. Decompression melting results in
underplating of thinned continental crust, and delamination of subcontinental lithosphere is

initiated. Subsequent compression in response to delamination results in crustal

interstacking and orogenesis. A variation on this model was proposed for northem Australia

by Etheridge et al. (1987). Adapted from Kröner (1984).

Other nonuniformitarian models include that of Etheridge et al. (1987), in
which (Palaeo)Proterozoic tectonism and orogenesis is attributed to intracratonic
("ensialic") processes driven by delamination of underplated subcrustal mantle

lithosphere (" A-type" subduction of Kröner, 1983, 1.984; figure L.5). Crustal growth
in such a scenario is envisaged to take place in an essentially vertical sense, with
additions of material to the crust from partial melts derived from both the
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underplated layer and upwelling mantle. Vertical crustal accretion is a marked

contrast to the essentially lateral continental growth of modern arc related settings.

Again, the onset of plate tectonics is held back until the Neoproterozoic, consistent

with the Proterozoic being a period of transition from a nonuniformitarian Archaean

tectonic regime, to a Phanerozoic plate tectonic regime.

The majority of tectonic models for the duration of the history of the Earth

suggest that Wilson style plate tectonics was in operation, but the resulting products
were significantly different from their modem analogues due to secular changes in
heat flow over Earth history (eg, Ellis, 1992; Windley, L993). Such models attribute

the apparent ensialic nature of orogenesis described by Etheridge et al, (1987) to the

transmission of far field stresses from actively convergent plate margins driven by
modern geodynamic processes (ie, analagous to the Tien Shan in China).

A final possibility involves the concept of contemporaneous competing

tectonic regimes. Therefore, in the Archaean Earth, plate tectonic feafures were either

unable to develop or were effectively swamped by more vigorous, non-uniformitarian

processes, with the conveÍse holding for the modern Earth.

Therefore, Proterozoic terrains contain some features which remain

unresolved in the geological lterature. By integrating the geochemical features of
modern style tectonic regimes and comparing them with ancient orogens, it is

possible to place constraints on the nature of processes driving tectonism.

Chemically and isotopically evaluating source regions of magmatism and their

evolution prior to, during and immediately after tectonism allows insights into the

nature of mantle reseryoirs, their endurabilitp and the manner in whidr they interact

with contemporary crust. All such observations result in building a terrain scale

picture, linking magmatism with crustal growth, tectonism and in many cases,

fundamental geodynamic driving mechanisms.

One of the primary aims of this thesis is to develop such a terrain scale

picture for the southern Gawler Craton, and on the basis of broad scale comparative

criteria, comment on the driving geodpamic mechanisms of Proterozoic crustal

growth and tectonism.

1.3 Organisation of this thesis

This thesis is laid out in a marìner which systematically investigates the key

elements of the southern Eyre Peninsula in order to gain insights into timing, nature,

sources and volumes of crustal growth. Elucidation of such growth mechanisms place

constraints on possible tectonic regimes responsible for the generation of the

continental crust.

Chapter 2 is a suûunary of current understanding of the geology of southem

Eyre Peninsula, and acts as a reference goid" to terminology and nomenclafure of
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lithologies and events. The derivation ol and changes in usage of various terms

pertaining to the geology of Eyre Peninsula is also discussed. Chapter 3 summarises

the key chemical and petrological features of the Lincol¡ Batholith, and integrates

field observations with new Sr and Nd isotopic data. A model for petrogenesis for
such a homogeneous, large volume magmatic event is developed. Chapter 4 employs

a similar approach to investigate the younger Tournefort Dykes. The Toumefort

Dykes contain isotopic evidence regarding the nature of the subcontinental

lithospheric mantle. Chapter 5 deals briefly with the isotopic nature of the crust

within which the Lincoln Batholith and Tournefort Dykes were emplaced. These

observations constrain potential sources for crustal contamination, and act as a

crucial independent test on petrogenetic models developed in Chapters 3 and 4. The

chemical evolution of the syn-Kimban Orogenic Moody Suite Granitoids is also

briefly touched upon. The natu¡e of the Kimban Orogeny is further developed in

Chapter 6, which summarises prevailing metamorphic conditions within the Lincohr

Batholith, and how these relate to the adjacent Hutchison Group Metasediments.

The style of deformation and metamorphism within the Kimban Orogeny has

significant implications for contemporary geodyramics. A brief investigation into the

potential geochemical effects of Kimban overprinting on Lincoln Batholith lithologies

is also conducted. Chapter 7 presents a comparative chemical study with other

magmatic terrains. Data from terrains of well constrained geodynamic settings (eg,

the Andes) is evaluated in terms of the Lincoln Batholith, which is in turn compared

with terrains of similar age (eg, Mt Isa). Such comparisons allow the validity of
crustal growth models on both the ancient and modem Earth to be discussed.

Chapter 8 summarises the key aspects from preceding chapters regarding Proterozoic

tectonics, and evaluates the applicability of integrated, geochemical based studies in
crustal growth problems.

Some publications have arisen as a consequence of this work. In particular:

Schaefer, 8.F., Foden, J., Sandiford, M. and Hoek, I.D., il1 prep. The Jussieu and

Tournefort Dykes of the Gawler Craton, South Australia. (based on chapter 4 and

parts of chapters 3 and 6). A copy of this manuscript is included in appendix 5.

Hoek, ].D. and Schaefer,8.F.,1998. The Palaeoproterozoic Kimban mobile belt, Eyre

Peninsula: Timing and significance of felsic and mafic magmatism and deformation.

Australiøn lournal of Eørth Sciences. 45, p. 305-313 (based on chapter 6 and parts of
chapters 3 and 4). A complete version of this paper is in appendix 6.

Conference abstracts derived from this study are included in appendixT.
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CHAPTER TWO

The southern Eyre Peninsula

This chapter suÍunarises the working stratigraphy used within the thesis. A
brief historical review of previously applied terminology and nomenclature is also

conducted to allow integration of this study with previous work.

2.l Regional Geology

The Gawler Craton is the largest Precambrian tectonic element in South

Australia, and records a significantly different geological history to the dominantly
older Western Australian Cratons and many of the cratons and basement inliers of
northem Australia. Comprised dominantly of Late Archaean to Mesoproterozoic

rocks, this stable crystalline basement province extends from clearly defined

southern and eastern margins, the edge of the southern continentat shelf and the

Torrens Hinge Zone (marking the edge of Delamerian effects) respectively. Recent

high resolution aeromagnetic data collected by Mines and Energy, South Australia
(MESA) has allowed more precise definition of the western and northem boundaries

of the craton, which are obscured by Neoproterozoic and Phanerozoic cover. At
present, these margins are placed beneath Officer Basin sediments, and are defined

by large scale shear zones (figure 2.1) identifiable as distinct aeromagnetic features.

The Gawler Craton has been further subdivided into discrete subdomains on
the basis of geophysical and lithological, structural and metamorphic character, each

containing a relatively homogeneous combination of magmatism, deformation and

metamorphism, but differing from adjacent regions in several significant aspects

(Parker, 1990). Figure 2.L shows the tectonic subdomains on the Gawler Craton. This

differs significantly from those initially defined by Parker (1990) due to the advent
of regional scale, high resolution aeromagnetic data. Of primary interest to this thesis

are the Coulta and Cleve subdomains, essentially comprising the westem and eastern

halves of Eyre Peninsula respectively (figure 2.1). The Kalinjala Shear Zone is a major
crustal feature within the Cleve subdomain, to a large degree responsible for the
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current exhumation level of the lithologies exposed in the southem portion of the

domain.

In terms of large scale geological architecture, the Gawler Craton has been

considered, by Fanrring et al. (1995, 1996) to represent a continuation of lithologies

observed across the Southern Ocean, and hence a part of the East Antarctic Shield.

The term Mawson Block has been proposed by Fanning et al. (199s, 1996) to
incorporate the Gawler Craton, George V Land, Terre Adélie and the Central
Transantarctic Mountains. hr this context, the proúmity of the southem Eyre

Peninsula to the southern margin of the Gawler Craton provides a basis for potential
correlation of both lithological units and tectonism into the East Antarctic Shietd.

/

Figure 2.1: Extent of the Gawler Craton, and distribution of tectonic subdomains. Modified
from Parker (1.990).

The current understanding of the geology of southern Eyre Peninsula, based

on a U-Pb zircon geoctuonology framework, may be summarised as follows (unless

otherwise noted, all data and source references are in Drexel et al., 1993):

The Sleaford Complex

The oldest sequence of rocks on southern Eyre Peninsula is the late Archaean

Sleaford Complex, which is composed of the dominantly paragneissic granulite

facies Carnot Gneisses (Fanning, 1,975) and variably deformed Dutton Suite

intrusives (Parker et al., 1985). The Sleafordian Orogeny was responsible for high
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grade deformation and metamorphism of the Carnot Gneisses, possibly beginrring as

early as 2631+21, Ma, with peak conditions between -2440-2400 Ma (Fanrring,

7997.). Amphibolite facies metasediments of the Wangary Gneiss (Parker et al.,
1985) have been interpreted as lower grade equivalents of the Carnot Gneisses, and
metamorphic zircon ages in the Wangary Gneiss of 2479+8 Ma (Fanning, 1997) are

consistent with this (figure 2.2). T}".:re Dutton Suite, interpreted as a syn-Sleafordian

magmatic event, contains the Coulta Granodiorite (2514+9 Ma (Dougherty-Page,

unpublished data), 2517+1./ Ma (Fanning, L997)), the Kiana Granite (2459+15 }{a,
Fanning, 1997) and the Whidbey Granite, the last of which outcrops only offshore,
(2558L27 Ma, Fanning,1997). The Sleaford Complex covers the western half of Eyre

Peninsula, and is correlated with the Mulgathing Complex in the northwestern

Gawler Craton.

P ost Sleaþrdian P alaeoproterozoic sequences

The Miltalie Gneiss and equivalents, outcrops of which west of Tumby Bay

have been dated at 2003+L3 Ma (Fanning,1997), post date the Sleaford Complex

but unconformably underlie younger sediments of the Hutchison Group. The Miltalie
Gneiss is typically orthogneissic in character and occurs in a limited areal extent on

southern Eyre Peninsula.

Mortimer (1,984), recognised a series of pre- DL ortho- and paragneisses on

the eastern side of the Kalinjala Shear Zone, to which he assigned the name Massena

Buy Gneisses (frgare 2.2). The most distinctive lithologies of this group are

metasediments of various metamorphic grade present as enclaves within the younger

Lincoln Batholith, and are likely to be either Sleaford Complex or Hutchison Group
metasediments. The orthogneissic portions of this sequence are either early phases of
the Lincoln Batholith that preserve features of extended D1 (pre-Kimban)

deformation during emplacement or Miltalie Gneiss equivalents. For the remainder of
this contribution, the term Massena Bay Gneisses will be used for that material that
is clearly basement to the Lincoln Batholith, usually lithologies whidr are

metasedimentary in origin.

The Hutchison Gror.tp

Unconformably overlying the Miltalie Gneiss and Sleaford Complex is a

sequence of shallow to deeper water basinal sediments of the Hutchison Group
(figure 2.2). This sequence comprises the basal massive Warrow Quartzite, which is
conglomeritic in part and a lateral facies of, and grades into the Middleback
subgroup. This subgroup consists of a series of mixed chemical semipelitic

metasediments, which are essentially composed of carbonate, sulphide, silicate and
oxide facies Banded lron Formations, grading into deeper water semipelitic

sediments of the Cook Gap Schist. The upper portions of the Hutchison Group are

locally composed of another deeper water semipelitic sequence, the Yadnarie Schist,
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which is considered to be laterally equivalent with a mixed acid volcanic and

calcsilicate unit, the Bosanquet Formation.
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The Bosanquet Formation is the topmost preserved unit of the Hutchison Group
(figure 2.2), and a U-Pb zircon age from rhyodacite in the volcanics of 1859+i.1 Ma
presently defines the cessation of sedimentation on the Hutchison Group.

P alaeopr oter ozoic felsic intntsia es

As discussed below, the term Lincoln Complex as defined by Thomson
(1980), encompasses all magmatism in the period -L850 Ma (cessation of Hutchison
Group sedimentation) to Gawler Range Volcanics magmatism, at 1592+2 Ma. Within
this time frame there are three major suites of dominantly felsic magmatism (figure

2.2), t}re Lincoln Batholith (-1,852-1,843 Ma), Moody Suite(-1750-?L700, possibly as

late as -1'670 Ma) and St Peters Suite (L630-1.620 Ma). Other smaller volume

plutons of differing ages and/or uncertain stratigraphic position have been assigned

to the Lincoln Complex, which may represent unrecognised correlatives of the suites

described above, or an entirely independent magmatic event (eg, the Carappee

Granite, on central Eyre Peninsula at 1689159 Ma). At present, there is no reason to
genetically link any of the Lincoln Batholith, Moody Suite or St Peters Suite.

Since recognition of the St Peters Suite (Flint et al., 'J.990), there has been a

trend to define the Kimban Orogeny to encompass the period -1,850--1700 Ma (see

Drexel et a1., L993; Fanning,1997; Daly et al., in prep), effectively removing the St

Peters Suite from the Lincoln Complex ss. Furthermore, Hoek and Schaefer (1998)

have argued that the Kimban Orogeny should strictly encompass -1750-1700 Ma,
making the Moody Suite the only true Lincoln Complex magmas due to their syn-

Kimban nature. They suggested the term Lincoln Batholith (see below) for the

ensemble of igneous rocks that predate the Tournefort Dykes (and hence the onset of
the Kimban) (figure 2.3).

The Donington Suite is a major component of the Lincoln Batholith, and,

along with the Colbert Suite and Jussieu Dykes, comprises a major magmatic event

from 1849.8+1.1-1846+14 Ma (Fanning and Mortimer, in prep.) (figure 2.3). Although
these two suites were previously considered to be discrete magmatic events (eg,

Mortirner et al., 1988a), recent geochemical and geochronological work (Fanning and
Mortimer, in prep.) suggests the Colbert Suite is part of the evolving Lincoln
Batholith.

The Moody Suite is a series of syn-post Kimban Orogenic granitoids (figure

2.3) rangrng in composition from the variably deformed S-type Yunta well
Leucogranite, which is intrusive into, and intimately related with the Hutchison
Group in the Tumby Hills, through the weakly deformed Moody Tank Adamellite
(1709+14 Ma, Rb-Sr) to the undeformed l-type Chinmina Syenite (1702+L0 Ma) and
Mooreenia Adamellite (1,692!L0 Ma, Fanning, L997). Possible Moody Suite

equivalents further north include the Middle Camp Granite (173117 Ma, Fanrring,

1997), intrusive into the Hutchison Group in the Cleve Hills, and the Burkitt Granite.
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The dustering of ages between the period -1750--1700 Ma corresponds with gt-

whole rock Nd data for peak metamorphism in Toumefort Dykes of -1740-17L0 Ma

obtained by Bendall (1994) and Hand et al. (in prep), and suggests a link between

peak metamorphism and syn-orogenic granitic magmatism.

Figure 2.3: Detail of southem Eyre Peninsula geological events during the late

Palaeoproterozoic. Symbols as for figure 2.2.

Numerous Rb-Sr studies on southem EyTe Peninsula have also produced

isochrons in the range 1750-1700 Ma on lithologies that have subsequently been

shown to be older by U-Pb zircon studies (eg, the Colbert Suite; Rb-Sr isochron =
1757+14 Ma, (Mortimer et al. 1986a), whole rock Rb-Sr isochrons on [thologies

within the Donington Suite (Mortimer, 1,984; this study)), suggesting resetting of the
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Rb-Sr system during post crystallisation high grade metamorphism; ie, peak Kimban

Orogeny.

The St Peters Suite consists of deformed comagmatic granitoids in the Streaky

Bay region and is not currently known to extend significantly further south; however,

it is likely to comprise a considerable portion of the western Gawler Craton. These

intrusives are typically in the range of -1630-1,620 Ma and have A-type affinities,

with small volumes of associated felsic volcanics.

The Tourneþrt Dykes

A prominent feature on southern Eyre Peninsula is the presence of mafic

dykes belonging to the Tournefort Dykes (the term "swarm" has been omitted due to

the implicit cogenetic connotations) which are composed of dolerite to gabbronorite

dykes, and range from virtually undeformed to higtly folded, lineated and

amphibolitised mafic boudins, particularly in, and adjacent, high strain zones. The

Toumefort Dykes clearly intrude the Donington Suite, and are deformed by all

phases of the Kimban Orogeny, effectively restricting their emplacement age to

between 1843 and -1700 Ma (figure 2.3). They also crosscut contacts between the

Donington and Colbert Suites (eg, frg L.3 of Mortimer, 1984), acting as a minimlrm

age constraint on the Colbert Suite. Rb-Sr geochronologyby Fanning (198aa) places a

rninimum age of 1710Ma on the dykes, with Sm-Nd isochrons on peak metamorphic

mineral assemblages by Bendall, (1994), further constraining the minimum age of the

Tournefort Dykes to between 1740-L7t0 Ma. The Tournefort Dykes are discussed in

Chapter 4.

The Kølinjala Shear Zone ønd the Kimban Orogeny

Possibly the most distinctive feature associated with the Kimban Orogeny on

southern Eyre Peninsula is the Kalinjala Shear Zone (KSZ). The KSZ is a NNE-SSW

trending, crustal scale, dominantly ductile feature separating Sleaford Complex and

Hutchison Group metasediments in the west from the Lincoln Batholith and

Tournefort Dykes to the east. Hand et al. (1995, L996) noted a distinct asymmetry in

baric gradient across the KSZ from west to east, resulting in the juxtaposition of

comparatively low pressure rocks of the Hutchison Group, with high pressure

Lincoln Batholith and Tournefort Dyke rocks in the shear zone. Regional

metamorphism in the Lincoln Batholith stabilises at -4kbar -L2km away from the

shear zone, whereas regional amphibolite facies metamorphism of the order of 3-

4kbar may be observed within 2 km of the KSZ to the west. Hand et al. (L995, 'J,996)

considered such a baric gradient to be the result of oblique convergence and the

resulting differential exhumation during the Kimban Orogeny.

Gøzpler Range Volcønics and the Hiltaba Suite

Subsequent to the Kimban Orogeny, voluminous felsic volcanism with A-type

affinities of the Gawler Range Volcanics (1592_4 took place in the central Gawler
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Craton. Associated with this magmatism was extensive A-type plutonism of the

Hiltaba Suite (-1600-1575 Ma), with subordinate mafic intrusives. There are no

correlatives of this volcano-plutonic episode on southern Eyre Peninsula, however

Ar-Ar geochronology by Foster and Ehlers (1995, 1.998) record cooling ages below

-500'C in on southem Eyre Peninsula in the range of -1600 -1541 Ma, suggesting

either activity along the Kalinjala Shear Zone during this period, or widespread

denudation of the terrain due to uplift associated with magmatism to the north. The

presence of a general trend of decreasing Ar-Ar ages from west to east across the

southern Eyre Peninsula may suggest the denudation was in some way controlled by
the Kalinjala Shear Zone.

Spilsby Suite

The final event recorded in the basement geology of southern Eyre Peninsula

was the emplacement of small volume A-type magmas of the Spilsby Suite whidr
intrude the Donington Suite and amphibolites of the Tournefort Dykes at -L530 Ma.

Outcrop is restricted to the Sir Joseph Banks Group of islands in southern Spencer

Gulf.

2.2 T erminology and nomenclature

Workers familiar with the Gawler Craton will note that some of the

terminology and nomeclature used in section 2.L differs from that of previous

contributions. This is because as geological understanding of the Eyre Peninsula has

improved, the nomenclature applied to the lithologies present has evolved,

sometimes in something of a haphazard manner. Úr order to place the working

stratigraphy into context, changing interpretations of the regional geology of southem

Eyre Peninsula are summarised below.

The first geological studies of the Eyre Peninsula were carried out by Tilley
(1920, 1921.a, b, c) who maintained the oldest rocks exposed were a sequence of
metasediments (the Hutchison Series) which were intruded by a younger series of
granitoids (the Flinders Series). A thick sequence of quartzites on the western Eyre

Peninsula he believed to be younger than the Hutchison Series, and these he named

the Warrow series, which were in fum intruded by a group of massive granites, the

Dutton Series.

This stratigraphy subsequently proved difficult to apply on a regional scale,

and simplification by Johns (1961) resulted in the Flinders Group, comprising older

gneissic rocks, and the Hutchison Group, composed of younger schistose

metasediments. This effectively reversed the relative ages of Tilley's scheme, and

implied a metasedimentary origrn for all of the Hutchison Group, which now

included the Warrow Series.
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With the advent of radiometric dating techniques and detailed mapping

programs during the late 1960's and 1970's, a more concise description and

subdivision of the lithologies on southem Eyre Peninsula was proposed by Thomson

in L980. This scheme has provided the basis for the current working stratigraphy,

and incorporates geochronological elements of investigations by Compston and

Arriens (1,968), Arriens (1975), Fanning (1975), Giddings and Embleton (1976),

Webb (1980), Thomson (1980), and metamorphic and geochemical studies by
Bradley (1,972). The major refinements were the recognition of a granitic and higþ

grade metasedimentary sequence of Late Archaean age (the Sleaford Complex), and

the division of the remaining rocks into metasediments of the Hutchison Group and

granitic gneisses of the Lincoln Complex (see table 2.1.).

This stratigraphy has proved far more durable and widely applicable than

those previously proposed, with broad scale correlations possible for the extended

Gawler Craton, as in the case of the correlation of the Mulgathing Complex with the

Sleaford Complex (Daly et al., 1979). FIowever, the stratigraphy was defined on the

basis of distinctive mappable units on the craton scale, with the term Lincoln

Complex used to encompass all syn-Kimban Orogenic intrusives. As discussed

below, on the craton scale the term Kimban Orogeny implies genetic links between

events over an extended period of geological time that may not be wholly
appropriate. A result of such a situation is that all "syn-Kimban" orogenic granitoids

may not be genetically linked, as the collective term, the Lincoln Complex, implies.

Tilley, 1920, 1921a,b,c Johns, 1,96L Thomson, L980

DUTTON SERIES

Granites intrusive into the

Warrow Series

WARROW SERIES

Thick quartzite sequence

FLINDERS SERIES

Igneous rocks intrusive

into the Hutchison Series

HUTCHISON SERIES

Oldest rocks, of

sedimentary origin

HUTCHISON GROUP

Youngest rocks, of

sedimentary origrn

FLINDERS GROUP

Oldest rocks,

metasediments

metasomatised to granites

LINCOLN COMPLEX

Granite gneisses

HUTCHISON GROUP

Metasediments that

unconformably overlie

Sleaford Complex

SLEAFORD COMPLEX

High grade metasediments

and granite gneisses

Table 2.1: Summary Prevlous to southem Eyre Peninsula.
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The Kimban Orogeny was a term originally coined by Thomson (L969) and

Glen et al. (1977) to identify the series of tectonic events recorded in the Hutchison

Group. Subsequently the term has been applied on a craton wide basis to encompass

any deformation that has taken place between the cessation of deposition of the

Hutchison Group (1859111 Ma; Fanning, 1997), and deposition of the Corunna

Conglomerate, thought to be synchronous with eruption of the Gawler Range

Volcanics (1,592!2 Ma, Fanrring et al., 1988). Studies on Eyre Peninsula however,

have suggested cessation of Kimban Orogenic effects as recorded in the Hutchison

Group to have occurred by -1700 Ma, effectively putting a minimum age on both the

Kimban Orogeny and, by definition, the syn-orogenic Lincoln Complex. Subsequent

deformation, such as that recorded in the younger St Peters Suite, has been athibuted

to the Wartakan Event (or deformation), variously attributed on a local scale as a

final phase of the Kimban (eg, Parker et al., L988; Flint et al., 1990), or a separate

event (as described by Parker in Drexel et al., 1993). Development of an early, layer

parallel schistosity in the Hutchison Group (DL), considered contemporaneous with
emplacement of the Lincoln Batholith (Parker, 1978, Parker and Lemory 1982) at

-1850 Ma is generally regarded as the onset of the Kimban Orogeny, however to

date, no clear genetic link between this period of deformation and subsequent peak

metamorphic conditions in the Hutchison Group has been made.

The resultant confusion arising from implied common origins for lithologies

mapped on the basis of broad collective criteria, prompted Hoek and Schaefer

(1998) to attempt to clarify nomenclature used on southern Eyre Peninsula within the

context of the extended Gawler Craton. It is clear that the definition of the Lincoln

Complex sensu stricto is contingent upon the definition of the Kimban Orogeny (as

discussed above), with current consensus placing the end of the Kimban Orogeny at

-1700 Ma. Conversely, the onset of the Kimban is dependent on the relationship

between early fabrics preserved in the Donington Suite (-1850 Ma), and peak

metamorphism associated with true orogenesis (-L750-1700 Ma). Therefore, the

terminology applied in the remainder of this contribution is based on the geology of
southern Eyre Peninsula, and is summarised below:

. The termLincoln Complex is applied on a craton wide scale as a mappable

unit of intrusive igneous rocks emplaced between the cessation of Hutchison Group

deposition (at 1859111 Ma) and deposition of the Corunna Conglomerate, at 1592Ð.

Ma. This effectively covers the period of time referred to by Thomson (L969) and

Glenn et al. (1977) as the Kimban Orogeny, and is consistent with historical use.

o The Kimbøn Orogeny on southem Eyre Peninsula is restricted to those

metamorphic and deformational events within the Hutchison Group that have a

conunon genetic origm with preserved peak metamorphic conditions. Sm-Nd

geochronology on peak metamor¡phic mineral assemblages by Bendall (L994) suggest
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this occurred at -1720 Ma. This corresponds with D2 and D3 of the eústing

literature (eg, Parker,1978). An earlier event (D1), considered to be coeval with
emplacement of the Donington Suite has no clear genetic link withD2/D3 (eg, Hoek

and Schaef er, 1998), and is here referred to as an independent, discrete event. Hence,

in this context, the Kimban Orogeny on southern Eyre Peninsula spans the period

fuorn -\750 to -1700 Ma, and records the highest grade metamorphic conditions

experienced on the southern Gawler Craton subsequent to the Sleafordian Orogeny.

In such a scenario, the only truly syn-Kimban intrusives are the Moody Suite.

e The Lincoln Batholith was applied by Hoek and Schaefer (1998) to describe

that subset of the Lincoln Complex incorporating the ensemble of igneous rocks

spatially and temporally coeval with the Donington Granitoid Suite of Mortimer et

al. (1986), This group of rocks is essentially batholithic in nature, and at present their

distribution is restricted to the east of the Kalinjala Shear Zone, however possible

correlatives may occur on central Eyre Peninsula in the Refuge Rocks area.

Magmatism within the Lincoln Batholith is confined to the period -'1.852-1843 Ma,

and incorporates the Colbert Suite, Jussieu Dykes and Donington Suite, but not the

Tournefort Dykes.

Other new terms (such as the lussieu Dykes) or the use of existing terminology

which has been slightly modified (eg, the Colbert Stúte) will be noted and described at

the appropriate point in the body of the thesis.

2.3 Relevance of southern Eyre Peninsula to Proterozoic tectonics

The development of a tectonic model incorporating the genesis and

subsequent deformation and metamorphism of the Lincoln Batholith and Toumefort

Dykes on the southem Eyre Peninsula will effectively constrain the style and

processes driving tectonism for a single case study during this period of the

Palaeoproterozoic. Ideally however, relating the processes acting on a single terrain

with those on the modem Earth and terrains of similar age will offer insights into

global scale tectonics and the relevance of modern analogues to the Precambrian.
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CHAPTER THREE

Palaeopro terozoic magmatism o
southern Eyre Peninsula I:

The Lincoln Batholith

r

This chapter focusses on understanding the broad scale architectural,

chemical and isotopic features of the Lincoln Batholith. The emphasis is on
constraining timing and nature of magmatic style, crustal growth and tectonic setting
in a larger context, in order to form a basis for discussion on tectonic evolution in
later chapters. Detailed petrological studies of the Lincoln Batholith and Colbert
Suite were conducted by Mortimer (L984), and are not duplicated here.

3.1 The Lincoln Batholith

The Lincoln Batholith (Hoek and Schaefer, 1.998) describes the subset of the

Lincoln Complex (Thomson, 1980) incorporating igneous rocks spatially and
temporally coeval with the Donington Granitoid Suite of Mortimer et al. (1986). It is
currently restricted to the eastern side of the Kalinjala Shear Zone on southern Eyre

Peninsula, and incorporates the Donington and Colbert Granitoid Suites of Mortimer
(1984) and the Jussieu Dykes of Hoek and Schaefer (1998), but not the subsequent

Toumefort Dykes, which post date and crosscut all lithologies of the Lincoln
Batholith. The Lincoln Batholith essentially consists of small volumes of mafic to
intermediate magmas and voluminous felsic, even-grained and rapakivi texfured
gneisses. Smaller volume members of the Lincoln Batholith include ultrafractionated
members and the hydrous Colbert Suite (1.852.5+4.4 Ma, Fanning and Mortimer, in

Prep.). On the batholith scale, retrogression of charnockitic members of the Lincoln
Batholith has commonly resulted in the growth of secondary homblende and biotite
at the expense of primary orthopyroxene and/or clinopyroxene.
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Possible correlatives of the Lincoln Batholith may be found in the Refuge

Rocks area of eastern Eyre Peninsula, where augen gneisses and associated mafics

are intrusive into the Warrow Quartzite of the Hutchison Group; and in basement

granodiorite gneisses at Roxby Downs (Creaser, 1995).

3.2 Felsic units of the Lincoln Batholith

The Donington Granitoid Suite of Mortimer (1984) and Mortimer et al.

(1988a) comprises a series of pyroxene and hornblende-biotite granitoids and

gneisses. It is confined to the eastern side of the Kalinjala Shear Zone on southern

Eyre Peninsula (figure 3.1). In the Cape Donington locality pyroxene-bearing

members have been subdivided into a quartz gabbronorite gneiss (QGNG), the

Memory Cove Charnockite (MCC), a megacrystic augen gneiss and a late stage alkali
feldspar gneiss (Mortimer, 1984). Retrogression and hydration of these units
(excluding the quartz gabbronorite gneiss) prompted Mortimer (1984) to define

distinct lithologies for these units, viz. a fine grained granite gneiss (GGl), an augen

granite gneiss (GG2) and an alkali feldspar granite gneiss (AGG) respectively.

Figure 3.1: Distribution of the Lincoln Batholith cn southem Eyre Peninsula, and principal

geographic subdivisions within it. Note how distribution is restricted to the eastem side of

the Kalinjala Shear Zone (NE-SW trending dash). Also shown are regional isotopic

sampling sites (see chapter 5), and the syn-Kimban Moody Suite (see chapter 6).
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Such a large number of abbreviations and terms has made application of
sensu stricto definitions for each of the units in the Cape Donington-Mclaren Point

region to areas north and south difficult. For the remainder of this thesis, broader

terms will be used which encompass, and on the batholith scale are consistent with,

, the stratigraphy devised by Mortimer (1984). These units are summarised in table 3.L

(along with the Jussieu Dykes, the mafic portion of the Lincoln Batholith), and are

described in full below.

Table 3.1: Summary of distribution and approximate proportions of distinctive lithologies

and correlatives in the Lincoln Batholith. "Prirnary" refers to charnockitic units,

"hydrated" to granitic lithologies. x = not observed, Ï = term used by Mortimer (1984), # 
=

new term referred to in this thesis. QGNG - Quartz Gabbronorite Gneiss, FGGL =

Ferrohypersthene Granite Gneiss 1,, FGG2 = Ferrohypersthene Granite Gneiss 2, EAGG =

Eulitic Alkali Granite Gneiss, GG1 = Granite Gneiss 1., æ2 = Granite Gneiss 2, AGG =
Alkali Feldspar Granite Gneiss, CRG = Carcase Rock Granite, WIG = Williams Island

granite. Note EAGG of Mortimer (1984) is ¡eferred to as Carcase Rock Granite (CRG) in this

thesis.

3.2.L Pyroxene bearing felsic gneisses

Quartz Gabbronorite Gneiss: The Quartz Gabbronorite Gneiss (QGNG) of

Mortimer (1984) forms one of the oldest recognised intrusive phases in the Lincoln

Batholith. Outcrop distribution is limited to the Cape Donington area, and the

northern end of the beach at Taylors Landing (figure 3.2), in the central portion of the

Lincoln Batholith (figure 3.1). \,t/hile the two localities preserve similar textural and

mineralogical features, significant variations in chemistry may be observed. Both

contain mafic enclaves including enclaves of finer grained gabbronorite at Taylors

Landing. Primary mineralogy of the Quartz Gabbronorite Gneiss comprises
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phenocrystic orthopyroxene + clinopyroxene + plagioclase, with interstitial k-
feldspar and quartz. Tl.:re pyroxenes contain distinctive Fe-Ti oxide exsolution

lamellae along cleavage planes (figure 3.3a). Secondary features include partial
recrystallisation/exsolution of orthopyroxene and/or clinopyroxene; and distinct
rims of hornblende around the pyroxenes (figure 3.3b). The progressive late magmatic

or high grade sub-solidus replacement of pyroxene by homblende (Mortimer, L984) is

demonstrated in the sequence of pictures (figure 3.3a-c), taken from samples in low
strain zones. In zones of higher strain, the homblende defines a prominent foliation,

and distinguishing the initial lithology from the Megacrystic Augen Gneiss (see below)

becomes difficult. Two generations of biotite are generally present in the Quartz
Gabbronorite Gneiss; a late, coarse-grained chocolate coloured variety which is likely

to be metamorphic, while a paler, yellow-brown generation is commonly associated

with pyroxene grains, and possibly represents a primary igneous phase (Mortimer,

1.e84).
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Figure 3.2: Key locality map for portions of the central and southern Lincoln Batholith.
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West Point Charnockite (WPC) (New Name): West Point, in the southem

portion of the Lincoln Batholith (figure 3.2), contains a small volume of distinctive
charnockitic gneisses. [r hand specimen these appear similar to the Quartz
Gabbronorite Gneiss, but are significantly more chemically evolved (SiO, > 62.5

weight %, cf SiO, <
Petrographically these rocks differ f¡om the Quartz Gabbronorite Gneiss in the

dominance of orthopyroxene, and a typically smaller grain size for the

ferromagnesian phases. Quartz, plagioclase and k-feldspar (both microcline and

orthoclase) are coarser in grain size, and show evidence of recrystallisation in the

form of inclusion trails crossing grain boundaries and resorption blebs. This unit is
volumetrically minoa and is probably closely related in its genesis to the Memory

Cove Charnockite and Megacrystic Charnockite.

Memory Cooe Charnockite (MCC): The Memory Cove Charnockite (Parker et

al., L988) is an informal name for FGG1 of Mortimer (198a). It is a prominent

lithology which, along with its retrogressed equivalents, can be observed throughout

the Lincoln Batholith. It is distinctive by virtue of its even, medium to fine grained

nature. Petrographically the MCC preserves a distinctive texture of zoned

plagioclase, orthoclase, orthopyroxene and quartz aggregate phenocrysts in a matrix
of quartz + plagioclase * orthoclase * microcline. Rare clinopyroxene grains may be

observed in some samples. The orthopyroxene grains are typically smaller than in the

Quartz Gabbronorite Gneiss, and commonly more corroded, often completely

replaced by hornblende-biotite aggregates. Exsolution of opaques in MCC pyroxenes

is absent. The presence of orthoclase and the relative absence of clinopyroxene in the

MCC is a distinct contrast to the Quartz Gabbronorite Gneiss, but very similar to the

West Point Charnockite. Phenocrystic feldspars are coûunonly zoned and may have

corroded cores.

Homblende and biotite commonly occur as intergrown aggregates, and

preserve a range of progressive features (figure 3.3d-g) i*plyr,g they have formed at
the expense of pyroxene. The most retrogressed equivalents of the MCC (Granite

Gneiss L), contain pyroxene that has been entirely replaced.

Megacrystic Charnockife; Much of the outcrop of the Lincoln Batholith is
composed of megacrystic augen gneisses, although pyroxene bearing members of this
group are observed only at a small number of localities. Mortimer (198a) described

occurrences at Cape Donington and Point Bolingbroke in the central and northem

portions of the Lincoln Batholith respectively, with outcrops in the southern portion
of the batholith at Wanna, Williams Island and West Point. The distinctive feature of
this lithology is ovoid megacrystic feldspars, and many samples show rapakivi-like
textures.
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Figure3.3: Photomicrographs of QuarE Gabbronorite Gneiss (QGNG) and Memory Cove Chamockiûe (MCC)
a) Undeformed and relatively unmetamorphosed QGNG, Cape Domngton. l-arge orthopyroxene (opx) grains
contain distinct Fe-Ti oxide exsolution lamellae along cleavage planes. Note minimal homblende (hb) growth
(Sample SEP-08ó). b) Replacement of primary pyroxenes by homblende forming mantles of amphibole a¡ound
pyoxene cores at Taylcrs l-anding. Opaque oxides are involved in this reaction as evidenced by the lack of contiruuty
of exsolution lamellae into homblende grarns (Sample SEP-239). c) Almost compleûe replacement of pyroxene
resulting in even grained amphibolite gneiss, Täylors hnding (Sample SEP-29). d) and e) MCC with pyroxene
rimmed by hornblende + bitotite (bt) (Samples SEP-169, Surfleet Pt and SEP-203, Billy Lights Pt respectively).
f) Static replacement of pyroxene by hb+bt ûo form a granite gneiss (Sample SEF-020, Pt Bolingbroke). g) Granite
Gneiss 1, a result of compleúe replacement of primary pyroxene by hbrbt in a low strain environment; Sample
SEP-138 (Cape Etfer).
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Feldspar megacrysts are either plagioclase aggregates or microcline crystals,

occasionally with rims of plagioclase and containing inclusions of plagioclase in
optical continuity with the rims. A quartz-plagioclase-microcline-orthopyroxene

matrix surrounds the megacrysts. Hornblende and biotite show the same relationship
with pyroxenes as in the MCC. The West Point Charnockite contains distinctly lower
SiO, values (62.5-63.5 wt"/" and 67.5-70 wt "/" respectively) than the Megacrystic

Charnockite, implying that these are not simply textural variations of a liquid of the

same bulk composition.

Carcøse Rock Granite (CRG) (New name); The term Carcase Rock Granite is

applied to small volume, higttty fractionated felsic magmatic phases occur:ring

throughout the Lincoln Batholith. \ /hile no fresh pyroxene is observed, the

undeformed variety in low strain zones contains relict pyroxene pseudomorphs. This

rock type (CRG), is composed of an equigranular groundmass of quartz and alkali
feldspar, with volumetrically minor amounts of biotite and homblende. The CRG

typically occurs as small volume veins and pods in the central and northern portions
of the Lincoln Batholith, being best exposed at Carcase Rock and Mclaren Point.

3.2.2 Gr anitic Gneisses

Whilst the pyroxene bearing members of the Lincoln Batholith preserve the

greatest amount of information about its petrogenesis, by far the majority of the

batholith is composed of retrogressed granitic gneiss equivalents of the pyroxene

granitoids. Often it is difficult to distinguish between the pyroxene bearing and

retrogressed gneisses in the field, and for the purposes of further discussion they are

treated as cogenetic equivalents.

Grønite Gneiss (MCC equiaalent) is widespread around the Tumby Bay-Point
Bolingbroke area, where it is composed of a medium, even grained homblende granite

gneiss. Along the coast near Thuruna, the MCC equivalent granite gneiss contains

large numbers of enclaves, of a range of lithologies. These include several different
types of mafic enclaves, (possible equivalents of the Jussieu Dykes), and a range of
metasedimentary lithologies, interpreted as part of the Massena Bay Gneisses

(Mortimer, 1984). The MCC equivalent granite gneiss is composed of dominantly
quar tz-pl agio cl as e -hornblen d e -biotitelrnicrocline.

Megøcrystic Alryen Gneiss (Megøcrystic Charnockite equiaalent): Tlrris granitic
gneiss forms a distinctive lithology, particularly in highly deformed areas such as

Lipson Cove, Port Neill and Mine Creek (figure 3.4) where it consists of megacrystic

plagioclasetK-feldspar aggregates in a quartz-biotitethornblende matrix. In zones of
intense local metasomatism, coarse grained gamet may be observed, usually
associated with the development of leucosomes in adjacent mafics (eg, Louth Bay,
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West Point). Rarely, fine grained gamet is dispersed through the matrix of the
megacrystic gneiss.

Figure 3'4: Locality map for central and northern portions of the Lincoln Batholith

T]".:re AIkaIi Eeldspar Gneiss (CRG equiaalent) is essentially a late-stage
fractionate, comPosed of quartz, plagioclase and microcline with rare flakes of
muscovite. It is leoucocratic, but often weathering to a pale pink colour. The main
feature for distinguishing this from the CRG is the absence of pseudomorphs that
may have been a ferromagnesian phase, and the pervasive recrystallisation of all
samples observed in thin section. Like the CRG, the Alkali Feldspar Gneiss
comprises only a small volume of the batholith.

Williams lslønd Grønite (WlG): Lr the southem Lincoln Batholith, a large
volurne leucogranite forming large veins, sills and dykes intrusive into (figure 3.5a)
and comagmatic with less evolved members of the batholith is observed. This
lithology occupies the same relative position in the magmatic crystallisation sequence
and SiO, wt7" as the CRG and AFGG. The Williams Island Granite tends to contain
significant proportions of microcline, with hornblende the dominant ferromagnesian
phase. Despite occupying a similar position in the sequence as the CRG, some
geochemical indicators, such as Rb/Sr ratio, vary considerably between the two
(highly variable for the Williams Island Granite, >251or CRG), suggesting a difference
between the southern and central/northern portions of the batholith during late stage
fractionation.
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Figure 3.5: Intrusive features of the
Lincoln Batholith
a)Williams Island Granite (WIG)
intruding dark Megacrystic
Charnockite. Cliff face -25 m high,
facing north on the west coast of West
Point

b) Entrainment of basement
orthogneissic enclaves (pale white)
into Donington Suite units. Note
apparent selvedge of Megacrystic
Charnockite separating enclaves from
fine grained Memory Cove
Chamockite. l,arge block in centre of
view -0.5m in height.

c) Tesselated pavement of
orthogneissic basement blocks,
rimmed by partial melts. Continued
invasion by the Donington Suiûe results
in rafting of basement blocks (figure
3.5b) and ultimately assimilation into
the magma chamber. Southern West
Point, pen is -14cm long.

d) Margin of Jussieu Dyke displaying
backveining by selvage. Note the
formation of both rounded and
subangular enclaves. Chisel -15cm
long. Vy'est coast of Williams Island.
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The Colbert Suite of Mortimer (1984) and Mortimer et aI. (1988a) is here
considered to be coeval with, and a subordinate part of, the Donington Suite. U-pb
zircon studies by Fanning and Mortimer (in prep) show crystallisation of the Colbert
Suite at 1'852.5+3'4 Ma, within error of Donington Suite magmatism. Tournefort
Dykes crosscutting Colbert / Donington Suite contacts place a minimum age

constraint on Colbert Suite magmatism consistent with the U-Pb zircon controls.
Mortimer (7984), and Mortimer et al. (1988a) described two members of the Colbert
Suite, a hornblende granite gneiss and an alkali feldspar granite gneiss. petrographic

re-examination, coupled with new geochronological constraints (Fanning and
Mortimer, in Prep), suggests the alkali feldspar member is essentially
indistinguishable from the CRG equivalents elsewhere in the Lincoln Batholith. The
homblende bearing gneiss however, appears to be a primary magmatic homblende
liquid, in contrast to the remainder of the Lincoln Batholith.

3.3 Mafic units of the Lincoln Batholith
Identification of syn-plutonic mafic dykes within the Lincoln Batholith has

lead to the definition of t}relussieuDykes, a distinctive pre- Toumefort mafic suite
(see Hoek and Schaefer, 1998). Known outcrop of the Jussieu Dykes is limited to
Williams Island, West Point and north of Taylors Landing, with the bulk of localities
on the extreme southern portion of Eyre Peninsula. They comprise <5% of Lincoln
Batholith magmatism, however their distribution on offshore islands to the south of
Eyre Peninsula is unknown.

The Jussieu Dykes are typically surrounded by a felsic selvage formed by
melting and backveining attributed to emplacement of mafic material into relatively
hot country rock. Disaggregation and ultimately dissemination of (commonly
angular) mafic enclaves into curvilinear trains is observed along strike (figure J.6a),
which, coupled with the frequent association of felsic selvages along dyke margins
(figure 3.5d) act as criteria for distinguishing the Jussieu Dykes from the younger
Tournefort Dykes in the field. Such features are diagnostic of comagmatism of mafic
material with the crystallising felsic magma (Pitcher, L99L; Hoek and Schaefer, L99g)
The Tournefort Dykes always crosscut the ]ussieu Dykes where such relationships
are preserved.

The Jussieu dykes are generally less than -1m wide, however they may vary
in thickness considerably along strike length in response to differing degrees of
deformation and to the relative proportion of felsic material comprising vein
networks within the dyke and the surrot¡nding selvage. There is no obvious preferred
orientation of Jussieu dykes preserved in the field. Most dykes contain aphyric
textures of relict plagioclase + clinopyroxene + orthoplroxene, with subsequent
hornblende + quartz + biotite static retrogression in areas of low strain.



Figure 3.6: Features of the Jussieu Dykes:
a) Planar Jussieu Dyke backveined by felsic selvages

along margins, northwestem V/illiams Island, facing
south. Hammer is -lm long.
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b) Disaggregated and rafted Jussieu Dykes on
southern West Point. Field of view -2m across.
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c) Photomicrograph of contact between Jussieu Dyke (upper right comer) and felsic selvage. Sample SEP-
250, southern tip of West Point.
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Inhigh strain regions Jussieu dykes are indistinguishable from the Toumefort

Dykes due to obliteration of diagnostic features, along with accompanying

retrogression and amphibolitisation of the mafics.

Contacts between the mafic enclaves comprising jussieu Dykes and the

selvages surrounding them, tend to be distinct, and are often angular (figure 3.5d). A
plagioclase + quartz t orthopyroxene (+ secondary hornblende) transition zone up to
1-2mm thick is corrunon around the margins of ]ussieu Dykes, while the bt¡Ik of the

selvage material is composed of quartz + plagioclase + biotite + hornblende +

orthopyroxene. Large plagioclase crystals in the selvages typically contain distinct
rims of hornblende inclusions, suggesting overgrowth of magmatic plagioclase during

selvage formation.

3.4 Enclaves within the Lincoln Batholith

The Lincoln Batholith contains several distinct populations of enclaves, both

xeno- and autolithic.
ót

ó 254 0N

"'*' j".T,.,"," 
"'u'o -ä 

";",,":':i. 
"'** 

ii-*,','î..". 
"'* rE 2oE

/ Scap I vertical îace

ffi noutoers I Memory Cove Chmækite I disrupted Jussieu Dyke I

Figure 3.7: Grid map of southern West Point. Note disaggregated Jussieu Dyke and parallel
nature of Megacrystic Granite dykes. The irregular contact between Memory Cove

Charnockite and migmatised basement reflects partial digestion of the basement by the

charnockite. Locations for figures 3.5b, 3.5c and 3.6b are also indicated. Grid co-ordinates

are in AMG, zorre 53. Mapping conducted in conjunction with J.D. Hoek.

Mafic enclaaes observed in the Lincoln Batholith include probable basement

xenoliths with distinct tectonic fabrics (eg, Trinity Haven, Kirton Point). Other

prominent mafic enclaves can be observed on the southern coast of Williams Island,

and along the coast between Lookout Point and Cape Catastrophe. These range in

.í.f.ìÞ*-
-f-î.Í.f
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size from -15-L50cm, and are distinctive by virtue of the ovoid feldspar phenocrysts

they contain. Enclave margins are typically diffuse, and iregular in nature. Some of
these enclaves are likely to be comagmatic (eg, small enclave in figure 3.5b) with the

Lincoln Batholith, and hence coeval with the ]ussieu Dykes.

Felsicþasement enclaaes; One population of enclaves found in the southern part
of the batholith comprise felsic basement lithologies (figute 3.Sb,c). \Atrhilst

superficially reminiscent of MCC rafts within megacrystic members of the batholith,

they are generally rimmed by fine grained felsic melts containing phenocrysts,

suggesting incorporation of this material into the megacrystic units. Such basement

felsic enclaves are leucocratic quartz-plagioclase-hornblende-biotite gneisses, and

contain a fabric which is occasionally discordant to Lincoln Batholith lithologies.

These are likely to represent orthogneisses of either Sleaford Complex or Miltalie

Gneiss equivalents.

Metasedimentary enclaves comprise calc-silicate, pelitic and quaftzo-

feldspathic lithologies incorporated into the batholith from the country rock.

Examples of the enclaves can be observed along the coast between Massena Bay and

Trinity Haven, as well as at Cape Donington and West Point. All such lithologies are

found in the metasedimentary portion of the Massena Bay Gneisses (Mortimer,

1984). Isotopic and geodremical features of basement enclaves are described in

chapter 5.

3.5 Geochemistry of the Lincoln Batholith

Major and trace element characteristics

Magmas that comprise the Lincoln Batholith range from 48.8 wt "/" SiO, (the

Jussieu Dykes) to 78.8 wt "/" SiO, (in the CRG equivalent alkali feldspar gneiss,

(figure 3.9)).

Calculated CIPW nonns for all felsic units of the Lincoln Batholith are

summarised in figure 3.8, which shows a wide range in composition within the

batholith from cumulates (Quartz Gabbronorite Gneiss) through to evolved granites

(CRG, alkali feldspar gneiss and Williams Island Granite). Some scatter is observed

within the Granite Gneiss 1 (MCC equivalents) and Granite Gneiss 2 (Megacrysttc /
Augen Gneisses) groups, due to Na and K mobility during the Kimban Orogeny (see

chapter 6). Trends on figures 3.8 and 3.9 define systematic covariance of trace

elements with silica content, consistent with fractionation within a comagmatic

sequence of magmas. The Colbert Suite tends to more potassic compositions than the

fractionation trend defined by the majority of the batholith.

The trace element signature of the Jussieu Dykes is the flattest primitive

mantle normalised pattern within the batholith (figures 3.9, 3."J.0), consistent with
their mafic nature (48.8-51.6 wt % SiOr),. They typically contain a small negative Ti



35

anomaly, smooth REE pattern and a conspicuously small negative Sr, P anomaly

(figure 3.10). Only a small negative Eu anomaly is present (figure 3.11).

Quartz

I Quartz Gabbronorite

I Vy'est Point Charnockite

I Memory Cove Charnockite

A Megacrystic Chamockite

¡ Carcase Rock Granite

o Granite Gneiss I
¿r Granite Gneiss 2

¡ Alkali Feldspar Gneiss

o Colbert Suite

tr Red \üeathering Granite

Orrhoclase Albite +Anorthite

Figure 3.8: Normative temary plot showing compositional variation for felsic units of the

Lincoln Batholith. The Jussieu Dykes are not quartz normative, and as such do not plot.

The Quartz Gabbronorite Gneiss spans a range of intermediate silica

compositions (55.5-59.5 wt "/" SiO2), however trace elements show a strong locality

dependent character. At Taylors Landing, it is more siliceous (59.5 cf 55.5-57.6 wt o/o

SiOr), and possesses higher trace element abundances than at Cape Donington

(figtne 3.9). Most notably, the Taylors Landing outcrop has elevated LREE values

and distinct negative Zr,Ti, Sr, P and Eu anomalies, which are either non existent or

poorly developed at Cape Donington. This suggests that Taylors Landing

experienced a slightly longer fractionation history involving accessories such as

zircon and apatite, than Cape Donington. As is typical throughout the batholith, a

high degree of scatter in U and Th is observed, reflecting either post crystallisation

sub-solidus mobility, or accessory controlled local scale fractionation effects. Erratic

U and Th concentrations are also observed in the West Point Charnockite, whidr

contains îo Zr anomaly, but possesses negative Ti, Sr and P anomalies of similar size

to the Quartz Gabbronorite Gneiss. The WPC also has elevated Pb/LREE ratios and

higher K values, consistent with a relatively higher degree of fractionation.
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Figure 3.9: Harker variation diagrams for the Lincoln Batholith. Note generally linear trends for variation
with increasing silica content. QGNG - Quartz Gabbronorite Gneiss, WPC = 

ìùy'est Point Charnockite,
MCC = Memory Cove Charnockite, Mega Charn = Megacrystic Charnockite, CRG = Carcase Rock
Granite, JD = Jussieu Dykes, GGl = Granite Gneiss 1 (MCC equivalent), GG2 = Granite Gneiss 2
(Megacrystic Charnockite equivalent), AFGG = Alkali Feldspar Granite Gneiss (Carcase Rock Granite
equivalent), WIG = Williams Island Granite, Colbert S = Colbert Suite.
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Figure 3.9 (cont): Supplementary Harker variation diagrams for the Lincoln Batholith.
Abbreviations as for previous page. Note low (<16 wt%) Al2O3 and FerO. enriched

compositions in the 62-70 wt% SiO, range.

The Memory Cove Charnockite (and its retrogressed equivalent, GGL), is the

most chemically and isotopically homogeneous unit in the Lincoln Batholith. From

localities on Cape Catastrophe to Tumby Bay, 1t is characterised by a narrow range

of Nb, K, LREE, Zr,Ti and Y values, with pronounced negative Ti, Sr, P and Nb
anomalies (fig*e 3.11). U and Th show the least scatter for any lithology in the

Lincoln Batholith. A gently decreasing REE element trend with a small negative Eu

anomaly is characteristic of both the MCC and GG1. The hornblende granite gneiss of
the Colbert Suite is also indistinguishable from the MCC on trace element

characteristics, despite being less siliceous. This may indicate that mineralogy in the

Colbert Suite is a reflection of crystallisation conditions rather than being an

intrinsically chemically distinct magmatic event. The similarity between the two is
clearly apparent on the REE plot (figure 3.L1), where the Colbert Suite has a slightþ
more enriched pattern.

The Megacrystic Charnockite is chemically very similar to the MCC, with the

only differences being a slightly more negative Nb anomaly, a relatively discrete SiO,

range (66.5-69.9 wt"/"), and a slightly less evolved REE pattern (figure 3.L0, 3.1L).
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The pyroxene bearing members of the Lincoln Batholith contain low values of
MgO and Ni for a given weight '/" SiO2. Non-cumulate portions of the batholith

generally have <1.5% MgO with the bulk of the batholith being <L%. Such low
concentrations of compatible elements in the least evolved portions of the batholith

are likely to reflect the nature of the source region, rather than secondary processes.

000 0

tfl) 0

100

0t

0

Rb Ba U Nh K La Ce Pb S¡ P ZSn Ti

Figure 3.L0: Primitive mantle normalised trace element variation diagram for pyroxene

bearing members of the LincoLr Batholith. QGNG = Quartz Gabbronorite Gneiss, WPC =
West Pt Charnockite, MCC = Memory Cove Charnockite, Meg Ch = Megacrystic

Chamockite, CRG = Carcase Rock Granite and JD = Jussieu Dykes.

The Alkali feldspar gneiss, (a retrogressed CRG equivalent), has essentially

the same trace element characteristics as the CRG, although with more scatter.

Extreme Ba, Sr, P and Ti depletion (figure 3.12) is coupled with LREE depletion, and

relatively htS:. Zr levels. This unit contains the most distinctive REE pattern of the

batholith, a prominent U-shape of depleted elements centred around Eu, resulting in
low La* /Eu* ratios (figure 3.11).

The Williams Island Granite has features in common with both the CRG and

the alkali feldspar gneiss. Most notably, extreme Ti depletion and variable degrees of

REE depletion, and a distinct Ba depletion. The negative Nb anomaly is the greatest

for any unit in the Lincoln Batholith.

\,l/hile other units of the Lincoln Batholith generally contain trace element

concentrations that vary systematically with silica content, the high silica

fractionates commonly show asymptotic changes in incompatible elements with
covarying silica. This indicates that the environment goveming formation of small-

volume, late stage melts was one in which the remaining liquid was able to rapidly

+-QcNc
+wPc
+MCC

-&-Me8 Ch
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and efficiently fractionate, a stark contrast to the larger, apparently internally
buffered situation goveming the bulk of Lincoln Batholith crystallisation.

100

0l!-----

Megacrystic /
Augen Gneiss

Megacrystic
Chamockite

Colbert Suite

MCC

i

l

La Cc Nd Sm Eu Cd Dy Er yb

Figure 3.LL: Primitive mantle normalised REE variation diagram for the Lincoln Batholith.

Shaded areas (in order of decreasing Eu), Colbert Suite, Memory Cove Charnockite (MCC),

Carcase Rock Granite (CRG) and Alkali feldspar Gneiss. Solid line = Jussieu Dyke, long

dashed Line = megacrystic chamockite and short dash = megacrystic gneiss. Data compiled

from Mortimer (1984: Colbert Suite, CRG and Alkali Feldspar Gneiss) and this study.

Normalisation factors from McDonough el a1.,199'J,.

r000 0
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Figure 3.L2: Primitive mantle normalised trace element variation diagram for granite

gneisses of the Lincoln Batholith. GG1 and GG2 = Granite Gneisses 1. and 2, AFGG = Alkali
Feldspar Granite Gneiss, HbGG = Homblende Granite Gneiss of the Colbert Suite, and WIG

= Williams Island Granite.
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Isotopic characteristics of the Lincoln Bøtholith

One of the more remarkable features within the felsic portions of the Lincoln

Batholith is the homogeneity of Nd isotopic signatures. Êrua1raso¡ values for felsic units

span two epsilon units, rangmg from -2.L to -4.2 (table 3.2). This is the total

variation observed from the cumulate Quartz Gabbronorite Gneiss, through the

charnockites and including the granitic gneisses, (as indicated by the shaded area in

figure 3.13). The Carcase Rock Granite and Williams Island Granite display

anomalous Sr and Nd isotopic signafures, due to the extreme levels of fractionation

(eg, Rb/Sr ratios -30, table 3.2), and are omitted from petrogenetic discussion as age

corrected calculations on lithologies with such extreme parent/daughter elemental

ratios exaggerate observational uncertainties.

The Jussieu Dykes contain a broad range in initial t..r¿¡ values, from +1.5 to -
4.0 (table 3.2). Sr isotopes for the Jussieu Dykes form a covarying array with Nd
isotopes (figure 3.13) suggestive of mixing between contemporary mantle and

continental crust. By contrast, initial Sr isotopic values for the Donington Suite range

from 0.70180 to 0.71.182, forming an array straddling, but broader in range, than

mixing curyes between the contemporary mantle and continental crust.

875.7865. (1850 Ma)

Figure 3.13: Mixing relationships between the Lincoln Batholith and contemporary mantle.

Upper and lower curves are models for (Sr/Nd)^,*¡"/(SrlNd).,,., values of 5 and L0

respectively. Sleaford Complex end member is held constant by an augen gneiss from Cape

Camot as a representative sample of the suite. Depleted mantle chemistry f¡om Sun and

McDonough (7989), isotopic compositions of Taylor and Mclennan (1985). Tick intervals are

70%.
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Jussieu Dyke

Jussieu Dyke

Jussieu Dyke

Jussieu Dyke

Locality Age, (t)

SEP-z4lNth Taylors Ldg 1850

SEP-250 West Pt

SEP-261 Williams Is

SEP-293 Williams ls

1850

1850

L850

Nd 2o 147Sm714Nd T{or¡ €*0,,, 875r/865r 2o 87Rb/86Sr szsr/esru,

0.571765 0.000062 0.1418 2.94 -4.0 0.725887 0.000100 0.79443 0.7M73

0.511825 0.0000s2 0.L237 2.25 1.5 0.74792L 0.000088 L.70038 0.70266

0.511876 0.000048 0.1382 2.58 -1.0 0.733507 0.000128 L.11859 0.70373

0.511700 0.000062 0.7227 2.43 -0.8 0.723656 0.000074 0.76271 0.70335

0.511431 0.000064 0.1104 2.54 -3.1 0.900624 0.000034 7.09300 0.71782Quartz Gabbronorite SEP-239 Nth Taylors Ldg 1850

Memory Cove Charnockite SEP-154 C Catastrophe 1850

Memory Cove Charnockite SEP-Ù74Trinity Haoen 1850

Memory Cove Chamockite SEP-1,47 C Catastrophe 1850

Memory Cove Charnockite SEP-073 Trinity Haoen 1850

Megacrystic Charnockite SEP-282 Williams Is L850

Megacrystic Granite SEP-249 West Pt 1850

Megacrystic Charnockite SEP-265 Williams Is 1850

Megacrystic Charnockite SEP-295 Williams ls 1850

Megacrystic Granite SEP-264Williams Is 1850

Granite Gneiss SBP-zszWest Pt 1850

Augen Gneiss SEP-742 Peake Pt 1850

Williams Island Granite SEP-283 Williams ls 1850

0.511,477

0.511510

0.5L1483

0.511439

0.577479

0.511168

0.51,1L62

0.511205

0.571029

0.570942

0.511,477

0.511182

0.000042

0.000058

0.000036

0.000018

0.000032

0.000030

0.000024

0.000062

0.000039

0.000038

0.000034

0.000034

0.1102

0.L214

0.1116

0.11,52

0.7712

0.0843

0.0889

0.0944

0.0737

0.0687

0.1138

0.0870

2.47

2.7L

2.49

2.65

2.49

2.34

2.43

2.49

2.3L

2.32

2.55

2.37

0.792497

0.838135

0.830676

0.832662

0.792940

0.769390

0.760319

0.768279

0.773457

0.773248

0.822247

7.437453

0.000032

0.000030

0.000032

0.000040

0.000032

0.000050

0.000068

0.000060

0.000418

0.000054

0.000042

0.000056

3.40722

4.97397

4.86991,

4.75658

3.39523

2.49799

2.11158

2.32823

2.54520

2.53854

4.46154

29.44537

0.70180

0.70574

0.70105

0.70605

0.70257

0.70290

0.7041.r

0.70637

0.70570

0.70568

0.70348

0.64767

-2.1

-4.2

-2.4

-4.L

-2.3

-2.0

-3.2

-J..t

-2.2

-¿./

-3.0

-2.4

Table 3.2: Summary of new isotopic data for the Lincoln Batholith. Data normalised to 146Nd/144N d=0.7219, sSr/86sr=8.

Goldstein et al. (1984): tntNdTt**Oov1o¡=0.51316, 147Sm714Nde¡a1¡¡=0.2132. 143Nd/t44Ndc¡run=0.51.269g,1475rT-/1*Nd.rr.ro=9.1966.

3752. Nd model parameters based m
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\¡Vhile the significant range in Nd isotopes of the ]ussieu Dykes appear to
indicate interaction of contemporary mantle and crust, the felsic portions of the

batholith must reflect processes resulting in remarkably homogeneous Nd and trace

element signafures. One scenario consistent with this would require a

comparatively small input of contemporary mantle interacting with a large volume

lithospheric mantle which has remained isolated for a significant time prior to
Lincoln Batholith magmatism, Estimates of the duration for whidr this reservoir

has been isolated are provided by the depleted mantle model ages (To*) of. 2.31,-

2.71, Ga, substantially older than the emplacement age of the batholith.

Alternatively, such ages may reflect interaction with contemporary crust, and will
be discussed in the section on petrogenesis below.

3.6 Geochronology of the Lincoln Batholith

Previous geochronology of the Lincoln Batholith has largely centred on

samples collected from the Cape Donington locality. Fanning (1997) summarises

conventional ID-TMS and SHRIMP U-Pb zircon geochronology for the Quartz
Gabbronorite Gneiss, MCC and Colbert Suite. The best estimates for crystallisation

ages cited by Fanning (1997) are: Quartz Gabbronorite Gneiss 1849.8+1,.1 Ma,

MCC 1850.0+6.5 Ma and 1852.5+4.4 Ma for the Colbert Suite. Therefore, U-Pb

zircon studies suggest the bulk of magmatism at Cape Donington took place at

-1850 Ma.

Previous Rb-Sr geochronology has met with mixed success in elucidating

emplacement ages. Mortimer (1984) and Mortimer et al. (1986, 1988a) report ages

for the pyroxene bearing granitoids similar to U-Pb zircon geochronology, however

Rb-Sr data for the Colbert Suite was significantly younger, at1757!1,4Ma.

In an attempt to better define the age variation within the Lincoln Batholith,

Pb-Pb zircon geoctronology was carried out on samples from Wanna and Trinity
Haven in the south and north of the batholith, respectively. Sr whole rock

geochronology was also conducted at the latter locality. These samples were

selected to test the effect of geographic spread and variation in lithology on the

emplacement age of the batholith.

Pb-Pb zircon geochronology

The Pb-Pb zircon evaporation technique as carried out in this study was

developed by Kober (1986), with the method applied at Adelaide University

outlined in Dougherty-Page and Foden (1996). The teclmique involves sequentially

evaporating layers of zircon and analysing the Pb isotopic composition in a

stepwise manner towards the core of the zircon. Ratios or.207Pb ¡20'Pb,'otpb 1206pb

and,2jaPb/'06Pb ur" thus obtained for each heating step, allowing calculation of a
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zircon age from ttte 207Pb 
/206Pb ratio which has been corrected for common Pb

calculated from the 204Pb/206Pb ratio (Dougherty-Page and Foden,1996). Coupled

with the age determination is the ability to back calculate Th/U ratios for each

analysis (Bartlett et al., in press), using the208Pb/206Pb ratio. This (Th/U)¡ value is

useful for discriminating separate zircon populations.

The limitation of the evaporation technique is that of demonstrating

concordancy. However, using data obtained from many small sequential heating

increments, and using only data plateaus in the sequence, discordance is
minimised. That is, if a sequence of analyses were discordant, then successive

heating steps would produce different measured ratios, and the data would not

plateau. Age determinations are thus conducted only on the plateaus of data sets.

Multiple analyses of zircons from within a single sample reproducing plateaus of

corresponding'o'Pb/'o'Pb and (Thlu)t ratios therefore i*ply a strong degree of
concordance for the population in question.

Two felsic units were selected for Pb-Pb analysis. SEP-194D is from

Wanna, a megacrystic augen gneiss of interest because no zircon geochronology has

previously been attempted on this unit, its location in the southern portion of the

Lincoln Batholith, and the relative styles of deformation between the mafics and

felsics at this locality (Bales, 1996). SEP-074 is a Memory Cove Chamockite

equivalent from Trinity Havery near Tumby Bay, and was chosen for analysis due

to its location in the north of the batholith, and its proximity to metasedimentary

enclaves, effectively acting as a potential source for zircon inheritance.

The Pb-Pb zircon analyses obtained identical ages, and the zircon

populations defining such ages contained the same (U/Th), ratios. The Megacrystic

Augen Gneiss in the south of the batholith gave an age of L841,+9 Ma ((U/Th), =

0.40), and the Memory Cove Charnockite equivalent from Trinity Haven gave

1841t8 Ma ((U/Th),=0.41). No inheritance was observed in the Trinity Haven

sample, however the core of one zircon from the Augen Gneiss at Wanna retumed

an age of 1907+12 Ma, with (U/Th),=0.32; significantly distinct from the main

population and is considered inherited from an older source. The homogeneity of
both ages and (U/Th), ratios obtained for the two different lithologies from

localities -50km apart suggests the main period of zircon crystallisation took place

under stable conditions in a batholith that was homogenous on a very broad scale.

Finally, despite the apparent homogeneity of ages and U /Th ratios from

zircons within the Lincoln Batholith, it must be noted that the Pb-Pb ages, even

though within error, are slightly younger than the SHRIMP U-Pb zircon ages. This

was also noted in multi grain ID TIMS work by Mortimer et al. (L986, L843+2 Ma),

whereas single grain abraded ID TIMS by Fanning and Mortimer (in prep) have
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produced ages -1849 Ma. This suggests the presence of younger rims which are

unresolvable by the Pb-Pb evaporation technique. Such overgrowths are likely to
reflect Kimban age tectonothermal activity. Indeed, Fanning (1997) reports high U
overgrowths and internal structural complexity in zircons from the Memory Cove

Charnockite, which are attributed to zircon growth at -1700 Ma.
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Rb-Sr zahole rock geochronolory

Whilst not the primary focus of this study, the measurement of whole rock

Rb-Sr data offers an opportunity to further constrain the emplacement of the

Lincoln Batholith. Mortimer (1984) reports isochrons in the range of -18L8-1890

Ma for pyroxene bearing members of the Donington Suite. These ages are generally

within error of the U-Pb zircon data of subsequent studies.

Figure 3.15a,b presents new data for the Megacrystic Charnockite and MCC

from a range of localities within the batholith (summarised in table 3.2), effectively

representing Sr isotope variations on the scale of the batholith. By contrast, figure

3.15f are samples from within a 2 m2 area at Trinity Havery and reflect
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homogenisation of Sr isotopes between both the intruding charnockite and a

metasedimentary enclave of the Massena Bay Gneisses on the small scale. Both

ages are within error of themselves and of zircon geochronology for the batholith.

Sample SEP-074, whidr retumed a Pb-Pb zircon age of 1841+8 Ma, is one of the

charnockites defining the L852+1-4Ma (2o) isochron (figure 3.15Ð. Sample SEP-LA7

was omitted from the regression in figure 3.1-5b due to its location on the margin of
a Kimban shear zone at Cape Catastrophe, and resultant Sr disturbance.
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Figure 3.15 Selected Rb-Sr whole rock isochrons for felsic units of the Lincoln Batholith.

Errors quoted adjacent age determination are 1o, those cited in the text are 2o. Regression

after method of York (1969).

Table 3.2 shows two distinct subsets of felsics in the Sr isotopic data at the

time of Lincoln Batholith emplacement. These subsets are represented by low

a) Megacrystic Charnockites

Ase lMa) =1854.84 123.67 (l.287c't
Initiaì rario = 0.?051?10.00Ò86 (0.127")
MSWD = ó2.48

b) Memory Cove Charnockite

Ase (Ma) =1855.98* 15.48 (0.83%)
Inilial raaio =0.7045 I t 0.000?6 (0. ll%)
MSWD =33.30

c) Low 87sr/86Sr,1

Ase lMâ) =1853.1212O.4O (l.l0Vo)
Iniriaì ratio =0.70253 r 0.00Ô93 (0. Í 37.)
MSWD =3.55

d) High 875r/865111aso)

Ase (Ma) =1850.0 | t 12.90 ß.1OVo\
!nÌ¡!qì ratio ¡0.7057 6 t O.00Ô49 (0.07 cù
MS'ilD = 1.88

e) Jussieu Dykes and selvages

Ape (Ma) = 1856.0114.36(O.24?ø\
Initiaì rîtio = 0.70349 t 0.00007 (0.01 7")
MSWD = 5s.95

Ð MCC and calc silicate
enclave

Aee (Ma) = 1852.25 t 6.51 (O.354o\

!qí!iqì raíiq 
= 

o.70s74 t 0.0000s (0.00%)
MS!ilD =0.14
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t'Sr 
/t'Srç¡, and high ttsr/tuSr1,¡. Sample locations suggest variations reflect proximity

of sampling site to basement (whether para- or orthogneissic) enclaves.

Significantly, both subsets yield isochrons of 1853+40 Ma (2o, figwe 3.15c) and

1850t26 (2o, figure 3.15d) respectively, within eror of both zircon geocluonology

and Rb-Sr whole rock geochronology on both the regional scale (figure 3.15a,b) and

small scale (figure 3.15f).

Analysis of three Jussieu Dykes and their surrounding selvages produce a

six point isochron which, despite some excess scatter (MSWD = 56), confine the

emplacement age of the Jussieu Dykes at 1856t8 Ma (2o, figure 3.15e), again

within error of the Lincoln Batholith (figure 3.15).

3.7 Petrogenesis and tectonic setting

3.7.L Tectonic discrimination diagrams

The Lincoln Batholith has a chemical signature whicþ on tectonic

discrimination diagrams (Pearce et al., 1984) plots across the boundaries between

within plate granites and syn-collisional and volcanic arc granites. With increasing

silica content, the position on the discrimination diagram moves from the within
plate field into the syn-collisional/volcanic arc fields (figure 3.1.6a, figure 3.16b).

The lowest silica members of the pyroxene bearing granitoids are interpreted to
represent the least fractionated and metamorphosed members of the batholith, and

are likely to be the most representative lithologies for tectonic discrimination.

Hence, the application of the discrimination diagram approach (figure 3.16)

support a within plate environment.

The Lincoln Batholith also displays A-type affinities (figure 3.L7), with
only cumulate and higtly fractionated lithologies plotting in the M-, I- and S-type

granite field of \tVhalen et al. (198f. \a/hile A-fpe magmas are not necessarily

indicative of a single tectonic environment, the Proterozoic of South Australia

contains many examples of within plate A-type magmatism (eg, the Hiltaba
(-1,592 Ma) and Spilsby (-1530 Ma) Suites of the Gawler Craton, the

Moolawatana Suite (-1575 Ma) of the Mount Painter and Babbage Inliers).

3.7.2 Discussion

Any petrogenetic model for the Lincoln Batholith must account for its trace

element homogeneity and evolved Nd isotopic signature over a large area (at least

-5000 km2, possibly more); coexisting mafic and felsic magmas; an environment

capable of sustaining protracted large scale fractionation and homogenisation; and

the generation of I- to slightly A-type magmas. A further constraint on magmatic

setting is provided by P-T data from metapelitic enclaves within the MCC
(Bendall, \994), which suggest equilibration with the surrounding crust occurred at
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-5.5 kbar, placing a minimum constraint on the depth of emplacement of -20 km.

The tectonic implications of exposing rocks emplaced at such depths at the surface

of normal thickness crust is investigated in chapters 6 and 8.
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Figure 3.17: A-type discrimination diagram for felsic portions of the Lincoln Batholith.

Adapted from Whalen et al. (1987).

a) subduction at (continental) plate margins (eg, Hildebrand et al., L987; Windley,

]-ee3)

b) fractionation from mantle melts (eg, Turner et aL.,1992)

c) derivation from and reworking of Archaean crust (eg, Mclennan and Taylor,

1.982)

d) mixing between contemporary (1850 Ma) mantle and (Archaean) continental

crust (eg, Patchett and Arndt, 1986)

e) two stage derivation from a Palaeoproterozoic underplate (eg, Wyborn, L988).

Outlined below are diagnostic geochemical, structural and isotopic features

for each of the models described above.

a) Continental plate margin related subduction regimes embrace a wide

range in magma chemistry, a response to variations in relative crustal and mantle

inputs. Flowever, features often observed along modern continental arcs include the

amalgamation of outboard terrains and juvenile crustal blocks, hydration melting

of the mantle wedge above the subducting slab and intermediate, commonly calc-

alkalic magmatism. Magmatism often persists for tens of millions of years, and

may be accompanied by syn-emplacement deformation. Depleted mantle model

ages are generally close to emplacement ages, as reflected by high initial e*o values

(eg, figure 3.18b) due to extraction of material from the mantle wedge. Discrete

plutons and heterogeneous chemical features on the tens of kilometres scale are

coûunon in plate margin settings (eg, Sierra Nevada Batholith).

b) Turner et al. (1992) demonstrated the viability of generating A-type felsic

magmas by fractionation of mafic melts. Felsic magmas thus generated would be
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expected to preserve initial t*o values comparatively close to the contemporary

mantle source from whidr they were derived. Such melts will also reflect a

relatively homogeneous source regiorç but show evidence of a source which is
clearly mafic in composition.

c) Intracrustal partial melting (eg, Mclennan and Taylor, L982) shot¡Id

produce magmas with highly evolved Nd isotopic signatures which reflect

protracted crustal residence, and higtrly siliceous compositions due to derivation

from an average continental crustal composition. Archaean model ages, very low

initial €*o values and recycled/inherited zircons are all characteristic of such

processes. Additionally, large scale crustal melting would inevitably produce

magmas containing low compatible element abundances due to the scarcity of these

elements in the continental crust. Additionally, magmas of S-type affinities due to

interaction with metasediments during either generation and/or emplacement of
the magma may also be observed.

d) Alternatively, mixing of contemporary depleted mantle and Archaean

crust has been suggested as a mechanism for the generation of large volumes of 'J-.9-

1,.7 Ga continental crust by Patchett and Arndt (1986). From the assumption that
the "...depleted mantle was the only type of type of mantle able to participate in

large scale crustal genesis...", they argue that crustal growth during this period of
the Proterozoic is driven by depleted mantle-continental crust mixing. Magmas

generated from such a process are likely to show strong crustal signatures, and

preserve high levels of crustally derived phases (eg, zircon inheritance) and crustal

trace element signatures such as negative Nb and Ti anomalies, but also reflect

contemporary mantle chemistry. Model ages are likely to be substantially older

than emplacement ages due to the input of Archaean crust. Hence, distinct isotopic

and chemical mixing arrays between crustal and depleted mantle end-members are

predicted by this model.

e) Wyborn (1988) appealed to a two stage model involving underplating of
the crust with Proterozoic mantle hundreds of millions of years prior to magma

generation. Such a two stage model effectively introduces a third source region

beyond the continental crust and contemporary mantle described by Patchett and

Arndt (1986). The advantage of such a source for magmatism is that of generating

a large volume, chemically homogeneous mafic source region with a more evolved

isotopic signature than the contemporary depleted mantle. Magma generation in

the plagioclase stability field would produce distinctive negative Sr anomalies, and

be intermediate to felsic in composition and homogeneous in both isotopic

signature and trace element patterns. Evidence of the underplating event would be

preserved in zircon inheritance and depleted mantle model ages, which are not

simply mixtures of pre-existing crustal sources. The latter would approximate the
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time of underplating , which is also manifested as thermal events within the crust,

such as mafic magmatism.

Interpretation of the Lincoln Batholith

The aim of the following discussion is to evaluate potential source regions

for the Lincoln Batholith in the context of the models described above.

Windley (1,991,, 1993 and references therein) interprets elongate terrains

such as the Ketilidian (in south Greenland) in terms of a plate tectonic paradigm.

Rapakivi granites in such settings post date peak metamorphism and deformation

by 60 Ma (Windley, 1993), clearly not the case in the Lincoln Batholith where

voluminous rapakivi granites predate metamorphism by -1.00 Ma. The Lincoln

Batholith displays low AlrO, and high FerO. at intermediate compositions (figure

3.9), inconsistent with calc-alkaline affinities. Calc-alkaline trends are often cited

(Etheridge et al., 1987;Wyborn, L988) as typical (but not necessarily diagnostic) of
subduction related settings. The Lincoln Batholith also shows a volumetric paucity

of intermediate magmatism which typifies Andean style tectonic settings, and

contains elevated KrO and Y values with respect to subduction settings. Those

subduction related settings on the modern Earth which tend towards relatively high

KrO values at comparable silica levels are continental margins, such as the

aforementioned Andean setting and the western US (see chapter 7). A feature of
the Lincoln Batholith reminiscent of Cordilleran settings is the presence of co-

existing and mingling felsic and mafic magmas, similar to the Sierra Nevada

Batholith in California;

a

L¡ncoln
B¿thol¡rh,
1850 M¡

Miltal¡e
Evenl,
-2000 Ma

Sle¡[ord Orcgeny,
-2M0-24æ Ml

4

1

+8

+4
o
o
g
o
fr.

2
0

eNd

-4

-8
05 1.0 1.5

Age (Ga)
2.0 2.5

t8 l9 2 2.r 22 23 24 25 26 2.7

Model Age (Ga)

Can¡diu b
Shield

G¡enville

Nuh¡an Shield

fescs

Figure 3.18: Nd isotopic features of the Lincoln Batholith. a) The Lincoln Batholith
preserves model ages substantially older than emplacement age. b) Intial e¡¡¿ values for

the Lincoln Batholith are significantly lower than for plate margin tectonic settings, such

as the Cordilleran and Grenvillian (adapted from Samson and Patchett,1997).
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The most significant distinction between the Lincoln Batholith and

Phanerozoic plate margin settings is in terms of their relative Nd isotopic
signatures. Figure 3.18 higtùights the difference between juvenile crust produced in
Grenvillian and Cordilleran settings, as opposed to the more evolved signature

preserved in the Lincoln Batholith. This results in distinctly older model ages for
the Lincoln Batholith than its magmatic age (figure 3.18a). For reasons elaborated

below, this evolved isotopic signature within the Lincoln Batholith is unlikely to be

derived wholly by continental crustal contamination, implying that a modem plate
margin analogue is unlikely. Structural evidence (eg, Hoek and Schaefer, 1,998)

suggests Lincoln Batholith emplacement may have occurred in an intracontinental

anorogenic to extensional setting.

Therefore, whilst individual features of the Lincoln Batholith taken in
isolation may be interpreted in terms of a subduction related accretionary margin,

the overall geometric and magmatic system is not readily reconcilable with a

subduction related setting. Further discussion on comparisons between plate
margin processes and Proterozoic magmatism can be found in chapter 7.

Derivation wholly from depleted mantle derived mafic melts is an unlikeþ
scenario for the Lincoln Batholith due to the evolved Nd and Sr isotopic character

of the batholith (t*0,,, values are in the range of. --2.2 to -4.1 (table 3.2)). Such

strongly negative values are inappropriate for complete extraction of the felsics

from the depleted mantle at -L850 Ma. Some Jussieu Dykes contain more

positivee*o,u values (up to +1.5, table 3.2), hinting at a primitive isotopic reservoir,

however the volume of such material in the batholith as a whole is relatively minor

(<5% of exposed outcrop). Additionally, the high concentrations of Rb, Th, U and

LREE at comparatively low SiOr levels suggests a sowce region containing initially
elevated concentrations of these elements (figure 3.L0), a feature inconsistent with
a depleted mantle source. In order to generate the volumes of felsic magmatism

observed in the Lincoln Batholith by mafic fractionation requires large volumes of
accompanying mafic magmatism (Turner et a1.,1992), which, despite exposure of a
significant crustal section of the batholith adjacent the Kalinjala Shear Zone (at

least -5 km thick; Bendall, L994), is not observed. \¡Vhile interaction of small

volumes of contemporary mantle with continental crust may account for the mixing

afiay observed in the jussieu Dykes, a more isotopically evolved and chemically

en¡iched reservoir appears necessary for generation of the Lincoln Batholith felsic

magmatism.

Figures 3.13 and 3.L8 could imply derivation of the Lincoln Batholith from

an Archaean source due the evolved Nd isotopic signature observed. However,

wholly sourcing the batholith from contemporary crust is considered unlikely since

the model ages for the batholith (and intitial e*¿ values) are younger than the crust

from which it would have been derived. Additionally, potential source rocks for
the Lincoln Batholith (ie, the Sleaford Complex) are heterogeneous in nature and



52

had previously experienced pervasive granulite facies metamorphism (-700-800'C

and -7-9kbar during the Sleafordian; Bradley (L979)) during which partial melting

would already have been expected to take place. Flence, reworking and partial
melting of the Sleaford Complex at -1850 Ma to generate the (homogeneous)

Lincoln Batholith would be expected to leave a substantial geochronological record

on the Sleaford Complex, which is markedly absent (see Faruring, L997). Therefore,

the Archaean crust at the current exposure level on southem Eyre Peninsula is an

unJikely candidate for a Lincoln Batholith source. Metasedimentary and

orthogneissic enclaves within the Lincoln Batholith are also unlikely to source the

Lincoln Batholith as they are too felsic to generate the intermediate members of the

batholith. The isotopic and geochemical characteristics of these enclaves is

discussed further in chapter 5, and their role in the crustal evolution of the southern

Eyre Peninsula outlined in chapter 8.
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Whilst complete derivation of the Lincoln Batholith from contemporary

continental crust is considered unlikely, it does preserve evidence of interaction

with the crust. Features such as (rare) zircon inheritance (see section 3.6; Fanrring

1997), negative Ti and Nb anomalies, comparatively evolved Nd isotopic

signatures and field relationships (figures 3.5, 3.7), suggest some degree of crustal

contamination, at least at emplacement level. The mixing model of Patchett and

Arndt (1986) is entirely feasible in the case of the ]ussieu Dykes as they define a

distinct mixing affay between contemporary crust (the Sleaford Complex) and the

depleted mantle (figure 3.13). Flowever, these comprise a volumetrically minor

portion of the Lincoln Batholith (<5"/", table 3.L), with the majority of magmatism

constrained to a narrow Nd isotopic band at the time of emplacement. This band

does not show the distinct array-like geometry of the Jussieu Dykes, displaying

only a slight tendency to a mixing curye (figure 3.13). A maximum of. -30% crustal

input is suggested by simple mixing calculations (figure 3.13). Irritial isotopic ratios

also suggest large scale crustal assimilation was unlikely (figu¡e 3.19), with no
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systematic isotopic changes with fractionation for non-cumulate lithologies.

The mechanism invoked by Patchett and Arndt (1986) may be valid if one

assumes the depleted mantle was not the sole reservoir able to participate in large

scale crustal genesis. Trace element chemistry of the large volume members of the

Lincol:r Batholith (ie, Memory Cove Charnockite, Megacrystic Chamockite and

retrogressed equivalents), suggest that the source region for the magmatism was

itself voluminous and homogeneous. Generally low MgO and Ni values in non-

cumulate members of the Donington Suite (figure 3.9), coupled with elevated REE

concentrations relative to Palaeozoic l-type granitoids suggest the source region for

the Lincoln Batholith was itself fractionated. Nd isotopes require the source to

have been isolated from the depleted mantle for a substantial period of time (figute

3.18) prior to generation of the Lincoln Batholith. A fractionated source region

would also account for enriched Rb, La, Ce, Th and U, with even cumulate

portions of the batholith (such as the Quartz Gabbronorite Gneiss) containing

relatively high concentrations of such elements. This effectively acts as a minimum

constraint on source concentration for such elements. Furthermore, the apparent

silica gap between the cumulate Quartz Gabbronorite Gneiss (55.5-57.5 weight %

SiO, at Cape Donington) and the least evolved fractionates of the MCC (-64.2%)

place bounding silica compositions on the postulated source region of the Lincoln

Batholith, suggesting an intermediate composition. This conclusion is consistent

with that of Mortimer (1984).

Wyborn (1988) suggests the presence of such an evolved reservoir for many

northern Australian terrains, and attributes its formation to a mafic underplating

event hundreds of millions of years prior to felsic magma generation. Such a two

stage model effectively accounts for evolved Nd isotopic signatures as well as

incorporating negative Sr anomalies due to magma generation in the plagioclase

stability field. Such magmas, once generated, are able to interact with
contemporary crust to varying degrees to produce the inherited zircon and negative

Nb and Ti anomalies observed in the Lincoln Batholith.

It must be pointed out that underplating is by no means the only method

available for generating enriched subcontinental lithospheric mantle, with other,

passive mechanisms such as fueezrng on of upwelling asthenosphere during

extension a viable alternative. Subsequent enridrment by the movement of small

melt fractions from the asthenosphere (eg, McKenzie, 1989; Tumer and

Hawkesworth, 1,995) after generation of new lithosphere are also plausible.

The clustering of Nd depleted mantle model ages between -2.3-2.5 Ga for

the Donington Suite (figure 3.18) suggests such ages are not merely mixtures of old

lithosphere with lithosphere formed at the time of Lincoln emplacement. Sudr a

nanow range suggests an isotopic source with its own unique Nd isotopic



54

signature. This implies an extended isotopic evolution of the Donington Suite

source independent of the depleted mantle prior to Lincoln Batholith formation,

consistent with either an underplate or enriched subcontinental lithospheric mantle.

Finally, Lincoln Batholith generation was initiated -150 Ma after extension

associated with Hutchison Group sedimentation began. Combined decompression

and thermal input associated with asthenospheric upwelling acting upon an

enriched subcontinental lithosphere may well have provided the mechanism for

Lincoln Batholith magmatism. The source of lithospheric enrichment is not clear;

either underplating as described by Etheridge et al. (1987) (which also provides a

mechanism for extension) or a steady state continuum of small melt fraction

percolation into lithosphere formed during a discrete time in the past (eg, Turner

and Hawkesworth, 1995) rnay be appropriate.

3.8 Conclusions

The Lincoln Batholith represents a large volume, dominantly felsic, intrusive

complex emplaced to a maximum of L5km depth over a comparatively short time

period around 1850 Ma. There are three distinct portions of the Lincoln Batholitþ

the syn-plutonic mafic Jussieu Dykes, the (initially) anhydrous Donington Suite and

the hydrous Colbert Suite. The majority of magmatism within the batholith is
composed of Donington Suite lithologies, which are isotopically homogeneous

throughout the batholith.

The batholith as a whole is characterised by negative Nb, Sr, P and Ti

anomalies, with a narrow range of initial Nd isotopic signatures (within two e

units). The chemistry and geometry of the batholith is not typical of a Phanerozoic

subduction related setting, nor do Sr and Nd isotopes suggest complete derivation

from pre-existing continental crust. The key trace element features, induding

elevated incompatible element concentrations at low silica levels, and evolved

isotopic signatures, are consistent with derivation of the Lincoln Batholith from a

lithospheric source which had been isolated from the depleted mantle for a

substantial period of time previously. Such a source was itself likely to be relatively

enriched in incompatible elements, and intermediate in compositiory with
subsequent trace element variation within the Lincoln Batholith imposed by

fractionation upon these source attributes. The role of contemporary mantle during

Lincoln Batholith generation was minimal but not trivial, Slving rise to the

comagmatic Jussieu Dykes; mixing products between depleted mantle and

contemporary crust. The presence of the Jussieu Dykes suggest that the depleted

mantle was either anomalously hot or close to the surface at the time of Lincoln

Batholith generatiory i-plyr.g a thermal link between melting of the depleted

mantle and the enriched lithospheric source at -L850 Ma.
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CHAPTER FOUR1

Palaeoprote tozoic magmatism of
southern Eyre Peninsula II:

The Tournefort Dykes

4.1 Introduction

Mafic dyke swarms are coûunon in Precambrian terrains (eg, Kuehner,1989;

Zhao and McCulloch, 1993a, b; Mazzucchelli et al., 1995; Condie, 1997; Cadman

et al., 1995, 1997; Hageskov, 1997). They have received considerable attention

because their lateral continuity and geologically short time scale of emplacement

(LeCheminant and Heaman, i.989; Hoek and Seitz, 1995) makes them invaluable

time markers. They also offer insights into the stress field and thermal state of the

lithosphere into which they are emplaced (Hoek and Seitz, 1995). Additionally,
they can provide geochemical information of deeper mantle reservoirs and

processes (eg, Hergt et al., 1-988; Sun and McDonough, L989; Zhao and McCultoctu

L993a; Turner and Hawkesworth, 1994).

Many Proterozoic dyke swarnìs may be related to distinct geological

features by virtue of their geometry, for example, the MacKenzie swarm in Canada

radiates from a single point, believed to indicate a plume source (LeCheminant and

Heaman, 1989). Other swarms of parallel dykes have been ascribed to lithospheric

extensional events, such as rifting. úr both cases, mafic dyke swarms may well
represent the plumbing system of associated continental flood basalt magmatism

(Fahrig, 1987). Distinguishing between mafic dyke swarnìs originating in

l The contents of Chapter 4 comprise a manuscript entitled "The Jussieu and Toumefort
Dykes of the southem Gawler Craton, South Australia" by Schaefer, 8.F., Foden, ].D.,
Sandiford, M. and Hoek, J.D., for submission to Precambrian Research. Úr the interests of
style and to avoid repetition, this chapter represents a modified form of the manuscript.
A complete copy canbe found in appendix 5.
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subcontinental lithospheric mantle and those of mantle plume orign remains

central to understanding the origin and persistence of geochemical reservoirs in the

lithospheric mantle. However, identification of the source of mafic dykes is

complicated by distinguishing between enriched lithospheric mantle sources and

contamination with continental crust. Despite this, mafic dyke swarms rarely show

geochemical evidence of such contamination (eg, Weaver and Tarney,1981; Hergt

et ã1., 1989; Tarney, 1992; Zhao and McCulloch, 1993a; Condie, L997).

Consequently such swarms provide excellent opportunities for identifying the

geochemical signatures of mantle reservoirs and their evolution through time

(Condie, 1997).

The following chapter uses the geometric, isotopic and geochemical

attributes of the Palaeoproterozoic Toumefort Dykes of the southem Gawler

Craton, to assess the level of crustal contamination, source region characteristics

and place constraints on the nature of subcontinental lithospheric reservoirs for
Palaeoproterozoic continental mafic magmatism.

4.2 The Tournefort Dykes

The Tournefort Dykes form a suite of gabbro to gabbronorite dykes and

retrogressed equivalents, observed to crosscut all units of the Lincoln Batholith

(including the Jussieu Dykes) were deformed and partly metamorphosed during the

Kimban Orogeny, and in places (eg, West Point, Kirton Point) contain peak

metamorphic assemblages. The timing of the Tournefort Dykes is thus bracketed by
Lincoln Batholith magmatism (-1850 Ma) and peak Kimban metamorphism

(-1730 Ma, Bendall, 1994; Hand et al., in prep.).

As noted by previous workers, such as Mortimer (1984) and Mortimer et al.

(1988b), two distinct types of mafic rocks occur on the southem Eyre Peninsula.

These include gabbroic and picritic rocks with a clearly dyke like geomeÇ

preserving primary igneous textures as distinct from tectonically concordant

boudins of amphibolite with appreciable or complete metamorphic

recrystallisation. Detailed mapping has demonstrated that these amphibolites in
the Lincoln Batholith preserve the same geometric relationships and are in a broad

geochemical sense analogous to the Tournefort Dykes, but are generally found in
zones of higher strain and metasomatism. Thus, in this contribution the

amphibolites are considered to be retrogressed equivalents of the Tournefort

Dykes. However, the bulk of discussion will focus on relatively pristine dykes from

regions of low strain and deformation since such areas preserve the most

information regarding petrogenesis and magmatic chemistry
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horn tip host rock bridge

apophysis

step

widened

multiple steps

rafted host rock bridge

Figure 4.1: Evolution of dyke propagation features observed in low strain zones on southem

Eyre Peninsula. Dyke tips propagate either vertically or laterally (A). Extension cn the
inner surfaces of the tips causes the formation of apophyses (B), which may ultimately
breach the bridge of intervening cor.mtry rock , forming a step (C). Continued passage of
material through the step can cause it to widen (D), ultimately resulting in a dyke of
original thickness, containing parallel margins with relict hom tips (E). In some cases,

multiple steps may be formed (F), forming a raft of host rock material within the body of
the dyke (G). Scale: from millimetres to tens of metres.
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Egue 4.2: The Toumefort Dykes
a)Dyke propagation features on
thenorthwestem tip of Williams
Island. Apophyses on dyke hom
at left of pictur€ are propagating
ûowards broad horn on right of
picture. See figure 4.1b for a
schematic representation.
Notebook is -15cm long.

b)Effect of deformation on
initially planar mahc bodies.
Continued deformation has
resulted in discontinuous bodies
after failure in boudin necks.
Broad dyke in cente is -lm wide.

c) Cunpetenæ cqrtrasß between
a Toumefort Dykg a relict hom
(fìgure 4.1e) and host Lincoln
Batholith augen gneiss. In this
example the host gneiss is
behaving more rigidly than the
surrowding mafic. Kirücn Point
boat ramp, pen -14cm long.
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Regions of low strain, particularly Williams Island, West Point and
Mclaren Point preserve a plethora of dyke propagation features, allowing

distinction of two dyke emplacement events, characterised by NNW-SSE (-330-
350'T) and NE-SW (-25-60'T) trending orientations (Hoek and SchaeÍer, L998).

Crosscutting relationships on Williams Island suggest the NE trending set to be

younger than the NNW trending dykes. Features such as arrested dyke tips, horns,

steps, bridges and rafted bridge material (figures 4.1,, 4.2a) are typical of dyke
propagation (Hoek, 1994). \Atrhile a range of other dyke and amphibolite

orientations are observed along the coast of southern Eyre Peninsula (Giddings and
Embleton, 1976; Hoek and Schaefer, 1998), these often reflect rotation due to
Kimban deformation. Hence, while the orientation data is considered a useful tool
in demonstrating the existence of several dyke emplacement events, it is by no

means considered grounds for a definitive classification on the outcrop scale.

Localities such as Kirton Point (figure 4.2c) have been interpreted by some

(eg, Tilley, 1921'c) to contain amphibolite gneiss which was engulfed and orientated

by the intruding felsic gneiss. However, outcrops at Wanna demonstrate how
discontinuous mafic bodies can be formed by deformation of initially planar dykes
(figure 4.2b; Bales, 1996).

4.3 Geochemistry

The Tournefort dykes are composed of four geochemical groups, reflecting

both initial magmatic variation and variable subsequent metasomatic alteration
associated with deformation and metamorphism during the Kimban Orogeny.

Flowever, all geochemical groupings possess (to varying degrees) negative Nb, Sr

and Ti anomalies, along with depleted Y values.

High Mg Tholeütes (HMgT)

Dykes of this group range from picritic to gabbronorite in composition, with
variable degrees of secondary amphibolitisation. Their chemistry is distinctive by
virtue of very high Mgo contents (12.1'-24.1,%) at low Sio2 Ø6.2-53.9%) and CaO

(3.9-1'1'.0%). The HMgT also contain comparatively low levels of LILE and

Pronounced Nb, Sr and P depletions. They contain the lowest levels of LREE of
any Tournefort Dykes (figure 4.3) and the highest Ni (382-1228 ppm) and Cr
(1027-41'66 ppm). Primitive mantle normalised patterns for elements more

compatible than Sr tend to be fairly flat (figure 4.3), and in some samples the

absolute abundances of Sm, Ti and Y is less than both N- and E- type MORB's.
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Lithology H.Mgr HMRr
Ampfub.

SEP-148 SEP-024
Memory Pt. Boling

Cove
1.8L2 18L2

¡er( [

SEP-081

WestPt

1.812

ttba I
Amphib.

7028-99 SEP-270
WestPt Williams

Island
181.2 18L2

uolerrte ljolerite Dolerite
Amphnr.

sEP-220 SEP-260 1028-110
West Pt Williams TumbyIsland Hil[sL8L2 1812 1-812

Sample #
Location

Est Ase (Ma)

SiO2"/"
Al2Oso/"
FerOr"/"
MnO%
IllgO%
CaO%
NarO%
K2OY"
TiOzY"
P2O5%
s03%
LOT%
TOTAL

49.07
8.99

11.95
0.19

2I.39
6.74
0.78
0.50
0.55
0.08
0.01

-0.24
100.01

47.39
12.96
t2.r0
0.19

12.06
1.0.96

r.97
0.81
0.58
0.09
0.00
1.10

100.21

51.00
74.40
18.02
0.22
4.62
8.80
2.29
1.73
1..76

0.35
0.02

-2.94
I00.26

49.79

73.63
16.75

0.24
5.29
9.43
2.6r
1.13
2.1.7

0.27
0.01

-0.51

100.8i

47.70
t4.48
15.35

0.22
7.24
9.96
2.69
0.69
1.58
0.77
0.03
0.1.6

700.27

56.7t
t4.84
77.73

0.1.7

3.89
7.06
0.65
1..57

1.40
0.19
0.02
1.91.

100.14

48.07
13.19
t7.93
0.26
6.42
9.67

2.38
0.51

2.7r
0.20
0.04
0.06

1.00.78

53.33
17.65
11 .03

0.15
4.40
9.49
3.05
1..2L

1..t2
0.20
0.00

-0.20

101.43

Rb
Ba
Th
U
Nb
La
Ce
Pb
Sr
Nd
Zr
Sm
Y
V
Sc

Cr
Ga
Er
G
Dy
Er
Yb

lð.Þlz
154.0

2.6

0.9
4.4
l2
14

2.2
86.487
9.889

74.7
2.t51

14.6
186

25.7

3009
9.6

0.588
2.31.0

2.287
1.382
1.373

+/./ óL

118.0
0.9

1.8

3.1

J

t2
4.1.

80.243
6.240

38.5
7.654

16.8
254.5

36.8
1.262

13.7

5b.övö
671.0

3.9

1.9

11 .0

34
79

10.6
208.945

31.912
767.1
6.999

42.2
307.5

39.5
67

22.7

L / ,ZJV

165
3.0

0.1

9.7
15

4l
4.9

t64.702
78.875

130.4
5.040

37.3
466
44.9

97

22.2

J).JðJ

301.0
6.0

2.3

12.7
21
59
8.5

135.544
26.338

203.4
6.626

49.0

410.3
38.3
154

22.3

Jð. I OY

432
5.2
2.6

71..4

33
6l
9.4

248.553
24.300

L52.8
4.890

28.5
275
23.2

86
22.0

ZJ. IUO

t94
3.1

1..2

7.4
15
37
7.1

177.1.05

t8.952
712.0
4.594

27.5
363
37.7
792

22.3

Y5.6¿V

234
9.L

4.2
10.1

79
54
5.5

150.898
25.076

169.3
5.782

32.8
295.8

35.8
25

21_.2

totNdTt* *o
2o
tnts*7tnn*o

T 1o¡"1¡ Nd
tua(Ð

0.511570 0.572063 0.511627 0.5723L3
0.000050 0.000064 0.000059 0.000036

0.1316 0.1603 0.t327 0.1615
2.67 2.70 2.60 2.1.3

-5.72 -2.77 -4.85 1.85

0.5\2767 0.511436 0.512085 0.57t876
0.000056 0.000024 0.000032 0.000059

0.1522 0.7217 0.7466 0.1398
2.16 2.6't 2.16 2.37
1,.17 -6.04 0.86 -7.64'

0.733129 0.7L7462 0.7L2885 0.751932
0.000120 0.000026 0.000036 0.000049

1.1851 0.4447 0.3777 1.8413
0.70224 0.70587 0.70304 0.70394

87st /86sr
2o
87Rb/86sr
87Sr 

f 865r

0.7221.15 0.7 4007 4 0.726084 0.7t0I67
0.000048 0.000165 0.000049 0.000040

0.6202 L.7265 0.7893 0.3027
0.70595 0.69508 0.70551 0.70228

Table 4.1 ta Tournefort Dykes with new isotopic data.
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Iron (Fe) Rich Tholeütes (EeRT)

The Fe rich tholeiites are a series of variously amphibolitised dykes with

Fe2O3r > 'l.6yo, and elevated (up to 3.6%) TiOz. They are slightþ LREE enriched,

and contain widely varying LIL element concentrations (eg, Ba = 56-502 pprn), a
reflection in part of element mobility during amphibolitisation. FeRT dykes tend to
high V concentrations with respect to the rest of the Tournefort Dykes, as well as

containing elevated Rb, Ba, andZr.

High Bø Tholeütes (HBaT)

This group of mafics typically outcrops as planar arrays of amphibolite

rafts and boudins, commonly with partial melts and leucosomes generated in
boudin necks and on raft margins (eg, centre of field in lower mafic in frgwe 4.2c,

on tip of bottom portion of central dyke in figure 4.2b).Individual dykes are not as

prevalent in this group as in the remainder of the Tournefort Dykes. The

distinguishing character of these mafics is their high (>600 ppm) Ba, (figure 4.3).

SiO2 Ø9.3-58.3%), K2O and Na2O levels. They also contain high Rb, Th, Sr, Pb and

LREE concentrations (table 4.1). Although it is tempting to attribute many of these

features to amphibolitisation, figure 4.3 compares the effects of different

metamorphic assemblages on bulk composition for the main dyke groups. \tVhile

there is some variation in chemistry within groups with increasing degrees of
amphibolitisation, it is clear that overall trace element patterns broadly reflect

initial compositions. The implications of what such initial compositions may mean

are discussed below.

Unøssigned Tholeütes

By far the bulk of the Tournefort Dykes fall into this category. A range of
tholeiitic dolerites are observed, induding plagioclase- and orthopyroxene-phyric

dolerites, variably amphibolitised equivalents, and unaltered even grained

dolerites. Due to both initial compositional variation and subsequent

amphibolitisation, the tholeiite dykes possess a broad range of chemical

compositions. SiO2 values range horrt 47.0-53.1y", with moderate levels of MgO

(5.1-9.7%) and the highest values of CaO (8.6-12.5%) for the Tournefort Dykes.

The bulk of unassigned tholeiites are Sr depleted with weakly developed negative

Ti and Y anomalies, however absolute trace element abundances trend to higher

values than for the HMgT. A wide spread in LILE (K, Rb, Ba) concentrations

possibly reflects varying degrees of amphibolitisation and metasomatism during

the Kimban Orogeny.



62

1000__

100

l0

1000

100

10

1000

1000

00

0

(.)

(n

É
0)

!
o.
0)
Þ.

d
Ø

High Mg tholeiites

Fe rich tholeiites

High Ba Tholeiites

Unassigned Tholeiites

100

10

RbBaThU NbK LaCePbSr P NdZrSmTi Y
Figure 4,3: Comparative trace element variation diagrams displaying initial
compositions and the effects of amphibolitisation of the Toumefort Dykes. Broad solid

lines = undeformed dykes, narrow solid lines = hb+bt amphibolites and dashed lines = gt

bearing amphibolites.
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4.4 Isotopic characteristics

Nd isotopes define two distinct groups within the Tournefort Dykes. One

group contains dykes with high spa(rsrz) values (+1.9 to -1-.6), with the other group

containing eNla(rarz) values in the range -2.8 to -6.0. This subdivision is independent

of the previously described geochemical groups, an effect mirrored in their Sr

isotopes. t'5, 
¡t'Srç¡ ratios show similar ranges for each geochemical group, rangng

from 0.70304-070582 for the Unassigned Tholeiites through 0.70385-0.70551 for

the HBaT. Only the FeRT show a narrow range (0.70224-0.70228) which probably

reflect a sampling bias due to the small number (two) of analyses. Sample SEP-024

shows evidence of strong Rb enrichment during amphibolitisation of the HMgT (see

below), resulting in anomalously low ttsr/t'Sru, ratios. The two Nd isotopic gïoups

are also present in the Sr isotope data, with samples containing low e¡¿1¡ values

also containing correspondingly radiogenic Itsr/tusr1¡ signatures (>0.7045).

Samples with high e¡¿1¡ values typically have ttsrl86Sr(i) <0.7045 (table 4.1).

Therefore, while the isotopic data contains little information within individual

geochemical groups, the apparent coupling of the Nd and Sr isotope systems

suggests the data reflects an important petrogenetic process.

4.5 Geochronology

Mafic dykes are valuable geochronological markers due to their lateral

continuity and their short period of emplacement (eg, Zhao and McCullodr,

1993b). Historically, however, precise age determinations of mafic lithologies has

been fraught with difficulty. For example, the relatively low total concentrations of
radioactive elements and minimal compositional variation result in a narrow range

of parent/ daughter ratios, producing large errors in fitting whole rock isochrons.

Low levels of accessory phases (such as zircon) amenable to geochronology means

mafic dykes pose problematic geochronological targets compared to more

commonly studied felsic suites. úrtemal mineral isochrons have been used to

constrain emplacement ages on comparatively unaltered and undeformed dyke

suites (eg,Zhao and McCulloch, 1993b), however such an approach is complicated

in the Tournefort Dykes due to the effects of the Kimban Orogeny (as observed in

Hand et al., in prep).

Previous studies (eg Black et al., 1991,; Lanyon et al., 1993) have made use

of comagmatic felsic segregations within dykes as sources of radiogenic element

bearing phases. Such segregations represent late stage fractionates of the mafic

magmas emplaced in veins oriented perpendicular to, but not progressing beyond,

dyke margins due to contraction during cooling. Their chemistry is often sufficiently

siliceous to allow crystallisation of accessory phases such as zircon which are able
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siliceous to allow crystallisation of accessory phases such as zircon whictr are able

to be dated by conventional techniques. Of utmost importance in such studies is
the demonstration of the comagmatic nature of the felsic segregations with the

dykes (as opposed to later generations of crosscutting veins), and the

discrimination between populations of inherited phases (eg Black et al., 1991) from
those associated with fractionation and crystallisation of the felsic segregation in
question (eg, Lanyon et al., 1993).

4.5.1 Pb-Pb zircon evaporation geochronology

A zircon bearing felsic segregation from a dyke in the low strain zone at
Mclaren Point (sample GC-99) was identified as a potential geoctuonological

target. This sample preserved diffuse margins with the host dyke, does not
continue beyond the dyke margins into the host Lincoln Batholith lithologies and is
less siliceous than later (Kimban) felsic veins which crosscut both the dyke and
host gneisses. This segregation therefore places a minimum age constraint on the

host dyke containing it.

Only a small number of zircons (-20) were ret¡ieved from -L0 kg of sample

GC-99, upon which Pb-Pb evaporation geochronology was attempted. Details of
this technique are outlined in section 3.6, with fu¡ther information in Appendix L.

Only 5 of the zircons analysed contained sufficient Pb to form a stable beam

enabling data collection.

On the basis of (U/Th)t, age and running criteria, two populations of zircon

were identified in GC-99 (fig*e 4.4) neither of which are observed in the host
Lincoln Batholith lithologies (see section 3.6). The populations comprise a younger,

high (u/Th)¡ population at 1798+8 Ma ((u/Th)t -0.45), and a slightly older, low
(U/Th)r population ((Th/U)t -0.37) at 18L2+5 Ma. Both populations are a

marked contrast to magmatic Lincoln Batholith zircons from Tumby Bay and

wanna (184118 and 1841+9 Ma respectively, (Th/u)r -0.40). u-Pb zircon

analyses on the Quartz Gabbronorite Gneiss at Cape Donington and the Memory

Cove Charnockite at Memory Cove by Fanning (1997) and Fanning and Mortimer
(in prep) also show no evidence of zircon growth at 1798 -1812 Ma.

The reproduction of the age populations in multiple zircons and the marked

absence of a Lincoln Batholith component in the zircons analysed, coupled with
higher (Th/U)r ratios measured in GC-99, suggests the ages record reflect periods

of new zircon growth. Thus, the youngest age obtained from the felsic segregation

places a minimum age constraint on the mafic dyke. Both ages obtained are

consistent with the lithological and structural controls on Tournefort Dyke

emplacement.
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Figure 4.4: Summary of Pb-Pb zircon evaporation data from 4 zircons in sample GC-99 by

block. Horizontal lines indicate mean values for the older and yol¡nger populations, error

bars are 2o. Solid squares are back calculated U/Thal ratios for corresponding blocks. The

data is arranged in ranked order of age calculated for each block analysed.

Several scenarios can be envisaged for the presence of two unique zircon

populations, including the younger age representing the time of dyke emplacement

and the older component a mixing age beyond resolution of the evaporation

technique with inherited zircons from the Lincoln Batholith. This is consistent with

Lanyon et al. (L993) who noted a large component of inheritance in zircon studies

from the Vestfold Hills. Alternatively, the younger age may be a mixing age formed

by Kimban overgrowths with the magmatic emplacement age at 1812t5 Ma. At the

time of writing it is difficult to distinguish between the two alternatives, except to

note in passing that the high (U/Th)¡ ratio of the rims is consistent with

metamorphic growth. Whilst there is evidence for this elsewhere in the Lincolr

Batholith during the Kimban, the Mclaren Point locality is a low strain area

preserving fine scale magmatic relationships and typical bulk rock chemical and

isotopic signatures. Also, as discussed above, the Tournefort Dykes have proved

suprisingly robust to large scale metasomatism during amphibolitisation. kr

conclusion it would appear that the Tournefort Dykes can be no older than L8L2+5

Ma, and no younger than 1798+8 Ma, both ages which are consistent with the

regional geological constraints.

4.5.2 Rb-Sr whole rock geochronology

Previous attempts at whole rock Rb-Sr geoctronolog'y on the Toumefort

Dykes have been inconclusive (Giddings and Embleton, 1976; Mortimer, 1,984;
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Mortimer et al., 1988b). As an adjunct to an extensive palaeomagnetic survey of
the Tournefort Dykes on Eyre and Yorke Peninsulas, Giddings and Embleton

Q976) cite ages of 1500t200 Ma and 1700+100 Ma for the two palaeomagnetic

groupings of dykes observed, however no data is presented. Mortimer (198a)

calculated an age of. 1,539+251 Ma for his Group A mafics, and Mortimer et al.
(1988b) reported -1600 Ma for a number of regressions on the mafics in the Port
Lincoln area.

Whole rock studies of mafic dykes are inevitably constrained by the narrow
range of bulk compositional variation within a suite, the implicit assumption of
cogenesis of parallel mafic dykes and subsequent mobility of Rb and Sr during

metamorphism. The net result is that while whole rock Rb-Sr data may place broad
constraints on the age of the Tournefort Dykes, detailed whole rock studies are

unlikely to provide new insights.

In the course of petrogenetic sampling in this project, seven new whole rock

analyses were generated, which, coupled with two previously unpublished

analyses of Bendall (1994) and the existing data set of Mortimet (1984), prompted
a re-evaluation of the status of whole rock Rb-Sr geochronology of the Tournefort
Dykes.

Isochrons generated for each of the major geochemical groupings described

above invariably retumed a range of ages, some older than the Lincoln Batholith
they were intruding (and obviously not of geological significance) and some of
post-Kimban Orogeny age (table 4.2).

Table 4.2: Summary of whole rock isochron ages for geochemical groupings in the
Toumefort Dykes. * = two point "errorchron", #= discarding metasomatised sample SEP-

024 from regression.

The seventeen least deformed members of the dataset viewed as a whole,

define an isochron of 1,817+43 Ma (2o) with a MSWD of 38 and initial ratio of
010365. Whilst the error is clearly large and covers a range of geologically feasible

events, including Lincoln Batholith emplacement and initiation of the Kimbary the

low initial ratio and large spatial diversity of samples used in construction of the

Geochemical Group Number of

samples

Age (2o error) MSWD

HMgT

HBaT

FeRT

Dolerite Dykes

All Tournefort

J

2.

2'

10

170

1.796+28

-L976

-1809
1.646+33

181.7+43

135

58

38

0.70559

0.70362

0.70229

0.70475

0.70365
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isochron suggests cogenesis. Significantly, the isochron age is within error of the

1'81'2+5 Ma age determined by Pb-Pb zircon evaporation for Tournefort Dyke
emplacement. While taken in isolatiory little emphasis would be placed on the Rb-

Sr whole rock isochron, however coupled with the Pb-Pb data, it would appear to
corroborate the emplacement age of the Tournefort Dykes.

4.5.3 Sm-Nd whole rock geochronology
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r-l

zcîs
F(

0.10 0.1I 0.12 0.13 0.14 0.15 0.16 0.r7

14791117144¡¿

Figure 4.5: Isochrons generated for the two Nd isotopic groups of the Toumefort Dykes.

The Tournefort Dykes form two groups of distinct isotopic signature. One

group contains dykes with higher ÊNra(rsrz) values (--2 to +L), with the other group

containing sNa(rsrz) values in the range --3 to -6. These two groupings are also

reflected in the depleted mantle model ages of the dykes, with the higher sNa(rsrz)

group containing Tply1 values of. -2.'1.-2.4 Ga, and the remainder containing older

TDM's at -2.6-2.7 Ga. \tVhile the absolute values of Tp¡a "ages" are strictly model

dependent, and may have little strict geological relevance, they do place broad

constraints on the crustal prehistory for a set of magmatic rocks. It must be

stressed that in the case of the Tournefort Dykes, the two Nd isotopic groupings

observed are independent of any of the previously discussed geochemical or

orientation groupings, suggesting calculated model ages are artefacts of processes

involved in both source and dyke generation.

Using the isotopic subdivision described above, two isochrons are

generated from the available dataset. Those dykes with higher €N¿(rsrz) values

Tournefort Dykes with high eNalrarz¡
Age (Ma) : 2510.66 + 225.15 (8.97%)

Initial ratio : 0.509644 + 0.000222 (0.04%)

MSWD: 1.21

e¡¿1¡ : +5.13

+

--t--+'-r

Toumefort Dykes with low eNa1rSrz¡
Age (Ma) =2864.53 + 134.40 (4.69%)

Initial ratio:0.509086 + 0.000103 (0.02%)

MSWD: 5.73

e¡¿1¡¡ : +3.31
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produce an array with an age of 2510Ð25 Ma (1,o), and comprise samples with a
generally lower radiogenic component (figure 4.5), whereas the more evolved dykes

define an older array (286411.34 Ma (1o)) with lower tnlrJd/t*Nd 
components

(figure 4.5).

\¡Vhile both ages are clearly too old to reflect emplacement ages, they are

broadly equivalent to model ages within the more evolved portions of the

Tournefort Dykes. Such features have been observed previously (eg, Zhao and

McCulloch, I993a), potentially offering insights into the petrogenesis of the

Tournefort Dykes, and will be discussed in this context below.

4.5.4 Tournefort Dyke geochronology summary

Pb-Pb zircon evaporation data from a felsic segregation interpreted to be

comagmatic with Tournefort Dyke emplacement impose a minimum age of 1798+8

Ma and a likely emplacement age of 18L2+5 Ma. \tVhole rock Rb-Sr data on the

least deformed and metamorphosed samples of the suite as a whole define an

isochron at 1817+43 Ma, of the same order as the Pb-Pb data. \¡Vhile the Pb-Pb age

is likely to record crystallisation of a single dyke, the Rb-Sr data suggests this age is

applicable to dykes within the larger Tournefort system. The coincidence of ages by
independent isotopic systems on different rock samples suggests 181215 Ma is a

best emplacement age estimate for the Tournefort Dykes, with a minimum age of
1798+8 Ma defined by a younger zircon population.

Sm-Nd whole rock data record no information of Tournefort emplacement.

Flowever, "isochrons" defined by the two isotopic groupings observed within the

dykes may reflect a long lived enriched mantle source for the Tournefort Dykes.

4.6 Petrogenesis

The Tournefort Dykes show trace element patterns similar to that of the

continental crust. They are LILE and LREE enriched, and distinctive by virtue of
negative Nb and Sr anomalies, and also have depleted Ti and Y values (figure 4.3).

One subdivision on the basis of isotopes preserves crustal signatures in the form of

unusually negative initial s¡¿ with correspondingly higher 8tsr78usr1¡ values for

mafic dykes. At the time of emplacement, t¡¿ values of such Toumefort Dykes are

more negative than the host gneisses of the Lincoln Batholith they intrude, and only

slightly more evolved than the Sleaford Complex regional basement (figure 4.6),

effectively ruling out emplacement level contamination. Therefore, elevated
g'Sr¡tusrç¡ 

ratios coupled with evolved Nd isotopic signatures requires magma

production from an environment that has an extended history of enridrment in
incompatible elements, which is not preserved at the current erosion level.
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With these constraints in mind, there is in essence two options for the
generation of basaltic magmas with crust-like signatures; 1) mantle derived

magmas contaminated during ascent through (and/or ponding in) the lower crust
to a degree that essentially swamps source trace element characteristics; or 2)
derivation from a portion of the mantle that has essentially crust-like isotopic and
LILE signatures. The further option of emplacement level contamination seems

limited in effect due to the extreme isotopic signatures, as noted above.

4.5.1 Constraints on crustal contamination

Samples most likely to have suffered crustal contamination are clearly those

with strongly negative eNd(ì) values. Samples from the HMgT, HBaT and Dolerite

dykes are in this group, with FeRT restricted to more primitive e¡.,¡¿1¡ values. hr

order to evaluate the amount of crustal interaction, the following discussion will
centre on those dykes most likely to exhibit contaminatiory ie, those with more

evolved Nd isotopic signatures (see table 4.1).

The absolute Nd concentrations in the least siliceous non cumulate members

of the Dolerites and HMgT tend to low values (<19ppm, HMgT = 6-10 ppm).
Typical oceanic and continental tholeiites contain -7-1,0 ppm, compared to values

typically >30 ppm in southern Gawler Craton crust. Therefore, in order to maintain
low Nd concentrations in the melt, any potential crustal contaminant would need

to be LREE depleted (ie, contain low Nd concentrations), or be mixed in small

enough quantities to prevent significant perturbation of the Nd concentration. Since

both the Sleaford Complex and Lincoln Batholith are comparatively Nd enriched

(Nd -30-70 ppm for large volume lithologies), the former seerns untenable. Dykes

containing evolved Nd signatures are distributed widely within the Lincoln
Batholith, and comprise approximately half of the total dykes analysed for Nd
isotopes. Such widespread and large scale variations in signature coupled with
close proximity of dykes with more primitive Nd signatures at localities such as

West Point argue against small volume mixing.

The Tournefort Dykes also maintain linear arrays on fu¿11s12¡ vs Sm/Nd,
1/Nd and La/Sm plots (not shown). Such correlations are indicative of simple

two component mixing. Situations involving more than two components, or more

complex -i*itg processes (such as AFC) are likely to result in non-linear

relationships (Zhao and McCulloch, 1993a). Furthermore, if simple two component

^i*i^g 
did take place, the linearity requires mixing with a crustal contaminant of

unique composition. However, the most likely contaminant (the Sleaford Complex)

displays a very heterogeneous nature, in both isotopic and trace element

geochemical terms. Therefore, such trends would require contamination to have

taken place within a specific (homogeneous) portion of the Sleaford Complex
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(figure 4.6), which seems unlikely given the spatial distribution of dykes defining

the trends.

Contamination by silicic crust also fails to account for the low SiO2 and

htgh mg# of non-cumulate dykes in both the HMgT and Unassigned Tholeiite

groups. So too, low e¡¿1¡, HMgT samples display primitive mantle normalised

patterns with values similar to or less than N-MORB sources for elements more

compatible than Sr. This makes generating the required compositions by bulk

-i*i.g of crust with tholeiitic magmas difficult, particularly when trying to
maintain a balance with incompatible elements, whidr are strongly depleted in N-
MORB. Additionally, a number of key trace element ratios lie outside of N-MORB-

crust mixing trends; egTi/Y andZr/Y for example are too low, and Sc/Y too hiþ
to be a result of simple mixing. Therefore, while only comparatively small amounts

of contamination are necessary for the LILE and some LREE, compatible elements

such as Sm, Ti and Y require large proportions of contaminant to produce

signatures observed in the HMgT.
6

Depleted Mantle

Low e
dykes

Enriched Source

87917869, (1812)

Figure 4.6: Nd-Sr isotope mixing curves between the depleted mantle, contemporary crust

(ie, Sleaford Complex) and an enriched mantle source at the time of Toumefort

emplacement. Mantle values from Sun and McDonough (1.989), enriched (kimberlitic)

source from Wedepohl and Muramatsu (1979). Tick marks at10"/" intervals.

This effectively leaves two possibilities; L) the Tournefort Dykes have been

contaminated by crust of a very specific composition, which is not exposed on the

southem Gawler Craton or 2) the trace element and isotopic signatures reflect

mantle source processes and have seen neglgible crustal contamination. Regarding
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former, glvm that the top of the Lincoln Batholith was at -1s km during

emplacemenÇ and the structural level of the batholith exposed in the Kalinjala
Shear zone is a minimum of several kilobars deeper (Oussa, L993; Bendall, 1,994;

Hand et al., 1995; Hand et al., in prep), the Lincoln Batholith occupies a portion of
the middle to lower crust with exposed vertical relief of some 5-6 kilometres. With
extension taking place during Lincoln Batholith emplacement, and again during
Toumefort emplacement, only a comparatively thin and attenuated section of
lower crust would have been available to act as a contarninant to the Toumefort
Dykes. The composition of such lower crust is inaccessible by direct means, as the

only enclaves observed within the Toumefort Dykes are locally derived Lincoln
Batholith felsic gneisses. However Nd isotopes suggest that the only crustal
contaminant available to the Lincoln Batholith was the Sleaford Complex (see

chapter 3). Hence, the only observable crustal contaminant available to the

Tournefort Dykes either directly or indirectly (via a two stage process involving the

Lincoln Batholith) was the Sleaford Complex. Since neither of the isotopic
groupings within the Tournefort Dykes define mixing arrays with Sleafordian crust
(figure 4.6), another source for this signature is required. Such a conclusion is

consistent with the geochemical constraints discussed above.

Therefore, it would seem the apparent crustal signature of the Toumefort
Dykes is a reflection of mantle source characteristics. The presence of enriched

lithospheric mantle reservoirs beneath continental crust has been documented in
many parts of the world, (eg, Menzies et a1., 1987; O'Reilly and Griffin, 1988;

Griffin et al., 1988 and references therein), and have been appealed to as sources

for mafic magmatic events which preserve similar trace element and isotopic
characteristics to the Tournefort Dykes (eg. Hergt et al., 1989; zhao and

McCulloch, 1993a). Eruiched lithospheric mantle beneath the Gawler Craton is an

appropriate chemical reservoir for the derivation of the Tournefort Dykes, as it is
likely to be relatively enriched in incompatible elements, yet still relatively depleted

in compatible elements. Isotopically however, samples of the subcontinental

lithosphere from beneath the Gawler Craton in the form of xenoliths from
kimberlites (Song, 'J.994), are not evolved enough to produce the signatures

observed in the Tournefort Dykes. Instead, while the primitive Tournefort Dykes

define mixing trends between the depleted mantle and lithospheric mantle (figure

4.7), th.e low t*0,,, dykes trend towards an isotopically enriched source, such as

that observed in the EM 1 ocean island basalts (OIB's). EM-L is associated with
plume magmatism at the Pitcairn and Tristan hotspots on the modem Earth
(Hofmann,1997), suggesting a role for plume related magmatism in Tournefort
Dyke genesis.
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Figure 4.7: Isotopic variations with HFS/LILE ratio (Zr/Ba) with potential mantle

reservoirs highlighted for the Tournefort Dykes. Note the tendency to scatter between an

asthenospheric and subcontinental lithospheric source. Note also a trend for a subset of

the Toumefort Dykes towards an OIB or plume related source. Cutoff Zr/Ba ratio = 0.5

arbitrarily derived from Hawkesworth and Gallagher (L993); Xenolith data from Song

(7994). EM I = Enriched Mantle reservoir I, EM II = Enriched Mantle reseryoir II, both

subsets of OIB's (Ocean Island Basalts). N-MORB = "Normal" Mid Ocean Ridge Basalt.

4.7 Discussion
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1) subduction of continental crust into the upper mantle resulting in enrictred

lithospheric mantle (Hergt et al., 1989;Zhao and McCulloch, 1993a)

2) Plume driven, oIB type sources; some of which (eg HIMU) are not observed in
mafic dyke swarms until the Neoproterozoic (Condie, 1997),

and 3) progressive enrichment of previously depleted subcontinental lithospheric

mantle, either by continuous melt percolation from the asthenosphere (Erlank et al.,

1987; McKenzie,1989; Tumer and Hawkesworth, 1995) or specific enridrment

events.

The features outlined in the preceding section suggest that the Toumefort
Dykes reflect the interplay between potentially three mantle sources; that of
depleted mantle characteristics, one with a plume derived component and an

enriched subcontinental lithospheric mantle.

A mechanism for generation of new continental lithosphere exists on

southern Eyre Peninsula. Freezing of asthenosphere to the base of the lithosphere

during sedimentation would allow the generation of a relatively primitive reservoir

with MORB-like characteristics. However, the shallow nature of the Hutchison

Basin (-3.5 km, N. Lemon, pers conun.), requires that the total volumes involved

be relatively small, suggesting derivation of primitive Tournefort Dykes wholly
from such a source is unlikely. The mixing arrays of the primitive dykes could
therefore reflect interaction between relatively juvenile lithosphere with depleted

mantle signatures, and the enriched subcontinental lithospheric mantle.

Additionally, the source of both heat and material for Tournefort

magmatism may be derived independently of the local geology. Enriched

asthenospheric sources for plume related magmatism may offer an alternative

origin, (figure 4.7) however this merely moves the initial source of the enridrment

one step further back, i-ply*g an effective mechanism existed for enridring, and
more importantly, preserving chemical heterogeneities in the convective

asthenosphere. Sun et al. (1989) note problems with retuming (subducting)

sufficient volumes of Archaean crustal material to establish large reservoirs early

enough in the history of the Earth to source such magmatism. Despite this, portions

of the Tournefort Dykes display trace element characteristics, such as flat
compatible trace element patterns and arrays trending towards OIB (Ocean Island

Basalt) sources (figure 4.7), consistent with derivation, at least in part, f¡om a

plume related source.

The origin and nature of a subcontinental lithospheric mantle reservoir

remains equivocal. The Toumefort Dykes preserve a long history of enridrment

prior to emplacement (-0.4 Ga); with the most evolved portions containing To*
ages older than the those in the Lincoln Batholith they intrude (figure 4.8). As Zhao
and McCulloch (1993a) note, subduction modified continental lithospheric mantle
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is likely to be readily extracted, particularly in regimes undergoing active extension

and/or anomalous thermal activity. On southem Eyre Peninsula, the 150 million
years prior to Tournefort emplacement was characterised by extension to allow
deposition of the Hutchison Group from -2000 Ma, and emplacement of the

Lincoln Batholith, again probably in an extensional environment at -1850 Ma. It is
only -20-30 Ma after these protracted extensional and magmatic events that
Tournefort Dyke magmatism from an enriched source took place. Therefore, the

preservation of an ancient subduction modified enriched continental lithosphere for
the duration of this tectonic activity seems unlikely.

Another view is that of enrichment of previously depleted peridotite
beneath areas of stable continental crust. Tumer and Hawkesworth (1995) argue

for the establishment of large depleted reservoirs by crustal formation events,

which are subsequently hydrated and enriched in incompatible elements. The

ultimate source of incompatible elements and hydrous fluids has been suggested to
be either the deep mantle (Erlank et al., 1992), or underplated oceanic crust
(Tarney, 1992). hr either case, lithospheric mantle thus developed is likely to
remain isolated from the convecting mantle in the steady state due to its strength

and buoyancy, features of its depleted nature.
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Figure 4.8: Summary of depleted mantle model ages as a function of stratigraphic age and

lithotype for the southern Eyre Peninsula. Major geological events are shaded.

O'Reilly and Griffin (1988) point out that once such a chemical reservoir is
established, essentially primitive melts generated at depth beneath it are able to
take on characteristics of the lithosphere it passes through. This "wall rock
reaction" process may be analogous to crustal contamination processes, however
the chemical signature is likely to be indistinguishable from the lithospheric mantle
the melt transits. This scenario may work well if the initial melt is particularly
depleted in incompatible elements, but will retain its initial compatible element

distribution. The resulting isotopic signature however, is likely to reflect that of its
primary primitive or depleted mantle source.
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Ilr the case of the Tournefort Dykes, the active regional prehistory of the

terrain argues against the long term evolution of a single stage enridred mantle. To,
values of the Tournefort Dykes fall neatly into two groups (eg, figures 4.6, 4.8,

table 4.1), an older group, which is indistinguishable from To", values of the

Sleaford Complex (figure 4.8), and those younger at2J-to2.2Ga. This suggests the

presence and persistence of an old lithospheric component, either formed or

completely reset during the Sleafordian Orogeny (2.6-2.7 Ga), which sourced the

HMgT, HBaT and parts of the Dolerite Dykes. The younger, more primitive
Iithospheric source is observed in the FeRT and remaining Dolerite Dykes (table

4.L, figwe 4.7). Such a source is likely to be a relatively juvenile asthenospheric

underplate formed during extension associated with Hutchison Group

sedimentation. Additionally, trends suggesting interaction between enriched

subcontinental lithospheric mantle and plume-type sources are observed on isotope

vs HFS/LIL element plots such as figure 4.7. Hence, the older, more evolved (low

e*o dykes) source is partially attributed to a plume component, which also

provided the necessary thermal input to drive remelting of the older lithospheric

keel. Such a melting mechanism is necessary as decompression melting during

continued extension is considered unlikely after removal of hydrous phases and

volatiles from the lithospheric mantle during Lincoln Batholith generation. Since

orùy -20-30 Ma elapsed after Lincoln Batholith magmatism prior to Tournefort

Dyke emplacement, it appears unlikely that the lithospheric mantle could become

sufficiently enriched in hydrous phases and incompatible elements to generate the

Tournefort Dykes in this time.

Therefore, the diversity of chemistry within the Tournefort Dykes can be

attributed to entrainment of both ancient and juvenile lithospheric mantle in an

ascending plume, emplaced at -1.8L5 Ma.

In conclusiory the Tournefort Dykes place some constraints on the nafure of
the continental lithospheric mantle. They argue for the development and

persistence of large volumes of ancient lithospheric mantle beneath stable cratonic

regions, able to be sampled repeatedly during crustal evolution (eg, Miltalie Gneiss

and Lincoln Batholith magmatism prior to Tournefort Dyke extraction). Their

longevity also implies the existence of a mechanism capable of replenishing

volatiles and incompatible elements in the lithospheric mantle. Mechanisms

involving percolation of fluids from the lower mantle such as those invoked by
Erlank et al., (1987); McKenzie (1989) and Hawkesworth and Tumer (L995) are

likely to be appropriate. Since the Tournefort Dykes were emplaced after

protracted extension and thermal perturbations associated with Lincoln Batholith

magmatism, a mechanism other than continued extensional melting is required. A
mantle plume able to interact with the subcontinental lithospheric mantle provides

the necessary of thermal energy to the lithospheric mantle and continental crust.



76

CHAPTER FIVE

Basement and syn-orogenic

tithologiesPalaeoprote rozoic

5.1 Introduction

In order to gain an appreciation for the evolution of the crust on southern Eyre

Peninsula, regional scale geochemical and isotopic sampling of lithologies which are

basement to, and subsequently developed upon, the Lincoln Batholith/Tournefort
Dyke association was conducted. It was anticipated that an isotopic study would
provide constraints on the nature and composition of the contemporary continental

crust during Lincoln Batholith emplacement, as well as provide insights into secular

evolution of supracrustal sequences. Additionally, the temporal evolution of syn-

Kimban orogenic granitoids (the Moody Suite) is evaluated in the context of the

evolving Kimban Orogeny, placing constraints on the thermal nature of the orogen.

Such information, coupled with regional scale structural and metamorphic

information outlined in Chapter 6, provides a basis from which to reconstruct the

complete tectonic evolution of the Lincoln Batholith, from its genesis, through

emplacement and subsequent deformation, effectively establishing comprehensive

comparative criteria for contemporaneous magmatic belts.

5.2 Basement lithologies

Samples were collected from the Archaean Sleaford Complex, the most likely
candidate for contemporary continental crust. Due to the heterogeneous nature of the

Sleaford Complex, samples were collected from a range of localities, and included

the full range of lithologies readily accessible. These included high grade para- and

orthogneisses of the Carnot Gneisses at Cape Carnot, relatively undeformed Dutton
Suite intrusives (the Coulta Granodiorite and Kiana Granite) from Cape Drummond

and the amphibolite grade Wangary Gneiss, a low grade metasedimentary equivalent

of the Carnot paragneisses (see figrue 3.1 for localities). Other lithologies that
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effectively acted as basement to the Lincoln Batholith are represented by those

enclaves preserved within it. Metasedimentary enclaves from Trinity Haven were

sampled, along with orthogneissic basement rafts from West Point.

The database thus generated was combined with other Sm-Nd isotopic data

publicly available. A dataset within Tumer et al. (1993) contains analyses from

southern Eyre Peninsula, and additional data for the Hutchison Group may be found

in Simpson (1994). Table 5.L summarises data generated from this study, however

further discussion and plots will involve data from all publicly available sources.

The Sleaford Complex contains a wide range of lithologies, which is reflected

in the chemistry and isotopic signatures observed. Mafic granulites from within the

Sleaford Complex contain eNal¡ vâlues of-0.5 and-7.L, however one of these (sample

446 /F30) is chemically and isotopically indistinguishable from the Tournefort Dykes,

providing evidence for correlation across the Kalinjala Shear Zone. Therefore, the

only truly Sleafordian mafic granulite with isotopic data available has an r"0,,, value

of -7.'J, at 2430 Ma. Orthogneisses at Cape Carnot have e*o,rn.o¡ values of -L.3 to -3.7,

which are slightly lower than less deformed, higher crustal level members of the

Dutton Suite (+0.9 to -2.3 at emplacement age appropriate for each sample). The

paragneissic Carnot Gneisses comprise samples from central and northem Eyre

Peninsula as well as Cape Carnot, and range in tr.¡a(D ftom +2.7 to -4.3. The Cape

Carnot value of. -4.2 is comparable to -3.9 for their lower grade equivalent, the

Wangary Gneiss.

Orthogneissic enclaves within the Lincoln Batholith were also analysed in an

attempt to establish a genetic link with the Sleaford Complex. Significantly, the

orthogneisses retumed t*o,rnro, values substantially llrgher (+2.7 and +5.9) than

orthogneisses within the Sleaford Complex, suggesting they represent either a
previously unsampled (primitive) portion of the Sleaford Complex or constitute part

of a rock sequence previously unidentified east of the Kalinjala Shear Zone. They are

unlikely to be part of the Lincoln Batholith itsell as their e*o values at Lincoln

Batholith emplacement are more negative, and they tend to be slightly more LREE

enriched than comparable lithologies in the Donington Suite.

Correlation of the orthogneissic enclaves with the Miltalie Gneiss is suggested

on the basis of temporal constraints, lithological similarity and predicted Nd isotopic

signatures.In this scenario, €ru¿(rggg) values for the orthogneisses range from -0.L8 to -

3.6 (table 5.1).
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Table 5.1 Summary of basement isotopic and chemical generated in the course 1S

study. Model parameters as for table 3.2. * = below detection. Localities or figure 3.L

Further regional isotopic data can be found in appendix 3.
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Figure 5.L: Palaeoproterozoic Nd isotopic evolution of southern Eyre Peninsula. Samples for

Miltalie Gneiss are enclaves from within the Lincol¡r Batholith, one of the Hutchison Group

samples is a metapelite enclave from within the Lincoln Batholith.

The Hutchison Group constitutes a major portion of the upper crust on

southern Eyre Peninsula. The Yadnarie and Cook Gap Schists, both deep water

pelites from near the top of the sequence, contain comparabl€ tr.¡a(i) values of -1.9 and

-2.8 respectively. The metapelitic enclave within the Lincoln Batholith (sample SEP-

1L7) has an indistinguishable e*0,,, value of -2.9, forming a basis for correlation

between the Massena Bay Gneisses and the Hutchison Group. The presence of
metasedimentary enclaves also acts as a minimum emplacement depth constraint on

the Lincoln Batholith.

Therefore, the Nd isotopic nature of basement lithologies to the Lincoln

Batholith is both distinctive and well defined. Despite heterogeneities within the

Sleaford Complex, the volumetrically dominant lithologies cluster in the range of r"¿
fuorr. -7.6 to -L0.8 at L850 Ma, this range including the majority of paragneissic

lithologies, as well as all orthogneissic and felsic intrusive units. By contrast, those

units actually observed as enclaves within the Lincoln Batholith have higher e values

at the time of Lincoln Batholith emplacemenÇ ie, --5.8 to -2.5 for the interpreted

Miltalie Gneiss equivalents, and --2 to -3 for the Hutchison Group Metasediments

and Massena Bay Gneisses. Finally, the Nd isotopic data generated in this study

provides the first direct evidence for across Kalinjala correlation of lithologies,

suggesting the two terrains were adjacent at least as early as Hutchison Group

sedimentation. This is provided in the form of a mafic granulite from Fishery Bay

(446/F30 of Tumer et al., (1,993)) containing features indistinguishable from the

Toumefort Dykes to the east, and a metapelitic enclave in the Lincoln Batholith at

Dykcs

?Miltalie

Lincoln



80

Trinity Haven preserving isotopic characteristics indistinguishable from the Cook

Gap Schist to the west.

5.3 The Moody Suite

There are no published Nd isotopic data for the Moody Suite, however,

several broad scale feafures relevant to the evolution of the Kimban Orogeny are

worthy of note.

The Moody Suite consists of syn-Kimban intrusives, emplaced dominantly

between -1750-1700 Ma, although some younger granitoids, such as the Carappee

Granite have been associated with this suite. For the purposes of this discussion

however, the Moody Suite is confined to those intrusives within the Hutchison Group

in the Tumby (see figure 3.L for localities) and Cleve Hills.

2oo 4oo 
Nlïc"*zr*y 

t* rooo l2oo

Figure 5.2: Broad scale variations in chemistry of the Moody Suite. Data from Coin (L976),

Mortimer (1984), N. Neumann (unpublished data) and this study. Diagram is constructed cn

the basis of I- S- type classification after Chappell and White (1992) and A-type

classification of Whalen et al., (1987). Arrows indicate general age progression in Moody

Suite magmatism.

Coin (1.976) and Mortimer (1984) subdivided the Moody Suite into a number

of lithologies, the key elements of which are outlined in Chapter 2. One of the most

interesting features of the Moody Suite is the apparent trend from early, voluminous,

dominantly S-type magmatism (eg, Yunta Well Leucogranite in the Tumby Hills

(Mortimer, 1984)), through increasingly l-tfpe (Middle Camp Granite in the Cleve

Hills, 1731.+7 Ma (Parker,1978; Fanning, 1997)) and intermediate (Chinmina Syenite,

1702+1.0 Ma (Fanning,1997)) to mafic and ultramafic (Coonta Gabbro of Schwarz,

L998) compositions.

X
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Figure 5.3: Temporal evolution of Nb and Zr within the Moody Suite. Early, S-type magmas

such as the Yunta Well Leucogranite and Carpa Granite show constant Zr levels with
changing Nb, whereas later intrusives display covarying Nb and Zr levels, resulting in a

constant l:Ib/Zr ratio, Data sources as for figure 5.2 with unpublished Coonta Gabbro data

supplied by PIRSA.

An independent chemical observation consistent with the notion of Moody

Suite magmatism evolving from comparatively low temperafure anatexis of
supracrustal sequences through progressively higher temperature melts is suggested

by figure 5.3. Early S-type melts appear to have Zr levels held constant during melt

generation, indicating retention of. Zr in an accessory phase such as zircon. Only later

in the magmatic evolution of the orogen do ambient temperatures become great

enough to cause zircon breakdown and covarying Nb and Zr behaviour. Sudr

observations are collaborated by the large population of inherited zircons in the

Carpa Granite (Fanning, L997).Inherited zircons appear less frequently in the Middle

Camp Granite (Fanning, 1997) and are virtually non-existent in the Chinmina Syenite.

Such observations are consistent with the whole rock chemistry of the intrusives

involved and indicate changes in magma chemistry over time that may be a function

of both magma temperature and degree of interaction with emplacement level crust.

Slightly younger granitoids on central Eyre Peninsula, such as the Carappee

Granite (1689159 Ma, Flint et al. (1988)) have A-type affinities, suggesting a broad

temporal trend culminating in syn-post orogenic I- and A-type magmatism. Clearly,

further geochronological data is required to constrain this trend, however, the

presence of (small volume) late orogenic mafic to ultramafic magmatism suggests an

increasing mantle chemical (and by inference, thermal) input during orogenesis. An
alternative hypothesis that the Coonta Gabbro is actually a pre-Kimban equivalent of
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the Tournefort Dykes is considered unlikely due to its outcrop relationships with the

Kalinjala Shear Zone (Schwarz, 1998).

Hence, on the basis of broad geochemical and geochronological criteria, the

Moody Suite appear to reflect a temporal change from crustal to increasingly (but not

exclusively) mantle derived magmatism during and immediately after the Kimban

Orogeny.

5.4 Conclusions

Although not the primary focus of this study, other Palaeoproterozoic

lithologies of the southem and central Eyre Peninsula contain important information

on the evolution of the crust prior to Lincoln Batholith magmatism and immediately

after the Kimban Orogeny. Three basement crustal sequences have been recognised

and characterised on the basis of isotopic and geochronological criteria.

The voluminous portions of the Sleaford Complex which are likely to have

comprised a large amount of the contemporary crust into which the Lincoln Batholith

was emplaced contain e*o values in the range of -7.6 to -L0.8 at L850 Ma.

Orthogneissic enclaves within the batholith however, have e*o signatures significantly

less evolved, in the range of -5.8 to -2.5 at L850 Ma, and are tentatively correlated

with the Miltalie Gneiss, outcrops of which occur in the Tumby Hills adjacent the

Kalinjala Shear Zone. Metapelites of the Hutchison Group and Massena Bay

Gneisses preserve tÀ¡a(reso) signafures that are virtually indistinguishable, and range

frorn --2 to -3 during Lincoln Batholith emplacement.

Therefore, each source of potential crustal contamination in the Lincoln

Batholith may be readily characterised on the basis of Nd isotopes.

The syn-Kimban Moody Suite granitoids reflect a temporal change in

chemistry from S-type to I- and A-type dwing the evolution of the orogen. The

presence of late stage intermediate and mafic to ultramafic units suggests an

increasing proportion of potentially mantle derived magmatism during the Kimban.

Such compositional evolution is consistent with .h*g^g thermal conditions within

the orogen, the consequences of which are evaluated in chapters 7 and 8.
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CHAPTER SIX

Palaeopro terozoic def ormation
and metamorphism on southern

Eyre Peninsula

6.1 Introduction

The main thrust of this project has been to evaluate the magmatic evolution of
the southem Eyre Peninsula from a geochemical and isotopic perspective. However

the ongoing magmatic evolution must also be seen in light of the ongoing tectonic

regime in which magma generation and emplacement took place. To this end, a

suÍunary of the current understanding of the timing, style and duration of
deformation and metamorphism on southern Eyre Peninsula is presented. The focus is

on the regional scale, with observations derived from both the literature and fieldwork

conducted during this study.

This section will summarise deformation and metamorphism postdating the

Sleafordian Orogeny, and so incorporates the Miltalie "everLt" of Fanning (7997) and

the three phases of deformation ascribed to the Kimban Orogeny by Parker et al.

(1988) and Parker (1993). Further discussion on the nature of deformation in the

Kimban Orogeny in the Lincoln Batholith is summarised in section 2.2 and in Hoek

and Schaefer (1998).

6.2Pre- syn Lincoln Batholith deformation

As noted in chapter 3, and discussed further in chapter 5, enclaves of felsic

basement material within the southern Lincoln Batholith contain Nd isotopic

signatures attributable to Miltalie Gneiss sources. Such gneisses post-date the Sleaford

Complex (and hence Sleafordian deformation). A homblende-biotite tectonic foliation
slightly discordant to, but not continuing into or crosscutting, units of the Lincoln
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Batholith (Hoek and Schaefer, L998) is observed in these enclaves. Enclaves at West

Point also preserve apparent retrogression of the homblende fabric to a biotite fabric,

however the relative timing of such an event cannot be deduced. Thus the

orthogneissic basement enclaves preserve a tectonic fabric that clearly predates the

Lincoln Batholith, but is likely to postdate Sleafordian deformation. This is the only

known example of pre-Donington deformation observed on the east side of the

Kalinjala Shear Zone.

Syn-Donington Suite deformation is preserved only rarely in low (Kimban)

strain zones. These include migmatitic shears, boudinage and (rare) local development

of a hornblende+biotite foliation (Hoek and Schaef.er, 1998). This fabric is equated

with SL of Parker and Lemon (1982); an originally flat lying,layer parallel fabric in the

Hutchison Group, subsequently folded during D2. Indeed, the relative scarcity of a

pervasive fabric associated with this event was considered by Hoek and Schaefer

(1998) to reflect deformation in the presence of a partial melt fraction. No folds have

been recognised with syn-Donington Suite deformation, which is here considered to be

extensional in nature. This is due to its association with continued sedimentation in

the Hutchison Group (in the form of the Yadnarie Schist and Bosanquet Formation),

its subtle nature (ie, lack of pervasiveness and preserved only in or adjacent rigid

country rocks) and the basic necessity of accommodating a large volume of felsic

magma in the crust.

This deformation has previously been considered (Parker et al., 1988) to mark

the onset of the Kimban Orogeny, however, as indicated in chapter 2 and discussed

below, there is no clear genetic link between this phase of deformation and subsequent

peak deformation and metamorphism between -1750-L700l[v4a.

6.3 Peak metamorphism and deformation: The Kimban Orogeny

Kimban deformation and metamorphism on the western side of the Kalinjala

Shear Zone is well documented in the Hutchison Group (Parker and Lemon, 1982;

Parker et al., 1988; Parker 1993 and references therein), allowing a concise picture to

be built up on a number of scales. [r the Lincoln Batholith, Kimban deformation is

heterogeneous over a range of scales. Due to the variation in lithologies being deformed

and the style of deformation preserved in each terrain, simple interpolation and

correlation of structural styles between the two terrains is not straightforward.

High grade metamorphism and deformation to the west of the Kalinjala is

succinctly described in Parker and Lemon (1982) and summarised in Drexel et al.

(L993).In the interests of consistency, the structural terminology of Parker and Lemon

(1982) is maintained, where D1 is the early phase of deformation associated with
Donington Suite emplacement (see 6.2 above) and D2 and D3 are ascribed to high

grade Kimban metamorphism between -1.750 and L700 Ma (Hoek and Schaefer,
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1998). D2 is characterised by tight to isoclinal folding with pervasive axial planar

schistosities (S2). Upper amphibolite facies metamorphism prevailed throughout the

Cleve and Tumby Hills during this time. F2 folds were originally shallowly inclined or

recumbent and overtumed to the west (Parker and Lemory 1982; Parker in Drexel et

al., \993). Parker (in Drexel et al, t993) attributes the formation of regional folds and

major mylonitic shear zones to D3, a pervasive retrogressive event. F3 folds are

typically open and upright in character. Parker and Lemon (1982) note a distinct

decrease in strain associated with D3 structures away from the Kalinjala Shear Zone

from east to west.

As previously noted, such a distinct subdivision of structural features is not

readily observable in the Lincoln Batholith due to the heterogeneous distribution of
strain. Much of the apparent complexity on the outcrop scale can be attributed to
rheological contrasts between mafic dykes and felsics of the Donington Suite (eg,

figure 4.2c). Moderate intensity strain localities such as Wanna produce complex

deformation geometries due to strain partitioning and localisation (figure 4.2b; Bales,

1996) controlled by the high density of mafic dykes. Conversely, moderate to higþ

strain zones with relatively few dykes, such as Cape Catastrophe, preserve more

homogeneous deformation pattems on the hundred-metre scale. In areas of low overall

strain, regardless of the presence of dykes (eg, Memory Cove, Williams Island), strain

is generally localised into shear zones or brittle features along rheological

discontinuities such as dyke margirs or intrusive contacts. Fault features in such

regions include shear zones with minimal grain size reduction, mylonites, cataclasites

and breccias (Hoek and Schaefer,1998).

\tVhile the regional gneissic foliation approximates the strike of the Kalinjala

Shear Zone (ie, trending N to NNE), the detailed evolution of individual shear zones

(such as Lookout and smaller features on Williams Island) shows evidence of a

prolonged history and possibly reactivation under variable metamorphic conditions

during the Kimban Orogeny (Hoek and Schaefer,1998).

Hand et al. (L995, in prep) reported peak metamorphic assemblages within
Tournefort Dykes dated between -1750-1715 Ma using garnet-hornblende-whole rock

Sm-Nd data (BendaIl, \994; Hand et al., L995; Hand et al. in prep.). All metamorphic

assemblages dated by such means define a distinct baric gradient within the Lincobr

Batholith, with pressures increasing from -5 kbar at -25 km east of the Kalinjala

Shear Zone to -L0 kbar within the shear zone at Port Neill. Hence, an age of 1728+41

Ma (MSWD=0.84) from within the Kalinjala is within error of isochrons at 1748+25

(MSWD=0.48) and L717+65 Ma (MSWD=0.58) for -5 kbar gamet granulite

assemblages at West Point, -20 km across strike from the Kalinjala (Hand et al., in
prep.). Immediately to the west of the Kalinjala, peak metamorphic conditions appear

to rapidly stabilise at -4-5 kbar within 3 km of the shear zone (figure 6.1). Such a
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regional baric gradient is clearly a reflection of large scale processes active during the

Kimban Orogen. Bearing in mind that the Kalinjala is dominated by subhorizontal

kinematics (Parker, 1.980), Hand et al. (1995; in prep) suggested a regime of oblique

convergence (ie, transpression) could account for the differential exhumation about the

Kalinjala Shear Zone. Peak metamorphic conditions in the Lincoln Batholith therefore

correspond to the period of syn-orogenic magmatism of the Moody Suite (-1750-1700

Ma, see chapter 5) within the Hutchison Group.
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Figure 6.1: Summary of asymmetric baric gradient across the Kalinjala Shear Zone, from

Hutchison Group metasediments in the west to the Lincoln Batholith in the east. Lo error

envelope extrapolated from measured uncertainties on pressure calculation. From Hand et al.
(1ees).

Alt peak-Kimban deformation postdates Tournefort Dyke emplacement,

effectively placing an upper age limit on the onset of the Kimban Orogeny. From

geochronological constraints imposed in chapters 3 and 4, a peùod of at least 50

million years is required between deformation associated with the Lincoln Batholith

and emplacement of the Tournefort Dykes, with a further 50 Ma prior to the

development of the earliest Kimban features. The presence of the Tournefort Dykes

between high grade metamorphic events suggests that D1 (ie, syn-Lincoln Batholith)

features are independent of the Kimban Orogeny proper (ie, D2 and D3 features). It
therefore seems appropriate to use the term "Kimban Orogeny" to describe lhe period
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of clearly demonstrated convergent/transpressional orogenesis (ie, -1750-1700 Ma)
and consider DL to be part of a discrete deformational (extensional) episode (at

-1850 Ma). This effectively shortens the Kimban Orogeny from an protracted orogen

(-150 Ma), to a shorter lived tectonothermal event (-50 Ma).

6.4 Geochemical effects of Kimban overprinting on intrusive lithologies

6.4.1 Felsic units

\tVhile this study has focussed primarily on the pyroxene bearing members of
the Donington Suite, it is constructive to review the effects of hydration and pyroxene

replacement reactions on bulk rock chemistry.

The major distinction between the chamockites and granite gneisses is the

relative ranges in silica composition, with the granite gneisses being substantially more

siliceous than their pyroxene bearing precursors (eg, MCC = ø+.Zt-Zt.'1,4"/o, average

=68.1'8"/" SiOr, Granite Gneiss = 70.97-75.62"/", average = 73.76o/" SiOr; see table 6.1,).

Correspondingly, all major elements with the exception of Na and K show depletions

with alteration (table 6.1).

MCC Mega

Charn

nL5L0 6 17

sio2

Al2o3

FerO,

MnO

Mso
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K,O
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P,O,
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1.4.39

4.91.

0.07
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2.8r
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67.97

1.5.32

3.97

0.05

0.91

2.94

2.85

4.97
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1.2.81_

2.62

0.03

0.49

1.36

2.24

5.92

0.32

0.05

72.04

1.3.72

2.72

0.04

0.56

1..74

2.90

5.63

0.36

0.08

Table 6.1: Average major element compositions for pyroxene bearing members of the Lincoln

Batholith and their hydrated granite gneiss equivalents, n = number of analyses.

The trend towards increasingly SiO, rich compositions is also reflected by trace

element variations in figure 6.2. The comparison between average trace element

composition of the Memory Cove and Megacrystic Charnockites and their gneissic

equivalents (figure 6.2) has several notable features, induding systematic enridrment
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in Rb, K, Th, La and Ce, with depletions in Ba, Sr and P. Ti also shows depletion,

however other HFSE, such as Nb and Zr, appear unaffected by retrogression.

On a regional scale, these features are highlighted by proximity to the Kalinjala

Shear Zone. Localities which are comparatively close to the KSZ, such as Kirton Point,

are comprised exclusively of Augen Gneiss, whereas those more distant, such as Cape

Donington, tend to contain Megacrystic Charnockites. Such trends are further

complicated by shear zones outcropping at a range of scales in the Lincoln Batholith,

from hundreds of metres wide adjacent Lookout, through tens of metres on Williams

Island down to centimetres at Memory Cove, with corresponding variations in
metamorphic grade in and adjacent these shear zones.
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Figure 6.2: Trace element variation diagrams for pyroxene bearing felsic lithologies of the

Lincoln Batholith (solid lines and filled symbols) and their retrogressed equivalents

(dashed lines, open symbols).

6,4,2 Tournefort Dykes

Variations in whole rock chemistry within groupings of the Tournefort Dykes

may be a result of post emplacement metasomatism and amphibolitisation associated

with the Kimban Orogeny. This section investigates both regional and outcrop scale

whole rock geochemical variation with increasing deformation and amphibolitisation

in the Tournefort Dykes.

Figure 6.3 compares trace element chemistry of amphibolites and relatively

unmetamorphosed dykes of the HBaT (high Ba tholeiites), FeRT (Iron rich tholeiites)

and Unassigned Tholeiite groups. úr all cases, the amphibolites are hornblende-biotite

gneisses, whereas the unaltered samples preserve primary pyroxenes and magmatic
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textures. One of the most striking characteristics of the HBaT and FeRT suites is the

relatively minor changes in trace element chemistry observed during amphibole growth.

Variations that are observed, particularly amongst the LILE, are usually systematic

within a group, however no across group systematic variations are observed. Hence,

amphibolitisation of HBaT appears to increase Th, U, Nb, K, Pb, LREE and Ti,

whereas little variation in these elements from unaltered compositions is observed in

the FeRT. By contrast, the Unassigned Tholeiites preserve distinct decreases in Rb, Ba,

Th, Nb, LREE and Ti, suggesting that compositional variation due to metasomatism is

controlled in part by initial dyke composition, rather than systematically driven by the

individual trace elements considered.

Dykes containing metamorphic garnet occur in the same three groups, and no

systematic variation in bulk rock chemistry is involved with garnet growth (figure 6.3).

In each groupz garnet bearing mafics display bulk compositions that mirror those of
unaltered samples, with limited non-systematic erratic element behaviour ("g U in the

Unassigned Tholeiites). This indicates garnet growth is not a response to pervasive

metasomatism, but driven by ambient pressure and temperature conditions for a

given bulk composition.

Ír an attempt to quantify smaller scale trace element variation with
metamorphism, a series of samples across a boudin neck were collected at Kirton
Point. The dyke consisted of a recrystallised core mantled by leucosome bearing

amphibolites. On approaching the boudin necþ the core and leucosomes became

increasingly tectonised Figure 6.4a-e is a summary series of photomicrographs of the

effects of continued tectonism on HBaT dykes.

Samples were collected in a transect across the boudin neck of the leucosome

bearing amphibolites, and the central portion of the dyke in both the boudin neck and

from a low strain zone 1Om along strike. The amount of trace element variation is

depicted in the amphibolite samples for the HBaT in figure 6.3a, and can be observed

to vary little from the relatively undeformed central portion of the dyke, and indeed

from the rest of the undeformed dykes of the same geochemical group.

A garnet-bearing mafic from the same locality possesses a primitive mantle

normalised trace element pattern that is indistinguishable from the amphibolites

(figure 6.3a). Hence, trace element variations on the metre scale appear to be small,

despite distinct changes in hand specimen appearance and total strain. It is therefore

reasonable to conclude either that metasomatism took place on a large scale such the

rocks sampled were essentially homogenised during amphibolitisation, or that
amphibolitisation (at Kirton Point at least) resulted in little chemical variation in the

mafics, even with moderate variations in strain. The latter hypothesis is favoured for

the Kirton Point study as there is no evidence in the surounding felsic gneisses for

metasomatic processes acting on the scales required. However, whilst the observed
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Figure 6.3: Comparative trace element variation diagrams for amphibolitisation of the
Toumefort Dykes. Broad solid lines = undeformed dykes, nanow solid lines = homblende +

biotite amphibolites and dashed lines = garnet bearing amphibolites.
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Figure 6.4: Photomicrographs of progressive deformation in High Barium Tholeiites (HBaT):
a) Undeformed HBaT from a low strain zone at Wanna (Sample SEP-19{1). Both ortho- and clinopyroxene (opx
and cpx respectively) are present ¿rmongst medium to coarre grained plagioclase (plag) laths. Homblende (hb)
and biotite (bt) growttr is minimal. b) Growth of medium grained homblende and minor biotiæ at ttre expense of
pyoxene. Random orienraton of amphiboles indicates a low strain environment during and after homblende growth.
(Sample SEP- 1964, Wanna).

c) Higher strain results in alignment of homblende grains as one approaches the neck of a boudin. Sample SEP-
1998, Kirûon Point. d) Sample collected from boudin neck at Kirtrcn Point (Sample SEP-199C). tncatly intense
strain produces amphibolite gneiss; however all samples depicted (6.4a-d) have indistinguishable bulk rock
chemistry.

e) Gamet bearing HBaT from the west coast of West
Point. Gamet rich bands are obsewed on the outcrop
scale, however inclusion rich gamet (gt) + hornblende
(hb) aggregates are observed in thin section. Sample
sEP-111.
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variations are small, they are not trivial, and clearly with increasing strain (such as

within the Kalinjala Shear Zone, or high strain zones such as Lookout), masking of
initial trace element patterns would be expected. Since such samples are not routinely

collected in petrogenetic studies, this hypothesis is untestable at the present time.

Therefore, only in the case of the Dolerite dykes does amphibolitisation appear

to have radically altered both the pattern and absolute trace element concentrations.

On the basis of whole rock trace element geochemistry, it may be concluded that the

amphibolites of this study are indeed highly deformed and retrogressed equivalents of

the Tournefort Dykes, consistent with petrological observations and field relation

inference.

6.4.3 Conclusions

The Kimban Orogeny has been responsible for the observed metamorphic and

structural features developed in much of the Lincoln Batholith and Tournefort Dykes,

particularly in zones of comparatively high strain. Comparison of whole rock

geochemical data from felsic lithologies with dominantly primary igneous textures

and mineralogy (ie, the large volume charnockite units of the Lincoln Batholith) with
granitic gneisses displaying features consistent with progressive replacement of

primary pyroxenes by amphibole and mica (picture series in 3.3d-g in chapter 3)

suggests:

a) Metamorphism and deformation has resulted in felsic units becoming more

siliceous, with corresponding decreases in all other major elements except Na and K.

b) Rb, Th, La and Ce are enriched during deformation;

c) Ba, Sr, P and Ti are depleted, and

d)Nb and Zr are unaffected.

[r the case of the Tournefort Dykes, changes in bu]k composition vary in
response to the initial composition of the dyke. While retrogressive features within a
single geodremical group are systematic, there appears no consistent changes in

chemisky for the mafic dykes in general (eg, Th, LREE and Ti are enriched in the

HBaT, whereas these same elements are depleted in the Unassigned Tholeiites).

However, in all but the most deformed dykes analysed, the total changes to trace

element geochemistry is generally quite low, and these elements provide a good

reflection of initial composition. The growth of metamorphic garnet in the mafic rocks

has little effect on both the FeRT and HBaT, however it does change the composition

of the Unassigned Tholeiites. Therefore HMgT, FeRT and HBaT are the most

constructive mafic dyke groups to use for petrogenetic studies.

One unanticipated observation for both the mafic and felsic lithologies is the

relative mobility of Ti, an element usually considered to be immobile.



93

6.5 Summary of deformation and metamorphism in the Lincoln Batholith and

Tournefort Dykes

The Lincoln Batholith contains syn-emplacement fabrics (D1), which indicate

emplacement into a deforming environment. This fabric is tentatively correlated with
DL in the Hutchison Group, a layer parallel, horizontal fabric, probably associated

with an extensional environment. Further extension is accommodated by the

emplacement of the Tournefort Dykes, however there appears to be no evidence of
fabric development associated with this.

Peak metamorphism and deformation (D2) was associated with the Kimban

Orogeny in the period -1750-1700 Ma, with granulite facies conditions recorded in

mafic lithologies in high strain zones. Terrain scale rehydration throughout the

Lincoln Batholith followed dwing D3, the waning stages of the Kimban. An
asymmetric baric gradient across the Kalinjala Shear Zone is a reflection of the

prevailing regional tectonic driving mechanisms during the terminal Kimban. Field

evidence of late stage low angle transport directions along the Kalinjala suggest a

strike slip component was prevalent late in the history of the shear zone. However,

the greatest amount of exhumation is also recorded in the centre of the shear zoîe,

with L0 kbar assemblages indicating significant vertical transport dwing the Kimban.

A pronounced baric gradient reaches a regional equilibrium of -5 kbar 20 km from

the Kalinjala to the east, and -4.5 kbar 3 km west of the Kalinjala. Therefore, the

combination of large scale strike- and dip-slip components suggests an overall

transpressional regime, possible analogous to the Alpine fault on the South Island of

New Zealand. Peak metamorphism in the adjacent Hutchison Group was never

greater than mid amphibolite facies, emphasising the asymmetry across the shear

zone, with Kimban structures dominantly being west verging folds and local thrusts.

The southern Eyre Peninsula therefore records a history of continued

extension from the onset of Hutchison sedimentation (at -2000 Ma), through Lincoln

Batholith (D1) and Toumefort emplacement. At -1750 Ma, the orogenesis in a

transpressive regime resulted in substantial crustal thickening and cycling of Lincoln

Batholith material through the crust to at least 30 km (as is currently exposed in the

heart of the Kalinjala) and regional amphibolite facies metamorphism with two

phases of west verging folds in the Hutchison Group.

The Kimban Orogeny was also responsible for rehydration of the Lincoln

Batholith, particularly in zones of dynamic recrystallisation (ie, high strain zones).

The effects of such rehydration are most pronounced in the major element

compositions of felsic lithologies, with trace elements of both mafics and felsics

maintaining similar trace element patterns (if not absolute abundances) until

reasonable levels of strain. F{owever, low strain areas provide samples that appear

both petrographically and chemically to have suffered little alteration.
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CHAPTER SEVEN

Comparison of modern and

ancient magmatism with southern

Eyre Peninsula

T.L Introduction

Ir order to place the magmatism of the Lincoln Batholith and Toumefort

Dykes into context on the global scale, this section sets out to compare the southem

Eyre Peninsula with terrains of various ages and tectonic settings.

The southern Eyre Peninsula is considered firstly in an Australian context, in

order to gain an appreciation for timing and styles of magmatism and orogenesis

during the Australian Palaeoproterozoic. One unanticipated outcome of this worþ a

potential correlation of the Lincoln Batholith with parts of the Mount Isa Inlier, is
then investigated in detail, before the discussion is broadened to incorporate

chemical and magmatic features of the Torngat Orogery Svecofennian Shield and the

Wopmay Orogen. These terrains are investigated as they contain tectonothermal

events of essentially the same age as the Lincoln Batholith. The features of a

potential modern analogue of the Lincoln Batholith, such as Andean style,

continental margin magmatism, are also investigated in detail. Other potential

Phanerozoic analogues are also touched upon in order to gain an appreciation for the

range of chemical and spatial features observed in magmatic belts in a temporal

sense. Finally, a comparison of the record of crustal growth in several Australian

Proterozoic terrains with modem sites of crustal growth is conducted in order to

evaluate how Palaeoproterozoic terrains relate to the modern Earth.

First however, it is constructive to review the key feafures of the Lincoln

Batholith on the local scale. These are dominated by a small number of important

observations: 1,) The Lincoln Batholith is part of a short lived (-10 Ma), large



95

elongate magmatic zone -100 x 50 km in size;2) Within this body are few individual

plutons; 3) The system is remarkable for its overall chemical and isotopic

homogeneig; $ Key chemical features include elevated K, Y and LREE levels with
negative Nb, Sr, P and Ti anomalies. Incompatible element concentrations are

elevated at low SiO, levels; 5) Depleted mantle model ages in the Lincoln Batholith

cluster between 2.3-2.5 Ga, substantially predating the magmatic event at 1.85 Ga.

Finally, 6) the Lincoln Batholith contains evidence of syn-plutonic mafic magmatism

in the form of the Jussieu Dykes.

7.2 Comparison of the Lincoln Batholith with ancient tectonic settings

The Proterozoic contains an enorrnous volume and variety of felsic

magmatism. This discussion will initially focus on magmatic terrains of similar age to

the Lincoln Batholith, and touch briefly upon some of the tectonic models which have

been applied for those most appropriate. An investigation into how typical such

magmatism is for the Proterozoic will form the basis for discussion in chapter 8, and

the relevance of modern analogues to Precambrian terrains will also be discussed.

7.2.!The southern Eyre Peninsula in an Australian context

Proterozoic crustal evolution in Australia has long been held to have taken

place in essentially stable crustal blocks with intracratonic tectonic and magmatic

activity dominating vertical crustal growth processes (eg, Etheridge et al., 1,987;

Wyborn, 1988). By contrast, the work of Hoffman (1988) and Windley (1993) on

North America and Europe, who interpret aggregation of Proterozoic terrains by

processes analogous to modem day plate tectonics, led Myers et al. (1996) to

consider the development of Precambrian Australia in terms of lateral accretion of
smaller crustal fragments. This section outlines the broad scale geological events of
the Australian continent during the Palaeoproterozoic, placing the southem Eyre

Peninsula into an appropriate continental context for further discussion.

Of primary interest here are events within the Australian continent taking

place during the period -2000-1700 Ma, effectively spanning the interval from

cessation of the Miltalie event to the end of the Kimban Orogeny on southern Eyre

Peninsula. This incorporates Hutchison Group sedimentation as well as Lincoln

Batholith, Tournefort Dyke and Moody Suite magmatism. Mudr of the data for the

following discussion is derived from Myers et al. (1996), unless otherwise specified.

Very little -2000 Ma activity is recorded in Australia, with sedimentation

dominating the record on the margin of the Western Australian Archaean cratons.

McDonald et al. (1.997) infer magmatic activity at -2.0-1,.97 Ga fuorn zircon rims in

basement gneisses in the Mount Isa Inlier, which appears to be the only other record

of tectonothermal activity in Australia during this period.
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The period from -2000-1850 Ma involved Hutchison Group sedimentation on

the Gawler Craton. Sedimentation appeared to dominate elsewhere in Australia,

with the latter part of this period reflecting the onset of voluminous magmatism

throughout northem Australia from -1880 Ma. Deformation is preserved in rocks

from the Hooper Orogen (subsequently reworked in the King Leopold Orogen) and

Yaringa Metamorphics (the Barramundi Orogeny) in the Mount Isa Inlier. An
inherited zircon core in the megacrystic augen gneiss from Wanna (7907+12 Ma) may

record the presence of crust of this age on southern Eyre Peninsula.
Pine

Inl¡cr

King Leopold

Figure 7.1: Archaean cratons (light shading) and dominantly Palaeoproterozoic inliers and

orogenic belts (dark shading) of Australia.

The -L880-1,840 Ma magmatic event of Wyborn (1988) incorporates the

Lincoln Batholith, as well as magmatism in the Mount Isa, Pine Creek, King Leopold,

Granites-Tanami, Arunta and Tennant Creek Blocks (see figure 7.1). Significantly,

many of these intrusives contain similar chemical characteristics, particularly in the

form of elevated LREE and Sr depletion. The nature of these features is expanded in

section 7.2.11 below. The Capricorn Orogeny, incorporating collision between the

Yilgarn and Pilbara cratons also took place during this period.

By the time of extension on the southern Gawler Carton to allow Tournefort

Dyke emplacement at -1815 Ma, sedimentation and mafic volcanism was occurring

in the Mount Isa Inlier, as well as the Kimberly Basin. The Halls Creek Orogeny took

place from -1830-1800 Ma.

The period of quiescence on southern Eyre Peninsula from -1800-L750 Ma

contrasts with magmatic and volcano-sedimentary activity to the east on the Moonta

ø

Crcek

Inlier

and Denison Inliers

Stuart

Mount Painter lnlierI
d
a

lnlier
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subdomain of the Gawler Craton. The Strangways Orogeny and accompanying

magmatism in the Arunta Inlier took place during this time, whilst deposition

continued in the Mount Isa Inlier.

The onset of the Kimban Orogeny at -1750 Ma, and continuing until -1700
Ma involved the emplacement of the Moody Suite on Eyre Peninsula. Further
magmatism took place in the Moonta subdomain, however the record of northem
Australia at this time appears dominated by sedimentation, particularly in the

McArthur Basin and Mount Isa Inlier.

Therefore, the geological record of southern Eyre Peninsula broadly contains
some similarities (chiefly in terms of timing of magmatism and magmatic chemistry)

with portions of other Australian terrains, as well distinct differences (mainly in
timing of orogenic events and sedimentation). One unexpected observation of such

broad scale correlative work was some remarkable similarities between the evolution
of the southern Eyre Peninsula and Moonta subdomain of the Gawler Craton with
the central (Kalkadoon-Leichardt) and Eastern Belts of the Mount Isa Irùier. The

detail of these similarities is investigated below.

7.2J1..7 A correlation between the Lincoln Batholith and the Mount Isa Inlier?

Ewen and Kalkadoon
Batholiths

Roxby Downs
Granodiorite

o

o. I

Rb Ba Th U Nb K La Ce Pb Sr P Nd Zr Sm Ti Y

Figure 7.2: Cornparison of representative analyses from the Roxby Downs Granodiorite and

Ewen and Kalkadoon Batholiths of the Mt Isa lnlier. Data are normalised to a typical
Memory Cove Charnockite, sample SEP-074. Included for reference are two estimates of

average crustal composition: (i) Taylor and Mclennan (1985), and (ii) Rudnick and Fountain

(1995). Ewen and Kalkadoon data from Wyborn and Page (L983), Roxby Downs data from

Creaser (1989).

The abrupt truncation of magnetic and structural feafures at the southem
margin of the Mount Isa Inlier have lead to speculation as to where (if at all) its
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potentially metallogenic southem continuation is (eg, Wilson, L987; Connors and

Page,1995; O'Dea et al., 1997; Teasdale, 1997). The following discussion presents

one possible explanation for this conundrum.
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Figure 7.3: Harker variation diagrams for magmatic suites discussed in the text. Lincoln

Batholith magmatism includes Jussieu Dykes and Colbert Suite, and ranges from -L852-1840

Ma. Coastal Batholith data from Pitcher et al. (1985), and are post Cretaceous in age.

Bäckaby is 1834+3 Ma (Mansfeld (1.996)), Greenland >7750 Ma (Kalsbeek, !995), Mt Isa

data for the Ewen and Kalkadoon Batholiths (-1860-1850 Ma, Wybom and Page (1983)),

Tomgat lntrusives = 187717 Ma (Theriault and Ermanovics (1997) and Phanerozoic Lachlan

Fold Belt data from Chappell and White (7992). Note high KrO, La and Y values of

Australian Proterozoic suites with respect to modem subduction settings (eg, Coastal

Batholith).

The key correlative features involved here, the Ewen and Kalkadoon

Batholiths, occupy part of the central portion of the Mount Isa Inlier (figure 7.1).

With their extrusive equivalents, the Leichardt Volcanics, they comprise a

widespread and voluminous magmatic event. Wyborn (1988) outlined grounds for

correlation of this event in a genetic sense with other granites of similar age from the

Mqryhy, Pine Creek, Halls Creek, King Leopold, Granites-Tanami, Arunta and

Tennant Creek Inliers. However, the following discussion will be restricted purely to

the Mount Isa intrusives for structural and temporal reasons. It must be noted that

the chemical and isotopic features proposed by Wyborn (L988) may indicate a

ãLincoln Batholith

Coastal Batholith

tr Backaby

XGreenland

o Torngat (E)

oTorngat (W)
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corrunon genesis of the Lincoln Batholith with inhusives from other northem

Australian inliers. Several features of the Ewen (1843!7 Ma, McDonald and

Collerson, L998) and Kalkadoon (1856110 Ma, Wybom and Page, 1983) Batholiths

invite comparison with the Lincoln Batholith. The first is the similarity in major and

trace element geochemistry (figuresT.2 and 7.3). Both suites of rocks contain elevated

KrO, Ba, and LREE (figure 7.2) (Wyborn and Page, 1983; Wyborn et a1.,1992).

Recent Nd work conducted within the Kalkadoon Batholith (McDonald et al.,

L997) reveals signatures indistinguishable from the Lincoln Batholith at the time of
emplacement. Back calculation of Nd isotopic signatures from both terrains reveal

similar evolutionary trajectories (figure 7.4). Nd isotopes for the 1850 Ma basement

granodiorites at Roxby Downs (figut" 7.5), which are chemically comparable to the

Lincoln and Kalkadoon Batholiths (hgare 7.2; Creaser, 1989; 1995) are also

indistinguishable at the time of Lincoln Batholith magmatism (figwe7.4).

Granodiorite,
Roxby Downs6

4

2 Kalkadoon Batholith è -- .-
i

z(¡)
Ã

I 800 1900 2000 2r00

Age (Ma)

Figure 7.4: Cornparison of Nd isotopic signatures between the Kalkadoon-Leichardt

association, Lincoln Batholith and granodiorite from Roxby Downs. All suites are

indistinguishable at the time of Lincoln Batholith magmatism. Mount Isa data from

McDonald et a1.,1997; Roxby Downs data from Creaser, L995.

Several features of the Ewen and Kalkadoon distinguish them from the

Lincoln; eg, they preserve no evidence of pyroxene, and contain a number of
geographically distinct plutonic events. However, pyroxene growth may mereþ

reflect emplacement conditions (particularly given similarities between the two
regions in bulk composition), whilst the presence of discrete plutons is likely to be a

function of the thermal state and/or emplacement level of the Ewen and Kalkadoon

2

. Lincoln Batholith at 1850 Ma
o Kalkadoon Batholith at 1860 Ma
o Leichardt Volcanics at 1860 Ma

Leichardt Volcanics

Field of
Lincoln Batholith



100

Batholiths. Indeed, while there is some variation in chemistry between plutons
(particularly in the Kalkadoon Batholith), Wyborn and Page (1983) note that the

total range of variation is minimal in a regional context. The total range of chemistry

in the Ewen-Kalkadoon association and their contemporaneous volcanics (the

Leichardt Volcanics) is comparable to that of the Lincoln Batholith (Wyborn and

Page, 1,983), as illustrated in figure 7.3.

Mou

Peake and Denison
Kalkadoon-
Leichardt
Belt

Roxby Downs

Stuart Shelf

subdomain

Gawler Craton

Kimban Belt
(inclu

Lincoln
ding the
Batholith) a

Kalkadoon-Leichardt Belt

Westem Fold Eastem Fold Belt

Peake and Denison
Inliers

Roxby Downs

Moonta
Subdomain

Kimban Mobile Belt b
Figure 7.5a: Sketch map of key localities and ter¡ains regarding potential correlation of the

Lincoln Batholith with the Kalkadoon-Leichardt Belt of the Mount Isa Block. b:

Palaeoproterozoic geology and a possible juxtaposition of the Gawler Craton and Mount Isa

Block at -1700Ma.

Further, Wyborn and Page (1983) note the uniform age and compositional

similarity of rocks of the Ewen-Kalkadoon-Leichardt association over a large area

(>5000 km'), a feature diagnostic of the Lincoln Batholith (over a comparable area of
at least 5000 km'?). Indeed such large scale chemical and isotopic homogeneig (figure

7.4) appears to be one of the most defining characteristics of this style of
magmatism.

Coincidence of both isotopic and chemical features in magmatic systems

of similar age suggest a somewhat closer spatial juxtaposition of the two terrains

than at present. Several lines of evidence support the notion of a more or less

continuous belt, albeit disrupted by faulting (figure 7.5b). Firstly, granodiorite

gneisses from basement sequences at Roxby Downs are indistinguishable chemically

and isotopically from the Lincoln and Kalkadoon Batholiths (fig*e 7.4). T}rre Roxby

Downs granodiorites are interpreted to represent a northerly extension of Lincoln



Batholith style magmatism beneath the Stuart Shelf at 1,850 Ma (Creaser,

preliminary U-Pb zircon data), and provide a vital link in any terrain scale

correlation of L850 Ma magmatism.

Table 7.1.: Summary of broad comparisons between the eastern Gawler

Craton, Peake and Denison Lrliers and portions of the Mount Isa Block. Gawler Craton data

from FanrLing (1997) and this study, Peake and Denison data from Hopper and Collerson,

L998 and Mt Isa data compiled from Blake, 1986; O'Dea et al., 1997 and Page, 1998. r= K.

Stewart, University of Adelaide, compilation of unpublished Sr data.

Further correlations involving the subsequent evolution of the two terrains

can be made. Geochronology of the Peake and Denison Inliers off the north eastern

Moonta subdomain

and Roxby Downs

Peake and Denison

Inliers

Mount Isa InlierKimban Mobile Belt

1500 Ma1:

Sr isotope resetting

in GRV and Hiltaba

Suite

1510+ L2 Ma:

Spilsby Suite

1533+6 Ma:

Granite Dykes

-1530 Ma:

Isan Orogeny

1600-1580 Ma:

Gawler Range

Volcanics and

Hiltaba Suite

L600-1580 Ma:

Gawler Range

Volcanics and

Hiltaba Suite

-1750-7700Ma:

Moody Suite

magmatism, Kimban

Orogeny

\737¡5 Ma:

Moonta Porphyry

-1740I|la:

McGregor Volcanics

1745+15 Ìlla:

Wonga Batholith;

Burstall Batholith

\746+6l|lfa:

Metarhyolite

1780!72l|¡fa:

Metavolcanics

1793+8 }yda:

Wirriecurrie Granite

L78L+3 Ma:

Argylla Formation

>L78L Ma:

Magna Lynn Basalt

179t!9 l0y4a:

Bottletree Formation

-1810 Ma:

Toumefort Dykes

L79!+4Ma:

Myola Volcanics

L856-L843 Ma:

Ewen and

Kalkadoon-

Leichardt

association

1,852-1,849 Ìly4.a:

Lincoln Batholith

1859+1.1 Ma:

Bosanquet Volcanics

-1850 Ma:

Granodiorite at

RoxbyDowns
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margin of the Gawler Craton (Hopper and Collerson, 1998), indicates

Palaeoproterozoic sequences in these inliers can be correlated with the Moonta

subdomain of the eastern Gawler Craton (table 7.1., hgure 7.5b) and also the Eastern

Fold Belt of the Mount Isa Inlier (Hopper and Collerson, L998). The timing of
coincident magmatic events in all three terrains at 1790-1780 and 1740 Ma

strengthens the chemical and isotopic tie established by -1850 Ma magmatism.

Hence, the Peake and Denison Inliers may represent a fragmenf or continuation of,

the Moonta subdomain off the northeastern margin of the Gawler Craton (fig,rte

7.5b).

A characteristic of the later Gawler Craton and Mount Isa Inlier evolution

is a corresponding variation from west to east in both domains. That is, the oldest

sequences are in the west (ie, Kimban Mobile Belt and Kalkadoon-Leichardt Belt

respectively) and the younger sequences to the east (Moonta Subdomain and Eastern

Fold Belt in their respective terrains; see figure 7.5b), geometrically consistent with a

geographic reconstruction.

Table 7.2: Comparative geochemistry for mean Toumefort Dykes and selected Basement

Dykes from the Mount Isa Inlier. Mount Isa Data from Ellis and Wybom,1984.

Toumefort Dvkes

sio2%
Al2o3%
FerOro/"
NdnO%
Mgo%
CaO%
NarO%
KzO%
TLO2"/o

PzOsY"
s03%
LOI%

MeanHMgT
50.02
10.35
72.1.2

0.19
76.37
8.10
1.40
0,60
0.58
0.09
0.01

-0.05

Mean HBaT
54.06
1.3.66

1.4.46

0.19
3.66
7.25
2.66
2.3L
1,.64

0.43
0.01

-0.20

Mean FeRT
48.86
13.39
17.55
0.24
5.10
8.79
2.22
1.10
2.60
0.39
0.03
0.02

?HMgT
48.59
15,13
71.21
0.26

1.0.71.

11..65

7.20
1.30
0.81
o.o7

?HBaT
54.55
16.31
73.26
0.16
2.31
7.5t
3.52
0.64
2.32
0.56

?FeRT equiv
51,.02

1.3.53

1.5.52

0.23
6.00
9.85
2.34
0.92
1.76
0.15

TOTAL 99.74 100.19 100.28 100.93 101.14 L07.32

Rb
Ba
K
Pb
Sr
P
Zr
Ti
Y
V
Sc

Cr
Cu
Zn
Ni

24.4
77(

4952
2

108

393

73

350C

77

194
31

2792
72

81

71.5

87.8
894

19798
t6

250
1870

218
9844

47
258
39
64
95

128
36

44.1
332

9117
9

1.49

1687
188

15562
49

394
42
97

794
151.

64

89
506

10792
42

L83
305

40
4856

18

240
L5

970
300
240
345

23
1224
5313

12
211

24M
296

13908
62

100
20

5

92
11,6

30

56
138

7637
6

177
655
130

10551
27

390
20
95

224
L30

84
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Further, mafic dykes in the basement of the Mount Isa Inlier display broadly

similar geochemical groupings to those of the Tournefort Dykes (Table 7.2). \tVhether

the mafic dykes described by Ellis and Wyborn (1984) are true correlatives of the

Toumefort is unclear, however temporal correlation can be assigned on the basis of

the preferred age of Tournefort emplacement derived from chapter 4, and the age of

mafic magmatism (eg, the Magna Lynn Basalt) in the Mount Isa Inlier (table 7.1).

Finally, the presence of late, large scale sinistral strike-slip faults along the

northwestern margin of the Gawler Craton led Teasdale (1997) to suggest that sudr

features extend and correlate with broad scale structures at the southem end of the

Mount Isa Inlier, and are of Grenvillian (-1100 Ma) age. Such observations offer a
mechanism for juxtaposition and correlation of sequences in the Motmt Isa Inlier and

Gawler Craton (eg, Wilson, L987).

Regardless of whether portions of the Mount Isa Inlier and Gawler Craton

were ever parts of a contiguous Palaeoproterozoic terrairy the remarkable similarities

in chemistry and isotopic character of large volume -1850 Ma felsic magmatic events

highlights a similarity of process in both terrains. Thus the size, homogeneous

chemical and isotopic nature and short temporal duration of such magmatic settings

contain significant implications for Proterozoic crustal growth. The consequences of

this will be discussed in chapter 8.

7.2.2 Other Proterozoic terrains

The Great Bear Magmatic Zone of the Wopmay Orogen

The Great Bear magmatic zone of the Wopmay Orogen contains a magmatic

history sparuring 1.875-L840 Ma (Hildebrand et al., 1987; Bov,trine and Podosek,

1,989). Magmatism in the Great Bear zone extends over a strike length of -900 km,

and is -100 km wide. Two subgroups, an earlier calc-alkaline successiory and a later,

bimodal suite of magmatism may be recognised within the zone. The older (-1,875-

1860 Ma) sequence is folded and deformed, whereas the younger (-1850-L840 Ma)

suite appears to be post deformational (Hildebrand et al., L987).

Rocks of the older suite define a calc-alkaline trend, both within and between

nurnerous individual compositionally zoned plutons. The younger suite contains

plutons that are generally larger and chemically homogeneous, comprising more

siliceous and potassic units (Hildebrand et al., 1987). Associated with most

magmatic suites are extensive volcanics, typically of intermediate (-53-64 wt% SiOr)

composition (Hildebrand et al., 7987).

Flence, the Great Bear magmatic zone is characterised by calc alkaline

magmatism in two discrete phases, separated by a period of convergent deformation

(Hildebrand et al., 1987; Bowring and Podosek, 1989; Bowring and Grotzinger,

1,992). Numerous plutons are identifiable in both magmatic events, many of whidr
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are zoned from intermediate to felsic compositions. The magmatic zone is itself a

large, elongate (-900 x 100 km) belt emplaced in an active tectonic setting.

Intrusiaes of the Torngat Orogen, Canada

The Tomgat Orogen of eastern Canada is a granulite facies belt between the

Archaean Nain and Rae provinces of Labrador (Ermanovics and Van Kranendonk,

L990; Theriault and Ermanovics,1997). Magmatism is divided into an eastern and a

western metaplutonic suite, with plutons in the eastern suite tending to more mafic

compositions. The bulk of plutonic magmatism took place at I877+L Ma (Theriault

and Ermanovics, 1997), outcropping intermittently over an area of -100 x 50 km. Fr

general, magmatism in the Torngat Orogen tends to low KrO and TiO2, and

intermediate SiO, levels (figure 7.3). There is some enrichment in LREE in both the

eastern and western suites, despite distinctly different amounts of interaction with
continental crust (Theriault and Ermanovics, 1997).

Plutonic magmatism immediately predates convergent orogenesis and crustal

thickening at L860 Ma, which continued until -L780 Ma with final uplift of the

terrain.

hr summary, the Torngat intrusives comprise nurnerous plutons of relatively

small volume magmatism over a short period of time. Magmatism displays

intermediate chemistry with a considerable range in chemical features both within
and between the eastern and western successions. Convergent orogenesis of the

Torngat Orogen immediately post-dated plutonic magmatism, suggesting an active

tectonic setting, probably on the margins of the adjacent Nain and Rae provinces.

The BÌickøby Intrusion, Sweden

The Bäckaby intrusion of southeast Sweden was emplaced at 1.834t3 Ma,

and predates the Transscandanavian Igneous Belt at -1800 Ma, but post-dates the

-1900 Ma granitoids of the Svecofennian Domain (Mansfeld, 1996). Although only a

single, relatively small (-22 x 12 km) body is observed, the Bäckaby intrusion is of
interest due to its temporal setting between two regionally major events. The Bäckaby

intrusion is more primitive than subsequent Transscandinavian Igneous Belt

intrusions (Mansfeld 1996), preserving characteristics such as a calc-alkaline trend

and flat REE patterns with a small negative Eu anomaly more typical of the older

Svecofennian granitoids (-1.9 Ga). Further, the Bäckaby intrusion is syn-kinematic,

suggesting an active tectonic setting (Mansfeld, 1996).

The preceding examples of magmatism similar in age to the Lincoln Batholith

have been selected to higtrlight the variation in size, nature, composition and

relationship of magmatism to orogenesis. Several observations pertaining to the

Palaeoproterozoic intrusives discussed may be made. Firstly is the question of scale.

Both the Lincoln Batholith and Mount Isa Batholiths are relatively homogeneous on a
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scale appropriate to their individual outcrop boundaries. Further, when considered

as part of a contiguous terrain, they represent part of an exceptionally large,

homogeneous felsic magmatic linear belt. By contrast, the Torngat, Great Bear and

Bäckaby examples show extensive chemical and physical variation from the within

pluton (Great Bear, Bäckaby), between pluton (Great Bear, Torngat) and regional

scales (Torngat). Significantly, each of these magmatic systems are either syn- or

immediately pre- convergent deformation/orogenesis, whereas both the Lincoln and

Ewen and Kalkadoon Batholiths preserve evidence for tectonic quiescence both

before and after emplacement.

To find chemical analogues of the Lincoln Batholith (aside from the northern

Australian examples described above), it is necessary to look at suites of

significantly different age within the Proterozoic. Suites broadly similar in
composition to the Lincoln Batholith include the Ardery Charnockite (-970 Ma,

immediately post orogenic, Young et al., 1996; 1997) and Mount Crofton Granite

Complex, -700ily'.a, Goellnicht et al., 1991,;Wyborn et a1.,1992). However, neither of

these suites contains the same broad scale homogeneity observed in the Lincoln and

Kalkadoon Batholiths, suggesting that regardless of the tectonic association of these

younger suites, they may not be good analogues.

7.3 Comparison of the southern Eyre Peninsula with modern tectonic settings

From the examples outlined above, it is clear that scale is important when

discussing the relevance of potentially analogous magmatic systems. The Lincoln-

Mount Isa magmatic system defines a linear belt of homogeneous isotopic and

chemical features, approaching the thousand kilometre scale. A natural starting point

is to investigate magmatic systems on the modem Earth capable of generating such

features. Additionally, it is constructive to consider which regimes on the modem

Earth may be able to generate Lincoln-style magmatism on a smaller scale, such as

that observed on the southern Eyre Peninsula.

With these ends in view, the Coastal Batholith of the Andes is considered, as

it is a linear magmatic belt extending -1600 km along strike and -60 km wide (of the

order of the Lincoln-Mount Isa magmatic system), and represents one of the simplest

continental arc settings on the modem Earth. The Coastal Batholith is thought to

contain little evidence of "suspect terrains", with Mesozoic arc magmatism

superimposed on the Palaeozoic Andean margin (Cobbing, in Pitcher et al., 1985).

Therefore, geochemical and structural feafures observed in the Peruvian Andes are

likely to truly reflect processes driven by continent-ocean convergence, with minimal

external influences. Additionally, the Coastal Batholith is comprised of a series of

segments, each of an order of the individual Lincoln Batholith, allowing a direct

comparison between the two settings on a smaller scale.
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A continental arc, as opposed to an oceanic arc, is necessary for such a

comparison due to the role the adjacent crustal block (the Gawler Craton) played in

the evolution of the Lincoln Batholith (see chapter 3).
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Figure 7.6: Companson of the LincoLr Batholith with some Phanerozoic analogues: The

Coastal Batholith (Peruvian Andes; data from Pitcher et al., 1985) and the Lachlan Fold

Belt (LFB I-types, representative samples from Chappell and White, L992). See also figure

7.3.

The Coastal Batholith can be summarised as containing the following features

(from Pitcher et al., 1985 and references therein):
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1.) Chemically the Trujillo, Lima and Arequipa segments of the Coastal

Batholith consistently show low KrO, LREE, Ti and KrO/NarO values over a range

of SiO, levels (eg, figures 7.3, 7.6). These differences may be partially inherited from

the continental crust into which each magmatic event was intruding, however the

general trends from a large number of regions in the Andes (-700 km of strike length)

suggest such features reflect large scale processes, and not local plutonic variations.

2) A weak silica bimodality is observed in the Coastal Batholith, however a

proportionately significant amount of intermediate magmatism is observed (Pitcher

et al., 1985). 3) The Coastal Batholith is dominantly calc-alkaline in character. 4)

Considerable chemical and isotopic variation is observed both along the total strike

length of the Coastal Batholith (Pitcher et al., L985), and within the individual

segments of the batholith (typically several hundred kilometres long). 5) Lrdividual

segments are composed of nurnerous plutons. 6) Magmatism is composite and

commonly episodic over an extended period of time (of the order of -80 Ma) in each

of the batholith segments. 7) Mukasa and Tilton (in Pitcher et al., 1985) note crustal

contamination varies discretely along strike length. 8) Magmatism has taken place in
an active, generally convergent tectonic setting.

7.4The record of crustal growth in modern and ancient terrains

One of the underlying themes of the introductory chapters has been that of
the relationship between the formatiory preservation and ultimately destruction of
continental crust and tectonic setting. On geochemical, structural and

geochronological grounds outlined in sections 7 .2 and 7.3, therc is an indication that
not all features observed in Proterozoic terrains such as the Lincoln Batholith and its

potential correlatives in northem Australia, may be described by a simple

uniformitarian/plate tectonic analogue. The following section describes the broad

scale crustal evolution of Proterozoic terrains from an isotopic and crustal growth

perspective, with a view to investigating whether processes pertaining to crustal

growth have varied over time.

The relationship between the depleted mantle model age (To") and

stratigraphic age for a given lithology gives some indication as to the relative

contributions old and new crust to the generation of an intrusive. This becomes

particularly powerful on the terrain scale when evaluating the timing of relative

contributions to crustal formation in a terrain. Hence, those terrains forming new

crust directly from the depleted mantle will have To*'s close to their magmatic ages,

whereas those involving greater amounts of crustal reworking will contain

substantially older Tor values. It is important to note that To* ages in ancient felsic

rocks rarely reflect the "true" age of extraction of this material from the mantle.
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This is due in part to the dependency of the calculation on which particular depleted

mantle is being modelled, but more significantly to the interaction of mantle material

with contemporary crust. To,un ages in the following discussion are therefore not

regarded as "absolute" ages, but rather as the average time at which material

comprising the lithologies in question was extracted from the mantle (eg, see Arndt
and Goldstein,1987).

Notwithstanding, the distribution of To, values with respect to
tectonothermal events within a terrain offers insights into the relative timing of
crustal growth in that terrain. Figure 7.7 portrays Tpv and stratigraphic age data

from six Palaeo-Mesoproterozoic terrains. The most ovenvhelming feafure of figure

7.7 is the trend towards significantly older To'n ages than stratigraphic ages within
the same terrain; typically of the order of hundreds of millions of years.

Such features are also expressed in initial Nd isotopic signatures. Figure 7.8

compares initial e*o values for various tectonic domains and orogenic belts

throughout the history of the Earth. Those terrains with high initial t*o values also

typically contain To,,' values which are correspondingly closer to their stratigraphic

ages, Therefore, it becomes immediately apparent that juvenile terrains such as the

Grenville, Canadian Cordillera, Nubian Shield and Arabian Shield contain a strong

depleted mantle derived component. By contrast, the Himalayas, Hercinides and

Caledonides preserve large amounts of crustal rerycling, reflecting the role of
continental crust in orogenesis in these settings.
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Figure 7.8: Comparison of initial Nd isotopic signatures for modem and ancient orogenies

and magmatic events, a) Comparison of ancient and modem terrains (adapted from Samson

and Patchett (1991)). b) Enlarged portion of figure 7.8a displaying fields for terrains

depicted tn ligure 7.7.
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Such a dichotomy exists for Meso-Palaeoproterozoic terrains as well (figure

7.8b), with the south-western United States tending towards depleted mantle

signatures, and Central Sweden, northwest Saskatchewan and Australian

Proterozoic terrains preserving more evolved signatures. Samson and Patchett (1991)

argued that the presence of high initial e*o values implied the accretion of crustal

material by the assembly of juvenile crustal blocks, as in the case of the Canadian

Cordillera. The presence of comparatively e*o negative Proterozoic terrains is

ascribed by Samson and Patchett (1991) to proximity of Archaean crust or craton

derived sediment, in a manner analogous to the Himalayan Orogen of the modem

Earth. Flowever, such an analogy breaks down when considering crustal growth in
relatively inactive tectonic settings, such as the Lincoln Batholitþ as opposed to
active tectonic settings (such as plate margins or orogenic belts). Whereas the

Himalayan Orogenic belt (and indeed other e*o negative examples illustrated on

figure 7.8a for the Phanerozoic) are related to convergent orogenesis, the Gawler

Craton at -1850 and -1600 Ma experienced minimal orogenic activity, yet was still
the site of large volumes of magmatic activity and addition of material to the

continental crust (figure 7.7).It therefore seems inappropriate to immediately assume

all low t*o terrains are of orogenic nature. Their Nd isotopic signature clearly shows

involvement of significant volumes of continental crust, however this does not imply
convergence, or indeed plate marginal tectonism.

Therefore, the Nd isotopic record of the continental crust contains several

important constraints on crustal growth, and associated tectonism. Firstly, there is

evidence throughout Earths history for the addition of juvenile material to the

continental crust at times of orogenesis. Such processes are typicalty (but not
exclusively) ascribed to lateral continental growth at plate margins (eg, Samson and

Patchett, 1991,;Myers et al., 1996; McDonald et al,, 1.997). Additionally, convergent

orogenesis on the modern Earth can produce belts of extensively recycled continental

crust, such as the Himalayas, and some Proterozoic terrains, such as north-west

Saskatchewan and central Sweden. Indeed, the early portions of the syn-Kimban

Moody Suite, would be expected to be of this type. However, there are substantial

volumes of Proterozoic magmatism, such as the Lincoln Batholith, which show some

evidence of crustal recycling, but also contain significant volumes of material derived

from the mantle. Such events are responsible for the growth of continental crust by
the transfer of material in a vertical sense, and are typically found in anorogenic or

weakly extensional settings. This contrasts with hgh e*o Proterozoic provinces, such

as the south-western United States, which are likely to be analogues of the Canadian

Cordillera and or Coastal Batholith of Peru, located in convergent plate margins.
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7.5 Discussion and conclusions

Whether considering the extended Lincoln-Mount Isa magmatic system, or the

individual Lincoln Batholith, it is clear that a simple extrapolation of a continental

arc setting, such as the Andes or the Canadian Cordillera, to the Lincoln Batholith is

inappropriate. Regardless of scale, the homogeneous nature of the Lincobr Batholith

(and the Ewen and Kalkadoon in the extended system) is immediately distinctive

from modem plate margin settings. Relatively minor amounts of (probably

extensional) deformation during and immediately after Lincoln Batholith

emplacement contrasts markedly with active convergent tectonism in an Andean

setting. So too does the brief timescale over whidr the whole magmatic event took

place (a maximum of -10 Ma), and the apparently well mixed and everùy

distributed crustal contamination in the Lincoln Batholith. Further, isotopic

signatures preserved in juvenile, active settings are distinctive from the Nd isotopic

evolution of large volume, essentially anorogenic Proterozoic magmatic events. This

isotopic signature is effectively a record of crustal growth in a given terrairç and

varies significantly with tectonic setting. Therefore, it would seem inappropriate to

ascribe large volume linear magmatic belts of the Lincoln Batholith type (and hence

analogous Roxby Downs and Mount Isa magmatic events) to modem style

continental arc processes.

Other Palaeoproterozoic terrains which display a close temporal association

with convergent orogenesis and/ or tectonism, such as the Great Bear magmatic zone

and Torngat Orogen, display some or all of the characteristics of Andean style plate

margins. Additionally, such terrains preserve elevated e*o signatures, in keeping with
Cordilleran or Andean style crustal growth processes. This clearly indicates an

apparent dichotomy in style of magmatism on the Palaeoproterozoic Earth, with
both contributing to the net growth of continental crust.
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CHAPTER EIGHT

Insights into Prote rozoic tectonics

from the southern Eyre Peninsula

8.1 Introduction

The purpose of the preceding chapters has been to establish a framework

upon which to construct a tectonic evolution for the southem Eyre Peninsula, and

investigate the consequences of such a tectonic evolution in terms of global

geod¡mamics. Therefore, this chapter comprises two distinct portions; firstly the

regional scale, in which local observations are drawn together into a tectonomagmatic

model, and secondly the applicability of such a model to terrains globally. Úr so

doing, it is hoped that an appreciation is gained as to the relevance of regional scale

geochemical studies to global geodynamic problems.

8.2 A tectonic model for the Palaeoproterozoic of southern Eyre Peninsula

Figure 8.1 is a cartoon summarising broad tectonic features of the

Palaeoprotetozoic on southern Eyre Peninsula. úr detail, this model involves:

-2000 Ma: The Miltalie event, interpreted by Fanning (1997) to represent the

juxtaposition of deeper crustal level Sleaford Complex (the Camot Gneisses) with

their lower grade equivalents (eg, the Wangary Gneiss), culminates in gradual

lithospheric extension. Strain rates are generally quite low. This scenario continues

throughout Hutchison Group sedimentation, with the Kalinjala Shear Zone forming as

an extensional feafure and to some extent controlling sedimentation.

Decompressive melting of enriched sub-continental lithospheric mantle at

-1850 Ma produces the Lincoln Batholith. The chemical and isotopic homogeneity of

magmatism is a reflection of the extensional regime into whidr it was emplaced,

allowing thorough assimilation of -20-307o contemporary crust. The remainder of the

Batholith represents the addition of new material to the crust from either the
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Figure 8.1: Schematic tectonic evolution for the
Palaeoproterozoic of southern Eyre Peninsula
-2000 Ma
Slow extension following cessation
of Miltalie "event'

2000-1900 Ma
Hutchison Group sedimentation, thickening
of sequence adjacent proto Kalinjala Shear Zone

-1850 Ma
Rapid increase in rate ofextension drives decompressive
melting of the lithospheric mantle producing the
Bosanquet Volcanics and Lincoln Batholith.
Asthenospheric mantle upwells to accomodate thinned
lithospheric mantle

-1845 Ma
Lincoln Batholith magmatism wanes, asthenospheric
mantle begins cooling. Extension has ceased.

-1815 Ma
Plume impinges upon the base of the lithosphere and is
focussed into previously weakened zone of
asthenospheric upwelling. Tournefort Dykes generated
from both refractory SCLM after Lincoln Batholith
generation and asthenospheric sources which have mixed
with SCLM.

-1750 Ma
Delamination of cold asthenospheric and plume derived
material. Compressive orogenesis driven by such removal.
Upwelling asthenosphere on the western side of the
Kalinjala provides heat source for Moody Suite, which
becomes more mafic as the orogeny progresses and
asthenosphere rises further. Crust on the eastern side of
the Kalinjala is cycled to deeper levels due to attachment
with the delaminating lithosphere

-1700 Ma
Complete removal of asthenospheric block causes
remaining lithospheric mantle to rebound, effectively
expelling asthenosphere and closing the gap between
the rwo lithospheric blocks.
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depleted mantle (eg, the ]ussieu Dykes) or the mantle lithosphere. The Bosanquet

Formation is the surface expression of this magmatic evenÇ with D1 deformation in
the Hutchison Group consisting of an extensional, layer parallel schistosity and sub

horizontal fabrics in the Lincoln Batholith. Cooling of upwelling asthenosphere is

interrupted at -L8L5 Ma by the impingement of a mantle plume. Tournefort Dykes

are generated by melting of thermally perturbed lithospheric mantle, and also from

asthenospheric melts taking on chemical characteristics of the lithospheric mantle.

Continued cooling of asthenospheric material from both the Toumefort plume

and upwelling mantle ultimately produces a gravitationally unstable block whidr
retums to the convecting mantle. Delamination of this material drives compressive

orogenesis and brings thermally perturbed asthenosphere beneath the Hutchison

Group. Moody Suite magmatism forms in response to increasing thermal perturbation

during orogenesis, with early S-type magmatism giving way to increasingly lower

crustal and ultimately, mantle derived magmatism (eg, the Coonta Gabbro). Crustal

thickening is greatest on the eastern side of the Kalinjala Shear Zone due to the

asymmekic distribution of delaminating asthenospheric material. Complete

detachment of negatively buoyant frozen asthenosphere results in rapid uplift of
remaining lithospheric mantle material, abruptly insulating the thermal source for
Moody Suite magmatism. Transpression may be a response to the asymmetric

distribution of the delaminating block along the strike length of the orogen.

Post Kimban perturbations along the Kalinjala Shear Zone have been recorded

in Ar-Ar work by Foster and Ehlers (1995, 1998). This is likely to be a response to

crustal scale accommodation of the Gawler Range Volcanics and Hiltaba Suite

Granitoids at -1600-1575lli4a. The final magmatic event on southern Eyre Peninsula,

the A-type Spilsby Suite, has an uncertain petrogenetic source, however in the

absence of further deformational events at the time of emplacement, a within plate,

anorogenic setting is implied. Sm-Nd isotopic studies would further constrain the

origin and evolution of the Spilsby Suite.

Several points pertaining to the model outlined above are worthy of further

discussion. Firstly, with the exception of the initiation of extensiory the model is
largely self contained. All that is required is prolonged extension at low strain rates

to act upon an enriched lithospheric mantle in order to ultimately produce Lincoln

Batholith style magmatism. The comparatively u¡rusual feature of having volcanic

magmatism near the top of the sequence in the Hutchison Group (as opposed to near

the base, as is typically the case in rift settings) is a reflection of the low strain rates.

Decompressive melting, when it finally took place, was a comparatively subdued

event allowing extended magmatic chemical evolution and isotopic mixing within the

extensional environment. Indeed, the crystallisation of large volumes of felsic magma
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in mid-crustal regions may have acted to slow and ultimately stop extension at this

time.

The arrival of a plume -40 Ma later is entirely coincidental, and need not

have been necessary for driving the Kimban Orogeny. However, the combined

lithospheric keel of cold asthenosphere and plume material greatly enhanced the

potential for delamination and hence the Kimba Orogeny.

Finally, the model outlined above is readily testable. Implicit within it is that

the Bosanquet Formation should contain similar Nd isotopic signatures to the Lincoln

Batholith (provided further mixing with upper crustal sequences prior to eruption has

not taken place), and the Moody Suite magmatism should show a progressive trend

towards depleted mantle signatures with younger plutons (particularly the

intermediate to mafic members). A combined geochronological and Nd isotopic study

would readily constrain this. Additionally, an appreciation for the petrogenesis of

the Spilsby Suite would further constrain the evolution of the crust and lithospheric

mantle in the immediate post-Palaeoproterozoic on southern Eyre Peninsula. Finally,

Toumefort magmatism could be further constrained by Re-Os studies, and the

Lincoln Batholith-Moody Suite-lithospheric mantle evolution further constrained by

combined Lu-Hf and Sm-Nd studies.

The model presented above is intracratonic, and provides a mechanism for

substantial volumes of crustal growth due to vertical transfer of material from the

mantle to the crust, rather than lateral growth which dominates modem processes.

Additionally, subsequent orogenesis (the Kimban) is driven by processes contained

within the regional tectonic setting, and not necessarily by f.ar field stresses.

8.3 Constraints on Proterozoic tectonics from the southern Eyre Peninsula

The tectonic evolution of southern Eyre Peninsula offers some crucial insights

into the geodynamic nature of the Earth during the Palaeoproterozoic. \,ltrhilst

processes involving extension, sedimentation and decompressive melting arc clearly

uniformitariary the generation of large volume, homogeneous, LREE enriched

magmatism with transitional A-type affinities in an intracontinental setting have no

immediate modem Earth analogues. The presence of long lived continental

lithospheric mantle reservoirs is attested to by the Nd isotopic signatures of portions

of the Tournefort Dykes, while the presence of the dykes themselves indicate

extension and plume activity during this period of Earth evolution.

Significantly, the driving mechanism for orogenesis on southern Eyre Peninsula

is itself not controlled by far field stresses, but follows as a natural consequence of

the interplay between cooling of upwelling asthenosphere and mantle plume material.

All such features form a stark counterpoint to magmatism and deformation of

similar age which may be viewed in terms of modern day analogues, such as the
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Torngat Orogen. These settings are dominated by plate margin processes, and are

considered analogous to Andean style magmatism and tectonism. On the other hand,

the Lincoln Batholith is not the sole example of intracratonic nonuniformitarian

processes acting during the Proterozoic. Other terrains from northem Australia, such

as Mount Isa, contain a similar record of style and chemistry of magmatism to the

Lincoln Batholith.

Therefore, the Palaeoproterozoic Earth may be viewed as growing crust in

two distinctly different tectonic settings, both plate margin and intracratonic (figute

8.2). However, intracontinental crustal growth from the southern Eyre Peninsula

acted in a form unique to modern within-plate settings, and in so doing set the stage

for subsequent (Kimban) orogenesis.

2500 2000 1500 1000 500 0 Ma
Age

Figure 8,2: Schematic representation of competing modes of crustal growth cn the post-

Archaean Earth, Plate margin processes are those pertaining to modem plate tectonic

analogues; first cycle plate margins are those analogous to Taylor and Mclænnan (1995) (see

figure L.3), whereby uniformitarian processes produce distinctly different features.

Intracontinental (nonuniformitarian) processes are those typified by voluminous Proterozoic

ensialic magmatism, such as the Lincoln Batholith, Mt Isa and Hiltaba Suite magmatism,

as opposed to those intracratonic processes acting today. Plate margin processes have come

to dominate since the Neoproterozoic.

The similarity in large scale chemistry and geometry of terrains such as

southem Eyre Peninsula and Mount Isa suggests the existence of Palaeoproterozoic

Palaeoproterozoic

First cycle

Mesoproterozoic

malgg¡ _

Neoproterozoic Phanerozoic

Intracontinental
(uniformitarian)
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tectonic processes which are not only unique, but significant in terms of volume and
rate of crustal growth. The Palaeoproterozoic record contains evidence of the relative

motion of crustal blocks in order to apply far field extensional stresses and
juxtapose terrains of different character. This is clearly significant for generating the

uniformitarian feafures observed on the Palaeoproterozoic Earth, however it appears

to be superimposed on additional processes which are nonuniformitarian in nafure.

Therefore, the evolution of tectonism and continental growth has involved the

interplay of competing geodynamic modes over the course of the history of the Earth
(eg, figure 8.2).

Further, the Palaeoproterozoic crustal evolution of southem Eyre Peninsula

suggests that the Earth has been able to develop and maintain long lived
heterogeneities in the lithospheric mantle. Additionally, medranisms of both crustal

growth (by melting of enriched lithospheric mantle) and retum of crustally
contaminated material (through delamination) are conceivable in nonuniformitariaru

intracratonic settings. The universal application of plate tectonic paradigms to
Proterozoic terrains is therefore inappropriate, and a cautious approach must be

adopted when investigating Precambrian terrains.

Therefore, the primary outcome of this study has been that Proterozoic

tectonics and crustal growth was dominated by competing processes; those situated
on plate margins, and those in intracratonic settings. The Proterozoic Earth differed
significantly from the modern Earth in that large volumes of continental growth took
place within plates, such as on the southern Eyre Peninsula, and subsequent

orogenesis at such sites need not have been driven by far field stresses. Whilst no

attempt is made to quantify the relative contributions of such competing processes

during the Palaeoproterozoic, it is clear that nonuniformitarian tectonism and crustal

growth declined rapidly in significance during the Neoproterozoic, when
uniformitarian features came to overwhelrningly dominate the geological record.
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AFC Assimilation and fractional
crystallisation

Alkali Feldspar Granite Gneiss

Aluminium
Argon
Barium
Banded Iron Formation

biotite
clinopyroxene
Carcase Rock Granite

Initial epsilon Nd; epsilon Nd at time t
Eulitic Alkali Feldspar Granite Gneiss

Enriched asthenospheric mantle
reservoirs sampled by plumes
Total Iron, Total Iron expressed as

Ferrous oxide

Iron Rich Tholeiite
Ferrohypersthene Granite Gneiss 1

Ferrohypersthene GraniteGneiss II
Giga-anrta, = L billion years

Prefix of sample supplied by J.D. Hoek
Granite Gneiss L

Granite Gneiss 2

garnet
hornblende
High Barium Tholeiite
High Field Strength (Element)

High Magnesium Tholeiite
(manuscript) in preparation

]ussieu Dyke(s)
Potassium
kilobar, = 1000x atmospheric pressure

Kalinjala Shear Zone
Lanthanum
Large Ion Lithophile (Element)

Light Rare Earth Element
Magnesium, Magnesium number, = MB /
(Mg+0.8998Fer))
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AFGG
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Ar
Ba
BIF

bt
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tNd(Ð

EAGG

EM1 &
EM2
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FeRT

FGGl
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HBaT
HFS(E)

HMgT
in prep.

lD
K
kbar
KSZ
La
LrL(E)
LREE

M&*g
#
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text
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Memory Cove Chamockite
Mines and Energy, South
Australia
Sodium

Niobium
Neodymium
Nickel
"Normal" Mid Ocean

Ridge Basalt

Ocean Island Basalt

orthopyroxene
Phosphorus

Lead
Primary úrdustries and
Resources, South Australia
plagioclase
Pressure-Temperafure

conditions of
metamorphism

Quartz Gabbronorite Gneiss

Rubidium
Rare Earth Elements

standard deviation
Prefix of sample collected

by the author
Sensitive High Resolution
Ion Microprobe
Samarium
Strontium
sensu stricto

Depleted mantle model
age
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Granodiorite association
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Vanadium
Williams Island Granite
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Yttrium
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Ni
N-MORB

Plag
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Ti
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Appendix 1, Analytical techniquesa
a

Whole Rock chemical analysis:

Samples were trimmed to remove weathered edges and crushed using a jaw crusher.

Powders were produced from crushed samples by grinding in a tungsten carbide mill. Major

element samples were dried in an oven at 110"C for over two hours to remove the absorbed

moisture. They were then weighed into alumina crucibles and ignited ovemight in a furnace

at960", to yield the Loss on Ignition (LOD values. Nominally L9 of the ignited material was

then accurately weighed with nominally 49 of flux (comprising35.3% lithium tetraborate and

64.7% lithium metaborate). The sample-flux mixture was fused using a propane-oxygen

flame, at a temperature of approx. 1,150", using Pt-Au crucibles, and cast into a preheated

mould to produce a glass disc suitable for analysis.

The samples were analysed using a Philips PW 1480 Xray Fluorescence

Spectrometer, using an analysis program calibrated against several international and local

Standard Reference Materials (SRM's). A dual-anode (Sc-Mo) Xray tube was used,

operating at 40kV, 75m4.

Iron was analysed as total Fe (combining the ferrous and ferric forms), expressed as

FerOr.

About 5-109 of sample powder (depending on whether Boric Acid is used as a

backing) was mixed with nominally 1ml of binder solution (Poly Vinyl Alcohol) and pressed

to form a pellet. This was allowed to dry in air and was heated for a further L to 2 hours in

a 60o oven to ensure that the pellet was completely dry before analysis.

The samples were analysed using a Philips PW 1480 XRF Spectrometer, using several

analysis programs covering suites of from 1, to 7 trace elements, with conditions optimised

for the elements being analysed. The progranìs were calibrated against many (30 or more in

some cases) local and international SRM's. The dual-anode Sc-Mo fube and a Au tube were

used for the analyses. Matrix corrections are made using either the Compton Scatter peak,

or mass absorption coefficients calculated from the major element data.

Elements analysed (detection limits [DL] in ppm in brackets - accuracy + / - 5T" at

100 x DL):

Sr (1,.0), Rb (1.0), Y (1,.0), Zr (2.0), Nb (1.5), Pb (2.5), Th (1.5), U (1.5), Ba (3), Sc (2),

Ga (2),V (2), Cr (1.5), Ce (5), Nd (3), La (2), Ni (3), Cu (4), Zn (3), Co (2).
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Rb-Sr and Sm-Nd isotope analysis:

Approximately 100mg of sample were dissolved in HF by bomb dissolution and

converted to chloride using 6M HCI prior to spiking with 1s0l..Id-1a7sm tracer. Sr, Nd and Sm

were extracted using a two stage cation exchange procedure. Double Ta-Re, Re-Re and single

Re filaments were used for the mass spectroscopic analysis of Nd, Sm and Sr respectively,

on a FinrLigan MAT 261. at the University of Adelaide. Data blocks of ten scans were

repetitively collected until acceptable within run statistics were achieved (8-15 blocks for Sr

isotopic compositions with a fixed double collector, and L5-25 blocks for Nd isotopic

compositions with a single collector). All Sr and Nd isotopic ratios were corrected for mass

fractionation by normalisation of ttsr/tusr to 8.3752 and t'uNd/t*Nd to 0.7219. All errors

are quoted to 2o1^"un1.

The following results were obtained for duplicate samples and standards during the

course of this work (numbers in parentheses indicate number of analyses):

Average total procedural blanks during the course of the analysis were:

Sr 1..7 ng

Nd 600 pg

Sm 7a5 pg

tntsm/'n'Nd was calculated from concentrations obtained by isotope dilution on

spiked samples run concurrently with isotope composition analyses. 87Rb/86Sr was

calculated from accurate Rb and Sr analyses obtained by extended XRF routine.

Sample '"'Nd/'""Nd !2o
La Jolla 0.511822116 (3)

BCR-1 0.51.2629!39 (3) 0.704976+261 (3)

Tasbas

(Adel. Uni intemal

standard)

duplicate

duplicate

0.51.2923t7 (46)

0.5129/e+48

0.5't2921.+32

0.703486+L1, (57)

Sample SEP-220

duplicate

0.7'1.7462+26

0.7'J.7420+22
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Isotope constants and model parameters used are:
ttsr/tusr 

= 8.3752

Lsu=1.42xlO-tty-t
146Nd/144Nd 

= 0.7219

Às*=6.54x1-0-t'y-t
tntsm/t'nNd.** = 0.L967
totsm¡tnoNdon¿ 

= Q.2137
tntNdTtn*d.ru" = 0.512638
143Nd/144Ndo¡", 

= 0.51316
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Pb-Pb zircon evaporation geochronology:

Zftcon analysis conducted in this study broadly followed the technique outlined in

Dougherty-Page and Foden, 1996, with advanced data handling techniques outlined in
Bartlett et al., in press.

Zircons were extracted from jaw crushed samples by conventional separation

techniques, typically involving Wilfley table followed by magnetic and heavy liquid

separation. The resulting zircon fraction was then cleaned using double distilled water in an

ultrasonic bath. Clear, crack free, whole zircons were then hand picked for analysis.

Selected zircons were loaded by crimping onto Re "evaporation" filament, whiclr

was aligned adjacent Re "ionisation" filament. Filaments were then loaded into a Finnigan

MAT 261 TIMS at the University of Adelaide. Analysis was conducted by sequentially

heating the evaporation filament, causing the embedded zircon to emit Pb and silica, caused

by the breakdown of zircon (ZrSiOr) to Baddeleyite (ZrOr). The silica and Pb are deposited

on the opposing (cold) ionisation filament to form an emitter compound. The evaporation

filament is then turned ofl and the ionisation filament turned up to produce a Pb ion beam.

Progressive heating, deposition and measwement steps allows a systematic step-wise

extraction of Pb from the rim to core of the zircon in concentric zones.

Prior to analysis, each zircon was conditioned in order to remove surface

contamination and metamict (and therefore non-concordant) zircon. Conditioning was

conducted by heating the evaporation filament to temperatures just below that which non-

metamict zircon breakdown occurs, whilst simultaneously heating the ionisation filament to

a high temperature to prevent contamination of unwanted material from the zircon.

Data was collected using the Secondary Electron Multiplier (SEM) by magnetic peak

switching from masses in the sequence 206-207-208-207-206-204. Blocks of data comprising

l,L complete mass scans per block were collected, of which l-0 were used in the age

determination. The detection lirnit of tooPb was taken to correspond to a'o'Pb/'*Pb ratio of
10s. All 'o'Pb/'otPb ratios were corrected for corrunon Pb, as measured by'*Pb/'o6Pb ratios

during analysis. The resultant common Pb corrected'o'Pbf'o6Pb ratios were then used for
calculation of the crystallisation age of zircon deposited for that particular heating step.

Determinations were conducted only on plateaus in the sequential heating data, implying

concordance from one deposition to the next. If successive steps showed significant changes

in'o'Pb f 'o'Pb ratio, they were considered to be discordant and not included in the age

determination.

Further resolution of potential populations of zircons is the calculation of a U/Th
ratio for a given heating step, using the'otPb f'o6Pb and the age determined by the process

outlined above. This effectively allows zircon populations to be characterised on both their

'o'Pb /'ouPb and'otPb f 'o6Pb ratios.



Appendix 2:

Compilation of geochemical data from southern Eyre Peninsula
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Appendix 3:

Compilation of isotopic data for southern Eyre Peninsula
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Pressure-Temperature data used in figure L.L
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The |ussieu and Tournefort Dykes of the Gawler Craton, South Australia

Bruce F Schaefert, ¡. Fodenl, M. Sandifordl and ].D Hoek2

1. Depnrtment of Geology nnd Geophysics, Uniaersity of Adelaide, Adelaide 5005, Sottth
Austrnlia

2 School of Earth Sciences, Uniaersity of Melbourne, Parkaille 3052 Victoria.

Abstract
Two phases of Palaeoproterozoic mafic magmatism are recorded in

the southern Eyre Peninsula, on the Gawler Craton, South Australia.
The Jussieu Dykes are small volume syn-plutonic mafic dykes

emplaced with the Lincoln Batholith, at -L850 Ma. They range in rnolrrro¡
signatures from +1.5 to -4.0, and stSr/86Sr11suo¡ from 0.70266-0.70473.

The Tournefort Dykes crosscut the Jussieu Dykes, but predate the
Kimban Orogeny. Pb-Pb zircon geochronology places a minimum age of
1798+8 Ma with a preferred age of 181215 Ma on emplacement, of the same
order as Rb-Sr whole rock data. Four geochemical groupings of the
Tournefort Dykes are observed, all being continental tholeiitic in nature.
Enriched LILE and LREE, and Nb, Sr and Ti anomalies with low Y levels
are typical. Subgroups within the Tournefort include high Magnesium
tholeiites with elevated MgO (>12 wt"/"), Iron rich tholeiites with > 16 wt"/o
FerO, and high Ba tholeiites (Ba > 650 ppm). Two distinct orientation
groupings are observed, neither corresponding to specific chemical
groupings. This situation is reflected isotopically, where high and low
t*alrsrz¡ (+1.9 to -1.6 and -2.8 to -6.0 respectively) dykes do not correspond
with either geochemical or orientation classification. The Kimban Orogeny
appears to have little effect in the bulk rock chemistry of the main dyke
SrouPS.

Examination of chemical and isotopic data for the least evolved
Tournefort Dykes in each group suggests the LILE and LREE signatures are
not features of emplacement level contamination. Lrdeed, the Tournefort
Dykes show little evidence of crustal contamination, suggesting chemical
and isotopic features observed reflect source characteristics. A two stage
model is envisaged where the Tournefort Dykes are derived from a long
lived, enriched lithospheric mantle reservoir due to the impingement of a

plume at -L800 Ma. The dichotomy of Nd model ages and e values is
attributed to derivation of the melts from either of these sources.

Keywords
geochemistry, geochronology, mafic dykes, Gawler Craton,
Palaeoproterozoic

Introduction
Mafic dyke swarms are common in Precambrian terrains (eg,

Kuehner, 7989; Zhao and McCulloch, 1993a, b; Mazzucchelli et al., 1995;
Condie, L997; Cadman et a1., 1995, 1997; Hageskov, 1997). They have
received considerable attention because their lateral continuity and
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geologically short time scale of emplacement (LeCheminant and Fleaman,
1989; Hoek and Seitz, 1995) makes them invaluable time markers. They
also offer insights into the stress field and thermal state of the lithosphere
into which they are emplaced (Hoek and Seitz, 1995). Additionally, they
can provide geochemical information of deeper mantle reservoirs and
processes (eg, Hergt et al., 1988; Sun and McDonough, 1989; Zhao and
McCulloch, I993a; Turner and Hawkesworth, 1994).

Many Proterozoic dyke swarms may be related to distinct geological
features by virtue of their geometry, for example, the MacKenzie swarm in
Canada radiates from a single point, believed to indicate a plume source
(LeCheminant and Heaman, 1989). Other swarms of parallel dykes have
been ascribed to lithospheric extensional events, such as rifting. In both
cases, mafic dyke swarms may well represent the plumbing system of
associated continental flood basalt magmatism (Fahrig, 1987).
Distinguishing between mafic dyke swarms originating in subcontinental
lithospheric mantle and those of mantle plume origin remains central to
understanding the origin and persistence of geochemical reservoirs in the
lithospheric mantle. However, identification of the source of mafic dykes
is complicated by distinguishing between enriched lithospheric mantle
sources and contamination with continental crust. Despite this, mafic dyke
swarms rarely show geochemical evidence of such contamination (eg,

Weaver and Tarney, 198L; Hergt et a1., 1989; Tarney, 1992; Zhao and
McCulloch, 1993a; Condie, 1997). Consequently such swarms provide
excellent opportunities for identifying the geochemical signatures of
mantle reservoirs and their evolution through time (Condie, 1.997).

The following contribution uses the geometric, isotopic and
geochemical attributes of the Palaeoproterozoic Jussieu and Tournefort
Dykes of the southern Gawler Craton, South Australia, to assess the level
of crustal contamination, constrain source region characteristics and
speculate on the nature of subcontinental lithospheric reservoirs for
Palaeoproterozoic continental mafic magmatism.

Geological setting and previous investigations
The Gawler Craton lies in central South Australia (figure 1) and is

composed of Late Archaean to Mesoproterozoic sequences of varying
composition and metamorphic grade. On southern Eyre Peninsula (figure
2), the Kalinjala Shear Zone (KSZ) separates Archaean granulite facies
ortho- and paragneisses (the Sleaford Complex; -2600-2400 I|;f.a, Webb et al.,
7986; Fanning et al., 1986; Fanning, 1997) and Palaeoproterozoic
amphibolite grade metasediments (the Hutchison Group; -1964-1859 Ilda,
Drexel et al., 1993; Fanning, 1997) to the west from variably deformed
granitoid and mafic intrusions of the Lincoln Batholith and Tournefort
Dykes (Mortimer et a1., L988a, 1988b; Hoek and Schaefer, in press) to the
east (figures 2 and 3). To date, neither the Jussieu or Tournefort Dykes
have been unambiguously correlated with mafic rocks on the western side
of the KSZ, and the data presented within this contribution will be
restricted to samples collected from within the Lincoln Batholith.

The Lincoln Batholith comprises a fractionated series of felsic
magmas termed the Donington Granitoid Suite (DGS; 1850-1843 Ma,

2
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Mortimer et al., 1988a) and syn-plutonic mafic dykes of the ]ussieu Dykes
(Hoek and Schaefer, 1998). The Tournefort Dykes post-date Lincoln
Batholith magmatism and are intrusive into it. The term swarm has been
dropped for both mafic suites due to implicit connotations of parallelism
and hence cogenesis. As described below, field evidence clearly exists for
more than a single phase of Tournefort empiacement.

The Jussieu Dykes were first identified on the basis of field criteria,
and described in Hoek and Schaefer (in press). They are a volumetrically
minor component of the terrain, however due to their syn-plutonic
nature, they place important constraints on both the thermal and chemical
evolution of the Lincoln Batholith. This study presents the first
geochemical and isotopic data for this suite. On the basis of the
comagmatic relationships, we conclude that the Jussieu Dykes were
emplaced at -1850-1840 Ma.

The Tournefort Dykes are composed dominantly of tholeiitic basalts
and subordinate picritic tholeiites. Mortimer (1984) recognised three
geochemically distinct suites of dykes, all of which were deformed to
varying degrees by the Kimban Orogeny. This study presents additional
geochemical and isotopic data, which, coupled with field observations
from low strain zones, allow identification of discrete phases of
magmatism and elucidation of possible source compositions. An
evaluation of the effects of deformation on bulk rock composition in the
Tournefort Dykes is also conducted.

Prior to this contribution, best estimates of emplacement ages were
based on Rb-Sr whole rock isochrons in the range of I57L99 Ma
(Mortimer et a1., 1988b) and 1500+200 Ma and 1700+L00 Ma (two groups,
Giddings and Embleton, 1976). However, refined regional scale
geochronology (eg, Fanning et al,, 1988; Fanning, 1997) indicates
emplacement must have occurred prior to -1750 but after L850 Ma (Drexel
et al., 1993).

The Kimban Orogeny was a term originally coined by Thomson
(1969) and Glen et al. (1977) to identify the series of tectonic events
recorded in the Hutchison Group. Subsequently the term has been applied
on a craton wide basis to encompass any deformation that has taken place
between the cessation of deposition of the Hutchison Group (1859+L1 Ma,
Fanning, 7997), and deposition of the Corunna Conglomerate, thought to
be synchronous with eruption of the Gawler Range Volcanics (1.592t2 i|l4.a,

Fanning et al., 1988). However, in the absence of a genetic link between
deformational events correlated on the craton scale over a period of -250
Ma, the term Kimban Orogeny in this contribution is restricted on
southern Eyre Peninsula to encompass that deformation and
metamorphism in the Hutchison Group with a common tectonic genesis;
ie, during the period -7750-1700 Ma. Development of an earty, layer
parallel schistosity in the Hutchison Group (D1) is considered
contemporaneous with emplacement of the Lincoln Batholith (Parker,
1978, Parker and Lemon,1.982) at -1850 Ma (and is indeed recorded in parts
of it). However to date, no clear genetic link between this period of
deformation and subsequent peak metamorphic conditions in the
Hutchison Group has been made.

J
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The Kimban Orogeny heterogeneously affected both the |ussieu and
Tournefort Dykes, with preservation of dyke propagation features in low
strain zones (figure 4a), wholesale retrogression and metasomatism in
high strain zones (figure 4b), and preservation of peak metamorphic
conditions in the form of garnet-hornblende+orthopyroxene assemblãges
in some Tournefort Dykes (Hand et al. 1995; in prep). There is no field
evidence of post Kjmban dyke activity, effectively placing a minimum age
constraint on emplacement of the Tournefort Dykes at the cessation of the
Kimban Orogeny, tentatively placed at -1700 Ma with the intrusion of the
undeformed Chinmina Syenite into the Hutchison Group (Fanning, 1997).
Sm-Nd geochronology on peak metamorphic garnet and hornblende
mineral separates constrain Tournefort dyke activity to predate 1748t25,
1777!65 and 1728+41 Ma for three separate samples over 100 km apart
(Bendall, 7994; Hand et al., in prep).

Definition and distribution
The lussieu Dykes

Identification of syn-plutonic mafic dykes within the felsic units of
the Lincoln Batholith has lead to the definition of tlne lussieu Dykes, a
distinctive pre-Tournefort mafic episode (see Hoek and Schaefer, in press).
Known outcrop of the Jussieu Dykes is limited to Williams Island, West
Point and north of Taylors Landing (figure 2), with the bulk of localities on
the extreme southern portion of Eyre Peninsula. Volumetrically they
comprise a small component of Lincoln Batholith magmatism (<s%),
however their distribution on offshore islands to the south of Eyre
Peninsula is unknown.

The Jussieu Dykes are typically surrounded by u felsic selvage
formed by melting and backveining due to propagation of mafic materiãl
through thermally perturbed felsic units (see Hoek and Schaefer, in press,
for discussion 

_ 
on this process). Disaggregation and ultimately

dissemination of commonly angular mafic enclaves (figure 5a) into
curvilinear trains is observed along strike (figure 5b), which, coupled with
the frequent association of felsic selvages along dyke margins act às criteria
for distinguishing the Jussieu Dykes from the younger Tournefort Dykes
in the field. The Tournefort Dykes always crosscut the Jussieu Dykes where
such relationships are preserved (figure 6).

The Jussieu dykes are generally less than -1m wide, although they
may vary considerably in thickness along strike length in response to both
differing degrees of subsequent deformation and the relative proportion of
felsic material comprising vein networks within the dyke and
surrounding selvage. There appears to be no preferred orientation of
Jussieu dykes preserved in the field. Most contain aphyric textures with
relict plagioclase + clinopyroxene + orthopyroxene, with subsequent
hornblende + quartz + biotite static retrogression in areas of low strain.
Identification of Jussieu Dykes becomes virtually impossible in high strain
regions due to the obliteration of features such as the planar nature of
enclave trains and selvages, along with accompanying retrogression and
amphibolitisation of the mafics.

4



Contacts between the ]ussieu and their surrounding selvages tend to
be distinct, and often may be angular. A plagioclase + quartz +
orthopyroxene (+ secondary hornblende) transition zoÍ:re up to l.-2mm
thick is common around the margins of Jussieu Dykes, while the bulk of
the selvage material is composed of quartz + plagioclase + biotite +
hornblende + orthopyroxene. Large plagioclase grains in the selvages
typically contain distinct rims with hornblende inclusions, suggesting
overgrowth of magmatic plagioclase during selvage formation.

The Tournefort Dykes
The Tournefort Dykes form a suite of gabbro to gabbronorite dykes

and retrogressed equivalents, observed to crosscut all units of the Lincoln
Batholith (including the ]ussieu Dykes) were deformed and partly
metamorphosed during the Kimban Orogeny, and in places (eg, West
Point, Kirton Point) contain peak metamorphic assemblages. The timing
of the Tournefort Dykes is thus bracketed by Lincoln Batholith magmatism
(-1850 Ma) and peak Kimban metamorphism (-1730 Ma, Bendall, 1994;
Hand et al., in prep.).

As noted by previous workers, such as Mortimer (1984) and
Mortimer et al. (1988), two distinct types of mafic rocks occur on the
southern Eyre Peninsula. These include gabbroic and picritic rocks with a

clearly dyke like geometry preserving primary igneous textures as distinct
from tectonically concordant boudins of amphibolite with appreciable or
complete metamorphic recrystallisation. Detailed mapping has
demonstrated that these amphibolites in the Lincoln Batholith preserve
the same geometric relationships and are in a broad geochemical sense
analogous to the Tournefort Dykes, but are generally found in zones of
higher strain and metasomatism. Thus, in this contribution the
amphibolites are considered to be retrogressed equivalents of the
Tournefort Dykes. Flowever, the bulk of discussion will focus on relatively
pristine dykes from regions of low strain and deformation since such areas
preserve the most information regarding petrogenesis and magmatic
chemistry

Regions of low strain, particularly Williams Island, West Point and
Mclaren Point preserve a plethora of dyke propagation features, allowing
distinction of two dyke emplacement events, characterised by NNW-SSE
(-330-350'T) and NE-SW (-25-60"T) trending orientations (Hoek and
Schaefer, in press). Crosscutting relationships on Williams Island suggest
the NE trending set to be younger than the NNW trending dykes. Features
such as arrested dyke tips, horns, steps, bridges and rafted bridge material
(figure 7) are typical of dyke propagation (Hoek,7994). While a range of
other dyke and amphibolite orientations are observed along the coast of
southern Eyre Peninsula (Giddings and Embleton, 1976; Hoek and
Schaefer, 7998), these often reflect rotation due to Kimban deformation.
Hence, while the orientation data is considered a useful tool in
demonstrating the existence of several dyke emplacement events, it is by
no means considered grounds for a definitive classification on the outcrop
scale.

5
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Localities such as Kirton Point (figure 8a) have been interpreted by
some (eg, Tilley, 192\) to contain amphibolite gneiss which was engulfed
and orientated by the intruding felsic gneiss. Flowever, outcrops at Wanna
demonstrate how discontinuous mafic bodies can be formed by
deformation of initially planar dykes (figure 8b; Bales, 1996).

Geochemistry
AnalyticøI methods

Major and trace element concentrations were determined at the
University of Adelaide by Philips PW 148 XRF, with 87Rb/86Sr calculated
from extended measurement routines of Rb and Sr. Total iron was

calculated as Fe2O3r, and mg# = (Mgl(Mg+0.8998Fe). REE analyses on
samples prefixed SEP- were conducted by ICP-MS at Monash University
following procedures recently described by Eiburg and Foden (submitted).

Nd and Sm concentrations and tn'Nd/t*Nd and "St¡865r isotopic
compositions were carried out by thermal ionisation mass spectrometry on
a Finnigan MAT 261 solid source mass spectrometer at the University of
Adelaide. Elemental concentrations were determined on 100mg of sample
dissolved in HF by bomb dissolution and spiked with 1s0Nd-ta7sm tracer.
Conversion to chloride by 6M HCI was followed by separation of Nd, Sm
and Sr using a two stage cation exchange procedure, in essence the same as

thatdescribedby Richard et al., (1976). Double Ta-Re, Re-Re and single Re
filaments were used for Nd, Sm and Sr respectively, and data blocks of ten
scans were collected until acceptable within run statistics were achieved (8-
15 blocks for Sr with fixed double collector and 15-25 blocks for Nd with
single collector). All Sr and Nd isotopic ratios were corrected for mass

fractionation by normalisation of ttsr/tuSr to 8.3752 and 1a6Nd/14Nd to
0.7279. Errors quoted on isotopic ratio measurements in this contribution
are 2o-"u,.,, and precision on Sm/Nd abundance ratios is about 0.1,%

relative deviation (1o). Average blank levels during the course of this
work were 1,.7 ng Sr and 700 pg Sm and Nd. Neodymium model
parameters are based on those of Goldstein et aI. (1984), and are: depleted
mantle 143Nd/144Nd 0.s1316,'n's^/'*Nd 0.2137, and CHUR tn3Nd/tnnNd

o.sr26gï, 147sml 144N d 0.1966.
The data generated in this study has been supplemented by data

from unpublished theses by Bradley (7972), Mortimer (1984) and Bendall
(7994), as well as data published in Mortimer et a1., (1988b). In all cases, the
supplementary data has been included for consideration only after
rigorous cross checking of sample localities and, where possible,
petrographic examination of samples.

lussieu Dykes

]ussieu Dykes are known to outcrop in only three localities (north of
Taylors Landing, the southern tip of West Point and Williams Island),
however they display remarkable chemical homogeneity given such a
spatial variation (table 1). They range between 48.9-51..6 weight o/o SiOz,
with a spread of mg# values from 61 to 48. Distinctive chemical features

6
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include relatively enriched Rb and Pb, with Nb, Sr, Ti and P depletions
(figure 9). Accompanying the low mg# values are low Ni (80-150 ppm) and
covarying Cr (maximum of 840 ppm at mg# 61 down to 88 ppm at 48).

Overall, trace elements vary little from locality to locality (figure 9),
with the notable exception of Th. Sample SEP-293 is from Williams Island
and contains a distinctive Th depletion. In the absence of covarying U,
which would be expected to be mobile with Th in the metamorphic
environment, such a feature must be regarded as primary, and is indeed
weakly mimicked in sample SEP-250 from West Point.

Despite the apparent chemical homogeneity, significant variation in
Nd isotopic signature is observed. tNa(reso) values range from -4.0 north of
Taylors Landing to +1.5 at West Point. Virtually no systematic isotope
variation is observed with chemistry.

Totrnefort Dykes
The Tournefort dykes are composed of four geochemical groups,

reflecting both initial magmatic variation and variable subsequent
metasomatic alteration associated with deformation and metamorphism
during the Kimban Orogeny. However, all geochemical groupings possess
(to varying degrees) negative Nb, Sr and Ti anomalies, along with depleted
Y values.
High Mg Tholeiites (HMgT)

Dykes of this group range from picritic to gabbronorite in
composition, with variable degrees of secondary amphibolitisation. Their
chemistry is distinctive by virtue of very high MgO contents (12.1.-24.1%) at
low SiO2 (46.2-53.3%) and CaO (3.9-1,1.0%). The HMgT also contain
comparatively low levels of LILE and pronounced Nb, Sr and P depletions.
They contain the lowest levels of LREE of any Tournefort Dykes (figure L0)
and the highest Ni (382-1228 ppm) and Cr (1,027-4166 ppm). Primitive
mantle normalised patterns for elements more compatible than Sr tend to
be fairly flat (figure L0), and in some samples the absolute abundances of
Sm, Ti and Y is less than both N- and E- type MORB's.
lron (Fe) Rich Tholeiites (FeRT)

The Fe rich tholeiites are a series of variously amphibolitised dykes

with Fe2O r' , 1,6o/o, and elevated (up to 3.6%) TiO2. They are slightly LREE
enriched, and contain widely varying LIL element concentrations (eg, Ba =
56-502 ppm), a reflection in part of element mobility during
amphibolitisation. FeRT dykes tend to high V concentrations with respect
to the rest of the Tournefort Dykes, as well as containing elevated Rb, Ba,
and Zr.
High Ba Tholeiites (HBaT)

This group of mafics typically outcrops as planar arrays of
amphibolite rafts and boudins, commonly with partial melts and
leucosomes generated in boudin necks and on raft margins (eg, centre of
field in lower mafic in figure 8a, on tip of bottom portion of central dyke in
figure 8b). Individual dykes are not as prevalent in this group as in the
remainder of the Tournefort Dykes. The distinguishing character of these
mafics is their high (>600pptt) Ba, (figure 10). SiO2 (49.3-58.3%), K2O and
Na2O levels. They also contain high Rb, Th, Sr, Pb and LREE

7



concentrations. Although it is tempting to attribute many of these features
to amphibolitisation, figure 10 compares the effects of different
metamorphic assemblages on bulk composition for the main dyke groups.
While there is some variation in chemistry within groups with increasing
degrees of amphibolitisation, it is clear that overall trace element patterns
broadly reflect initial compositions. The implications of this are discussed
further below.
Unøssigned Tholeiites

By far the bulk of the Tournefort Dykes fall into this category. A
range of tholeiitic dolerites are observed, including plagioclase- and
orthopyroxene-phyric dolerites, variably amphibolitised equivalents, and
unaltered even grained dolerites. Due to both initial compositional
variation and subsequent amphibolitisation, the tholeiite dykes possess a

broad range of chemical compositions. SiO2 values range from 47.0-53.1%,
with moderate levels of MgO (5.1,-9.7%) and the greatest values of CaO (8.6-
72.5"/") for the Tournefort Dykes. The bulk of unassigned tholeiites are Sr
depleted with weakly developed negative Ti and Y anomalies, however
absolute trace element abundances trend to higher values than for the
HMgT. A wide spread in LILE (K, Rb, Ba) concentrations possibly reflects
varying degrees of amphibolitisation and metasomatism during the
Kimban Orogeny.

Nd isotopes define two distinct groups within the Tournefort Dykes.

One group contains dykes with high ÊNa(rsrz) values (+1.9 to -L.6), with the
other group containing tu¿(rsrz) values in the range -2.8 to -6.0. This
subdivision is independent of the previously described geochemical
groups, an effect mirrored in their Sr isotopes. "sr/t6Sr1¡ ratios show
similar ranges for each geochemical group, ranging from 0.70304-0.70587
for the Unassigned Tholeiites through 0.70385-0.70551 for the HBaT. Only
the FeRT show a narrow range (0.70224 -0.70228) which probably reflect a
sampiing bias due to the small number (two) of analyses. Sample SEP-024
shows evidence of strong Rb enrichment during amphibolitisation of the
HMgT (see below), resulting in anomalously low ItSr/t6Sr,., ratios. The two
Nd isotopic groups are also present in the Sr isotope data, with samples

containing low t¡a(rsrz) values also containing correspondingly radiogenic
t'5, /'uSti¡ signatures (>0.7045). Samples with high e¡¿1Ð values typically
have otsrTttsrl,) <0.7045 (table 2). Therefore, while the isotopic data
contains little information within individual geochemical groups, the
apparent coupling of the Nd and Sr isotope systems suggests the data
reflects an important petrogenetic process.

Effects of amphibolitisøtion on bulk rock chemistry
From the preceding geochemical descriptions, it was suggested that

some chemical variation within dyke groupings may be attributable to post
emplacement metasomatism associated with the Kimban Orogeny.
However, detailed analysis of the data suggests that chemical changes in
bulk composition do not vary systematically with amphibolitisation, both
on a regional scale and on the outcrop scale.
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Figure L0 compares trace element chemistry of amphibolites and
relatively unmetamorphosed dykes of all groups. In all cases, the
amphibolites are hornblende+biotite gneisses, whereas the unaltered
samples preserve primary pyroxenes and magmatic textures. One of the
most striking characteristics of the HBaT and FeRT suites is the relatively
minor changes in trace element chemistry observed during amphibole
growth. Variations that are observed, particularly amongst the LILE, are
usually systematic within .a group, however no across group systematic
variations are observed. Flence, amphibolitisation of HBaT appears to
increase Th, U, Nb, K, Pb, LREE and Ti, whereas little variation in these
elements from unaltered compositions is observed in the FeRT. By
contrast, the Dolerite dykes preserve distinct decreases in Rb, Ba, Th, Nb,
LREE and Ti, suggesting that compositional variation due to
metasomatism is controlled in part by initial dyke composition, rather
than systematically driven by the individual trace elements considered.

Dykes containing metamorphic garnet occur in three of the groups,
and no systematic variation in bulk rock chemistry is involved with
garnet growth (figure 10). In each group/ garnet bearing mafics display bulk
compositions that mirror those of unaltered samples, with limited non-
systematic erratic element behaviour (eg U in the Dolerite dykes). This
suggests garnet growth is not a response to pervasive metasomatism, but
driven by ambient pressure and temperature conditions for a given bulk
composition.

In an attempt to quantify smaller scale trace element variation with
metamorphism, a series of samples across a boudin neck were collected at
Kirton Point. The dyke sampled consisted of a recrystallised core mantled
by leucosome bearing amphibolites. On approaching the boudin neck, the
core and leucosomes became increasingly tectonised. Samples were
collected in a transect across the boudin neck of the leucosome bearing
amphibolites, and the central portion of the dyke in both the boudin neck
and from a low strain zone LOm along strike. The amount of trace element
variation is depicted as the HBaT amphibolite samples in figure 10. The
two amphibolites contain the maximum and minimum range for
amphibolites from Kirton Point. They vary little from the relatively
undeformed central portion of the dyke, and indeed from the rest of the
undeformed dykes of the same geochemical group. A garnet bearing mafic
from the same locality possesses an indistinguishable primitive mantle
normalised trace element pattern from the amphibolites (figure 10).
Flence, trace element variations on the metre scale appear to be small,
despite distinct changes in hand specimen appearance and total strain. It is
therefore reasonable to conclude either that metasomatism took place on a
large scale such the rocks sampled were essentially homogenised during
amphibolitisation, or that amphibolitisation (at Kirton Point at least)
resulted in little chemical variation in the mafics, even with moderate
variations in strain. The latter hypothesis is favoured for the Kirton Point
study as there is no evidence in the surrounding felsic gneisses for
metasomatic processes acting on the scales required. However, whilst the
observed variations are small, they are not trivial, and clearly with
increasing strain (such as within the Kalinjala Shear Zone, or high strain
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zones such as Lookout), masking of initial trace element patterns would be
expected. Since such samples are not routinely collected in petrogenetic
studies, this hypothesis remains unevaluated.

Therefore, only in the case of the Dolerite dykes does
amphibolitisation appear to have radically altered both the pattern and
absolute trace element concentrations. Clearly though, the least deformed
and unaltered samples provide the best constraints for petrogenetic
studies. Despite non-systematic behaviour of trace elements between
individual geochemical groups of Tournefort Dykes, within group
variation is broadly coherent. On the basis of whole rock trace element
geochemistry, it may be concluded that the amphibolites of this study are
indeed highly deformed and retrogressed equivalents of the Tournefort
Dykes, consistent with petrological observations and field relation
inference.

Geochronology
Mafic dykes are valuable geochronological markers due to their

lateral continuity and their short period of emplacement (eg, Zhao and
McCulloch, 1993b). Historically, however, precise age determinations of
mafic lithologies has been fraught with difficulty. For example, the
relatively low total concentrations of radioactive elements and minimal
compositional variation result in a narrow range of parent/daughter
ratios, producing large errors in fitting whole rock isochrons. Low levels of
accessory phases (such as zircon) amenable to geochronology means mafic
dykes pose problematic geochronological targets compared to more
commonly studied felsic suites. Internal mineral isochrons have been
used to constrain emplacement ages on comparatively unaltered and
undeformed dyke suites (eg, Zhao and McCulloch, 1993b), however such
an approach is complicated in the Tournefort Dykes due to the effects of
the Kimban Orogeny (as observed in Hand et al., in prep).

Previous studies (eg Black et al., 1991.; Lanyon et al., 1993) have made
use of comagmatic felsic segregations within dykes as sources of radiogenic
element bearing phases. Such segregations represent late stage fractionates
of the mafic magmas emplaced in veins oriented perpendicular to dyke
margins due to contraction during cooling. Their chemistry is often
sufficiently siliceous to allow crystallisation of accessory phases such as
zircon which are able to be dated by conventional techniques. Of utmost
importance in such studies is demonstrating the comagmatic nature of the
felsic segregations with the mafic dykes (as opposed to later generations of
crosscutting veins), and being able to adequately discriminate between
populations of potentially inherited phases (eg Black et al., 199I) and those
associated with fractionation and crystallisation of the felsic segregation in
question (eg, Lanyon et a1., 1993).

Geochronology of the Tournefort Dykes
Pb-Pb zircon eaaporøtion geochronology
A zircon bearing felsic segregation from a dyke in the low strain

zorle at Mclaren Point (sample GC-99) was identified as a potential
geochronological target. This sample preserved diffuse margins with the

10



host dyke (figure LL), does not continue beyond the dyke margins into the
host Lincoln Batholith lithologies and is less siliceous than later (Kimban)
felsic veins which crosscut both the dyke and host gneisses. This
segregation therefore places a minimum age constraint on the host dyke
containing it.

The Pb-Pb zircon evaporation technique as carried out in this study
was developed by Kober (1986), with the method applied at Adelaide
University outlined in Dougherty-Page and Foden (1996). The technique
involves sequentially evaporating layers of zircon and analysing the Pb
isotopic composition in a stepwise manner towards the core of the zircon.
Ratios of '07Pb/'o'Pb,'o'Pb/206Pb and '*Pb/'o'Pb are thus obtained for each
heating step, allowing calculation of a zircon age from tine 207Pb/206Pb ratio
which has been corrected for common Pb calculated from tkre 2uPb/206Pb

ratio (Dougherty-Page and Foden, 7996). Coupled with the age
determination is the ability to back calculate Th/U ratios for each analysis
(Bartlett et al., in press), using the 208Pbl206Pb ratio. This (Th/U)t value is
useful for discriminating separate zircon populations.

The limitation of the evaporation technique is that of
demonstrating concordancy. However, using data obtained from many
small sequential heating increments, and using only data plateaus in the
sequence, discordance is minimised. That is, if a sequence of analyses were
discordant, then successive heating steps would produce different
measured ratios, and the data would not plateau. Age determinations are
thus conducted only on the plateaus of data sets. Multiple analyses of
zircons from within a single sample reproducing plateaus of
corresponding 207Pb 

/206Pb and, (Thlu)r ratios therefore imply a strong
degree of concordance for the population in question.

Only a small number of zircons (-20) were retrieved from -L0 kg of
sample GC-99, of which 5 zircons contained sufficient Pb to form a stable
beam enabling analysis.

On the basis of (U/Th) t, a1e and running criteria, two populations of
zircon were identified in GC-99 (figure 12) which are not observed in any
of the host Lincoln Batholith lithologies (Schaefer, 1998). The populations
comprise a younger, high (U/Th)t population at 1798+8 Ma ((U/Th)r -0.45),
and a slightly older, low (U/Th)1 population ((Thlu)r -0.37) at 1812t5 Ma.
Both populations are a marked contrast to magmatic Lincoln Batholith
zircons from Tumby Bay and Wanna (184118 and 1841+9 Ma respectively,
(Th/U)t -0.40). U-Pb zircon analyses on the Quartz Gabbronorite Gneiss at
Cape Donington and the Memory Cove Charnockite at Memory Cove þ
Fanning (7997) and Fanning and Mortimer (in prep) also show no
evidence of zircon growth at 1798 -18L2 Ma.

The reproduction of the age populations in multiple zircons and the
marked absence of a Lincoln Batholith component in the zircons analysed,
coupled with higher (ThlU), ratios measured in GC-99, suggests the ages
record reflect periods of new zircon growth. Thus, the youngest age
obtained from the felsic segregation places a minimum age constraint on
the mafic dyke. Both ages obtained are consistent with the lithological and
structural controls on Tournefort Dyke emplacement.
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Several scenarios can be envisaged for the presence of two unique
zircon populations, including the younger age representing the time of
dyke emplacement and the older component a mixing age beyond
resolution of the evaporation technique with inherited zircons from the
Lincoln Batholith. This is consistent with Lanyon et al. (1993) who noted a

large component of inheritance in zircon studies from the Vestfold Hills.
Alternatively, the younger age may be a mixing age formed by Kimban
overgrowths with the magmatic emplacement age at 1812t5 Ma. At the
time of writing it is difficult to distinguish between the two alternatives,
except to note in passing that the high (U/Th)t ratio of the rims is
consistent with metamorphic growth. Whilst there is evidence for this
elsewhere in the Lincoln Batholith during the Kimban, the Mclaren Point
locality is a low strain area preserving fine scale magmatic relationships
and typical bulk rock chemical and isotopic signatures. Also, as discussed
above, the Tournefort Dykes have proved suprisingly robust to large scale
metasomatism during amphibolitisation. In conclusion it would appear
that the Tournefort Dykes can be no older than 1812+5 Ma, and no younger
than 1798+8 Ma, both ages which are consistent with the regional
geolo gical constraints.

Rb-Sr zuhole rock geochronology
Previous attempts at whole rock Rb-Sr geochronology on the

Tournefort Dykes have been inconclusive (Giddings and Embleton, 1976;
Mortimer, \984; Mortimer et a1., 19BBb). As an adjunct to an extensive
palaeomagnetic survey of the Tournefort Dykes on Eyre and Yorke
Peninsulas, Giddings and Embleton (1976) cite ages of L500+200 Ma and
L700+L00 Ma for the two palaeomagnetic groupings of dykes observed,
however no data is presented. Mortimer (1984) calculated an age of
1539+251. Ma for his Group A mafics, and Mortimer et al. (19BBb) reported
-1600 Ma for a number of regressions on the mafics in the Port Lincoln
area.

Whole rock studies of mafic dykes are inevitably constrained by the
narrow range of bulk compositional variation within a suite, the implicit
assumption of cogenesis of parallel mafic dykes and subsequent mobility of
Rb and Sr during metamorphism. The net result is that while whole rock
Rb-Sr data may place broad constraints on the age of the Tournefort Dykes,
detailed whole rock studies are unlikely to provide new insights.

In the course of petrogenetic sampling in this project, seven new
whole rock analyses were generated, which, coupled with two previously
unpublished analyses of Bendall (1994) and the existing data set of
Mortimer (1-984), prompted a re-evaluation of the status of whole rock Rb-
Sr geochronology of the Tournefort Dykes.

Isochrons generated for each of the major geochemical groupings
described above invariably returned a range of ages, some older than the
Lincoln Batholith they were intruding (and obviously not of geological
significance) and some of post-Kimban Orogeny age (table 3).

The seventeen least deformed members of the dataset viewed as a
whole, define an isochron of L817!43 Ma (2o) with a MSWD of 38 and
initial ratio of 0.70365. Whilst the error is clearly large and covers a range
of geologically feasible events, including Lincoln Batholith emplacement
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and initiation of the Kimban, the low initial ratio and large spatial
diversity of samples used in construction of the isochron suggests
cogenesis. Significantly, the isochron age is of the order of the 1,8LÈ5 Ma
age determined by Pb-Pb zircon evaporation for Tournefort Dyke
emplacement. While taken in isolation, little emphasis would be placed
on the Rb-Sr whole rock isochron/ coupled with the Pb-Pb data, it would
appear to corroborate the emplacement age of the Tournefort Dykes.

Sm-Nd whole rock geochronology
The Tournefort Dykes form two groups of distinct isotopic

signature. One group contains dykes with high€r t¡¡¿11s12¡ values (--2to +1),

with the other group containing sNr¿(rsrz¡ values in the range --3 to -6.
These two groupings are also reflected in the depleted mantle model ages

of the dykes, with the higher tNa(rarz) grouP containing Torr¿ values of -2.1,-
2.4 Ga, and the remainder containing older Tou's at -2.6-2J Ga. While the
absolute values of Tp¡a "ages" are strictly model dependent, and may have
little strict geological relevance, they do place broad constraints on the
crustal prehistory for a set of magmatic rocks. It must be stressed that in the
case of the Tournefort Dykes, the two Nd isotopic groupings observed are
independent of any of the previously discussed geochemical or orientation
groupings, suggesting calculated model ages are artefacts of processes
involved in both source and dyke generation.

Using the isotopic subdivision described above, two isochrons are

generated from the available dataset. Those dykes with higher t¡a(rarz)

values produce an array with an age of 25t0!225 Ma (1o), and comprise
samples with a generally lower radiogenic component (figure L3), whereas
the more evolved dykes define an older aftay (28641734 Ma (1o)) with
lower 143Nd/144Nd components (figure 1,3).

While both ages are clearly too old to reflect emplacement ages, they
clearly offer insights into the petrogenesis of the Tournefort Dykes, and
will be discussed in this context below.

Tournefort Dyke geochronology summøry
Pb-Pb zircon evaporation data from a felsic segregation interpreted

to be comagmatic with Tournefort Dyke emplacement impose a
minimum age of 7798+8 Ma and a likely emplacement age of L8LÈ5 Ma.
Whole rock Rb-Sr data on the least deformed and metamorphosed
samples of the suite as a whole define an isochron at L8l7!43 Ma, of the
same order as the Pb-Pb data. While the Pb-Pb age is likely to record
crystallisation of a single dyke, the Rb-Sr data suggests this age is applicable
to dykes within the larger Tournefort system. The coincidence of ages þ
independent isotopic systems on different rock samples suggests L812+5
Ma is a best emplacement age estimate for the Tournefort Dykes, with a
minimum age of 1798+8 Ma defined by a younger zircon population.

Sm-Nd whole rock data record no information of Tournefort
emplacement. However, "isochrons" defined by the two isotopic
groupings observed within the dykes may reflect a long lived enriched
mantle source for the Tournefort Dykes.

Geochronology of the lussieu Dykes
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The age of the Jussieu dykes is tightly constrained by their
comagmatic nature with the Donington Suite. Numerous U-Pb, Pb-Pb and
Rb-Sr studies have been carried out on the felsic portions of the Lincoln
Batholith (eg, Mortimer et al., t998a; Fanning et a1., 1988; Fanning, 1997),
however in order to provide a temporal constraint independent of field
relationships, three Jussieu Dyke-selvage pairs were analysed by Rb-Sr
whole rock means.

The six samples thus analysed return an isochron of 1,856+9 Ma (2o)
with a MSWD of 56 and initial ratio of 0.70349t0.00007. Despite the
presence of excess scatter (as reflected in the MSWD), the age determined is
within error of U-Pb and Pb-Pb zircon ages determined for the Lincoln
Batholith (-1843-1852 Ma) from a range of localities (Mortimer et a1., 1988a;
Fanning et a1., 1988; Fanning, 1997). This age is interpreted to reflect the
time of selvage formation and dyke crystallisation, and is consistent with a

Jussieu Dyke genesis that is comagmatic with the Lincoln Batholith.

Petrogenesis
The Tournefort Dykes show trace element patterns similar to that of

the continental crust. They are LILE and LREE enriched, and distinctive þ
virtue of negative Nb and Sr anomalies, and also have depleted Ti and Y
values (figure 4.3). One subdivision on the basis of isotopes preserves

crustal signatures in the form of unusually negative initial e¡¿ with

correspondingly higher 
t'3r¡"srrrrvalues 

for mafic dykes. At the time of

emplacement, r*o values of such Tournefort Dykes are more negative than
the host gneisses of the Lincoln Batholith they intrude, and only slightly
more evolved than the Sleaford Complex regional basement (figure L4),
effectively ruling out emplacement level contamination. Therefore,

87 86

elevated Sr / Sr,,, ratios coupled with evolved Nd isotopic signatures
requires magma production from an environment that has an extended
history of enrichment in incompatible elements, which is not preserved at
the current erosion level.

With these constraints in mind, there is in essence two options for
the generation of basaltic magmas with crust-like signatures; 1) mantle
derived magmas contaminated during ascent through (and/or ponding in)
the lower crust to a degree that essentially swamps source trace element
characteristics; or 2) derivation from a portion of the mantle that has
essentially crust-like isotopic and LILE signatures. The further option of
emplacement level contamination seems limited in effect due to the
extreme isotopic signatures, as noted above.

Constrøints on crustal contømination
Samples most likely to have suffered crustal contamination are

clearly those with strongly negatit. t*u,u values. Samples from the HMgT,
HBaT and Dolerite dykes are in this group, with FeRT restricted to more
primitive t o,u values. In order to evaluate the amount of crustal
interaction, the following discussion will centre on those dykes most likely
to exhibit contamination, ie, those with more evolved Nd isotopic
signatures (see table 2).
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The absolute Nd concentrations in the least siliceous non cumulate
members of the Dolerites and HMgT tend to low values (<L9ppm, HMgT =
6-10 ppm). Typical oceanic and continental tholeiites contain -7-t0 ppm,
compared to values typically >30 ppm in southern Gawler Craton crust.
Therefore, in order to maintain low Nd concentrations in the melt, any
potential crustal contaminant would need to be LREE depleted (ie, contain
low Nd concentrations), or be mixed in small enough quantities to
prevent significant perturbation of the Nd concentration. Since both the
Sleaford Complex and Lincoln Batholith are comparatively Nd enriched
(Nd -30-70 ppm for large volume lithologies), the former seems
untenable. Dykes containing evolved Nd signatures are distributed widely
within the Lincoln Batholith, and comprise approximately half of the total
dykes analysed for Nd isotopes. Such widespread and large scale variations
in signature coupled with close proximity of dykes with more primitive
Nd signatures at localities such as West Point argue against small volume
mixing.

The Tournefort Dykes also maintain linear arrays on tNalrerz) vs
Sm/Nd, 1/Nd and La/Sm plots (not shown). Such correlations are
indicative of simple two component mixing. Situations involving more
than two components, or more complex mixing processes (such as AFC)
are likely to result in non-linear relationships (Zhao and McCulloch,
1993a). Furthermore, if simple two component mixing did take place, the
linearity requires mixing with a crustal contaminant of unique
composition. Flowever, the most likely contaminant (the Sleaford
Complex) displays a very heterogeneous nature, in both isotopic and trace
element geochemical terms. Therefore, such trends would require
contamination to have taken place within a specific (homogeneous)
portion of the Sleaford Complex (figure 14), which seems unlikely given
the spatial distribution of dykes defining the trends.

Contamination by silicic crust also fails to account for the low SiO,
and high mg# of non-cumulate dykes in both the HMgT and Unassigned
Tholeiite groups. So too, 1o* t*o,u, HMgT samples display primitive mantle
normalised patterns with values similar to or less than N-MORB sources
for elements more compatible than Sr. This makes generating the required
compositions by bulk mixing of crust with tholeiitic magmas difficult,
particularly when trying to maintain a balance with incompatible
elements, which are strongly depleted in N-MORB. Additionally, a
number of key trace element ratios lie outside of N-MORB-crust mixing
trends; egTi/Y and Zr /Y for example are too low, and Sc/Y too high, to be
a result of simple mixing. Therefore, while only comparatively small
amounts of contamination are necessary for the LILE and some LREE,
compatible elements such as Sm, Ti and Y require large proportions of
contaminant to produce signatures observed in the HMgT.

This effectively leaves two possibilities; 1) the Tournefort Dykes
have been contaminated by crust of a very specific composition, which is
not exposed on the southern Gawler Craton or 2) the trace element and
isotopic signatures reflect mantle source processes and have seen
negligible crustal contamination. Regarding the former, given that the top
of the Lincoln Batholith was at -15 km during emplacement, and the
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structural level of the batholith exposed in the Kalinjala Shear zone is a
minimum of several kilobars deeper (Oussa, 1993; Bendall, 1994; Hand et
aI.,7995; Hand et al., in prep), the Lincoln Batholith occupies a portion of
the middle to lower crust with exposed vertical relief of some 5-6
kilometres. With extension taking place during Lincoln Batholith
emplacement, and again during Tournefort emplacement, only a

comparatively thin and attenuated section of lower crust would have been
available to act as a contaminant to the Tournefort Dykes. The
composition of such lower crust is inaccessible by direct means, as the only
enclaves observed within the Tournefort Dykes are locally derived Lincoln
Batholith felsic gneisses. However Nd isotopes suggest that the only
crustal contaminant available to the Lincoln Batholith was the Sleaford
Complex (Schaefer, 7998). Hence, the only observable crustal contaminant
available to the Tournefort Dykes either directly or indirectly (via a two
stage process involving the Lincoln Batholith) was the Sleaford Complex.
Since neither of the isotopic groupings within the Tournefort Dykes define
mixing arrays with Sleafordian crust (figure 14), another source for this
signature is required. Such a conclusion is consistent with the geochemical
constraints discussed above.

Therefore, it would seem the apparent crustal signature of the
Tournefort Dykes is a reflectíon of mantle source characteristics. The
presence of enriched lithospheric mantle reservoirs beneath continental
crust has been documented in many parts of the world, (eg, Menzies et a1.,

1987; O'Reilly and Griffin, 1988; Griffin et al., 1988 and references therein),
and have been appealed to as sources for mafic magmatic events which
preserve similar trace element and isotopic characteristics to the
Tournefort Dykes (eg. Hergt et al., 1989; Zhao and McCulloch, 1993a).
Enriched lithospheric mantle beneath the Gawler Craton is an appropriate
chemical reservoir for the derivation of the Tournefort Dykes, as it is
likely to be relatively enriched in incompatible elements, yet still relatively
depleted in compatible elements. Isotopically however, samples of the
subcontinental lithosphere from beneath the Gawler Craton in the form of
xenoliths from kimberlites (Song, 1994), are not evolved enough to
produce the signatures observed in the Tournefort Dykes. Instead, while
the primitive Tournefort Dykes define mixing trends between the depleted
mantle and lithospheric mantie (Figure 15), the low e*0,,, dykes trend
towards an isotopically enriched source, such as that observed in the EM L

ocean island basalts (OIB's). EM-1 is associated with plume magmatism at
the Pitcairn and Tristan hotspots on the modern Earth (Hofmann, 1997),
suggesting a role for plume related magmatism in Tournefort Dyke
genesis.

Discussion
The origin of enriched mantle remains equivocal. However, only a

comparatively small number of mechanisms may be envisaged which
."r.tit in the formation and continued isolation of such t"r"r'oóits. There
are essentially three general groups, viz:
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1) subduction of continental crust into the upper mantle resulting in
enriched lithospheric mantle (Hergt et al., 1989; Zhao and McCulloch,
1993a)
2) Plume driven, OIB type sources; some of which (eg HIMU) are not
observed in mafic dyke swarms until the Neoproterozoic (Condie, 1997),

and 3) progressive enrichment of previously depleted subcontinental
lithospheric mantle, either by continuous melt percolation from the
asthenosphere (Erlank et al., 7987; McKenzie, 1989; Turner and
Hawkesworth, 1995) or specific enrichment events.

The features outlined in the preceding section suggest that the
Tournefort Dykes reflect the interplay between potentially three mantle
sources; that of depleted mantle characteristics, one with a plume derived
component and an enriched subcontinental lithospheric mantle.

A mechanism for generation of new continental lithosphere exists
on southern Eyre Peninsula. Freezing of asthenosphere to the base of the
lithosphere during sedimentation would allow the generation of a

relatively primitive reservoir with MORB-like characteristics. Flowever,
the shallow nature of the Hutchison Basin (-3.5 km, N. Lemon, pers
comm.), requires that the total volumes involved be relatively small,
suggesting derivation of primitive Tournefort Dykes wholly from such a
source is unlikely. The mixing arrays of the primitive dykes could
therefore reflect interaction between relatively juvenile lithosphere with
depleted mantle signatures, and the enriched subcontinental lithospheric
mantle.

Additionally, the source of both heat and material for Tournefort
magmatism may be derived independently of the local geology. Enriched
asthenospheric sources for plume related magmatism may offer an
alternative origin, (figure L5) however this merely moves the initial
source of the enrichment one step further back, implying an effective
mechanism existed for enriching, and more importantly, preserving
chemical heterogeneities in the convective asthenosphere. Sun et al. (1989)
note problems with returning (subducting) sufficient volumes of
Archaean crustal material to establish large reservoirs early enough in the
history of the Earth to source such magmatism. Despite this, portions of
the Tournefort Dykes display trace element characteristics, such as flat
compatible trace element patterns and arrays trending towards OIB (Ocean
Island Basalt) sources (figure L5), consistent with derivation, at least in
part, from a plume related source.

The origin and nature of a subcontinental lithospheric mantle
reservoir remains equivocal. The Tournefort Dykes preserve a long
history of enrichment prior to emplacement (-0.a Ga); with the most
evolved portions containing To, ages older than the those in the Lincoln
Batholith they intrude (figure 16). As Zhao and McCulloch (1993a) note,
subduction modified continental lithospheric mantle is likely to be readily
extracted, particularly in regimes undergoing active extension and/or
anomalous thermal activity. On southern Eyre Peninsula, the 150 million
years prior to Tournefort emplacement was characterised by extension to
allow deposition of the Hutchison Group from -2000 Ma, and
emplacement of the Lincoln Batholith, again probably in an extensional
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environment at -1850 Ma. It is only -20-30 Ma after these protracted
extensional and magmatic events that Tournefort Dyke magmatism from
an enriched source took place. Therefore, the preservation of an ancient
subduction modified enriched continental lithosphere for the duration of
this tectonic activity seems unlikely.

Another view is that of enrichment of previously depleted
peridotite beneath areas of stable continental crust. Turner and
Hawkesworth (1995) argue for the establishment of large depleted
reservoirs by crustal formation events, which are subsequently hydrated
and enriched in incompatible elements. The ultimate source of
incompatible elements and hydrous fluids has been suggested to be either
the deep mantle (Erlank et a1., 7992), or underplated oceanic crust (Tarney,
1992). In either case, lithospheric mantle thus developed is likely to
remain isolated from the convecting mantle in the steady state due to its
strength and buoyar.Cf t features of its depleted nature.

O'Reilly and Griffin (1988) point out that once such a chemical
reservoir is established, essentially primitive melts generated at depth
beneath it are able to take on characteristics of the lithosphere it passes
through. This "wall rock reaction" process may be analogous to crustal
contamination processes, however the chemical signature is likely to be
indistinguishable from the lithospheric mantle the melt transits. This
scenario may work well if the initial melt is particularly depleted in
incompatible elements, but will retain its initíal compatible element
distribution. The resulting isotopic signature however, is likely to reflect
that of its primary primitive or depleted mantle source.

In the case of the Tournefort Dykes, the active regional prehistory of
the terrain argues against the long term evolution of a single stage
enriched mantle. To, values of the Tournefort Dykes fall neatly into two
groups (eg, figures 1.4 and 16, table 2), an older group, which is
indistinguishable from To", values of the Sleaford Complex (figure L6), and
those younger at 2.L to 2.2 Ga. This suggests the presence and persiÈtence of
an old lithospheric component, either formed or completely reset during
the Sleafordian Orogeny (2.6-2.7 Ga), which sourced the HMgT, HBaT and
parts of the Dolerite Dykes. The younger, more primitive lithospheric
source is observed in the FeRT and remaining Dolerite Dykes (table 4.L,
figure 15). Such a source is likely to be a relatively juvenile asthenospheric
underplate formed during extension associated with Hutchison Group
sedimentation. Additionally, trends suggesting interaction between
enriched subcontinental lithospheric mantle and plume-type sources are
observed on isotope vs HFS/LIL element plots such as figure L5. Hence,
the older, more evolved (low e*, dykes) source is partially attributed to a
plume component, which also provided the necessary thermal input to
drive remelting of the older lithospheric keel. Such a melting mechanism
is necessary as decompression melting during continued extension is
considered unlikely after removal of hydrous phases and volatiles from
the lithospheric mantle during Lincoln Batholith generation. Since only
-20-30 Ma elapsed after Lincoln Batholith magmatism prior to Tournefort
Dyke emplacement, it appears unlikely that the lithospheric mantle could
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become sufficiently enriched in hydrous phases and incompatible
elements to generate the Tournefort Dykes in this time.

Therefore, the diversity of chemistry within the Tournefort Dykes
can be attributed to entrainment of both ancient and juvenile lithospheric
mantle in an ascending plume, emplaced at -1815 Ma.

In conclusion, the Tournefort Dykes place some constraints on the
nature of the continental lithospheric mantle. Th"y argue for the
development and persistence of large volumes of ancient lithospheric
mantle beneath stable cratonic regions, able to be sampled repeatedly
during crustal evolution (eg, Miltalie Gneiss and Lincoln Batholith
magmatism prior to Tournefort Dyke extraction). Their longevity also
implies the existence of a mechanism capable of replenishing volatiles and
incompatible elements in the lithospheric mantle. Mechanisms involving
percolation of fluids from the lower mantle such as those invoked by
Erlank et a1., (1987); McKenzie (1989) and Hawkesworth and Turner (1995)
are likely to be appropriate. Since the Tournefort Dykes were emplaced
,ftr, protracted extension and thermal perturbations associated with
Lincoln Batholith magmatism, a mechanism other than continued
extensional melting is required. A mantle plume able to interact with the
subcontinental lithospheric mantle provides the necessary of thermal
energy to the lithospheric mantle and continental crust.
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-Figure 4: a) Preservation of dyke propagation featnres in Toumefort Dykes, northwestem

Williams Island. Notebook is 15on long. b) Photomicrograph of Toumefort Dykes

metamorphosed to amphibolite gneiss. All ferromagnesian phases in field of view

(dominantly hornblende) are secondary. Kirton Point.
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Figure 5: a) Jussieu Dyke margin displaying backveining of the dyke by felsic selvage

generated during propagation. Incipient disaggregation into rounded and angular enclaves is

present. Chisel -15 crn. b) Backveined Jussier-r D)'ke mai¡taining planar character despite

extensive selvage irtrusion. Trencl N-S, hammer -1m. Both photographs from the west

coast of Williams Island.
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horn tip host rock bridge

apophysis

step

widened

multiple steps

rnfted host rock bridge

Figure 7: Evolution of dyke propagation features observed in low strain zones cn southern

Eyre Peninsula. Dyke tips propagate either vertically or laterally (A). Extension cn the

inner surfaces of the tips causes the formation of apophyses (B), which may ultimately

breach the bridge of intervening country rock , forming a step (C). Continued passage of

material through the step can cause it to widen (D), ultimately resulting in a dyke of

original thickness, containing parallel margins with relict hom tips (E). h, some cases,

multiple steps may be formed (F), forming a raft of host rock material within the body of

the dyke (G). Scale: from millimetres to tens of metres.
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Figure 8: a)Boudinage of felsic gneiss between a mafic dyke and one of its horns. Note the

presence of relict apophyses which have focussed strain dtuing deformation. This situation

is likely to be a deformed equivalent of that depicted in figure 7d. Kirton Point, pen -L0 crn.

b) Pull apart of previously continuous planar mafic dykes to prodr-rce discrete mafic rafts.

Continued deformation would result in isolatecl pods of mafic material preserving little
evidence of a dyke-like origin. Wanna, broacl dyke in centre is -1 m wide.
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Figure 1L: Photomicrograph of felsic segregation - Tournefort Dyke contact. Note diffuse and

irregular margin of segregation. Such irregular margins are distinct from subseguent Kimban

felsic veins which show sharp edges.
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Figure 15: Isotopic variations with HFS/LILE ratio (Zr/Ba) with potential mantle

reservoirs highlighted for the Toumefort Dykes. Note the tendency to scatter between an

asthenospheric and subcontinental lithospheric source. Note also a trend for a subset of the

Toumefort Dykes towards an OIB or plume related source. Cutoff Zr/Ba ratio = 0.5

arbitrarily derived from Hawkesworth and Gallaghet (7993); Xenolith data from Song

(7994). EM I = Enriched Mantle reservoir I, EM II = Enriched Mantle reservoir II, both

subsets of OIB's (Ocean Island Basalts). N-MORB = "Normal" Mid Ocean Ridge Basalt.
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Lithology

Sample #
Location

Est Ase (Ma)

Jussieu
Dyke

SEP-241
Nth Taylors

Lug
L850

Jussieu
Dyke

SEP-250
West Pt

L850

Jussieu
Dyke

sEP-261.
Williams Is

Jussieu
Dyke

SEP-293
Williams Is

L850 L850

sio2%
AI2O3"/"
FerOr/o
N,fnO%
MgO%
CaO'/"
NarO%
K2O%
TíO2"/"
P2O5"/"
SO3'/"
LOI%
TOTAL

49.33
75.99
1.3.41.

0.18
7.36
9.67
2.53
0.95
1.11
0.21,
0.02

-0.06
L00.70

48.40
1.6.37

1.3.07

0.17
6.08
8.89
3.76
2.04
7.34
0.20
0.03
0.26

100.01

51,.26

1.6.1,2

13.74
0.1.9

6.06
7.75
3.20
1..32

7.21.

0.16
0.02

-0.L4
1.00.29

51.62
14.45
1.0.57

0.16
8.29
9.10
2.83
1,.57

0.98
0.26
0.02
0.35

1.00.20

Rb
Ba
Th
U
Nb
La
Ce
Pb
Sr
Nd
Zr
Sm
Y
V
Sc

Cr
Ga

42.819
400
6.7
2.4
8.8
24
54

7.6
756.220
22.L77

119.5
5.1,99

37.5
202

34.0
296

79.9

1.32.052
353
2.1,

1..6

7.6
22
54

8.8
225.575
23.282

149.0
4,760

36.0
173

32.1,

104
1.9.9

79.751,
324
5.4
1..4

8.6
22
50

10.0
206.799
21.752

133.7
4.968

33.3
764

27.0
88

20.7

83.L29
489
0.5
1.1

L0.4
L8

45
8.4

315.835
1.9.3L3

82.3
3.917
2L.3
213

24.9
840

1.6.8

143Nd/144 Nd
2o
tnts*7tn*o
T ¡p¡"1¡ Nd
€rua1t¡

87sr /86sr
2o
87Rb/86sr
87Sr 

/86311t¡

0.511765
0,000062

0.1418
2.94

-4.04

0.725881,
0.000100

0.7944
0.70473

0.51.1825
0.000052

0.7237
2.25
L.46

0.747921
0.000088

1..7004
0.70266

0.511876
0.000048

0.1382
2.58

-0.99

0.733507
0.000128

7.1.1.86

0.70373

0.511700
0.000062

0.1227
2.43

-0.75

0.723656
0.000074

0.7627
0.70335

Table L: Geochemical and isotopic data for the Jussieu Dykes.
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45.41

Lithology nMgr .HMgr
Amphib.

SEP-148 SEP-024
t"ä;# Pt. Boling

1.798 1.798

I tel(lHbal
Amphib.

1028-99 SEP-270
WestPt Williams

Island
1.798 L798

Dolerite Dolerite Dolerite
Amphib.

sEP-220 SEP-260 1028-110
WestPt Williams Tumby

Island Hil[s
1.798 L798 1.798

Sample #
Location

Est Ase (Mn)

SEP-081

West Pt

L798

SiOzY"
Al20.%
FerOrTo
MnO%
Ill{gO%
CaO"/"
NarO%
K2O"/"
TíO2%
P2OSY"
SO3"/"

LOI%
TOTAL

49.07
8.99

11.95
0.19

21..39

6.74
0.78
0.50
0.55
0.08
0.01

-0.24
100.01

47.39
1.2.96

12.70
0.19

72.06
r0.96

7.97
0.81
0.58
0.09
0.00
1.10

100.21

51.00
74.40
L8.02

0.22
4.62
8.80
2.29
7.73
1.76
0.35
0.02

-2.94
100.26

48.07
13.19
17.93
0.26
6.42
9.61.

2.38
0.51

2.1.1.

0.20
0.04
0.06

1 00.78

49.79

1.3.63

16.75
0.24
5.29
9.43
2.6I
1.13
2.77
0.27
0.01

-0.51
100.81

53.33
77.65
11 .03

0.15
4.40
9.49
3.05
1.27

7.1.2

0.20
0.00

-0.20
101.43

47.70
74.48
15.35
0.22
7.24
9.96
2.69
0.69
1.58
0.77
0.03
0.16

700.27

56.71.

74.84
1r.73
0.77
3.89
7.06
0.65
1..57

1.40
0.19
0.02
7.9L

100.14

Rb
Ba
Th
U
Nb
La
Ce
Pb
Sr
Nd
Zr
Sm
Y
V
Sc

Cr
Ga
E¡
fr
Dy
Er
Yb

tnrNdTtr, *O
2o
tnts*7tnn*o

T 1o¡a¡ Nd
€Nd(Ð

t'sr /tusr
2o
87Rb78Sr
87Sr/86Sr,,,,

18.512
154.0

2.6
0.9
4.4
1.2

14
2.2

86.487

9.889
74.7

2.15r
74.6
186

25.7
3009

9.6

0.588
2.3I0
2.287
1..382

t.373

47.7311
118.0

0.9

1.8

3.1

J

12
4.1

80.243
6.240

38.5
L.654

16.8
254.5
36.8

7262
73.7

56.898
677.0

3.9

1.9

11.0
34
79

1.0.6

208.945
37.91.2

1.67.1

6.999
42.2

307.5
39.5

67
22.1.

17.230
165
3.0
0.1

9.7
15

41.

4.9
t64.702
18.875

130.4
5.040

37.3
466
44.9

9L

22.2

55.3827
301.0

6.0
2.3

t2.7
21.

59
8.5

135.544
26.338

203.4
6.626

49.0

410.3
38.3
154

22.3

38.169
432
5.2
2.6

77.4
JC

61.

9.4
248.553
24.300

1.52.8

4.890
28.5
275
23.2

86
22.0

23.1.06

t94
3.1.

1..2

7.4
15
37
7.7

1.77.705

t8.952
172.0
4.594

27.5
JOJ

ó/./
792

22.3

95.620
234
9.1.

4.2
10.1

1.9

54
5.5

150.898
25.076

769.3
5.782

32.8
295.8
35.8

25
2t.2

0.511570 0.512063 0.571,627 0.5t231.3 0.5r2t67 0.577436 0.512085 0.51.1,876
0.000050 0.000064 0.000059 0.000036 0.000056 0.000024 0.000032 0.000059

0.1316 0.1603 0.7327 0.1615 0.t522 0.7217 0..J.466 0.1398
2.67 2.70 2.60 2.13 2..t6 2.6L 2.16 2.97
-5.86 -2.86 -4.99 r.76 t.07 _6.20 0.75 _7.77

0.722L75 0.740074 0.726084 0.710'J.67 0.733729 0.717462 0.71.2885 0.75L932
0.000048 0.000165 0.000049 0.000040 0.000120 0.000026 0.000036 0.000049

0.6202 7.7265 0.7893 0.3027 1.1851 0.4447 0.3777 1.8413
0.70608 0.69543 0.70567 0.70234 0.70248 0.70596 0.70912 0.70432

Table 2: Geochemical data for Toumefort Dykes with new isotopic data.
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Geochemical

Group

Number

of

samples

Ag"

error)

(2o MSWD Initial
Ratio

HMgT

HBaT

FeRT

Dolerite Dykes

All Tournefort

^*J

2'

2.

10

17

1796+28

-r976

-1809

L646+33

1877!43

135

58

38

0.70559

0.70362

0.70229

0.70475

0.70365

Table 3: Summary of whole rock isochron ages for geochemical groupings in the Toumefort

Dykes. * = two point "errorchron", #= discarding amphibolitised sample SEP-024 from

regression.
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Appendix 6:

Paper: 'lPalaeoproterozoic Kimban mobile belt, Eyre Peninsula:
timing and significance of felsic and mafic magmatism and

deformation"
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