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Detrital minerals provide valuable insights into the tectonic history of continents. Uranium-lead dating
of detrital zircon is widely used to characterize the magmatic history of continents but is generally
insensitive to metamorphism accompanying the production and reworking of crust during orogenesis.
Garnet is the most important mineral for recording prograde and peak orogenic metamorphism and
can occur as a common detrital phase. Here, we demonstrate laser-ablation lutetium-hafnium (Lu-Hf)
geochronology of detrital garnet as a provenance tool for reconstructing orogenic histories at (super)
continental scales. Detrital garnet (n = 557) from modern sands and Permo-Carboniferous glacial
strata in South Australia faithfully record local garnet-grade metamorphic events but also include a
major population at ca. 590 million-years with no known source in South Australia. We trace the ca. 590
million-year-old detrital garnets to a largely ice-covered orogenic province in East Antarctica,
uncovering the inception of convergent margin tectonism along the palaeo-Pacific margin of

Gondwana.

Clastic sediments preserve important records of the tectonic history of
continents because they sample large crustal domains, including areas that
are poorly exposed or difficult to access. Although detrital zircon
uranium-lead (U-Pb) dating has emerged as a cornerstone of con-
temporary tectonic analysis', some fundamental tectonic processes are
poorly captured by the detrital zircon archive. Specifically, regional meta-
morphism accompanying orogenesis contributes little detrital zircon to
surrounding sedimentary basins due to the low fertility of zircon in most
sub-solidus metamorphic rocks™. The insensitivity of detrital zircon to
metamorphic events is a particularly important shortcoming for studying
the tectonic history of continents because orogenesis is fundamental to
creating, stabilising, and modifying continental crust’. Harnessing detrital
mineral proxies that are sensitive to the metamorphic history of orogenic
events, therefore, remains an outstanding challenge for unravelling the
tectonic history of continents from the clastic sedimentary record™*”.
Garnet is arguably the most important mineral for reconstructing
orogenic histories””. Garnet crystallises in a wide range of metamorphic
systems and uniquely provides a direct time-integrated record of the
(prograde) pressure and temperature history of metamorphic rocks, which
in turn reflect the first-order orogenic processes governing the thickness and
thermal state of the lithosphere””'’. The ability of garnet to record prograde

metamorphic conditions offers an advantage over other routinely dated
metamorphic minerals such as mica (argon-argon; Ar-Ar) or apatite
(U-Pb, fission track), which generally record post-peak metamorphic
cooling events due to the lower isotopic closure temperatures of these
mineral chronometers''.

Garnet can occur as a common accessory detrital mineral in con-
tinentally derived clastic sediment and is best preserved in settings that have
experienced minimal chemical weathering'*"”. Garnet is also enriched in
rare earth elements, making it highly amenable to dating via the
samarium-neodymium (Sm-Nd) and lutetium-hafnium (Lu-Hf) isotopic
systems’. The Lu-Hf system in garnet is highly robust against thermal
disturbances and REE loss, establishing garnet Lu-Hf geochronology as a
reliable method to date garnet growth and recrystallisation in metamorphic
rocks, even when (ultra)high-temperature overprinting has occurred'*".
This makes garnet Lu-Hf geochronology a crucial dating method for
studying the tectono-metamorphic history of orogenic systems'”. However,
detrital garnet geochronology via traditional solution-based techniques (e.g.,
Sm-Nd and Lu-Hf) is unrealistic, given the labour-intensive nature of these
methods. For example, a previous solution-based detrital garnet study'®
generated 19 single-grain Sm-Nd ages, which falls well below the >100 ages
per sample benchmark considered in most provenance studies as sufficient
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Fig. 1 | Regional geological map with sample locations and configuration of
Gondwana during the Late Palaeozoic Ice Age. a Simplified geological map of
Fleurieu Peninsula, Yorke Peninsula and Kangaroo Island in South Australia™’**.
The geological map illustrates the extent of the Permo-Carboniferous Troubridge
Basin (outlined in blue) and known paleo ice-flow indicators®. The asterisk (*)
indicates the detrital garnet-rich placer sand and glacial strata samples, and samples
without an asterisk are local basement rocks. The garnet-rich placer deposit samples
come from four beaches in South Australia: Myponga Beach (sample MYB), Petrel
Cove Beach (PCB), Port Moorowie Beach (PMB) and Port Vincent Beach (PVB).
The two Permo-Carboniferous glacial strata (samples BS2 and BQ7) are from the

Cape Jervis Formation on Kangaroo Island, which locally also contains detrital
garnet"'. Additionally, three basement samples were analysed to define regional
garnet populations: a Barossa Complex granulite from the Myponga Inlier in the
Adelaide Hills (MYPINL), a Delamerian metapelite from Harrogate (171-71) and a
Delamerian pegmatite from Vivonne Bay (VIV). b Plate tectonic reconstruction of
Gondwana during the Permo-Carboniferous glaciation (glaciation maximum;
Pennsylvanian-Early Permian). The base map shows the location of the continents
in the supercontinent configuration at ~300 Ma®' and the areas of ice sheet extent
(with ice-flow directions).

to capture all major provenance components'. In-situ dating of garnet via
the U-Pb system has seen some success, but is often challenging for dating
metamorphic garnets due to low uranium contents'’. The development of
laser-ablation Lu-Hf geochronology"® provides an alternative technique to
quickly date a large quantity of garnet grains with minimal sample pre-
paration. A recent study”® demonstrated the ability of laser-ablation Lu-Hf
geochronology to date detrital garnets from a modern orogenic system (the
European Alps) with a much better age recovery compared to the garnet
U-Pb system in the same samples.

Here, we demonstrate that detrital garnet Lu-Hf geochronology is a
feasible provenance tool for reconstructing orogenic histories at the (super)
continent scale. Over 550 individual detrital garnet grains from modern
beaches and Permo-Carboniferous strata in South Australia were analysed
using the recently established, high-throughput laser-ablation Lu-Hf dating
method"’. The detrital garnet dates faithfully record the timing of regional
orogenic events in South Australia at ~1620 and ~510 million-years ago
(Ma). However, the largest detrital garnet age population in both the
modern and Permo-Carboniferous sediments was dated at ~590 Ma, which
together with the similar-aged dominant population of detrital zircon in the
same samples, cannot be related to any known orogenic event in South

Australia. Instead, we trace this enigmatic Ediacaran population of detrital
garnet and zircon to a mostly ice-covered region inboard of the Transan-
tarctic Mountains in East Antarctica, providing new insights into the early
tectonic evolution of the Pacific margin of Gondwana.

Results and discussion

Sampling and detrital garnet Lu-Hf analysis

We applied the in-situ Lu-Hf dating method to a detrital garnet provenance
study of modern beach sands from the Gulf St. Vincent and Encounter Bay
area in South Australia (Fig. 1a). The geology of this area preserves evidence
of regional Proterozoic and early Palaeozoic orogenic events*** that were
integral to the assembly of the Australian continent’***". Hence this study
area is an ideal natural laboratory to test the feasibility of detrital garnet
geochronology for reconstructing orogenic events from the sedimentary
record. The most extensive bedrock exposures throughout the Adelaide
Hills, the Fleurieu Peninsula, and Kangaroo Island (Fig. 1a) include base-
ment rocks recording the latest Palaeoproterozoic and earliest Mesopro-
terozoic (ca. 1620-1600 Ma) deformation and granulite facies
metamorphism associated with the Olarian Orogeny”"***°. The overlying
Neoproterozoic and Cambrian strata were deformed and metamorphosed
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up to amphibolite facies during the Cambrian Delamerian Orogeny, which
lasted from ca. 514 Ma to ca. 490-470 Ma**”**. Detrital garnet grains were
separated from four modern beach sand samples and two samples of the
Permo-Carboniferous glaciogenic Cape Jervis Formation (Fig. 1a; samples
marked with an asterisk), the latter forming part of the Troubridge Basin
that once covered large parts of southern Australia™*’. We also collected
garnet Lu-Hf reference ages from local bedrock units, including a granulite
facies metapelite from the Palaeoproterozoic Barossa Complex (sample
MYPINL), a garnet-staurolite schist from the Cambrian Kanmantoo Group
(Tappanappa Formation; sample 171-71), and a
quartz—feldspar-muscovite-tourmaline—-garnet pegmatite that intruded the
Kanmantoo Group during the Delamerian Orogeny (sample VIV). Sample
locations and descriptions, and mineralogical compositions are listed in
Supplementary Data 1 and Supplementary Fig. 1.

The Lu-Hf isotopic analysis was conducted over 4 analytical sessions,
following the methodology described in Simpson et al."” and detailed in the
methods section. The Lu-Hf isotopic data are presented in Supplementary
Data 2. Reference material Hogsbo garnet (Supplementary Fig. 2) was
analysed repeatedly to correct for matrix-dependent fractionation'*"** and
secondary garnet reference material BP-1 (Black Point, South Australia;
ref. 31,32) was used to validate the accuracy of the Lu-Hf dates®”. BP-1
produced garnet Lu-Hf isochron ages of 1748 + 23 Ma, 1744 + 19 Ma and
1749 + 22 Ma (Supplementary Fig. 2), which are consistent with the pub-
lished monazite U-Pb age of 1745 + 14 Ma from this rock™, underscoring
the accuracy and robustness of the laser-ablation garnet Lu-Hf dating
method.

Inverse isochrons, radial plots and kernel density estimate (KDE) plots
for the modern beach sands, glacial sediments and local reference samples
are summarised in Fig. 2 with individual plots shown in Supplementary
Figs. 3-5. The single-grain dates in the KDE and radial plots were calculated
as 2-point isochrons, anchored to an initial "7’Hf/"”*Hf ratio of 3.55 + 0.06,
covering the entire range of terrestrial values™. For constructing KDE plots,
analyses with low radiogenic Hf (resulting in imprecise single-grain dates, as
shown in Fig. 2c) were filtered out of the dataset using two thresholds (cfr.
ref. 20). The detrital garnet analyses were accepted and included in the KDE
plots when: (1) "’Hf/"7°Hf < 3, and (2) the relative uncertainty on single-
grain ages <20% (see methods and Supplementary Data 2). For the beach
sand samples, 32.5% of the detrital garnet analyses (132/406 grains) were
accepted for the KDE plot. For the glacial strata samples of the Cape Jervis
Formation, only 11% of the analyses (17/151) passed the two filters.

Detrital garnet provenance
The new garnet Lu-Hf dates from local bedrock samples are in agreement
with previous estimates for the age of regional metamorphism in South
Australia. Garnet porphyroblasts from a Barossa Complex gneiss
(MYPINL; Supplementary Fig. 4a) yield a Lu-Hf isochron date of
1627 + 23 Ma, agreeing with early phases of metamorphism in the complex
documented by metamorphic zircon U-Pb dates of ~1632-1610 Ma™ and
monazite cores of ~1630 and ~1613 Ma®. They are regionally overprinted
by granulite facies metamorphism at ~1590-1550 Ma, recorded by mon-
azite U-Pb, in the Palaeoproterozoic basement inliers™***. The garnet
Lu-Hf isochron date is thus older than the bulk of the monazite dates,
reflecting that the garnet Lu-Hf method records thermal history that may
not be retained by monazite. Garnet porphyroblasts from an amphibolite
facies metapelite within the Kanmantoo Group (171-71) and a pegmatite
intruding the Kanmantoo Group (VIV) yield overlapping Lu-Hf dates of
505+ 10 Ma and 510 + 8.2 Ma, respectively (Supplementary Fig. 4b, c).
These dates are consistent with previous estimates for the timing of meta-
morphism and magmatism in the Delamerian Orogeny at 515-490 Ma®".
Detrital garnet from modern beaches and the Permo-Carbonifeous
Cape Jervis Formation (CJF) yield similar age distributions in isochron,
radial, and KDE plots (summarised in Fig. 2). Both groups contain minor
populations of late Palaeoproterozoic-early Mesoproterozoic ages (bea-
ches =22%, CJF =1%) and middle Cambrian ages (beaches = 6%, CJF =
7%), which closely overlap with the bedrock reference garnet isochron dates

for the Barossa Complex and Delamerian orogeny, respectively (Fig. 2a, b).
These results clearly point to a local provenance for these garnets and
demonstrate that detrital garnet geochronology faithfully records the oro-
genic history of the continental crust through the clastic sedimentary record.

In contrast to the minor, locally derived Proterozoic and Cambrian
detrital garnet populations, the largest detrital garnet populations in both
the modern beach sands (32% of all dates, 40% of filtered dates in KDE plot)
and the glaciogenic Cape Jervis Formation sediments (35% of all dates, 53%
of filtered dates in KDE plot) are defined at ~590 Ma and ~581 Ma,
respectively. These prominent Ediacaran-aged populations cannot be linked
to any known garnet-grade metamorphic event in South Australia. Notably,
these age populations are beyond analytical uncertainty of the age for the
onset of the Delamerian Orogeny at 514 Ma®. In addition, we also analysed
detrital zircon grains from the modern beach sand samples (U-Pb data in
Supplementary Data 3 and Supplementary Fig. 6) as a reference dataset. All
samples yield essentially unimodal detrital zircon age populations at
~570 Ma, which also cannot be related to any known regional felsic mag-
matic event in the region. Although slightly younger than the major detrital
garnet age population from the same samples, it is still likely that the
~570 Ma detrital zircons share a common source area with the detrital
garnet and hence record the same tectono-metamorphic event. The zircons
may, for example, record anatexis after metamorphism. Combined, the
detrital garnet and zircon ages point to an ultimate sediment source in a
terrane preserving an Ediacaran metamorphic and magmatic history that
must lie outside of South Australia.

To aid our provenance interpretations, garnet major element com-
positions were acquired from the most radiogenic detrital garnets through
electron probe microanalysis (see Methods section). The compositional data
are provided in Supplementary Data 4 and plotted onto ternary diagrams in
Fig. 3. We employed a detrital garnet classification scheme™ (cfr. ref. 20),
which uses machine learning algorithms trained on a large database of
garnet compositional data from known host rocks to predict the compo-
sition (Fig. 3a), geological setting (Fig. 3b) and metamorphic facies grade
(Fig. 3¢) of their host rocks. This scheme classifies the host rocks of the
analysed detrital garnet grains as metamorphic rocks with mostly
intermediate-felsic or metasedimentary protolith compositions. A caveat of
this approach is that there is considerable overlap in the classification
scheme between igneous and metamorphic garnet”, and it is difficult to
assess how the classification may be influenced by core-rim elemental
fractionation when studying fragmented detrital grains. Acknowledging
these limitations, the classification scheme nevertheless accurately identifies
the host rocks of the locally derived Barossa and Delamerian-aged detrital
garnet populations as amphibolite to granulite-grade metasedimentary
rocks, which are likely to be the most abundant garnet-bearing rocks in these
source areas. The predominantly metasedimentary host-rock classification
of the ca. 590 Ma detrital garnet grains is, therefore, tentatively accepted as
accurate (Fig. 3). Finally, we note that misclassification of igneous and
metamorphic garnet would not necessarily impact our findings as most
igneous garnet used in the machine learning dataset for the classification
scheme™ are from orogenic granites produced by partial melting of meta-
sedimentary rocks and hence fundamentally reflect a similar tectonic setting
to metamorphic garnet.

In identifying the source of the major ca. 590 Ma detrital garnet
grains, we suggest that detrital garnet derived from modern beaches was
mostly recycled from local exposures of the Permo-Carboniferous gla-
ciogenic Cape Jervis Formation. This interpretation is consistent with
the great similarity in the detrital garnet age spectra between the modern
and Permo-Carboniferous samples (Fig. 2) and the absence of locally
exposed ~590 Ma metamorphic source rocks (Fig. 1a). The Cape Jervis
Formation was deposited in the Troubridge Basin during the late Car-
boniferous - early Permian when South Australia and formerly con-
tiguous parts of Antarctica were located along the Pacific margin of East
Gondwana®**, The Cape Jervis Formation was likely deposited in
association with one of several extensive ice sheets that covered large
parts of Australia and Antarctica as Gondwana moved over the South
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Fig. 2 | Detrital garnet Lu-Hf geochronology. a Combined inverse Lu-Hf isochron
plot for all analysed modern beach samples from South Australia (PCB, PMB, PVB
and MYB; see Fig. 1a for sample locations). b Combined inverse Lu-Hf isochron plot
for the two samples from the glaciogenic Cape Jervis Formation (BQ7 and BS2).
Reference Lu-Hf isochrons for the regional Barossa Complex (green isochron line)
and Delamerian Orogeny (red isochron line) metamorphism were calculated based
on analyses for the Myponga Inlier gneiss (sample MYPINL; ~1627 Ma; Supple-
mentary Fig. 4a) and Kanmantoo Group metapelite (sample 171-71; ~505 Ma;
Supplementary Fig. 4b), respectively. The detrital garnet ellipses in a and b represent
single-grain data points with 2¢ uncertainty. The ellipses were colour-coded
according to their interpreted source in South Australia (Delamerian in red, Edia-
caran in blue, Barossa Complex in green). The main detrital garnet population is
Ediacaran in both the modern beach sand and Permo-Carboniferous glacial strata
samples, suggesting that Ediacaran garnets in the modern beach sands were recycled
from the Cape Jervis Formation before deposition. ¢ Radial plot of single-grain
garnet dates (modern beach sand data in red, Cape Jervis Formation data in purple),

plotted against their precision as calculated by IsoplotR”. The most radiogenic
garnet grains (7Hf/"°Hf < 1.5) produce the most precise Lu-Hf ages (as illustrated
in Supplementary Fig. 5), adding more weight to garnet population identifications.
d Kernel density estimate (KDE) plots of single-grain garnet dates (modern beach
sand data in red, Cape Jervis Formation data in purple), compared to zircon dates (in
yellow) from the same samples. The single-grain dates were calculated as 2-point
isochrons and low-radiogenic garnets were filtered out using the following criteria:
(1) "7Hf/*Hf < 3, and (2) the relative uncertainty on single-grain ages <20%. n*
indicates the number of grains that remain after the application of these two filters.
For the zircon U-Pb KDE plot, detrital zircon single-grain ages with dis-

cordance > +5% were rejected. The detrital garnet Lu-Hf isotopic data was plotted
using IsoplotR”, and this figure shows how each plot (isochron, KDE and radial) is
able to detect the three distinct detrital garnet populations (Palaeo-Mesoproterozoic
in green, Ediacaran in blue and Cambrian in red). The individual isochron and KDE
plots for each detrital garnet sample can be found in Supplementary Fig. 3.

Pole (Fig. 1b)***. Ice-flow indicators within the Cape Jervis Formation,
including striations, erosional troughs and chatter marks, consistently
record ice-flow from the southeast to northwest™****"**, suggesting a
sediment source in East Antarctica within reconstructed Gondwana
(Figs. 1b and 4a). Ice-flow indicators from time-equivalent strata else-
where in southeastern Australia and East Antarctica are consistent with
a contiguous ice sheet centred on a palaeo-high inboard of the present-
day George V Land and Transantarctic Mountains (Fig. 1b)*. Therefore,

we suggest the abundant ca. 590 Ma detrital garnet grains found along
the coast of southern Australia were ultimately derived from an Edia-
caran terrane currently located within the largely ice-covered interior of
East Antarctica inboard of George V Land and the Transantarctic
Mountains (Figs. 1b and 4a). Notably, this ice catchment is not con-
nected to other reconstructed Permian ice catchments in East Antarctica
that could have sampled other Ediacaran Orogens such as those exposed
in Dronning Maud Land or Prydz Bay (Fig. 1b).
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Fig. 3 | Detrital garnet EPMA compositional data for the beach sand samples
MYB, PCB, PMB and PVB. a, b Detrital garnets are classified according to the
interpreted composition and setting of their host rocks, respectively, using the
scheme of Schénig et al.”. ¢ Detrital garnets plotted on a ternary diagram by
metamorphic facies grade, using the same classifier”® (cfr.”’). d Combined triple
ternary plot*, which displays the detrital garnets based on their end-member
compositions. The detrital garnets are all grouped or colour-coded according to their

interpreted source in South Australia (Palaeo-Mesoproterozoic Barossa Complex as
green circles, Ediacaran as blue diamonds, Delamerian as red squares). The EPMA
compositional data is provided in Supplementary Data 4. AM amphibolite facies
grade, BS/GS blueschist/greenschist facies grade, EC/UHP eclogite/ultrahigh-pres-
sure facies grade, GR granulite facies grade, Alm almandine, Gro grossular, Pyr
pyrope, Spe spessartine.

Initiation of the palaeo-Pacific convergent margin of Antarctica
The Transantarctic Mountains (TAM) provide the most extensive expo-
sures of the Ediacaran-Cambrian Ross Orogen". This orogen is considered
to record an Andean-type convergent system along the palaeo-Pacific
margin of Gondwana. The orogen records a complex tectonic history
involving oblique convergence punctuated by episodes of extension with the
bulk of arc magmatism, high-temperature metamorphism, and deforma-
tion occurring between ca. 520 and 480 Ma**. Although the Andean-type
tectonic setting of the Ross orogen is well established”, the timing of sub-
duction initiation and the onset of convergence are poorly resolved.

Outcrop evidence brackets the onset of the Ross orogenic cycle to
sometime between the formation of the rifted continental margin at ca.
670—650 Ma*™* and the oldest exposed calc-alkaline plutons (in the
Central TAM) at ca. 550 Ma**’. Evidence for pre-550 Ma magmatism
comes from common ca. 590-570 Ma zircon U-Pb ages in late
Neoproterozoic-early Palaeozoic strata along the TAM, which are inter-
preted to be sourced from the incipient Ross continental arc******.
Additional evidence for ca. 570-590 Ma felsic magmatism along the Ross
orogen includes a granitoid clast from the Nimrod Glacier, which yields a
complex distribution of U-Pb zircon ages between ca. 590 Ma and ca.
560 Ma but does not have a distinct calc-alkaline geochemical signature™. A
ca. 584 Ma granitoid dredged from offshore George V Land™ may also
record the same magmatic event. Although ca. 590-570 Ma felsic mag-
matism along the Ross orogen appears to be regionally extensive, a direct
link with the onset of convergent margin tectonism is hindered by the
paucity of diagnostic geochemical signatures in detritus derived from this
magmatic province and the sparse record of contemporaneous meta-
morphism and deformation in the exposed geology of the TAM.

Early work in the central TAM attributed the deformation of the
Neoproterozoic Beardmore Group to a pre-Ross, Ediacaran orogenic event

termed the Beardmore Orogeny’’. However, subsequent revisions to the
stratigraphy of this area, coupled with Ar-Ar and U-Pb dates, demonstrate
that the apparently earlier episode of metamorphism and deformation is
instead an expression of the main Cambrian Ross orogenic pulse, leading to
the abandonment of the Beardmore Orogeny”**. More recently, outcrop
evidence for Ediacaran metamorphism and deformation in the Transan-
tarctic Mountains has been re-established in the Skelton Glacier region of
Southern Victoria Land (Fig. 4a, Supplementary Fig. 7). Here, amphibolite
facies metasedimentary and minor meta-igneous rocks record contractional
deformation and a Barrovian metamorphic history dated via U-Pb mon-
azite and solution-based Lu-Hf whole rock-garnet isochrons to
~590-570 Ma with individual dates as old as ~615 Ma™.

Our new detrital garnet data greatly expands the geochronological
evidence for Ediacaran metamorphism along the Antarctic segment of the
palaeo-Pacific margin of Gondwana. Palaeo-ice sheet reconstructions based
on the distribution of Permian-Carboniferous glacial deposits suggest that
deposition in the Troubridge Basin occurred along the northern extent of an
approximately 1000 x 2000 km ice sheet that was centred on a palaeo-
highland inboard of the present-day TAM and covered most of the eastern
margins of East Antarctica and southern Australia within reconstructed
Gondwana (Fig. 1b)”*. The presence of abundant ~590 Ma detrital
metamorphic garnet grains (Fig. 2 and Fig. 3) in sediments eroded from this
continental-scale catchment argues for a source in a regional-scale ~590 Ma
metamorphic province (Fig. 4). Ediacaran garnet-grade metamorphic
events have not been recorded in the basement of southern Australia, and
hence it is unlikely that this metamorphic province extended into the
Australian continent. Glacial erratics yielding ca. 580-570 Ma metamorphic
ages dredged offshore from the Mertz Glacier suggest a northern extent in
subglacial George V Land™ (Fig. 4a). The southern extent of the province
may have been sampled by the ca. 590 Ma granitoid clast from the Nimrod
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Fig. 4 | Configuration of short-lived orogenic systems in eastern Gondwana, with
compiled datasets of Ediacaran-Cambrian dates. a Simplified tectonic map of
Australia and Antarctica in the early Permian, showing the extent of the major early
Palaeozoic (Cambrian-Ordovician) orogenic systems. Ediacaran-age (~620-570 Ma)
metamorphic and magmatic records from recent studies of samples from the Trans-
antarctic mountains and clasts from Mertz Glacier dredge are as plotted*’ and include (1)
metamorphic garnet™, (2) metamorphic zircon™, (3) metamorphic erratic”', (4) detrital
zircon™ and (5) igneous erratic*’ data. The base map in a is adapted from Lawver etal.*,
and the main geological units and tectonic structures™*****" are plotted together with
the present-day coordinates of Australia and Antarctica. BG Beardmore Glacier, CTM
Central Transantarctic Mountains, MG Mertz Glacier, MSZ Mertz Shear Zone, NG
Nimrod Glacier, NVL Northern Victoria Land, OL Oates Land, SkG Skelton Glacier,
SVL Southern Victoria Land, TA Terre Adélie, TAS Tasmania, WL Wilkes Land.

b Detrital, cigneous and d metamorphic age profiles derived from previous studies along
the coast of East Antarctica (between 140°E and 175°E) and the Transantarctic
Mountains. Detrital ages for glaciomarine sediments in the Ross Sea are also included.
References are listed in Supplementary Table 1, and the compiled ages are plotted per
region in East Antarctica in Supplementary Fig. 7. The detrital garnet Lu-Hf ages (pink

KDE) in (b) are from this study and were added for comparison with the existing data
from other detrital minerals (KDE in full line; grains with ’Hf/"*Hf < 3 and relative
uncertainty on single-grain ages <20%). The dashed line KDE only includes the garnets
with ’Hf/""*Hf < 1.5, and illustrates the same Ediacaran peak is present when only the
most precise garnet dates are plotted. Detrital garnet Lu-Hf and detrital metamorphic
zircon U-Pb ages are consistently older than the igneous and unclassified detrital zircon
U-Pb ages. The mica and amphibole Ar-Ar cooling ages clearly reflect the timing of
Cambrian Ross Orogeny metamorphism, a phase that is distinctly younger than the
Ediacaran detrital garnet and metamorphic detrital zircon peaks. The periods of alter-
nating compression and extension"’ were based on changes in syn-tectonic magma
compositions and field structures. An early phase of Ediacaran thickening, as derived
from the new detrital garnet ages in this study, is indicated with pink arrows. The dates
for bedrock samples in ¢ and d clearly represent Ross Orogeny metamorphism but are
almost completely devoid of Ediacaran ages. Based on observations from available
bedrock exposures of Ediacaran metamorphism and magmatism in (a) and palaeo ice-
flow directions in Fig. 1b (and see also main text), we propose a rough estimate for the
maximum extent of the crust affected by Ediacaran thickening (red area), stretching
between inland George V Land and inboard the Transantarctic Mountains.

Glacier*. We suggest that the Ediacaran garnet-bearing rocks of the Skelton
Group in Southern Victoria Land™ are exposures of this regionally extensive
Ediacaran metamorphic province (Fig. 4a). If the Barrovian metamorphic
rocks exposed in Skelton Glacier are representative of the larger sub-glacial
source region sampled by detrital garnet in South Australia, our findings

support the presence of a regionally extensive area inboard of the TAM that
experienced Ediacaran crustal thickening. We suggest that crustal thick-
ening in this sub-glacial province documents the first pulse of convergent
margin tectonics associated with the Ross orogenic cycle, based on the
Ediacaran timing of metamorphism and magmatism and its position
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inboard of the predominantly Cambrian metamorphism and deformation
preserved in the TAM.

The tectonic history of the Ross orogeny is generally interpreted in the
context of alternating episodes of compression (or transpression) and
extension in response to changing plate kinematics and possibly terrane
accretion***”. Although along-strike variations in the magmatic, meta-
morphic, and structural history of the Ross orogen argue against a simple
accordion-style tectonic evolution”, the general cyclical nature of con-
vergence and extension associated with long-term continent-dipping sub-
duction is supported by our interpretation of regional Ediacaran crustal
thickening inboard of the TAM. Compiled igneous and metamorphic ages
from the TAM show that early crustal thickening at ca. 590-570 Ma is
temporally separated from the dominant phase of ca. 520-490 Ma con-
tractional tectonism by an episode of crustal extension marked by ca.
565-525 Ma alkaline, carbonatitic, and mafic subalkaline magmatic activity
in Southern Victoria Land (Fig. 4b-d)***. The refined temporal framework
for the Ross orogeny presented in Fig. 4 reinforces an orogenic cyclicity,
characterised by short-lived contractional events, each lasting about 30-40
Myrs, separated by 40-50 Myrs of extension®.

Although a detailed regional synthesis is beyond the scope of this paper,
the Ross orogen is generally interpreted to record the first cycle of con-
vergence along the palaeo-Pacific margin of Gondwana as a part of the larger
Terra Australis orogen®. Most Gondwana reconstructions correlate the
Ross orogen with the Delamerian orogen of southern Australia, with both
regions recording contractional deformation, metamorphism, and con-
vergent margin magmatism at ca. 520-480 Ma™°". However, this study
highlights potentially substantial differences in the early tectonic history of
the Palaeo-Pacific margin of Gondwana in East Antarctica compared to
southern Australia. Specifically, the episode of crustal thickening along the
East Antarctic segment of the margin at ca. 590-570 Ma inferred from our
new detrital garnet data contrasts with the tectonic setting of southern
Australia at this time, which records continental rifting at ca. 580 Ma and
subsequent passive margin sedimentation”*’. Therefore, contemporaneous
Ediacaran convergence in East Antarctica and extension in southern Aus-
tralia should be considered in tectonic models for the evolution of the
palaeo-Pacific margin of Gondwana (e.g., ref. 61). A detailed understanding
of the tectonic character, spatial extent, and regional significance of the
inferred Ediacaran phase of crustal thickening in the Ross orogen is ulti-
mately precluded by the extensive cover of the polar ice-cap. Nevertheless,
this study highlights the potential of detrital garnet to reconstruct orogenic
histories from the clastic sedimentary record to provide first-order con-
straints on the tectonic evolution of poorly exposed or inaccessible areas of
the continental crust.

Methods
Sample descriptions and sample imaging
Detrital garnets from four modern beach sand samples (MYB, PCB, PMB
and PVB) and two glacial strata samples from the Permo-Carboniferous
Cape Jervis Formation in Kangaroo Island (BS2 and BQ7) were analysed.
For each of the modern beach sand samples, between ~200 and 500 g of
garnet sand was collected. Detrital garnets were abundant (~50-80%) in the
heavy mineral fractions, and hence no further separation steps were needed.
A single layer of minerals was mounted in 2.5 cm round epoxy resin and
polished using standard techniques to expose the internal mineral surfaces
for imaging. Heavy mineral separates of the Cape Jervis Formation samples
BS2 and BQ7 were provided by the South Australia Drill Core Reference
Library, Department for Energy and Mining (South Australia). The heavy
mineral separates (38 um-1 mm) were separated by the previous workers”
and were mounted in epoxy resin for this study. The three bedrock samples
from South Australia (Barossa Complex gneiss, Delamerian schist and
Delamerian pegmatite) were cut into small ~1 x 1 cm rock blocks, mounted
in 2.5 cm round epoxy resin and then polished using standard techniques to
expose the garnet porphyroblasts for laser-ablation analysis.

Prior to laser-ablation garnet Lu-Hf analysis, the sample mounts of the
four modern beach sand samples (MYB, PCB, PMB and PVB) were scanned

using a Hitachi SU3800 automated mineralogy scanning electron micro-
scope (SEM) at Adelaide Microscopy, the University of Adelaide. Mineral
Liberation Analysis (MLA) maps were collected to assess which heavy
minerals are present in each placer sand sample and to estimate their heavy
mineral and grain size distributions. Pie charts of the heavy mineral dis-
tributions are provided in Supplementary Fig. 1. Garnet is the most abun-
dant heavy mineral in each modern beach sand sample (50-75 volume %).
Other common heavy minerals are epidote, rutile, zircon, and Fe-oxides.
Using the SEM-MLA maps, detrital garnets were selected for Lu-Hf ana-
lysis. Additionally, backscattered electrons were used to examine the
selected detrital garnets for zonation patterns. The detrital garnets from the
modern beach sand samples are mostly subangular-subrounded, vary in
colour from colourless to dark orange—pink and have grain sizes between
50 um and 1 mm. Ref. 63 previously described the heavy mineral dis-
tributions of the Permo-Carboniferous glacial strata samples BS2 and BQ7
from the Cape Jervis Formation. The distributions are also plotted as pie
charts in Supplementary Fig. 1. Similar to the modern beach samples, the
heavy mineral fractions of the glacial strata mostly contain garnet (60-80
volume %). The detrital garnets vary in colour from colourless to
orange-pink and are mostly subangular-subrounded.

Using the SEM-MLA maps, detrital zircons were selected for U-Pb
geochronology. The Myponga Beach placer sand sample (MYB) and the
Cape Jervis Formation heavy mineral separates (BS2, BQ7) did not have
enough suitable zircons for a representative detrital zircon U-Pb analysis.
Detrital zircon U-Pb ages were therefore only obtained from samples PCB,
PMB and PVB (see further). The detrital zircons are 35-250 um and
subangular-subrounded. Cathodoluminescence (CL) images were collected
for the selected detrital zircons and primarily revealed magmatic growth for
most of them. In detrital zircons with a distinct core and rim (<5% of all
zircons), the rims were targeted for U-Pb geochronology.

Sample locations and descriptions for the detrital garnet (MYB, PCB,
PMB, PVB, BS2 and BQ7) and basement samples (MYPINL, 171-71 and
VIV) are provided in Supplementary Data 1.

(Detrital) garnet laser ablation ICP-MS/MS Lu-Hf Geochronology
The Lu-Hf laser ablation tandem inductively coupled mass spectrometry
(LA-ICP-MS/MS) analysis undertaken in this study follows the method as
established and described by Simpson et al."” and other recent work™****",
The garnet Lu-Hf isotopic data were collected across four laser sessions,
using a RESOlution 193 nm excimer laser unit attached to an Agilent 8900
QQQ mass spectrometer (ICP-MS/MS) at Adelaide Microscopy, the
University of Adelaide. The Lu-Hf results are provided in Supplementary
Data 2. Detrital garnets from the modern beach sand samples (MYB, PCB,
PMB and PVB) were analysed in session 1, detrital garnets from the Cape
Jervis Formation samples (BQ7, BS2) were analysed in session 2, garnet
porphyroblasts from the Barossa Complex gneiss (MYPINL) were analysed
in session 3, and the Delamerian basement samples (171-71 and VIV) were
analysed in session 4.

Laser beam diameters of 120 um and 173 pm were used for laser
ablation, depending on the grain size of the (detrital) garnet. Each individual
analysis includes 40 s of ablation time and 30 s of background measurement,
with a repetition rate of 10 Hz and fluence of approximately 3.5] cm™. A
reaction gas of 10% NHj; in 90% He was introduced to the collision cell at a
total flow rate of 3 mL min ™" to promote high-order reaction products of Hf,
while equivalent Lu and Yb reaction products were negligible. The mass-
shifted ( 4 82 amu) reaction products of "****Hf and '****Hf reached the
highest sensitivity of the measurable range and were analysed free from
isobaric interferences. ’Lu and 7*Hf were used as a proxy for the calcula-
tion of "*Lu and "Hf, respectively; for a detailed description of this process,
see ref. 19. The following isotopes were also measured to monitor the pre-
sence of mineral inclusions in the analysed garnets: **Mg, *’Al, *Ca, “'Tj,
57Fe, 89Y, 9021,, 140Ce and 172Yb.

Synthetic glass standard NIST-610 (with ""*Lu/""Hf = 0.1379 + 0.005
and "°Hf/"’Hf = 0.2821 + 0.000009°>”’) was used as primary reference
material, and analysed with a spot size of 43 um. The LADR software
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package®™ was used for Lu-Hf data processing and reduction, to correct for
instrumental mass bias and drift against NIST-610. As demonstrated by
ref. 19, downhole fractionation is not observed, and thus laser beam dia-
meters can be chosen specific to the sample of interest to maximise sensi-
tivity. NIST-610 was also used (with Al as the internal standard element) to
calculate the concentrations of the analysed trace elements in LADR®. A
total of 652 detrital garnets were analysed in this study, of which 95 analyses
were omitted due to contamination from inclusions or poor signal inten-
sities. In more detail, we removed all analyses with unstable time signals (in
particular, the 175Lu signal), with low count rates (<10 000 CPS), when the
epoxy was ablated instead of a garnet grain and when inclusions were co-
ablated. Inclusions were monitored by looking at spikes in the concentra-
tions (>500 ppm) of Sr, Ti, Zr, and Ce to detect the presence of apatite, rutile,
zircon and monazite, respectively. To filter for potential contamination by
xenotime, analyses with both Y and Yb concentrations exceeding two
standard deviations from the median value for all analysed garnets were also
excluded (cfr.”). Afterwards, 406 detrital garnet analyses remained for the
beach sand samples and 151 for the glacial strata samples of the Cape Jervis
Fm, which were all included in the isochron and radial plots. For the con-
struction of the Kernel Density Estimate (KDE) plots, two additional filters
were applied to the remaining 557 detrital garnet analyses (see further).

Reference material Hogsbo garnet was analysed repeatedly to correct
for matrix-dependent fractionation'*”"””. Hogsbo garnet has a published
columbite U-Pb age of 1029 + 1.7 Ma” that is used as the reference age for
Lu-Hf ratio corrections”. The Lu-Hf isotopic results for Hogsbo in this
study are given in Supplementary Data 2 and plotted in Supplementary
Fig. 2 and are consistent with previous studies'**"******, To account for the
observed session-specific age offset, a correction was applied to the
7SLu/""Hf ratios of all unknowns based on the measured versus observed
Lu-Hf ratio intercept for Hogsbo. The correction factors and calculations
are given in Supplementary Data 2. The accuracy of the Lu-Hf ages after the
correction was validated by repeated analyses of secondary garnet reference
material BP-1 (Black Point, South Australia;"**) producing garnet Lu-Hf
isochron ages (corrected against Hogbso; Supplementary Data 2, Supple-
mentary Fig. 2) of 1748 + 23 Ma, 1744 + 19 Ma and 1749 + 22 Ma that are
consistent with a previously published monazite U-Pb age of
1745 + 14 Ma™.

The garnet Lu-Hf isotope ratios are visualised using inverse isochrons,
following ref. 71. The inverse Lu-Hf isochron plots are anchored against an
initial '7Hf/'"*Hf ratio of 3.55%0.06 (cfr.""”*). This assumed initial Hf
composition spans the entire range of initial "’Hf/"”°Hf ratios of the ter-
restrial reservoir (e.g.”*’*) and does not significantly impact the resulting
Lu-Hf isochron ages (in contrast to initial Pb or Sr compositions for the
U-Th-Pb and Rb-Sr systems").

The Lu-Hf isochron plots and ages were calculated using IsoplotR”,
and data point ellipses are 20 uncertainty. For the detrital garnet samples
(modern beach sands and Permo-Carboniferous strata), the individual
Lu-Hf isochrons are provided in Supplementary Fig. 3a—f. These isochrons
show that the Ediacaran ~620-570 Ma signal (see main text, Fig. 2 and
Supplementary Fig. 3) is present in each analysed detrital garnet sample. The
Lu-Hf isochron ages of the analysed Barossa Complex gneiss (sample
MYPINL; ~1627 Ma; Supplementary Fig. 4a) and Kanmantoo Group
metapelite (sample 171-71; ~505 Ma; Supplementary Fig. 4b) were used as
reference ages for Palaeco-Mesoproterozoic Barossa Complex and Cambrian
Delamerian Orogeny metamorphism, respectively. Using these reference
ages, the single-grain dates of the detrital garnets were classified according to
their interpreted source in South Australia (Delamerian, Ediacaran or
Palaeo-Mesoproterozoic Barossa Complex). The ellipses included in the
three population isochrons (blue isochrons; Fig. 2a, b; Supplementary Fig. 3)
were selected based on the obtained single-grain Lu-Hf dates, the isochron
MSWD values and the mathematically calculated peak-fitted age distribu-
tions of their radial plots.

Radial plots visualise dates against precision. Here (Fig. 2¢; Supple-
mentary Fig. 5), the single-grain garnet dates are plotted in IsoplotR as
2-point isochron dates versus their fully propagated uncertainties”.

Supplementary Fig. 5 colour-codes the single-grain dates based on the
"77Hf/"°Hf ratio of each analysis and illustrates that the most radiogenic
garnet grains ("’Hf/"”°Hf < 1.5) produce the most precise Lu-Hf dates.
During data processing, peak-fitted age distributions were also calculated for
each individual detrital garnet sample. The peak-fitted ages of the Ediacaran
populations varied between 620 and 570 Ma (30-45% of the analysed det-
rital garnets) for each sample. This observation was used for the calculation
of the average main population isochrons (blue isochrons) in Fig. 2 and
Supplementary Fig. 3. Garnets with single-grain ages between 620 and
570 Ma (blue ellipses) were included in the calculation of the population
isochrons, garnets with single-grain ages > 620 Ma or <570 Ma (grey single-
grain ellipses) were omitted from the calculation. The resulting population
isochrons (blue isochrons) have MSWD values between 0.2 and 1.1 for each
individual sample (Supplementary Fig. 3af), conforming with statistically
single populations”. Additionally, when plotting the modern beach sand
samples and Permo-Carboniferous glacial strata samples together (Fig. 2a,
b), the resulting population isochrons also have MSWD values that conform
with statistically single populations’.

KDE plots were calculated in IsoplotR (Fig. 2d, Supplementary
Fig. 3g). As for the radial plot, the ages in a KDE plot are single-grain
dates calculated as 2-point isochrons. Detrital garnets with a high
Y7Hf/"°Hf ratio will plot closer to the isochron anchor and will, there-
fore, have a less reliable (low precision) single-grain isochron age (as
illustrated in the radial plot of Supplementary Fig. 5), causing unwanted
scatter in the KDE plots. To account for this, the less precise garnet
Lu-Hf single-grain ages were first filtered out of the dataset. Here, singe-
grain dates based on measurements with "7"Hf/"7°Hf < 2 and relative age
uncertainty <20% were accepted, and all other detrital garnets single-
grain ages were rejected (cfr.”’). The percentage of detrital garnets that
were omitted to construct the KDE plot is given in Supplementary Data 2
for each sample. For the beach sand samples and glacial strata samples,
32.5% (132/406 grains) and 11% of the analyses (17/151) of the analysed
detrital garnet analyses were accepted for the KDE plot, respectively. The
KDE plots in Fig. 2d (Lu-Hf data in red) define a main detrital garnet
population at ~595Ma for the modern beach sand samples and at
~580 Ma for the Permo-Carboniferous glacial strata. These ages are in
agreement with the calculated Lu-Hf isochron ages (Fig. 2a, b).

The older detrital garnets (Fig. 2 and Supplementary Fig. 3; grey ellipses
with ages >620 Ma and not assigned to Barossa Complex metamorphism)
gave Lu-Hf isochrons with MSWD > 1, were not mathematically classified
as separate age distributions by IsoplotR” in the radial plots and are not
expressed in the KDE plots. This is most likely due to the limited number of
garnets with a single-grain age >620 Ma and due to their high ""Hf/""*Hf
ratios (low precision). Hence, these detrital garnets could not be assigned to
distinct detrital garnet populations.

The Lu-Hf isochrons of the analysed basement samples from South
Australia are provided in Supplementary Fig. 4. Migmatitic Barossa Com-
plex (Myponga Inlier) sample MYPINL has a metamorphic Lu-Hf isochron
age of 1627 +23 Ma (Supplementary Fig. 4a). The Delamerian samples
171-71 and VIV have Lu-Hf isochron ages of 505+18Ma and
510 + 8.2 Ma, respectively (Supplementary Fig. 4b, c).

Detrital zircon laser ablation ICP-MS/MS U-Pb Geochronology
Laser ablation ICP-MS U-Pb geochronology was conducted on detrital
zircons from placer sand samples PCB, PMB and PVB (the three samples
with sufficient detrital zircons for analysis) across two laser sessions, using a
RESOlution LR 193 nm Excimer laser unit attached to an Agilent 8900 mass
spectrometer (ICP-MS/MS) at Adelaide Microscopy, the University of
Adelaide. Using the same sample mounts as for the garnet Lu-Hf analysis,
detrital zircons were selected using the SEM-MLA maps and zircon CL
images (see earlier). Zircon grains are between 35 and 250 um and were
targeted with a laser beam size of 30 pm. The analyses included 30 s of laser
ablation and 30 s of background measurement and were conducted with a
repetition rate of 5 Hz and a fluence of 2.12 ] cm™>. The zircon U-Pb iso-
topic results are provided in Supplementary Data 3.
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Data reduction was performed using LADR™, and primary zircon
standard GJ-1 was used for elemental fractionation and mass bias correc-
tions. Primary reference material GJ-1 zircon has a recommended TIMS
*%Pb/**U age of 601.86 + 0.37 Ma’” and gave consistent calculated weighted
mean ages for both sessions (Supplementary Data 3). The accuracy of the
U-Pb isotopic results was examined with two secondary reference materials:
Plesovice zircon (**Pb/**U age of 337.13 + 0.37 Ma;"*) and 91500 (zircon
*%pb/**U age of 1063.51 + 0.39 Ma;”’). The calculated weighted mean ages
for Plesovice and 91500 zircon were within the uncertainty of the published
ages for both laser ablation sessions (Supplementary Data 3). Zircon trace
element concentrations were calculated in LADR against synthetic glass
standard NIST-610". For the isotopic and trace element data reduction, an
approximate concentration of 15.32 wt% Si was used as the internal stan-
dard. The trace element concentrations were used to check for failed zircon
analyses during time signal processing in LADR. Zircons with failed ana-
lyses (e.g., due to fractures or complete removal of the zircon grain) or
inclusions (that were not detected in the CL images) were omitted from the
dataset. Out of 337 zircon U-Pb analyses, 10 were omitted during time
signal processing in LADR.

For the Kernel Density Estimate (KDE) plots (Fig. 2d, Supplementary
Fig. 6), detrital zircons with discordance >+ 5 % were rejected (Supple-
mentary Data 3). In total, 10% of detrital zircons (34 out of 327 analyses)
were rejected. For detrital zircons < 1 Ga, **Pb/**U ages are reported and
included in the KDE plots. For zircons > 1 Ga, *”’Pb/***Pb ages are used. The
KDE plots were calculated in IsoplotR™ and defined a mean detrital zircon
age population at ~570 Ma for the modern beach sand samples (Fig. 2d).

(Detrital) garnet major element electron probe microanalysis

To examine whether a correlation exists between detrital garnet end-
member composition and detrital garnet Lu-Hf age, (detrital) garnet
major element compositions were acquired and quantified using a
CAMECA SXFive electron probe microanalyser (EPMA) with five
wavelength-dispersive spectrometers (WDS) at Adelaide Microscopy,
the University of Adelaide. A beam current of 20 nA with a beam dia-
meter of 5 pm and an accelerating voltage of 15kV was used for spot
analysis. Both synthetic and natural-certified standards were analysed
for data calibration procedures. The data calibration and reduction were
performed in Probe for EPMA, a software package distributed by Probe
Software Inc. Compositional data was obtained for the most radiogenic
detrital garnet grains ("’Hf/°Hf<2.5). The representative EPMA
major element chemistry is provided in Supplementary Data 4, and the
accompanying plots can be found in Fig. 3 and Supplementary Fig. 8.
Note that only the analyses with a total wt% between 99% and 101% were
accepted, the analyses with a total wt% outside of this range were rejected
from the dataset.

A first EPMA session was conducted to compare the end-member
compositions of the detrital garnets from the Myponga Beach placer
sand (MYB, Supplementary Fig. 9) with garnet porphyroblasts from the
local Barossa Complex basement rocks (Myponga Inlier, MYPINL) for
the Myponga Beach case study (Supplementary Note 1). Only the most
radiogenic detrital garnets from the MYB placer sand (""Hf/7°Hf < 2.5),
were analysed here (Supplementary Data 4). The detrital garnet end-
member compositions were afterwards plotted on a ternary diagram for
visualisation (Supplementary Fig. 8a). For the garnet porphyroblasts
from local basement sample MYPINL, transect profiles were obtained
across two representative garnets (Supplementary Data 4). No distinct
zoning patterns were found along the two garnet porphyroblast transects
(Supplementary Fig. 8c). The EPMA data reveals a compositional link
between the Palaeoproterozoic detrital garnets of Myponga Beach
(~1626 Ma; Supplementary Fig. 3a, population MYB(2)) and the garnet
porphyroblasts from the Barossa Complex (~1627 Ma; Supplementary
Fig. 4a) when they are plotted together on a ternary diagram (Supple-
mentary Fig. 9d).

During the second EPMA session, the most radiogenic detrital garnets
(7Hf/"°Hf < 2) from the other three placer sand samples (PCB, PMB and

PVB) were analysed to examine whether a correlation exists between detrital
garnet end-member composition and detrital garnet Lu-Hf age. All data
was plotted on a ternary diagram (Supplementary Fig. 8b), but no com-
positional link seems to be present between garnets from the same age
population. The detrital garnets have slight variations in their end-member
compositions, regardless of their single-grain age.

Data availability

The data used and produced in this study are provided in Supplementary
Data 1-4: sample locations and descriptions (Supplementary Data 1), garnet
Lu-Hf data (Supplementary Data 2), zircon U-Pb data (Supplementary
Data 3), representative EPMA major element analysis (Supplementary
Data 4). The dataset, including the Supplementary Notes, Supplementary
Figs. and Supplementary Table 1, is also available in the accompanying
Figshare repository.
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