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Tectonic reconstructions of Proterozoic Australia commonly place the Peake and Denison Domain of the
northeastern Gawler Craton at the interface between the North and South Australian cratons prior to
the reconfiguration of Australia’s main tectonic components in the Mesoproterozoic. However, this recon-
struction is largely based on palaeomagnetic data as the geological correlations between these regions are
currently limited, particularly during theMesoproterozoic. The earlyMesoproterozoic period is significant
as it corresponds to major IOCG mineralization in the eastern Gawler Craton between 1600 Ma and
1575 Ma, and IOCG mineralization in the Mount Isa Province largely between 1550 Ma and 1490 Ma.
Therefore, determining the relationship of the Peake and Denison Domain to the Gawler Craton and
Mount Isa Province during this period is essential to evaluating mineral prospectivity in the northeastern
Gawler Craton. New U–Pb LA-ICP-MS geochronology on zircon and titanite improves our understanding of
the tectonothermal and hydrothermal history the Peake and Denison Domain during the late-
Palaeoproterozoic, early-Mesoproterozoic and the Cambrian–Ordovician periods. Titanite formed within
largely calc-silicate alteration assemblages indicates the Peake and Denison Domain has a protracted his-
tory of hydrothermal activity, recording events at c. 1565 Ma, 1530–1515 Ma, c. 1500 Ma, c. 1465 Ma and
c. 490 Ma. The highly calcic nature of the c. 1565–1500 Ma alteration in the Peake and Denison Domain
shares strong similarities in age and character to the regional calcic-sodic alteration recorded in theMount
Isa Province. We suggest the two regions were influenced by similar hydrothermal systems during the
early Mesoproterozoic, supporting reconstruction models that place the Peake and Denison Domain near
the Mount Isa Province during the early-Mesoproterozoic. This highlights the prospectivity of the Peake
and Denison Domain for Isan-style IOCG mineralization, but requires consideration of the post-1500 Ma
rotation of prospective structures.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tectonic reconstruction models are often argued to be valuable
for the purposes of mineral exploration targeting at the terrane
scale, as metallogenic belts can be fragmented and dispersed by
plate tectonics (Groves and Bierlein, 2007; Cawood and
Hawkesworth, 2015). Nevertheless, continental reconstructions
themselves rarely draw upon hydrothermal or mineralization
events as piercing points to link crustal blocks. However, these
hydrothermal or mineralization events are generally the culmina-
tion of a broader mineral system (e.g. Wyborn et al., 1994), which
is largely a combination of geological processes that are primarily
driven by plate tectonics. Consequently, hydrothermal and miner-
alization events can be inherently indicative of their tectonic envi-
ronment, and therefore can be used in combination with other
forms of tectonic evidence (i.e. magmatism, metamorphism and
sedimentary basin formation) to reconstruct ancient tectonic set-
tings. For the purposes of mineral exploration, similarities in the
g).
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timing of magmatic and tectonic events are obviously promising,
but do not necessarily guarantee the same crustal or mantle condi-
tions that lead to the formation of mineral deposits. However, cor-
relation in age and alteration styles between regions affected by
hydrothermal events and those with well recognized mineraliza-
tion can assist mineral prospectivity evaluation in the correlative
regions that seemingly lack significant mineralization.

A contentious subject in Proterozoic Australia reconstructions is
the relationship between the North Australian Craton (NAC) and
South Australian Craton (SAC) during the Mesoproterozoic. These
crustal blocks are considered to have been connected with East
Antarctica to form the Diamantina Craton (Cawood and Korsch,
2008). The oldest geological correlations suggest the crustal ele-
ments of the Diamantina Craton were contiguous as early as c.
2.52 Ga (Cawood and Korsch, 2008; Payne et al., 2009; Hollis
et al., 2010; Reid et al., 2014), with numerous correlations that sug-
gest it remained contiguous throughout the Palaeoproterozoic
(Giles et al., 2004; Betts and Giles, 2006; Cawood and Korsch,
2008; Payne et al., 2009; Betts et al., 2015; Armit et al., 2017).
Palaeomagnetic data suggest the SAC and East Antarctica (collec-
tively termed the Mawson Continent; Payne et al., 2009) was
rotated from a position adjacent to the NAC to its present configu-
ration sometime after c. 1.59 Ga (Wingate and Evans, 2003; Giles
et al., 2004; Payne et al., 2009). It is broadly assumed this disaggre-
gation occurred during the break-up of the Nuna (Columbia) super-
continent, which is recorded by the development of rift basins and
magmatism within the NAC and SAC between c. 1.49 Ga and
1.45 Ga (Jackson et al., 1999; Beyer et al., 2018; Morrissey et al.,
2019). It is reasonable to assume this supercontinent-scale exten-
sional event likely represents the minimum age for the Diamantina
Craton. However prior to this break-up, extensive Iron
oxide-Copper-Gold-Uranium-Rare Earth Element (IOCG-UREE)
mineralization occurred across these two crustal blocks. In the
SAC, mineralization occurred at c. 1.63–1.58 Ga (Fig. 1; Skirrow
et al., 2000; Reid, 2019), whereas the main period of mineralization
in the Mount Isa Province of the NAC occurred between c. 1.55 Ga
and 1.49 Ga (Perkins et al., 1999; Mark et al., 2006; Duncan et al.,
2011). Therefore, establishing the relationship between the NAC
Fig. 1. Distribution of latest-Palaeoproterozoic to early-Mesoproterozoic copper depos
(a) Present-day configuration. (b) Reconstructed configuration of the NAC and SAC at c.
interface of the NAC and SAC and between three mineralized provinces of mostly differ
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and SAC during this period is fundamental for understanding the
tectonic controls on mineralization and determining the mineral
prospectivity in the regions connecting the NAC and SAC at this
time.

The Peake and Denison Domain in the northeastern Gawler
Craton (Fig. 1) is located in a key position for understanding the
relationship between the NAC and SAC during the early Mesopro-
terozoic, as most reconstruction models show general consensus
on the approximate position of the Peake and Dension Domain
between the NAC and SAC during the late Palaeoproterozoic
(Giles et al., 2004; Payne et al., 2009; Betts et al., 2015). However,
the Mesoproterozoic evolution of the Peake and Denison Domain is
poorly understood and therefore its relationship with the NAC and
SAC during this period is not well established. We present ages for
magmatism, deformation and hydrothermal alteration from the
Peake and Denison Domain that improve our understanding of
the relationship between the NAC and SAC during the early
Mesoproterozoic. These new data strengthen previously estab-
lished correlations between the Peake and Denison Domain and
Mount Isa Province and extend the duration of this connection to
c. 1500 Ma. These results have implications for the tectonic recon-
struction of Australia and the mineral potential in the northeastern
Gawler Craton.
2. Geological background

2.1. Correlations between the NAC and SAC

The concealment of the northern Gawler Craton and southern
Mount Isa Province beneath thick sedimentary cover makes it dif-
ficult to understand the direct relationships between the NAC and
SAC. Consequently their interactions are largely interpreted
through broad correlations of geological phenomena recorded
across the two crustal blocks.

The Gawler Craton between c. 2.00 Ga and 1.73 Ga was in a
dominantly extensional tectonic regime, resulting in c. 1.85 Ga
back-arc magmatism (Reid et al., 2008) and the widespread devel-
opment of sedimentary basins that host a number of volcano-
its within the North Australian Craton (NAC) and South Australian Craton (SAC).
1.50 Ga. In this reconstruction the Peake and Denison Domain is situated near the
ent ages. The references for mineralization ages are given in the text.
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sedimentary sequences (Payne et al., 2006; Fanning et al., 2007;
Payne et al., 2009; Howard et al., 2011a, b; Szpunar et al., 2011;
Reid and Hand, 2012; Armit et al., 2017). During this period the
Mount Isa Province in the NAC experienced a similar tectonic his-
tory, with c. 1.85 Ga inferred arc-related magmatism (McDonald
et al., 1997; Bierlein et al., 2008) followed by the deposition of a
number of volcanoclastic sedimentary sequences (Jackson et al.,
2000; Neumann et al., 2006; Foster and Austin, 2008; Olierook
et al., 2022). Wyborn et al. (1987) noted strong geochemical affini-
ties at c. 1.79–1.77 Ga volcanic sequences of the Bottletree and
Argylla formations in the Mount Isa Province, with the Tidna-
murkuna Volcanics in the Peake and Denison Domain and the
Myola Volcanics in the Gawler Craton, leading to interpretations
that these volcaniclastic sequences formed in a single linear belt
(Giles et al., 2004; Betts et al., 2015). This prolonged extensional
phase associated with widespread basin development and sedi-
mentation across the NAC and SAC was terminated by the
c. 1.73–1.69 Ga Kimban Orogeny in the Gawler Craton (Fanning
et al., 2007; Hand et al., 2007; Dutch et al., 2008) and the
c. 1.75–1.71 Ga Wonga Orogeny in the Mount Isa Province
(Spence et al., 2022). Both of these orogenic systems were associ-
ated with significant magmatism (Fanning et al., 2007; Hand
et al., 2007; Neumann et al., 2009).

An extensive rift basin system preserved across the southeast-
ern Gawler Craton and the Curnamona Province in the SAC devel-
oped between 1.72 Ga and 1.64 Ga (Conor and Preiss, 2008;
Stevens et al., 2008), which coincides with the timing of rift basin
development and sedimentation in the Mount Isa Province (Foster
and Austin, 2008; Olierook et al., 2022). These sedimentary basins
also host giant syn-sedimentary Ag-Pb-Zn deposits in both the
Curnamona and Mount Isa provinces, interpreted to have formed
at c. 1685–1650 Ma (Page and Sweet, 1998; Page et al., 2005). Dur-
ing the latest Palaeoproterozoic and early-Mesoproterozoic, the
Gawler Craton and Curnamona Province experienced a significant
tectonothermal event involving voluminous volcanism and mag-
matism with tectonism between 1.61 Ga and 1.57 Ga (Daly,
1998; Fanning et al., 1988; Hand et al., 2007; Wade et al., 2012).
This tectonothermal event is associated with widespread IOCG-
U-REE mineralization in the eastern Gawler Craton and Curnamona
Province (Hand et al., 2007; Skirrow et al., 2007; Sawyer et al.,
2017; Skirrow et al., 2018; Reid, 2019). Following these events,
the Gawler Craton recorded volumetrically minor magmatism at
c. 1.56 Ga and c. 1.51 Ga in the southern Gawler Craton (Fanning
et al., 2007; Jagodzinski et al., 2007; Reid et al., 2022) and meta-
morphism in the northern Gawler Craton at c. 1.52 Ga (Reid
et al., 2014). In the Mount Isa Province, this period coincides with
the first phase (D1) of the Isan Orogeny between 1.6 Ga and
1.57 Ga, which is largely amagmatic and associated with mineral-
ization in a small number of the IOCG-U-REE deposits (Betts et al.,
2006; Duncan et al., 2011; Gauthier et al., 2001; Giles et al., 2006).
This is followed by the later phases of the Isan Orogeny that are
associated with voluminous magmatism of the Williams and Nar-
aku batholiths and more substantial IOCG-U-REE mineralization
across the Mount Isa Province at c. 1.53–1.49 Ga (Wyborn, 1998;
Betts et al., 2006; Giles et al., 2006; Duncan et al., 2011; Spandler
et al., 2016).

Palaeomagnetic data suggest the SAC underwent rotation into
its current configuration sometime after c. 1.59 Ga (Wingate and
Evans, 2003; Giles et al., 2004; Payne et al., 2009). The NAC and
SAC are considered to have disaggregated during the break-up of
Nuna (Giles et al., 2004), which is recorded in Australia by the for-
mation of rift basins, with the deposition of the Roper Group in
northern Australia and Cariewerloo Basin in the Gawler Craton,
magmatism in the northern Gawler Craton and reactivation of
lithospheric-scale shear zones in the Gawler Craton at c. 1.5–
1.44 Ga (Jackson et al., 1999; Swain et al., 2005; Fraser and
3

Lyons, 2006; Fraser et al., 2012; Beyer et al., 2018; Morrissey
et al., 2019). The re-configuration of the SAC and its subsequent
amalgamation with the NAC and WAC during the Albany-Fraser
and Musgravian orogenies at c. 1.3–1.1 Ga is thought to represent
the final assembly of Proterozoic Australia into its present config-
uration (Howard et al., 2015; Tucker et al., 2015).
2.2. The Peake and Denison Domain

The Peake and Denison Domain is situated in the northeastern
Gawler Craton (Fig. 1). The region is largely covered by Phanerozoic
sedimentary units, but Proterozoic basement is exposed within
two main inliers and a number of subordinate inliers (Fig. 2).
Underlying the Neoproterozoic sedimentary units are the
c. 1800–1740 Ma Peake Metamorphics (Ambrose et al., 1981).
These are predominantly composed of the Baltucoodna Quartzite
along with various calc-silicate and metapelitic sequences that
are interbedded with the c. 1790–1770 Ma bimodal Tidnamurkuna
Volcanics (Ambrose et al., 1981; Fanning et al., 2007) and intruded
by the 1787 ± 8 Ma Wirricurrie Granite (Fanning et al., 2007). A
younger phase of volcanic activity is recorded by felsic volcanics
that are interbedded with iron-rich sediments at Spring Hills
(Fig. 2), which are dated at 1740 ± 6 Ma (Fanning et al., 2007). This
age possibly coincides with a c. 1730 Ma tonalite intrusion from
Lagoon Hill (Hopper, 2001). Early Mesoproterozoic magmatism is
also recorded at Lagoon Hill in the eastern part of the region
(Fig. 2), with a 1555 ± 14 Ma granite and an c. 1530 Ma aplitic
intrusion interpreted from igneous zircon overgrowths (Fanning
et al., 2007). Greenschist- to upper amphibolite-facies metamor-
phism is recorded in the Peake and Denison Domain along with sil-
limanite gneisses and locally developed migmatites (Ambrose
et al., 1981). Folding and foliations are also recorded within the
Peake Metamorphics and Wirricurrie Granite (Ambrose et al.,
1981; Hopper, 2001), but the timing of these events are not well
constrained. The Neoproterozoic sequences that unconformably
overlie these rocks record deformation during the c. 515–480 Ma
Delamerian Orogeny, which was associated with the intrusion of
the c. 513 Ma Bungadillina Monzonite (Fig. 2; Foden et al., 2006).
3. Samples

Samples were collected from diamond drillcore from the Peake
and Denison Domain to investigate the timing of magmatism,
deformation and alteration. The three drillholes sampled in this
study occur approximately 25 km east of the nearest outcropping
pre-Neoproterozoic rocks in the Spring Hills and Mount Charles
inliers within a broad (�50 km � 80 km) magnetic high that shows
prominent fabrics in magnetic imagery (Fig. 2). These drillholes
were selected as they provide examples of hydrothermal alteration
and mineralization. In the section below a brief summary of each
drillhole is provided, followed by the descriptions of samples taken
from each drillhole. The drillhole locations and sample details are
summarized in Table 1.
3.1. Drillhole DCDH001

DCDH001 targeted a positive gravity anomaly and coincident
magnetic high and was drilled to a depth of 404.4 m. The drillhole
is dominated by plagioclase-rich felsic gneisses that contain subor-
dinate magnetite and hematite. Numerous biotite-rich intervals
and thin granitic veins/pegmatites were also intersected. Anoma-
lous Cu values are distributed throughout this hole, with a notable
intercept of 3 m at 2.75% Cu within a magnetite-quartz-biotite
breccia at 330–333 m (Ford and Elliston, 1996).



Fig. 2. Exposed Proterozoic and Cambrian–Ordovician rocks of the Peake and Denison Domain superimposed on a TMI (VRTP tilt) and TMI (VRTP) image. The geophysical
imagery represents regions covered by Phanerozoic sediments. The drillhole locations for samples from this study and Reid et al. (2017) are shown. Abbreviations for
subordinate inliers. SH = Spring Hills, MC = Mount Charles and LH = Lagoon Hill.

Table 1
Synthesis of results. Sample locations are provided in GDA2020. Mineral abbreviations: cpx = clinopyroxene, act = actinolite, ep = epidote, bi = biotite, chl = chlorite, cal = calcite,
pl = plagioclase, ttn = titanite, mag = magnetite, ilm = ilmenite.

Drillhole Lat Long Sample Depth Lithology Age Mineral Age type

DCDH001 28.51�S 136.36�E R2509356 350.2 m Mag-bi breccia c. 490 Ma Titanite Alteration
R2509358 338.1 m Foliated granitoid 1737 ± 6 Ma Zircon Magmatic

1497 ± 10 Ma Zircon Metamorphic
1487 ± 14 Ma Titanite Metamorphic
1465 ± 12 Ma Titanite Alteration

R2509359 304.6 m Post-deformation granitoid 1466 ± 12 Ma Zircon Magmatic
BHP CO LTD - BH/WLE 2 28.52�S 136.36�E R2509354 187.3 m Ttn-ep-chl altered pegmatite 1469 ± 11 Ma Titanite Alteration
DC09D01 28.73�S 136.51�E R2509350 472.5 m Cpx-ep-act-pl metasomatite 1565 ± 6 Ma Titanite Alteration

R2509351 493.7 m Act-cal-ep altered pegmatite 1532 ± 8 Ma Titanite Alteration
R2509352 (host) 515.4 m Cpx-act-ep-pl metasomatite 1519 ± 8 Ma Titanite Alteration
R2509352 (vein) Ilm-cpx-cal-ep-ttn vein 1494 ± 6 Ma Titanite Alteration
R2509353 518 m Ep-act-pl altered gneiss 1515 ± 7 Ma Titanite Alteration
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3.1.1. R2509358
Sample R2509358 is a foliated porphyritic granitoid taken from

drillhole DC09D01 at 338.1 m depth (Fig. 3a). It contains K-
feldspar, quartz, plagioclase, magnetite and titanite, with minor
chlorite, pyrite and chalcopyrite. K-feldspar, quartz and plagioclase
grains at 200–400 lm largely dominate the matrix, along with
disseminated magnetite grains (50–400 lm). K-feldspar (largely
4

of 4–8 mm) and quartz (up to 2 mm) phenocrysts occur within
the matrix, where they may be elongate parallel to the foliation,
along with magnetite (Fig. 4a). Titanite grains (largely of 50–
300 lm) occur on the margins of magnetite and in the quart-
zofeldspathic matrix. Titanite grains that occur on the margins of
magnetite are typically pale with weak pleochroism, whereas
titanite in the matrix in the vicinity of chlorite alteration typically



Fig. 3. (a) Elongated phenocrysts in R2509358 showing the foliation. (b) Undeformed felsic intrusive sample R2509359 (left) cross-cutting the foliation. (c) Felsic gneiss clasts
in magnetite-biotite breccia matrix from R2509356. (d) Chlorite-alteration in R2509354. (e) Epidote-actinolite-plagioclase alteration with large titanite grain in R2509350. (f)
Actinolite alteration in K-feldspar-dominated pegmatite sample R2509351. (g) Ilmenite-dominated vein cross-cutting actinolite-epidote-plagioclase altered host rock in
R2509352. (h) Actinolite-epidote alteration in R2509353.
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form more rounded grains that show stronger pleochroism from
pale to medium brown. Pyrite is disseminated throughout the sam-
ple, forming cubic grains that are largely at 150–200 lm.

3.1.2. R2509359
Sample R2509358 is an unfoliated granitoid dyke taken from

drillhole DC09D01 at 304.6 m depth. The � 1 m wide undeformed
dyke represents the last phase of magmatism present in this drill-
5

hole as it crosscuts the foliation at a high angle (Fig. 3b). It contains
K-feldspar, quartz, plagioclase, magnetite, biotite, titanite, chlorite
and minor pyrite. K-feldspar, quartz and plagioclase grains are lar-
gely at 0.5–2 mm and constitute �98% of the rock. Magnetite, bio-
tite and titanite generally occur together in unoriented clusters,
forming euhedral to subhedral grains that are largely at 100–
500 lm (Fig. 4b). Pyrite (50–200 lm) and chalcopyrite (<10 lm)
are disseminated throughout the sample.



Fig. 4. (a) Microstructural context and different pleochroic properties of the two populations of titanite in R2509358. Titanite #1 (top image) forms grains with low
pleochroism that occur at the margins of magnetite that defines the foliation, whereas titanite #2 (bottom image) forms grains with higher pleochroism that occur near
chlorite alteration. (b) Unfoliated felsic intrusive sample R2509359. (c) Titanite forming with magnetite, biotite and quartz within the breccia matrix in R2509356. (d) Large
titanite grains associated with chlorite, epidote and calcite alteration in R2509354. (e) Slightly altered titanite grain within clinopyroxene-epidote-plagioclase alteration in
R2509350. (f) Titanite associated with actinolite-epidote-calcite alteration in R2509351. (g) Interface between the clinopyroxene-epidote-actinolite altered host rock and
ilmenite-clinopyroxene-calcite dominated vein in R2509352. (h) Titanite associated with epidote-actinolite and calcite alteration in R2509353.

M.J. Bockmann, J.L. Payne, M. Hand et al. Geoscience Frontiers 14 (2023) 101596
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3.1.3. R2509356
Sample R2509356 is a brecciated felsic gneiss taken from drill-

hole DCDH001 at 350.20 m depth. It contains quartz, plagioclase,
magnetite, biotite and titanite. The felsic gneiss forms angular
clasts largely at 2–4 cm that are composed of quartz and plagio-
clase generally at 200–500 lm, and magnetite grains up to
100 lm (Fig. 3c). The matrix of the breccia is composed of unori-
ented euhedral biotite grains up to 2 mm, euhedral to subhedral
magnetite largely between 100 lm and 400 lm, subhedral titanite
grains (up to 1 mm) and minor quartz (Fig. 4c). There is no pyrite or
chalcopyrite mineralization in this sample.

3.2. Drillhole BHP CO LTD - BH/WLE 2

BHP CO LTD - BH/WLE 2 sits only � 1.5 km SE of DCDH001 as it
was targeted at the same positive gravity anomaly and coincident
magnetic high. This drillhole was drilled to a depth of 208.9 m and
largely contains epidote-chlorite altered amphibolites and quartz-
plagioclase-magnetite micro-gneisses.

3.2.1. R2509354
Sample R2509354 is an altered anorthosite pegmatite taken

from drillhole BHP CO LTD - BH/WLE 2 at 187.3 m depth. The peg-
matite host is dominated by coarse grained plagioclase (up to
1 cm) and is absent of quartz or other feldspars, suggesting the
rock is of mafic composition. The pegmatite is altered by epidote,
plagioclase, titanite, calcite, chlorite and anatase. Titanite grains
vary in size from 0.1 mm to 1 cm and show variable degrees of
alteration to anatase and exsolution of ilmenite along cleavage
planes. Epidote generally occurs as small grains (<50 lm) that form
in clusters, or are intergrown with fine-grained plagioclase, chlo-
rite and calcite. These minerals are overprinted by a set
of < 50 lm wide veinlets calcite or quartz (Fig. 4d).

3.3. Drillhole DC09D01

Sample DC09D01 targeted a large (�15 km � 2.5 km) arcuate
positive gravity anomaly � 25 km to the SE of the previous two
drillholes and was drilled to 618.8 m depth. Beneath 395 m of Cre-
taceous sediments, the basement is composed of interlayered
metasedimentary gneisses that show intense calc-silicate alter-
ation. Amphibole and epidote are the dominant alteration miner-
als, with locally present hematite and K-feldspar alteration. A
series of pegmatites were also intersected, with some containing
trace amounts of pyrite, but no significant mineralization.

3.3.1. R2509350
Sample R2509350 is a calc-silicate metasomatite taken from

drillhole DC09D01 at 472.5 m depth (Fig. 3e). It contains clinopy-
roxene, epidote, plagioclase, actinolite, quartz, calcite, titanite
and magnetite. Clinopyroxene, epidote, plagioclase and actinolite
are intergrown and represent the dominant alteration minerals
in this sample, forming grains largely at 1–10 mm. Magnetite, cal-
cite and titanite are less abundant in the alteration assemblage,
with magnetite and calcite forming grains at 100–500 lm and
titanite forming grains of variable size largely at 0.1–1 mm. Titan-
ite grains commonly have dark margins in plane-polarised light
(Fig. 4e), which suggests they have experienced minor alteration.

3.3.2. R2509351
Sample R2509351 is an altered pegmatite taken from drillhole

DC09D01 at 493.7 m depth. It contains K-feldspar, quartz, plagio-
clase, actinolite, calcite, epidote and titanite (Fig. 3f). The peg-
matite is dominated by K-feldspar, and also contains quartz and
plagioclase that form grains up to 500 lm. The pegmatite is altered
by large grains (up to 1 cm) of actinolite that contain small inclu-
7

sions (<50 lm) of epidote that appear to be altered with dark
haloes around the grains (Fig. 4f). Calcite (up to 500 lm) and titan-
ite (100–500 lm) are also associated with the alteration assem-
blage, forming as inclusions within and at the margins of actinolite.

3.3.3. R2509352
Sample R2509352 is a calc-silicate metasomatite taken from

drillhole DC09D01 at 515.4 m depth. The sample is a strongly
altered host rock crosscut by a �3 cm-wide vein dominated by
ilmenite (Fig. 3g). The host rock contains clinopyroxene, actinolite,
epidote, plagioclase, hornblende, quartz and titanite, and the cross-
cutting vein comprises ilmenite, clinopyroxene, actinolite, epidote,
calcite and titanite. Ilmenite and clinopyroxene are the most dom-
inant minerals within the vein, forming grains up to 1.5 cm that are
associated with calcite, actinolite and euhedral titanite grains that
are up to 3 mm (Fig. 4g). Epidote (up to 500 lm) commonly forms
on the edges of ilmenite and titanite within the vein. Epidote is
most abundant at the contact between the host rock and the cross-
cutting vein (Fig. 4g). There are also variations in the abundance of
clinopyroxene, amphibole and plagioclase throughout the host
rock. Actinolite is the dominant amphibole in the host rock, but
hornblende is present in some domains. Actinolite inclusions occur
within clinopyroxene, but actinolite and hornblende are also
observed pseudomorphing clinopyroxene, suggesting multiple
generations of amphibole are present. The variations in mineralogy
in the host rock appear to be spatially controlled but do not seem
to correspond to distance from the vein and therefore may reflect
protolithic variation. Titanite is also disseminated throughout the
host rock, forming smaller and more anhedral grains that are gen-
erally at 100–300 lm.

3.3.4. R2509353
Sample R2509353 is a calc-silicate metasomatite taken from

drillhole DC09D01 at 518 m depth. This sample was taken approx-
imately 2.5 m downhole from Sample R2509352 to investigate the
age and composition of titanite in the country rock at a greater dis-
tance from the ilmenite-rich vein. This sample has a similar alter-
ation assemblage to the host rock of R2509352, containing epidote,
actinolite, K-feldspar, calcite, titanite, clinopyroxene, ilmenite and
pyrite (Fig. 3h). Epidote, actinolite and K-feldspar are the dominant
alteration minerals in the sample, forming grains typically at 0.5–
1 mm that are intergrown. Clinopyroxene is less abundant and is
seen being pseudomorphed by actinolite. Titanite grains are largely
of 50–300 lm and are commonly associated with calcite (Fig. 4h).
Minor pyrite is disseminated throughout the sample, forming
irregular shaped grains at 50–300 lm.
4. Methods

U–Pb geochronology of zircon and titanite was undertaken
using Laser Ablation–Inductively Coupled Plasma Mass Spectrom-
etry (LA-ICP-MS), using a Resolution LR 193-nm Excimer laser cou-
pled to an Agilent 7900x Quadrupole ICP-MS at Adelaide
Microscopy, University of Adelaide. Prior to LA-ICP-MS analysis,
grains were imaged using a FEI Quanta 600 MLA Scanning Electron
Microscope (SEM) at Adelaide Microscopy to identify target zones
to analyse. Zircon grains were imaged using a Gatan Cathodolumi-
nescence (CL) detector attached to the SEM, and back-scattered
electron (BSE) images were collected for titanite.

Zircon analyses involved sequential measurement on masses
202Hg, 204Pb, 206Pb, 207Pb, 232Th and 238U for dwell times of
20 ms, 20 ms, 30 ms, 60 ms, 20 ms, 20 ms and 30 ms, respectively.
Zircon grains were ablated with a frequency of 5 Hz, intensity of
2 J/cm2 and a spot size of 30 lm. The acquisition time of each anal-
ysis was 60 s, comprising 30 s of background measurement and
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30 s of ablation. Zircon data were corrected for mass bias, elemen-
tal fractionation and instrument drift based on the measured iso-
topic ratios of the primary zircon reference, GJ-1 (TIMS
normalisation data: 207Pb/206Pb = 608.3 Ma, 206Pb/238U = 600.7 Ma,
207Pb/235U = 602.2 Ma; Jackson et al., 2004). Secondary reference
standards Plesovice and 91500 were analysed concurrently to
measure data accuracy by standard–sample bracketing
every � 15 unknown analyses. Throughout the analytical session,
Plesovice and 91,500 yielded respective weighted mean ages of
206Pb/238U = 337.7 ± 1.9 Ma (MSWD = 1.3, n = 9), and 207Pb/206Pb =
1073 ± 28 Ma (MSWD = 1.7, n = 7), respectively. Both ages are
within uncertainty of the published values for the standards
(Wiedenbeck et al., 1995; Sláma et al., 2008).

Titanite geochronology was largely performed in-situ from thin
sections (except for R2509358), and additional compositional data
were collected during analysis. Analyses involved sequential mea-
surement on masses 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and
238U for dwell times of 20 ms, 20 ms, 30 ms, 60 ms, 20 ms, 20 ms
and 30 ms, respectively. Trace elements 51V, 53Cr, 90Zr, 93Nb, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Hm, 166Er,
169Tm, 172Yb, 175Lu and 181Ta each had dwell times of 10 ms and
29Si, 43Ca, 47Ti, 55Mn and 57Fe each had dwell times of 5 ms. Titanite
grains were ablated with a frequency of 5 Hz, intensity of 3.5 J/cm2

and a spot size of 50 lm. The acquisition time of each analysis was
80 s, comprising 30 s of background measurement and 50 s of abla-
tion. Titanite U–Pb data were corrected for mass bias, elemental
fractionation and instrument drift based on the measured isotopic
ratios of the primary titanite reference, MKED-1 (TIMS normaliza-
tion data: 207Pb/206Pb age = 1521.02 ± 0.55 Ma; Spandler et al.,
2016). Titanite compositional data were corrected using the stan-
dard referencematerial NIST610 (Jochum et al., 2011). A large titan-
ite grain ARK was analysed concurrently as a secondary standard to
measure data accuracy by standard–sample bracketing every �15
unknown analyses. Throughout three analytical sessions, ARK
yielded a weighted mean 206Pb/238U age of 439 ± 1 Ma (n = 58,
MSWD = 1.07). This is within uncertainty of the published ID-
TIMS age of 437.6 ± 3.6 Ma from Elburg et al. (2003).

Zircon data were processed using Iolite software (version 3.65,
Paton et al., 2011) and titanite data were processed using LADR
software (version 1.1.06, Norris and Danyushevsky, 2018). All age
data were plotted using IsoplotR (Vermeesch, 2018). Ages were
not corrected for common Pb due to isobaric interference by
204Hg present in the Ar–He carrier gas. The quoted analytical
uncertainties on individual analyses include contributions from
the external reproducibility of the primary reference standards
and are given at 2r level. Uncertainties quoted with weighted
mean and upper intercept calculations are given at the 95% confi-
dence level.
5. Results

Zircon ages are calculated using weighted mean 207Pb/206Pb cal-
culations from analyses within 2r uncertainty of concordia, or
upper intercepts from concordant and discordant data. Titanite
ages are determined using weighted mean age calculations from
analyses within 2r uncertainty of concordia, and compositional
data are also used where appropriate to distinguish populations
and aid geochronological interpretations. Due to titanite having a
greater propensity to incorporate non-radiogenic Pb during forma-
tion, 206Pb/204Pb ratios (corrected against NIST 610) are used to infer
the influence of non-radiogenic Pb on titanite ages in each sample.
A 206Pb/204Pb threshold value of 5000 is used to filter titanite ages.
This effectively removes data from age calculations that may devi-
ate from the true age by >0.4% as a result of the incorporation of
non-radiogenic Pb (e.g. Gehrels et al., 2008). However, as the iso-
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baric 204Hg interference reduces the reliability of the 204Pb data, it
may be the case that some influence of non-radiogenic Pb is present
within analyses that have 206Pb/204Pb values below this threshold.
Therefore, in samples where non-radiogenic Pb appears to influ-
ence the titanite age data (i.e. concordant but deflected toward
higher 207Pb/206Pb values), 206Pb/238U ages are preferentially used
to reduce the possible influence of non-radiogenic Pb
contamination.

The U–Pb age data from zircon and titanite grains (Fig. 5) are pre-
sented on concordia diagrams and weighted mean age plots pre-
sented in Fig. 6. Titanite REE data are presented on chondrite
normalised REE diagrams in Fig. 7. Concordant analyses with
206Pb/204Pb ratios < 5000 are included on weighted mean plots to
demonstrate the influence of non-radiogenic Pb on the age distribu-
tion, but are not included in the age calculations. All LA-ICP-MS data
from zircon and titanite are presented in Supplementary Data
Table S1.Weightedmean plots and age calculations for titanitewith
all data included are presented in Supplementary Data Fig. S1 to
allow comparison with the final quoted age for each sample.

5.1. R2509358

Zircon grains from this sample are mostly euhedral and show
magmatic oscillatory zoning that is variably overprinted by resorp-
tion and/or recrystallisation features. Grains range of 100–300 lm
in length, with typical aspect ratios of 2:1 to 4:1. CL imagery
(Fig. 5a) shows most grains have dark rims surrounding the mag-
matic core with rims up to 100 lm thick at the terminus of the
grain. One of the analysed grains has a low CL response for the
entire grain and is interpreted to be wholly metamorphic or grew
during alteration.

Thirty-one analyses were undertaken on twenty-nine zircon
grains, with twenty-six analyses yielding signals that were of suit-
able quality to determine an age for the analysis. Analyses from the
zircon cores yield an upper intercept age and weighted mean age
that are in agreement and therefore considered reliable ages. The
upper intercept age is 1739 ± 7 Ma (n = 22, MSWD = 1.5;
Fig. 6a), while a weighted mean 207Pb/206Pb age calculation of con-
cordant analyses yields an age of 1737 ± 6 Ma (n = 18,
MSWD = 0.92). The lower intercept age of 277 ± 47 Ma suggests
that there has been some ancient resetting of the zircon cores
during a Phanerozoic event. Four analyses were also undertaken
on low CL response grains or rims, yielding a weighted mean
207Pb/206Pb age of 1497 ± 12 Ma (MSWD = 0.47; Fig. 6a).

Titanite grains from this sample were analysed in a grain mount
and record distinct variations in brightness in BSE images. The dar-
ker grains in BSE are slightly larger (150–200 lm) on average and
typically have straight edges, whereas the brighter grains are lar-
gely at 100–150 lm with rounded edges. Both forms of titanite
show patchy zoning in BSE images (Fig. 5b). A total of twenty anal-
yses were collected from this sample and confirm two chemically
distinct titanite populations.

Eleven analyses from the darker grains have comparatively low
REE concentrations that show negative trends in the light rare
earth elements (LREEs) between La–Sm, mostly positive Eu anoma-
lies (except for three analyses that are slightly negative), and
slightly concave trends in heavy rare earth elements (HREEs)
between Gd–Lu (Fig. 7a). These analyses also correspond to aver-
age concentrations of: Fe = 9763 ppm, Nb = 461 ppm,
Ta = 16 ppm, Th = 322 ppm, U = 55 ppm. The Th/U ratios are of
4.3–8.6, with an average of 5.9. All eleven analyses collected from
this population are concordant with insignificant levels of non-
radiogenic Pb. They yield a weighted mean 206Pb/238U age of
1485 ± 16 Ma (MSWD = 2.11) and a weighted mean 207Pb/206Pb
age of 1493 ± 22 Ma (MSWD = 2.11). Non-radiogenic Pb is not sig-
nificant in this sample and therefore a 207Pb/206Pb age is consid-



Fig. 5. Zircon CL and titanite BSE images. (a) Magmatic zircon cores and low CL response rims from R2509358. (b) Representative titanite grains from the two populations in
R2509358. The low CL response grain represents low REE and Fe concentrations which is inferred as titanite generation #1 in Fig. 4a, whereas the high CL response grain
represents high REE and Fe concentrations which is inferred as titanite generation #2 in Fig. 4a (see in text). (c) Sample R2509359 zircon. (d) Sample R2509356 titanite.
(e) Sample R2509354 titanite. (f) Sample R2509350 titanite. (g) Sample R2509351 titanite. (h) Representative titanite grains from the altered host rock and vein in Sample
R2509352. (i) Sample R2509353 titanite.
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ered reliable; however, an MSWD of 2.11 indicates this 207Pb/206Pb
age is not statistically meaningful. Excluding the oldest age of
1575 Ma yields a weighted mean 207Pb/206Pb age of
1487 ± 14 Ma (n = 10, MSWD = 1.28; Fig. 6b) for this population.

Nine analyses from the brighter grains in BSE images have com-
paratively high REE concentrations that show slight convex trends
in LREEs between La–Sm, consistently strong negative Eu anoma-
lies and largely flat trends in HREEs (Fig. 7a). These analyses also
correspond to average concentrations of: Fe = 20,484 ppm,
Nb = 5983 ppm, Ta = 805 ppm, Th = 441 ppm, U = 198 ppm. The
Th/U ratio is of 1.6–2.7, with an average of 2.19. All nine analyses
collected from this population are concordant, but one analysis
with significant non-radiogenic Pb was excluded from age calcula-
tions. The remaining eight analyses yield a weighted mean
206Pb/238U age of 1472 ± 19 Ma (MSWD = 2.46) and a weighted
mean 207Pb/206Pb age of 1465 ± 12 Ma (MSWD = 0.68; Fig. 6b).
As the data are concordant and the 206Pb/238U and 207Pb/206Pb ages
are in agreeance the impact of non-radiogenic Pb is considered to
be negligible, and the statistically coherent weighted mean
207Pb/206Pb age is considered reliable.
5.2. R2509359

Zircon grains from this sample are 75–300 lm in length with
aspect ratios between 1:1 and 5:1; however, most crystals have a
9

ratio around 3:1. The grains are dominantly very low CL response
with internal textures that are considered a mixture of relict oscil-
latory zoning and metamictisation (Fig. 5c). One grain includes a
bright CL response core. The low CL response of the remaining
grains limits the detail that can be obtained from the imaging.

Twenty-two analyses were attempted on twenty-one grains for
this sample. The analytical signals were of relatively poor quality
(e.g. inclusions, variable Pb-loss and/or common Pb) and hence
only seventeen analyses yielded usable data. One analysis was on
the bright CL response core and this yielded a 207Pb/206Pb age of
1727 ± 32 Ma. The remaining analyses yield upper and lower inter-
cepts of 1448 ± 31 Ma and 494 ± 192 Ma but with an MSWD of 5.9
indicating the ages are not statistically reliable (Fig. 6c). Using only
ages from the upper grouping of concordant analyses yields a
weighted mean 207Pb/206Pb age of 1466 ± 12 Ma (Fig. 6c;
MSWD = 0.54, n = 4).
5.3. R2509356

Titanite grains analysed from this sample are between 0.2 mm
and 1 mm and occur within the matrix of the breccia, where they
typically form adjacent to magnetite grains. The titanite grains are
pitted and show patchy zoning in BSE images (Fig. 5d). A total of
twenty-four titanite analyses were collected and have relatively
coherent REE compositions. The titanite grains have low LREE con-



Fig. 6. Concordia diagrams and weighted mean plots for zircon and titanite. Grey analyses indicate high 206Pb/204Pb values that are excluded from age calculations due to
non-radiogenic Pb contamination. Error bars on weighted mean plots are presented as 2r and ages with dashed margins were excluded from age calculations. (a) Sample
R2509358 zircon with weighted mean 207Pb/206Pb age plot. (b) Sample R2509358 titanite with weighted mean 207Pb/206Pb age plot coloured for Fe concentration. (c) Sample
R2509359 zircon with weighted mean 207Pb/206Pb age plot. (d) Sample R2509356 titanite with weighted mean 206Pb/238U age plot. (e) Sample R2509354 titanite with
weighted mean 207Pb/206Pb age plot. (f) Sample R2509350 titanite with weighted mean 206Pb/238U age plot. (g) Sample R2509351 titanite with weighted mean 206Pb/238U age
plot. (h) Sample R2509352 titanite with weighted mean 206Pb/238U age plot. (i) Sample R2509353 titanite with weighted mean 206Pb/238U age plot.
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Fig. 6 (continued)
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Fig. 7. Chondrite normalised REE plots for titanite. Normalised to the values of McDonough and Sun (1995).
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centrations with positive trends from La–Sm, positive Eu anoma-
lies, and slightly concave trends in the HREEs that increase most
significantly from Tm–Lu. The HREE concentrations vary consider-
ably between analyses (Fig. 7b), but the overall consistency in REE
trends suggests only a single generation of titanite is present in this
sample.

Eleven discordant analyses and another two analyses with sig-
nificant non-radiogenic Pb were excluded from age calculations.
The remaining eleven analyses yielded a weighted mean
206Pb/238U age of 490 ± 7 Ma (Fig. 6d), but with an MSWD of
5.13 indicating this age is not a coherent population. The ages
are spread between c. 515 Ma and 475 Ma and show no relation-
ship with REE concentrations. Given this study is focused on the
Palaeo- to early-Mesoproterozoic evolution of the region we do
not attempt to refine this age further.
12
5.4. R2509354

Titanite grains analysed from this sample are between 0.2 mm
and 1 mm and largely unzoned in BSE images, except for minor
alteration on their margins (Fig. 5e). A total of sixteen titanite anal-
yses were collected from this sample. They show consistent REE
trends with high LREE concentrations that form convex trends
between La–Sm, consistently negative Eu anomalies, and relatively
flat HREE slopes. The HREE concentrations vary considerably
between analyses (Fig. 7c), but the overall consistency in REE
trends suggests only one generation of titanite is present in this
sample.

One discordant analysis and another five analyses with signifi-
cant non-radiogenic Pb were excluded from age calculations, leav-
ing ten analyses that yield a 206Pb/238U weighted mean age of
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1475 ± 22 Ma (MSWD = 3.60) and a 207Pb/206Pb weighted mean age
of 1469 ± 11 Ma (MSWD = 1.12; Fig. 6e). An MSWD of 3.60 indi-
cates the 206Pb/238U weighted mean age is unreliable and is likely
to be influenced by both slight reverse discordance and Pb-loss,
despite most analyses remaining within 2r uncertainty of concor-
dia. The 207Pb/206Pb ages in this sample are likely to have some
influence from non-radiogenic Pb, with low 206Pb/204Pb values
dominating the older portion of the 207Pb/206Pb ages. Despite this,
the weighted mean 207Pb/206Pb age is within uncertainty of and
slightly younger than the weighted mean 206Pb/238U age, suggest-
ing the influence of non-radiogenic Pb is negligible and therefore
the weighted mean 207Pb/206Pb age is preferred for this sample.

5.5. R2509350

Titanite grains analysed from this sample are between 0.2 mm
and 1 mm and show patchy zoning in BSE images (Fig. 5f). A total
of forty-four titanite analyses were collected from this sample.
They show consistent REE compositions, with high LREE concen-
trations that form convex trends in LREEs from La–Sm, negative
Eu anomalies, and slightly negative trends in HREEs (Fig. 7d). The
homogeneity of titanite compositions suggests only one generation
of titanite is present within this sample.

Nineteen discordant analyses and four additional analyses with
significant non-radiogenic Pb were excluded from age calculations,
leaving twenty-one analyses that yield a weighted mean
206Pb/238U age of 1558 ± 10 Ma (MSWD = 3.51) and a weighted
mean 207Pb/206Pb age of 1566 ± 13 Ma (MSWD = 3.69). The MSWD
values > 3.50 indicate these ages are not statistically reliable. Non-
radiogenic Pb is common in titanite from this sample and appears
to influence the 207Pb/206Pb ages, with concordant analyses with
low 206Pb/204Pb ratios prevalent among the older 207Pb/206Pb ages
and therefore a 206Pb/238U age is considered more reliable. Exclud-
ing the four youngest ages (1542–1513 Ma) due to recent partial
Pb loss and an outlying old age (1596 Ma) yields a weighted mean
206Pb/238U age of 1565 ± 6 Ma (n = 16, MSWD = 1.05; Fig. 6f).

5.6. R2509351

Titanite grains analysed from this sample are between 0.4 mm
and 3 mm and commonly show pitted textures with patchy zoning
in BSE images (Fig. 5g). A total of twenty-eight titanite analyses
were collected from this sample. They show consistent REE compo-
sitions, with high LREE concentrations that form convex trends
from La–Sm, negative Eu anomalies, and slightly negative trends
in HREEs (Fig. 7e). The homogeneity of titanite compositions sug-
gests only one generation of titanite is present within this sample.

Six discordant analyses and another seven analyses with signifi-
cant non-radiogenic Pb were excluded from age calculations, leaving
fifteen analyses that yield a weighted mean 206Pb/238U age of
1532 ± 8Ma (MSWD= 0.74; Fig. 6g) and aweightedmean 207Pb/206Pb
ageof1555±15Ma(MSWD=2.20).Non-radiogenicPb seemsto influ-
ence the 207Pb/206Pb ages in this sample, with low 206Pb/204Pb ratios
dominating the older 207Pb/206Pb ages. Therefore, the statistically
coherent 206Pb/238U age is considered more reliable for this sample.

5.7. R2509352

Titanite grains were analysed from the altered host rock as well
as in a cross-cutting ilmenite-rich vein in this sample. The titanites
analysed are between 0.15 mm and 3 mm and commonly show
patchy zoning in BSE images regardless of their location (Fig. 5h).
A total of thirty-six analyses were collected, with eleven analyses
from titanite in the host rock and twenty-five analyses from titan-
ite within the vein.
13
The titanite grains from the altered host rock show high LREE
concentrations that form convex trends from La–Sm andHREEs that
vary significantly in concentration between analyses but have con-
sistent negative slopes. Eu anomalies vary from negative to absent,
with analyseswith no Eu anomaly also having the lowest HREE con-
centrations (Fig. 7f). The host rock titanite analyses have average
elemental concentrations of 633 ppm V, 12,810 ppm Fe, 383 ppm
Zr, 1832 ppm Nb, 201 ppm Ta, 385 ppm Th and 226 ppm U. The
Th/U ratios are of 1.1–2.1, with an average of 1.7. One discordant
analysis from a titanite grain in the host rock population was
removed from age calculations, leaving ten analyses that yield a
weighted mean 206Pb/238U age of 1511 ± 14 Ma (MSWD = 2.83)
and aweightedmean 207Pb/206Pb age of 1514± 8Ma (MSWD=1.85).
The high MSWD values indicate these ages are not statistically
meaningful. As significant levels of non-radiogenic Pb occur within
titanite in this sample, a 206Pb/238U age is considered more reliable.
Removing the two youngest ages (1472 Ma and 1495 Ma) from age
calculations due to recent partial Pb-loss yields a weighted mean
206Pb/238U age of 1519 ± 8 Ma (n = 8, MSWD = 0.97; Fig. 6h) for
titanite in the altered host rock.

Titanite grains within the vein show two distinct REE trends. All
have a convex trend in LREEs, with some analyses having similar
LREE concentrations to titanite in the host rock, but others have
much lower concentrations of La, Ce and Pr. All analyses have nega-
tive Eu anomalies and have similar concentrations of HREEs that fol-
low a flat to slightly negative trend. These analyses have average
elemental concentrations of 953 ppm V, 17,176 ppm Fe, 199 ppm
Zr, 2307 ppm Nb, 355 ppm Ta, 156 ppm Th and 203 ppm U. The
Th/U ratios are of 0.54–0.95, with an average of 0.75. Seven discor-
dant analyses and five analyses with significant non-radiogenic Pb
were removed from age calculations for the vein-hosted titanite
population. The remaining thirteen analyses yield a weightedmean
206Pb/238U age of 1494±6Ma (MSWD=0.49; Fig. 6h) and aweighted
mean 207Pb/206Pb age of 1503±12Ma (MSWD=2.05). As a largepro-
portion of titanite analyses from this sample contain significant
levels of non-radiogenic Pb, the 206Pb/238U age is preferred.

5.8. R2509353

Titanite grains analysed from this sample are between 0.15 mm
and 2 mm and show pitted textures with patchy zoning in BSE
images. Some grains also show signs of alteration at their margins
(Fig. 5i). A total of sixteen titanite analyses were collected from this
sample. They show consistent REE compositions, with high LREE
concentrations that form convex trends from La–Sm, negative Eu
anomalies, and slightly negative trends in HREEs (Fig. 7g). The
homogeneity of titanite compositions suggest a single generation
of titanite is present within this sample.

Four discordant analyses and another three analyses with sig-
nificant non-radiogenic Pb were excluded from age calculations.
The remaining nine analyses yield a 206Pb/238U weighted mean
age of 1515 ± 7 Ma (MSWD = 0.56; Fig. 6i) and a 207Pb/206Pb
weighted mean age of 1528 ± 13 Ma (MSWD = 2.18).
Non-radiogenic Pb appears to influence the 207Pb/206Pb ages, with
significant levels recorded in the three oldest concordant ages.
Therefore, the statistically coherent 206Pb/238U age is considered
more reliable.

6. Discussion

6.1. Tectonothermal and hydrothermal evolution of the Peake and
Denison Domain

Zircon U–Pb ages from drillhole DCDH001 (Fig. 2) constrain the
timing of two magmatic events in the Peake and Denison Domain. A
foliated porphyritic granitoid with minor chlorite alteration (Fig. 5a)
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records a magmatic age of 1737 ± 6 Ma (Fig. 6a). This magmatism
post-dates the c. 1780 Ma Wirricurrie Granite and Tidnamurkuna
Volcanics recorded in the Denison and Algebuckina inliers (Fig. 2;
Ambrose et al., 1981; Rogers and Freeman, 1994; Hopper, 2001;
Fanning et al., 2007), but coincides with the age of felsic volcanics
from Spring Hills (Fanning et al., 2007) and the likely timing of a
tonalite intrusion at Lagoon Hills around c. 1730 Ma (Hopper,
2001). This group of igneous ages suggests c. 1740 Ma magmatism
is dominant in the eastern portion of the Peake and Denison
Domain (Fig. 2). The undeformed granitic intrusion records a
younger magmatic event at 1466 ± 12 Ma (Fig. 6c). This intrusion
crosscuts the foliation in sample R2509358, indicating the foliation
formed sometime between c. 1740 Ma and c. 1470 Ma.

The c. 1740Ma foliated porphyritic granitoidwithminor chlorite
alteration also yields a younger zircon U–Pb age of 1497 ± 12 Ma
(Fig. 6a) from low CL response grains and overgrowths (Fig. 5a).
Titanite U–Pb ages obtained from the sample are 1488 ± 13 Ma
and 1465 ± 12 Ma (Fig. 6b) from two chemically distinct titanite
populations (Fig. 7a). These data were collected from grain mounts,
which typically limits age interpretations due to the decoupling of
age data from their microstructural context. However, the two gen-
erations of titanite in this sample contain distinctly different Fe
concentrations, which has a strong influence on the colour and
pleochroism of titanite (Deer et al., 2013). In thin section, the titan-
ite grains in this sample have differing pleochroic responses
whereby titanite from generation #1 has no pleochroic response
and titanite from generation #2 displays some colour change
(Fig. 4a). The differences in pleochroic response are interpreted to
reflect the contrasting Fe concentrations of the two populations.
This allows for microstructural information to be linked to the data
collected, which improves the age interpretations for this sample.
The first generation of titanite dated at 1487 ± 14 Ma has low Fe
concentrations (7500–13,550 ppm; Fig. 7b) and is inferred to come
from pale, non-pleochroic grains that commonly form on the edges
of magnetite grains in the foliation (Fig. 4a).

The first generation of titanite also has comparatively low U and
HREE concentrations (Fig. 7a) that is consistent with a system with
limited availability of U and HREEs. These chemical characteristics
in titanite are consistent with the coeval growth of a mineral that
has a strong affinity for these elements, such as zircon (Rubatto,
2017). This suggests this generation of titanite formed at the same
time as the low CL response zircons dated at 1497 ± 12 Ma (Fig. 6a).
The second generation of titanite formed at c. 1465 Ma has relatively
high Fe concentrations (18,200–22,700 ppm; Fig. 7b) and is therefore
inferred to be the grainswith strong pleochroism that can be observed
in the vicinity of chlorite (Fig. 4a). This generation of titanite also has
high REE concentrations with similar REE trends to titanite associated
with alteration in the other samples in this study (e.g. Fig. 7c, f, g), sug-
gesting they are likely to have formed during alteration.

The hydrothermal titanite U–Pb ages from the altered samples
in this study seemingly record a protracted history of hydrother-
mal activity in the Peake and Denison Domain, with ages that
can be grouped into five hydrothermal events at c. 1565 Ma,
1530–1515 Ma, c. 1500 Ma, c. 1465 Ma, and a more recent event
at c. 490 Ma. However, it is unclear whether the array of early-
Mesoproterozoic titanite ages represents a 100-million-year period
punctuated by frequent hydrothermal activity, or a series of artifi-
cial ages created by partial resetting of the titanite U–Pb isotopic
system between events. The youngest Mesoproterozoic alteration
ages are recorded in the two drillholes at the northern end of the
sampled transect (Fig. 2). Samples R2509358 and R2509354 record
alteration ages from titanite at 1465 ± 12 Ma (Fig. 6b) and
1469 ± 11 Ma (Fig. 6e), which coincide with the age of post-
deformational magmatism at c. 1465 Ma (Fig. 6c) also recorded
in this area and therefore are likely related. The titanite alteration
ages from drillhole DC09D01 to the south (Fig. 2) show more vari-
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ation. Sample R2509352 contains textural evidence for two
hydrothermal fluid events (Fig. 3g). This sample has an early phase
of alteration dominated by clinopyroxene, amphibole, epidote, pla-
gioclase and titanite dated at 1519 ± 8 Ma, that is crosscut by a vein
of ilmenite, clinopyroxene, titanite, actinolite and calcite dated at
1494 ± 6 Ma (Figs. 4g and 6h). The age of the vein coincides with
the timing of metamorphism recorded by zircon (1497 ± 12 Ma)
and titanite (1487 ± 14 Ma) in R2509358 (Fig. 6a, b) and therefore
may be associated with that event. The 1519 ± 8 Ma titanite age
from the host rock is around the timing of a c. 1530 Ma aplitic
intrusion at Lagoon Hill (Fanning et al., 2007), and is further vali-
dated by clustering of titanite alteration ages at 1532 ± 8 Ma and
1515 ± 7 Ma recorded in the adjacent samples (Fig. 6g, i).

Sample R2509350 provides the oldest titanite alteration age of
1565 ± 6 Ma (Fig. 6f). This age coincides with a granite from Lagoon
Hill (Fig. 2) that intruded at 1555 ± 14 Ma (Fanning et al., 2007),
which suggests the two may be related. However, it is possible this
age could be partially reset given the evidence for alteration of
titanite grains in this sample (Fig. 4e) and therefore may represent
a minimum age for the oldest alteration event.

A younger hydrothermal fluid event was also identified in drill-
hole DCDH001, where a brecciated felsic gneiss (Fig. 3c) with a
magnetite-biotite-titanite-quartz matrix (Fig. 4c) yields a titanite
U–Pb age of c. 490 Ma (Fig. 6d). This style of alteration is associated
with Cu mineralization in the same drillhole (including a 3-m
intercept at 330–333 m grading 2.75% Cu; Ford and Elliston,
1996), suggesting that Cu mineralization occurred during the
515–480 Ma Delamerian Orogeny.

6.2. Evidence for a crustal connection between the NAC and SAC at
c. 1500 Ma

Palaeoproterozoic connections are already established between
the Peake and Denison Domain and Mount Isa Province through
the correlation of the c. 1780 Ma Tidnamurkuna Volcanics to equiv-
alent volcanic sequences within the Argylla and Bottletree forma-
tions in the Mount Isa Province (Wyborn et al., 1987). However,
the recognition of c. 1740 Mamagmatism in the Peake and Denison
Domain and coincident volcanism (Fanning et al., 2007) provides
another temporal correlation with the c. 1740 Ma Wonga Suite in
the Mount Isa Province (Fig. 8; Spence et al., 2022). Magmatism
of this age is also recorded in the southeastern Gawler Craton in
the McGregor Volcanics and Moonta Porphyry (Fig. 8; Fanning
et al., 2007), but it is currently unclear how these systems may
be related in a tectonic sense, if at all.

The correlation of events between the NAC and SAC become less
clear in the early Mesoproterozoic after around c. 1570 Ma follow-
ing the Kararan/Olarian orogenies in the SAC and the D1 event of the
Isan Orogeny in the Mount Isa Province (Fig. 8). After the Kararan
and Olarian orogenies, the evidence for tectonism in the SAC is spo-
radic until the break-up of Nuna at c. 1450 Ma (Fig. 8; Morrissey
et al., 2019). However, the lack of evidence for tectonism in the
Gawler Cratonmay be due to the lack of rock exposure in the region.
In the southeastern Gawler Craton, magmatism is recorded at c.
1560 Ma and c. 1515 Ma with the intrusion of the Daly Head Meta-
dolerite and Spilsby Suite, respectively (Jagodzinski et al., 2007;
Reid et al., 2022). In the northern Gawler Craton, felsic magmatism
is recorded in the Peake and Denison Domain at c. 1555 Ma and c.
1530 Ma (Fanning et al., 2007), and metamorphism is recorded at
c. 1500Ma (Fig. 6a, b). Metamorphism is also recorded in the central
northern Gawler Craton at c. 1520 Ma (Fig. 8; Reid et al., 2014). In
the Mount Isa Province, the 1550–1490 Ma period represents an
intense phase of tectonothermal activity involving the voluminous
intrusions of the Williams and Naraku batholiths and ongoing
orogenesis with the later phases of the Isan Orogeny at c. 1550–
1490 Ma (Wyborn, 1998; Giles et al., 2006; Rubenach et al., 2008).



Fig. 8. Simplified time–space plot of the Mount Isa Province (modified from Olierook et al., 2022), Gawler Craton and Curnamona Province (modified from Reid, 2019) with
additional data from Connors and Page (1995), Page and Sweet (1998), Perkins et al. (1999), Williams and Skirrow (2000), Gauthier et al. (2001), Page et al. (2005), Mark et al.
(2006), Skirrow et al. (2007), Duncan et al. (2011), Gregory et al. (2011), Spandler et al. (2016), Armit et al. (2017), Sawyer et al. (2017), Morrissey et al. (2019).
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Hydrothermal alteration in the Mount Isa Province is regionally
characterised by early phases of extensive Na-Ca alteration, fol-
lowed by spatially restricted phases of K ± Fe alteration, sericitisa-
tion, silicification, and rare carbonate-muscovite alteration that is
intimately associated with Cu-Au mineralization (Duncan et al.,
2011; Mark et al., 2006; Oliver et al., 2008; Perkins and Wyborn,
1998; McLellan et al., 2010). An early phase of Na-Ca alteration is
recorded in the Eastern Fold Belt at c. 1600–1580 Ma and is coeval
with mineralization at the Osborne deposit (Fig. 8; Duncan et al.,
2011). However, the main phase of alteration and mineralization
across the Mount Isa Province is recorded at c. 1550–1490 Ma. This
is associated with mineralization at Ernest Henry, Mount Elliott,
Eloise and Lady Ella deposits in the Eastern Fold Belt (Mark et al.,
2006; Duncan et al., 2011), mineralization at Elaine Dorothy in
the central Kalkadoon-Leichhardt Domain (Spandler et al., 2016),
and epigenetic copper mineralization at the Mount Isa deposit in
the Western Fold Belt (Perkins et al., 1999; Mark et al., 2006).

The timing of hydrothermal alteration in the Peake and Denison
Domain shows strong correlations with the Mount Isa Province,
but not with the Gawler Craton or Curnamona Province (Fig. 8).
In addition to this, the calcic nature of alteration in the Peake
and Denison Domain has strong resemblance to the characteristic
sodic-calcic alteration systems in the Mount Isa Province. The com-
bination of these similarities suggests the Mount Isa Province and
Peake and Denison Domain experienced what is effectively the
same hydrothermal regime in the early Mesoproterozoic, indicat-
ing the NAC and SAC were likely still contiguous within the Dia-
mantina Craton at c. 1500 Ma.
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6.3. Implications for mineral prospectivity and exploration in the
Peake and Denison Domain

The evidence for the connection between the early-
Mesoproterozoic hydrothermal systems of the Mount Isa Province
and the Peake and Denison Domain suggests the Peake and Deni-
son Domain is prospective for IOCG mineralization akin to that in
the Mount Isa Province. Therefore, the knowledge of the controls
on IOCG mineralization in the Mount Isa Province can provide a
general framework for regional scale mineral exploration in the
Peake and Denison Domain.

Copper and gold mineralization in the Mount Isa Province is lar-
gely controlled by structures activated during the D3 stage of the
Isan Orogeny at c. 1.53–1.50 Ga (Duncan et al., 2011; Mark et al.,
2006; Perkins and Wyborn, 1998). During this event the Mount
Isa Province experienced E–W directed shortening (Giles et al.,
2006), which localised mineralization along broadly N–S (350�–
15�) and ENE (40�–75�)-trending structures across the Mount Isa
Province (Laing, 1998; Ford and Blenkinsop, 2008; Austin and
Blenkinsop, 2009; McLellan et al., 2010). This includes the Mount
Isa and Mount Gordon Fault Zones in the Western Fold Belt, and
the Selwyn–Mount Dore Corridor in the Eastern Fold Belt, along
which many Cu-Au deposits occur (Blake et al., 1990; Duncan
et al., 2011). Structural interpretations in the northern Gawler Cra-
ton (including the Peake and Denison Domain) are limited due to a
lack of exposure. However, the evidence for metamorphism in the
northern Gawler Craton at c. 1520 Ma (Reid et al., 2014) and the c.
1500 Ma foliation in the Peake and Denison Domain (Fig. 6a, b)
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indicates there was tectonic activity and associated deformation in
the northern Gawler Craton at the time of the D3 event of the Isan
Orogeny (Fig. 8). Therefore, it is possible the Peake and Denison
Domain possesses the same structural controls for fluid flow as
the Mount Isa Province from the early-Mesoproterozoic. To iden-
tify the structures in the Peake and Denison Domain that corre-
spond to the broadly N–S and E–NE trending mineralized
structures in the Mount Isa Province, the 51� clockwise rotation
of the SAC relative to the NAC since the Mesoproterozoic
(Wingate and Evans, 2003; Giles et al., 2004; Payne et al., 2009)
must be considered. Due to the locations of the poles used to con-
strain this rotation in the reconstruction, the structures in the
Peake and Denison Domain are offset approximately 30� counter-
clockwise from their proposed orientations at c. 1500 Ma when
the Mount Isa Province and Peake and Denison Domain were con-
nected (e.g. Fig. 1b). This would suggest the mineralized N–S
(350�–15�) and E–NE (40�–75�)-trending structures in the Mount
Isa Province (e.g. McLellan et al., 2010) correspond to the N–NE
(20�–45�) and E–W (70�–105�)-trending structures in the Peake
and Denison Domain in its present day orientation. Such structures
have not been described in the Peake and Denison Domain; how-
ever, they may also be difficult to recognise due to overprinting
and reactivation during disaggregation of the NAC and SAC at c.
1450 Ma (Morrissey et al., 2019), and deformation during the
515–480 Ma Delamerian Orogeny (Foden et al., 2006).

The physical and chemical characteristics of the host lithologies
are also considered an important control on IOCG mineralization in
the Mount Isa Province. A significant proportion of copper and gold
occurrences in the Mount Isa Province exist within 750 m of the
contact between the largely calc-silicate rocks of the c. 1750–
1720 Ma Corella and Staverly formations, and the predominantly
siliciclasticmeta-sedimentary rocks of the c. 1680–1650Ma Soldiers
Cap Group (McLellan et al., 2010). The juxtaposition of these litholo-
gies in the presence of strong folding and faulting are suggested to
provide a number of key factors that promoted mineralization.
These include: (i) favourable sites for fluid mixing and/or fluid–host
rock interactions with steep chemical gradients between the meta-
sedimentary rocks and calc-silicate rocks, (ii) the localisation of flu-
ids at lithological contacts due to strain partitioning caused by sig-
nificant rheological contrast between the meta-sedimentary rocks
and calc-silicate rocks, and (iii) a physical barrier for fluid flow
between the more permeable meta-sedimentary rocks and the less
permeable calc-silicate rocks (Oliver et al., 2001; McLellan et al.,
2010; Duncan et al., 2014). In addition to their role in providing
optimal conditions for mineralization to occur, the metasedimen-
tary rocks in the Mount Isa Province also contain thick scapolite-
rich sequences capable of producing highly saline and ligand-rich
metamorphic fluids (Morrissey and Tomkins, 2020). These fluids
are highly effective in liberating and transporting metals and likely
played a role in the formation of the diverse range of mineral depos-
its in the Mount Isa Province. In the Peake and Denison Domain,
interbedded calc-silicate and quartzite sequences in the 1800–
1740 Ma Peake Metamorphics contain analogous rock types to
the Corella Formation and Soldiers Cap Group in the Mount Isa Pro-
vince. Such lithologies may have provided the lithological compo-
nents necessary to replicate the optimal physiochemical crustal
conditions for mineralization in the Mount Isa Province.

The intrusion of the 1550–1490 Ma Williams and Naraku bath-
oliths are also considered important for IOCG mineralization in the
Mount Isa Province, as a source of fluids and possibly metals
(Wyborn, 1998; Bastrakova et al., 2001). In the Peake and Denison
Domain, felsic intrusions at c. 1555 Ma and c. 1530 Ma (Fanning
et al., 2007) indicates there are age correlatives to the Williams
and Naraku batholiths that may be capable of supplying fluids
and possibly metals to mineral systems in the northeastern Gawler
Craton. The results of this study indicate there was prolonged
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hydrothermal activity in the Peake and Denison Domain (Fig. 6e–
i) and supports tectonic reconstruction models that place the Peake
and Denison Domain at the centre of the Gawler Craton, Mount Isa
and Curnamona provinces during the early Mesoproterozoic
(Fig. 1b; Giles et al., 2004; Payne et al., 2009; Betts et al., 2015).
These factors suggest the prospectivity of the region is unlikely
to be limited by lithospheric fertility or metal mobility.
6.4. The utility of tectonic reconstructions for determining mineral
prospectivity

The concept of integrating mineral systems into tectonic recon-
structions has previously been discussed by Groves and Bierlein
(2007). The results of this study not only support this concept,
but also demonstrate the utility of this integration for determining
mineral prospectivity in greenfields regions for mineral explo-
ration. In this study, the combination of palaeomagnetic con-
straints and geological correlations provide a robust model for
determining terrane-scale prospectivity that is constrained by
geometry and geochronology. In the absence of this tectonic recon-
struction model linking the northeastern Gawler Craton to the
Mount Isa Province (Fig. 1b), it is likely the significance of these
results for prospectivity in the Peake and Denison Domain would
not be realised, as the c. 1550–1500 Ma period is not associated
with known mineralization in the Gawler Craton (Fig. 8). This
emphasises the utility of tectonic reconstructions for determining
prospectivity near the boundaries of crustal blocks, where once
cohesive mineral systems may have been fragmented and dis-
persed by plate tectonics.
7. Conclusion

The correlations between the timing and style of hydrothermal
alteration in the Peake and Denison Domain and Mount Isa Pro-
vince suggests these regions were both influenced by the same
hydrothermal systems at c. 1565–1500Ma. This indicates the Gaw-
ler Craton and Mount Isa Province were still connected at
c. 1500 Ma, signifying the NAC and SAC were still contiguous
within the Diamantina Craton. The evidence for shared histories
between the Peake and Denison Domain and Mount Isa Province
from at least c. 1780 Ma enhances the mineral potential of the
Peake and Denison Domain, as it is more likely to have inherited
many of the crustal characteristics that provided important litho-
logical controls on IOCG mineralization in the Mount Isa Province.
Furthermore, evidence for hydrothermal events around c. 1460 and
c. 490 Ma in the Peake and Denison Domain emphasises additional
opportunities for mineralization events in the northeastern Gawler
Craton. Further work on understanding the structural relationships
between the Peake and Denison Domain and Mount Isa Province to
improve the reconstruction of their early-Mesoproterozoic config-
uration would add considerable value to IOCG mineral exploration
in the northeastern Gawler Craton.
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