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Detrital zircon U-Pb ages are widely employed as an archive of geological processes through time.
Changes in detrital zircon age patterns within sediments reflect changes in source areas that are
often related to tectonic and/or climatic processes. However, discrimination of first-cycle and multi-
cycle detrital zircon with primary crystalline and secondary sedimentary sources, respectively, can be
challenging using only crystallisation age constraints. Here, we present U-Pb geochronology of detrital
zircon from modern fluvial and littoral environments on the Scott Coastal Plain in Western Australia to
investigate the use of «-dose to identify sedimentary recycling. The majority of 1032 concordant U-
Pb ages are interpreted to be ultimately sourced from the local basement. However, U-Pb ages do not
reflect the areal extent of source rocks and indicate significant reworking of coastal plain sediments.
A novel metric - source-normalized «-dose - demonstrates predominant detrital zircon routing via
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metamict recycling through intermediate storage. This metric is defined as the ratio of the average w-dose (a
Zirct?";hemlstry measure of metamictization) of detrital zircon belonging to a characteristic age group and the average
alpha dose

a-dose of zircon grains within the corresponding source crystalline basement. Average values of source-
normalized «-dose of detrital zircon populations <1 are interpreted to reflect selective removal of more
labile (metamict) grains via attrition and diagenesis, indicating greater grain transport and recycling,
whereas values of c. 1 signify shorter transport and a first-cycle origin. Application of this approach to
ancient clastic systems is supported by consistency of results with independent indicators of progressive
sedimentary recycling and/or transport. Source-normalized «-dose is an internal measure using zircon
grain chemistry (U and Th), and avoids bias associated with multi-mineral measures of sediment recycling
that may be related to source fertility. Additionally, source-normalized «-dose uses measures typically
captured during routine U-Pb geochronology. Source-normalized «-dose of detrital zircon provides an
additional method to address sedimentary source-to-sink transport and recycling, and ultimately allows

more robust interpretation of U-Pb zircon data.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction may instead be overprinted or buffered by intermediate sediment

reservoirs and processes intrinsic to the sedimentary system (auto-

Provenance analysis using detrital zircon (DZ) U-Pb geochronol-
ogy is widely employed in reconstructions of ancient sediment
routing systems (e.g., Dickinson and Gehrels, 2008), and in the
understanding of tectonic and climatic processes (e.g., Huber et
al., 2018). However, interpretation of DZ can be limited by the
supply of multi-cycle DZ grains due to their physical and chem-
ical stability, effectively masking propagation of geological sig-
nals from source-to-sink (e.g., Barham et al., 2021; Romans et al,,
2016). Changes in the DZ signature in basins do not necessarily
reflect coeval changes in their source areas, and primary signals
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genic). Thus, a major challenge in DZ studies is the discrimination
of first- and multi-cycle detritus (e.g., Meinhold et al., 2011), i.e.,
sediment cargo derived directly from crystalline basement and in-
termediate sedimentary reservoirs, respectively.

Geological setting represents a first-order control on DZ com-
position (Cawood et al, 2012), and governs the propagation of
environmental signals (e.g., variations in sediment production due
to uplift) through a sedimentary system (Romans et al., 2016). Al-
though some sedimentary systems display rapid signal responses
(e.g., Covault et al., 2010), even mountainous sediment routing sys-
tems may involve intermediate sediment storage with residence
times exceeding 100 kyr (e.g., Blothe and Korup, 2013). While
such relatively short periods may be less significant within the
deep-time sedimentary record (>107 yr), other systems, such as
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coastal plains or sedimentary basins in general, enable significantly
longer-term storage and recycling, thus decoupling detrital mineral
age signatures from geological processes driving sediment produc-
tion within crystalline source regions (Phillips and Slattery, 2006).
Ultimately, this process will impede primary basement signal prop-
agation by introducing significant lag times, effectively suppressing
the detrital record of processes external to the sedimentary system
(allogenic) (e.g., Fiilop et al., 2020). Capturing sediment storage and
reworking is critical given these processes significantly influence
(bias) geological interpretations (Chew et al., 2020).

Although the significance and implications of recycling, i.e.,
burial and re-exposure to erosion, within sedimentary systems
have been recognized for several decades (Blatt, 1967), identifi-
cation and quantification of sedimentary recycling remains chal-
lenging. Capturing the multicyclic nature of DZ can be achieved by
integrated analysis of more labile mineral phases along with zircon
(e.g., feldspar; Tyrrell et al., 2009) or in combination with min-
eral phases growing during diagenetic or low-grade metamorphic
conditions (e.g., monazite; Zotto et al., 2020). However, integrated
attempts using other mineral phases associated with DZ may suffer
from source compositional bias, only indirectly inform about sourc-
ing of DZ via sedimentary recycling, and cannot differentiate first-
and multi-cycle zircon grains within the DZ population. While the
integration of (U-Th)/He thermochronology and U-Pb geochronol-
ogy of DZ can distinguish contributions of individual zircon grains
derived by sedimentary recycling (e.g., Rahl et al., 2003), the “dou-
ble dating” approach remains time- and labour-intensive, restrict-
ing its use in high-n studies. Resentini et al. (2020) have recently
integrated Raman spectroscopy and laser ablation-inductively cou-
pled plasma-mass spectrometry (LA-ICP-MS) U-Pb geochronology
to distinguish sub-populations of DZ based on grain thermal his-
tories and degree of metamictization. Metamictization, i.e., self-
irradiation damage of the crystal lattice by radioactive decay,
progressively lowers crystallinity, forming metamict (amorphous)
zones in zircon (Nasdala et al., 2001). Ultimately, metamictiza-
tion reduces chemical and structural robustness of zircon (Balan
et al,, 2001; Chakoumakos et al., 1987). Findings by Markwitz and
Kirkland (2018) and Resentini et al. (2020) suggest selective re-
moval of progressively more metamict zircon grains during sedi-
mentary transport and recycling, which in turn is reflected by the
decline of zircon grains displaying high «-dose (i.e., high number
of a-decay events). Thermal annealing, as part of the grain his-
tory, may prevent the loss of crystallinity (Nasdala et al., 2001).
Therefore, healing of radiation damage, e.g., during episodes of ex-
posure to higher temperatures, may preserve high «-dose zircon
grains. An absolute measure of crystallinity (and hence, metamic-
tization) requires additional analysis (e.g., Raman). However, U and
Th concentrations of DZ are commonly measured during conven-
tional U-Pb geochronology of zircon grains, and together with age
information can be used to calculate an apparent «-dose as a first-
order proxy of metamictization (Murakami et al., 1991). Using an
intrinsic internal measure to address sedimentary recycling of DZ,
such as «-dose, makes subsequent interpretation independent of
assumptions about relationships to other mineral phases and their
shared origins. In addition, «-dose can be calculated for previously
analysed materials and employed in future works with no modifi-
cation to existing approaches.

This study employs DZ U-Pb geochronology to test the use of
«-dose as a proxy of sediment transport and recycling in DZ. To
decipher variations of DZ «-dose in the sedimentary system, we
(i) devised a high-density sampling strategy of littoral and flu-
vial environments in a modern, discrete coastal plain with well-
characterised crystalline basement hinterland in southwest West-
ern Australia, and (ii) normalized «-dose values of DZ to the av-
erage «-dose of the corresponding source rock. We interpret the
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dominant controls on DZ composition and implications for prove-
nance analysis through the geological record.

2. Geological setting

The Scott Coastal Plain (SCP) in SW Australia (Fig. 1) covers
an area of ca. 1000 km? characterized by Cenozoic, dominantly
siliciclastic sands containing heavy mineral sand placer deposits
of economic relevance (Baxter, 1977). The coastal plain comprises
several unconsolidated to well-consolidated transgressive dune and
shoreline systems of variable thickness unconformably overlying
Palaeozoic to Mesozoic rocks of the Perth Basin (Baddock, 1995).
Drainage systems with catchments of variable size and sediment
supply (Qs) flow across the SCP and ultimately discharge into the
Southern Ocean (Fig. 1B). The largest outlet is the Hardy Inlet es-
tuary located at the western end of the study area. The Hardy Inlet
is the confluence of the largest river system, the Blackwood River,
and the Scott River. The eastern SCP is drained by two isolated,
relatively minor river systems, the Donnelly River, and the War-
ren River. The coast in SW Australia is interpreted to get limited
supply of terrigenous material by fluvial discharge (Short, 2010).
The microtidal coast is wave-dominated by the high energy south-
westerly swell (Fig. 1C) of the Southern Ocean that also transports
sand onshore forming coastal dune systems (Short, 2010).

The crystalline basement bounding the study area consists of
the Neoproterozoic-Palaeozoic Pinjarra Orogen (PJO), the Protero-
zoic Albany-Fraser Orogen (AFO), and the Archean Yilgarn Craton
(YC) (Fig. 1C). The YC is the dominant lithology by area in SW Aus-
tralia, and is subdivided into several terranes, with the South West
Terrane most proximal to the sample sites. Zircon grains derived
from the South West Terrane mainly formed during the Meso-
Neoarchean at c. 2700-2600 Ma (Mole et al.,, 2019). The South
West Terrane and the AFO create the eastern boundary of the SCP.
The AFO represents the Proterozoic modification of the YC mar-
gin and is characterized by zircon age modes of 1710-1650 Ma,
1345-1260 Ma, and 1215-1140 Ma (Kirkland et al., 2011). The PJO
crops out sporadically in the form of a few inliers along the west-
ern margin of Australia, such as the Leeuwin Complex, which is a
promontory forming the western border of the SCP (Fig. 1A). The
Leeuwin Complex records ages at ¢. 1100-1000 Ma, c. 750 Ma, and
¢. 520 Ma (Collins, 2003).

3. Material and methods

Fifteen samples were collected from different environments of
the SCP in order to establish the spatial variation of DZ age pop-
ulations within the system (Fig. 1C). Fourteen samples represent
modern sediments, with one taken from a beachrock (quartzose
calcarenite) at Flinders Bay (sample FLD0O05) assumed to be part
of the Tamala Limestone (late Pleistocene; Baddock, 1995). Sam-
pling was focused on drainage systems (Hardy Inlet estuary and
Blackwood, Scott, Donnelly, Warren rivers) to capture sediment
discharge, and littoral sediments to resolve DZ variations along
the coast, with a single coastal dune sample (FLD004). All fluvial
samples were derived from sand bars. All modern littoral samples
were collected from the swash zone. Sample locations and brief
descriptions are given in Supplementary Table S1 in Supplemen-
tary Material S2.

Sample handling was conducted with consideration of mini-
mizing methodological bias and sample treatment. The grains of
the consolidated beach rock sample (FLD005) were liberated using
high voltage electrical fragmentation (selFrag Lab, Switzerland). All
samples were processed using a riffle splitter to obtain represen-
tative material. Samples were sieved using a 500 pm mesh. About
one kilogram of the <500 pm fraction underwent heavy mineral
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Fig. 1. (A) Location of study area (dashed rectangle) and onshore areal extent of relevant lithologies discussed in this study; PB - Perth Basin, PJO - Pinjarra Orogen; AFO -
Albany-Fraser Orogen; YC - Yilgarn Craton; WA - Western Australia, NT - Northern Territory, SA - South Australia. (B) Digital elevation model of study area with catchments
of drainage systems studied in this work; dashed lines indicate crystalline basement. Area, Water discharge (Q), and total suspended sediment load (Qs) derived from the
global terrestrial sink catchment (GTSC) database (Nyberg et al., 2018); Qs calculated using the BQART formula of Syvitski and Milliman (2007). (C) Geological map of study
area. Physiographic extent of Scott Coastal Plain (after Baddock, 1995) is indicated by dashed white line. Sample locations are indicated with a red dot (names corresponding
to sample IDs are provided in Fig. 2). Dashed grey lines (offshore) indicate secondary coastal compartments following the nomenclature by Eliot et al. (2011). Blue dots and
square brackets in (B) and (C) indicate positions of references used in Fig. 3. (For interpretation of the colours in the figure(s), the reader is referred to the web version of
this article.)
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separation using the Jasper Canyon Research (JCR) water-shaking
table (Dumitru, 2016), heavy liquid separation at 2.85 g/cm?, and
a single-step separation using the Frantz isodynamic magnetic sep-
arator to enrich zircon content. A split (coning and quartering) of
this zircon-rich separate was bulk-mounted, i.e., grains were em-
bedded in epoxy resin in a 25 mm diameter mount and polished
to maximum exposure. Zircon grains were identified utilizing au-
tomated mineral identification based on energy-dispersive X-ray
spectrometry using a TESCAN Integrated Mineral Analyzer (TIMA).
To avoid mixtures of age components, cathodoluminescence imag-
ing using a TESCAN Clara FE-SEM was performed before analysis.
Cores (where texturally relevant) of DZ have been selected for spot
analysis to allow correlation of DZ to their ultimate source rock.
Zircon grains were analysed by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at Curtin University’s John
de Laeter Centre (Perth, Australia). Full documentation of analytical
procedures is provided in Supplementary Material S1. The «-dose
was calculated for each concordant analysis following Murakami et
al. (1991), using the Eq. (1) modified after Holland and Gottfried
(1955).

XU X NA x 0.9928

D=8 exp (Az3gt) — 1
Mpzs x 107 x [exp (Az3st) — 1]
Xy x Na x 0.0073
7 exp (A3st) — 1
Mpas x 103 [exp (A235t) — 1]
XThXNA
—— [exp (A32t) — 1 1
M232><103[ P (A232t) — 1] (1)

D («-dose) corresponds to the «-decay events/mg. Xy and X1,
are U and Th concentrations (in ppm); t = age (in Ma); Na is the
Avogadro constant; Ma3g, M35, and M3, are the isotopic masses
of 238y, 235U, and 232Th, respectively; Az3g, A235, and A3y are the
decay constants (in yr~!) for 238U, 235U, and 232Th, respectively.
The calculation assumes natural abundances of 238U (c. 0.9928)
and 23°U (c. 0.0073) isotopes based on a 233U/235U ratio of 137.88
(Steiger and Jdger, 1977). We calculated a new metric - source-
normalized «-dose - for individual zircon grains based on the
interpretation of their ultimate source rock (see section 5.1) by
normalization to the median of the «-dose of zircon grains from
their interpreted source rock, i.e., a value of 1 indicates similar o-
dose values of DZ and grains in the interpreted crystalline source.
Source rock data were compiled from primary crystalline basement
rocks obtained from the geochronological database of the Geologi-
cal Survey of Western Australia (http://dmp.wa.gov.au/geochron).

4. Results

In total, 1032 concordant DZ U-Pb ages were obtained (Fig. 2).
The ages range from Paleoarchean to early Phanerozoic. The pre-
dominant age modes are at c¢. 730-500 Ma, c. 1100-880 Ma, c.
1240-1120 Ma, c. 1700-1600 Ma, and c. 2710-2580 Ma. These
age modes represent c. 88% of the total age spectra measured. The
730-500 Ma age mode accounts for c. 52% of all ages. The youngest
and oldest concordant zircon grains are 408 Ma (sample SCO001)
and 3533 Ma (sample BPT001), respectively. Full documentation of
DZ U-Pb ages are given in Supplementary Table S2 in Supplemen-
tary Material S2.

4.1. Fluvial samples

The DZ age distributions in the fluvial samples in the western
and eastern SCP differ significantly (Fig. 2). The western drainage
systems (Blackwood and Scott rivers) both show a prevalence of
early Mesoproterozoic-Phanerozoic ages (1100-500 Ma; c. 72%)
and minor occurrences of 1240-1120 Ma and 2710-2580 Ma age
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Fig. 2. Normalized kernel density estimates (bandwidth 15 Myr) of DZ U-Pb ages of
the study area; Augusta sample of Sircombe and Freeman (1999) is from a similar
location as sample AUG_1; N - number of samples; n - number of analyses (concor-
dant/total). Interpretation of source is colour-coded: green - Pinjarra Orogen; blue -
Albany-Fraser Orogen; red - Yilgarn Craton.

modes. The Hardy Inlet estuary (confluence of Blackwood and Scott
rivers) presents a similar DZ spectra, but with a more pronounced
dominance of DZ ages between 1100 and 500 Ma (c. 87%). The
eastern rivers show distinct DZ populations. The Donnelly River is
dominated by DZ ages between 2710 and 2580 Ma (c. 82%). The
Warren River has a greater variety of ages but higher abundances
of DZ ages at 1240-1120 Ma (c. 14%), 1700-1600 Ma (c. 37%), and
2710-2580 Ma (c. 31%). Both eastern rivers (Donnelly and Warren)
document no, or only very little, 730-500 Ma and 1100-880 Ma
DZ age modes.

4.2. Littoral samples

The modern littoral samples show qualitatively similar poly-
modal age distributions with the 730-500 Ma and 1100-880
Ma age modes dominating throughout (c. 70-82%). Age modes
1240-1120 Ma, 1700-1600 Ma, and 2710-2580 Ma are minor
components. Beachrock sample FLDO0O5 DZ shows a high similar-
ity to the modern littoral DZ composition. From west to east the
early Mesoproterozoic-Phanerozoic grains (age modes 730-500 Ma,
1100-880 Ma) decrease in abundance whereas older age modes
1240-1120 Ma and 1700-1600 Ma increase.
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5. Discussion

Understanding of DZ sources (section 5.1) and local controls on
the spatial variation of age modes (5.2 and 5.3) are required to un-
derstand and assess the utility of metrics for gauging the degree of
recycling within DZ systems. Therefore, potential DZ sources (sec-
tion 5.1) and the sedimentological controls on the DZ age distri-
butions (5.2 and 5.3) are established at the outset. These sections
allow the contextualization of the relationships relevant for sub-
sequent discussion of the significance of the source-normalized
a-dose metric (5.4) and its potential use in ancient sedimentary
systems (5.5).

5.1. Potential sources of detrital zircon

The well-established geology of the study area allows for
confident correlation of major DZ ages with regional crystalline
basement source rocks that have been defined using a multi-
decade sensitive high-resolution ion microprobe (SHRIMP) zir-
con geochronology program. Age modes at 730-500 Ma and
1100-880 Ma are assigned to the PJO (Collins, 2003). Age modes at
1240-1120 Ma and 1700-1600 Ma are related to derivation from
the AFO (Kirkland et al., 2011). The YC is interpreted as the source
of 2710-2580 Ma grains (Mole et al., 2019).

Potential sources of recycled DZ are the Perth Basin and the of-
ten poorly consolidated Cenozoic sediments of the coastal plain.
Perth Basin DZ populations show significantly higher proportions
of Mesoproterozoic and Archean ages (Fig. 3A) compared to most
samples of this study (Fig. 2). Therefore, based on quantitative dif-
ferences and limited exposure of the Perth Basin in proximity of
the study area, Perth Basin sediments are unlikely to represent
immediate sources of DZ. The similarity of DZ compositions of
coastal sediments to those of Cenozoic paleo-shoreline sediments
on the SCP (reference [1] in Fig. 3A) suggest a closer relationship,
perhaps by sedimentary recycling, consistent with Kolmogorov-
Smirnov (K-S) statistics (Fig. 3B).

5.2. Do rivers reflect their catchment geology?

The eastern and western drainage systems of the SCP show sig-
nificant differences in their DZ populations and areal distribution
of source rocks within their catchments (Fig. 4A). The Donnelly
and Warren River DZ populations correlate to the relative spatial
distribution of source rocks in their respective catchments. This
supports direct sourcing of the DZ cargo in the eastern rivers, i.e.,
high degree of first-cycle sands, or absence of recycled or exotic
material. In contrast, the relative proportions of DZ age modes in
the Blackwood and Scott river samples do not correspond to the
spatial extent of relevant source rocks within their catchments. For
instance, the PJO occurs in less than 1% of the area of the catch-
ment but is the ultimate source of the majority of the DZ ages
(c. 75%; Fig. 4A). The opposite is observed for the YC. Although
being the most extensive crustal component (c. 90%) in the catch-
ment, only c. 9% of DZ ages in the Scott-Blackwood samples can be
linked to the YC.

The mismatch between the representation of crustal units
within DZ age populations and areal extents within the hinter-
land catchment of the largest sediment drainage system (based
on sediment supply Qs and catchment area) can be attributed
to a combination of (i) zircon fertility (e.g., Moecher and Sam-
son, 2006), (ii) erosion rates (e.g., Spencer et al., 2018), and (iii)
sedimentary recycling (e.g., Meinhold et al., 2011). Although the
zircon fertility, constrained by the Zr content of source rocks, is
significantly higher in the PJO (c. 4:2:1 ratio to AFO and YC), zir-
con fertility cannot entirely account for the observed dominance
of PJO-derived DZ given a c. 5:1:1 ratio to AFO- and YC-derived
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DZ in the Blackwood and Scott rivers samples (Fig. 4). Equally,
significantly higher erosion rates for the onshore PJO within the
drainage systems are unlikely to explain the great differences. En-
hanced erosion rates are more likely to occur in the incised upper
reaches, but lithologies of the upper reaches (YC) are the least rep-
resented sources. In addition, the passive margin setting displays
negligible differences in topography and erosivity of the different
source rocks (based on lithology factor after Syvitski and Milliman,
2007). However, the supply of multi-cycle detritus of sediments is
expected to exceed primary supply from denudation of crystalline
basement (first-cycle) in drainage systems such as the Blackwood
River, which meanders through a variably consolidated sediment
veneer (e.g., Fiilop et al., 2020). In fact, the Blackwood and Scott
river samples DZ composition shows striking similarity with Ceno-
zoic SCP sediments (Fig. 3A) suggesting sedimentary recycling is
a key control of the DZ composition of the western drainage sys-
tems. Active recycling processes are supported by the presence
of AFO-derived DZ despite a lack of corresponding sources in the
catchment. Comparison of relative DZ abundances also implies
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gen; AFO - Albany-Fraser Orogen; YC - Yilgarn Craton. (B) Zirconium (Zr) content
of the different source. Data have been obtained from the online database of the
Geological Survey of Western Australia (dmp.wa.gov.au/Geochem), only igneous and
metamorphic rocks >60 wt% SiO, have been used; LC - Leeuwin Complex, SWT -
South West Terrane, CI - Confidence interval, n - number of analyses.

that sedimentary recycling of the Cenozoic sediment veneer ap-
pears to be more important than recycling of underlying Mesozoic
and Palaeozoic strata of the Perth Basin (Fig. 3). However, given
the proven zircon cargo within the Perth Basin, these sedimentary
rocks may have been a source of DZ for pre-Pleistocene sediments
of the SCP, which are in turn inferred to be the dominant source
of modern fluvial DZ. Sedimentary recycling thus masks propaga-
tion of geological signals from source-to-sink, i.e., providing very
limited information about the crystalline basement catchment ge-
ology. This is contrary to the often-assumed representativeness of
fluvial sands for their catchment (Caracciolo, 2020), suggesting that
fluvial samples need to be carefully evaluated based on their geo-
logical setting to avoid misinterpretation.

5.3. Environmental controls of coastal plain detrital zircon composition

Coastal morphology and swell direction affect the dispersion of
DZ in littoral sediments of the study area. The negative correlation
of PJO- and AFO-derived DZ is suggestive of a net west-to-east sed-
iment longshore drift system, consistent with the dominant swell
direction (Fig. 5A) and corresponding increasing roundness of de-
trital grains (Fig. S1). The negative correlation is also consistent
with decreasing similarity of littoral DZ age spectra towards the
east when compared to the most western DZ age spectra (Fig. 5B).
The steady increase of AFO- (and decline of PJO-) derived DZ is
best explained with progressive dilution of the PJO longshore drift
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Fig. 5. (A) Spatial variation of littoral DZ sample age modes assigned to source rocks;
PJO - Pinjarra Orogen; AFO - Albany-Fraser Orogen; YC - Yilgarn Craton. (B) Dif-
ferent metrics used in DZ geochronology to compare similarity between samples.
All values refer to the comparison with the most western beach sample near Au-
gusta. (C) Results of inverse Monte Carlo modelling (Sundell and Saylor, 2017) using
K-S statistics to constrain contribution of different idealised sources. The “PJO first-
cycle” fraction is likely to be overestimated by the model as the “PJO first-cycle”
parameter is not entirely first-cycle sand, but contains grains not representing PJO
first-cycle sand (e.g., AFO-derived grains). Note: most western sample is Hardy Inlet
(different to Fig. 5A).

signal and increasing proximity of AFO bedrock at the eastern end
of the study area. The DZ composition along the coast is also influ-
enced by the presence of headlands. At both Black Point and Point
D’Entrecasteaux headlands, the relative abundance of PJO-derived
DZ declines from west to east, whereas the relative AFO-derived
DZ abundance increases (Fig. 5A). Therefore, headlands appear to
generate a shift of DZ age distributions and influence propagation
of DZ populations along the shore. This is consistent with cluster-
ing in multidimensional scaling (MDS) space, which corresponds
to the eastern (Yeagarup Beach) and western part (Flinders Bay)
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of the study area that are separated by the Black Point Headland
(Fig. 1C; Fig. 3B).

The coastally exposed PJO is subject to one of the highest wave
energies in Australia (Porter-Smith et al., 2004). Thus, preferential
erosion of coastal outcrops supplying first-cycle sands and trans-
portation by the eastward sediment longshore drift system, as well
as increased zircon fertility (Fig. 4B), are interpreted to contribute
to the widespread PJO-derived DZ in littoral sediments across the
SCP. However, as the modern littoral sands exhibit significant oc-
currences of non-PJO aged grains, supply of multi-cycle DZ, either
by riverine discharge or sedimentary recycling of older coastal
sediments, are expected to influence DZ composition along with
enhancing single source dominance. To test the contribution of di-
rect sourcing versus sedimentary recycling in modern-day littoral
sands, we assume that the DZ from Augusta, proximal to the out-
cropping PJO (Fig. 1C), are the best approximation of first-cycle
sands derived from the PJO. Moreover, we assume the Blackwood
and Scott river samples DZ approximate the DZ age distribution
of the Cenozoic sediment veneer (section 5.2). Following these
assumptions, we model the contribution from “PJO first-cycle”
(source rock proximal sand derived by coastal erosion), “recycling”
(Blackwood and Scott river sand), and “catchment erosion” repre-
sented by the Donnelly, and Warren rivers (Fig. 5C). To constrain
mixing proportions, we apply an inverse Monte-Carlo model using
the MATLAB code written by Sundell and Saylor (2017). As ex-
pected by sediment supply (Fig. 1B), the model attributes limited
contributions to the littoral DZ age distribution by the Donnelly
River (YC signal) and Warren River (AFO signal). An exception is
the Yeagarup Beach DZ (sample YGP0O1) showing a small but dis-
tinct spike in Warren River contribution, which is interpreted to
relate to local influence by the sample’s proximity (c. 2 km) to
the Warren River mouth. The proxies for PJO-derived first-cycle
sand and recycled sand show linear decreases and increases, re-
spectively. Such patterns imply first-cycle sediment is particularly
dominant proximal to the outcropping PJO and becomes less evi-
dent with greater distance.

Ultimately, DZ ages and model results suggest DZ composition
becomes substantially more influenced by erosion of coastal sedi-
ments eastwards and, that the minor drainage systems (Donnelly
and Warren) do not influence the littoral DZ cargo considerably.
Furthermore, this implies that autogenic processes (i.e., onshore
transportation, sediment storage, and sedimentary recycling) are
a first-order control on DZ composition in this setting. Integrated
with preferential erosion of one source, and minimal sediment
supply of other sources, coastal plains’ DZ age distributions may
not be representative for the extent of bedrock of their catchment,
but are essentially the consequence of environmental controls, i.e.,
significantly biased. However, if this bias, fundamentally dictated
by sedimentary processes, is recognized, it can be used to assess
intermediate sediment storage and sediment pathways (Caracciolo,
2020).

5.4. Source-normalized c-dose: a new tool to quantify transport and
recycling in DZ geochronology

Source-normalized o-dose compares «-dose (that is a first-
order approximation of the degree of metamictization) of individ-
ual DZ grains to the average «-dose of grains within its source
rock. The concept primarily assumes selective removal of less
durable (i.e., metamict) zircon grains during sedimentary processes
as demonstrated by previous studies (Malusa et al., 2013; Mark-
witz and Kirkland, 2018; Resentini et al, 2020; Sircombe and
Stern, 2002). The difference in the «-dose of zircon grains that
develops between ultimate source and sink is a measure of the
active time in the sedimentary system, i.e., the total exposure to
processes responsible for the removal of metamict grains. Thus, DZ
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populations that were subject to multiple sedimentary recycling
events are expected to exhibit significantly lower «-dose values
compared to grains in pristine source rocks that have not experi-
enced destructive dissolution and abrasion processes of a sedimen-
tary cycle. Accordingly, recycled zircon populations, or those with
protracted sedimentary histories are expected to exhibit source-
normalized o-dose values <1. Conversely, first-cycle sands, which
do not experience considerable transport and reworking, are hy-
pothesised to show values of c. 1. Consequently, source-normalized
a-dose may help to constrain the degree of transport and re-
working of DZ age modes corresponding to distinct sources. Age
bins of DZ and source rock zircons used for calculation of source-
normalized «-dose are given in Supplementary Material S1.

The high similarity of the «-dose values of the PJO age mode in
the Augusta beach DZ population and its source rock (expressed by
a source-normalized «-dose of c. 1; Fig. 6A) suggests that this pop-
ulation has not been significantly modified, and is likely first-cycle.
The significant decline of source-normalized «-dose values of PJO-
derived DZ (source based on U-Pb ages) from the most western to
all eastern littoral samples (Fig. 6B) is consistent with (i) mechan-
ical breakdown during longshore transportation and (ii) increasing
contribution of multi-cycle DZ derived from older coastal strata.
Significant supply of multi-cycle DZ (both through the Blackwood-
Scott system and contiguous coast-backing sediment reservoirs)
from the coastal plain is consistent with the significant decline in
source-normalized «-dose east of Augusta. These sediments have
spent considerable time within the coastal system during Ceno-
zoic sea-level fluctuations and have consequently been subject to
protracted physical transport attrition, chemical weathering dur-
ing storage, and multiple sedimentation and erosion events capable
of destroying metamict zircon grains. Higher source-normalized «-
dose values are evident for rivers that more accurately match their
catchment geology (Donnelly and Warren) consistent with higher
proportions of minimally transported material and the general ap-
plicability of source-normalized «-dose to distinguish proportions
of first- and multi-cycle DZ. High «-dose of the YC basement
(Fig. 6C) in combination with lower fertility can in parts explain
scarcity of YC-derived grains (although YC by far exceeds PJO and
AFO in terms of present-day area) in the littoral sediments (Fig. 2)
and in other clastic strata of the Perth Basin (Olierook et al., 2019).
However, comparatively low abundance of Archean DZ is also the
result of generally increasing zircon fertility per mass of magma
through time (Keller et al., 2017).

The multi-cycle nature of AFO-derived DZ is suggested by the
absence of AFO source rocks in the river catchments, and consis-
tent with low source-normalized «-dose in the Blackwood/Scott
River (c. 0.4). This is supported by comparison to PJO-derived DZ
in the same samples that show higher values and are, based on
source proximity, less likely to be affected by sedimentary recy-
cling than the AFO-derived DZ. AFO-derived DZ in the Perth Basin
are believed to be in part sourced by recycling of a now-fully
eroded (or not sampled) sediment veneer covering the YC (e.g.,
Olierook et al., 2019; Veevers et al., 2005). Low source-normalized
«-dose value of AFO-derived DZ in the southern Perth Basin
support a multi-cycle origin (Fig. 7A). The southern Perth Basin
source-normalized «-dose is higher compared to the present-
day Blackwood/Scott River (although low-n limits interpretative
power). Therefore, this observation further supports the interpre-
tation that the lower source-normalized «-dose AFO-derived DZ
population of the present-day Blackwood/Scott River has been sub-
ject to selective removal of higher «-dose zircon grains within the
underlying Perth Basin and coastal plain facies during recycling.
Consequently, comparison of DZ and source «-dose (documented
through source-normalized «-dose) aids in discrimination of first-
versus multi-cycle contribution in DZ populations, using chem-
istry typically captured during routine U-Pb geochronology. Fur-
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Fig. 6. (A) Boxplots of source-normalized «r-dose of modern sediments for assigned source rocks, for instance, Pinjarra Orogen box plots (green) include only DZ that display
ages corresponding to the Pinjarra Orogen. No boxplot (but median) is shown if n (number of concordant analyses) is <5. (B) Median of source-normalized «-dose for littoral
samples and linear regressions; PJO - Pinjarra Orogen; AFO - Albany-Fraser Orogen; YC - Yilgarn Craton. (C) «-dose values of zircon grains from interpreted source rocks;
LC - Leeuwin Complex; SWT - South West Terrane; N - number of samples; n - number of analyses. Source-normalized «-dose values of DZ are given in Supplementary

Table S4 in Supplementary Material S2.

thermore, comparison with possible intermediate sediment storage
reservoirs indicates that source-normalized «-dose can be applied
in the deep-time geological record.

5.5. Implications for sedimentary provenance analysis in the deep-time
geological record

To validate the use of source-normalized «-dose in DZ prove-
nance analysis more broadly, we test this tool on DZ populations

derived from the Grenville Orogen, North America. The dominance
of Grenville detritus in Phanerozoic clastic strata in North Amer-
ica, specifically in former Laurentia, is well-studied and assumed
to be primarily the result of exceptional zircon fertility and mul-
tiple sedimentary recycling episodes (e.g., Moecher and Samson,
2006; Potter-MclIntyre et al., 2018; Zotto et al., 2020). Moecher
et al. (2019) proved recycling using textures of detrital diagenetic
monazite. Widespread sedimentary recycling processes are also
supported through indirect observations, i.e., by comparison with
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older strata exposing similar DZ age spectra (e.g., Potter-McIntyre
et al,, 2018). Therefore, well-established sedimentary recycling re-
lationships allow for testing source-normalized «-dose as a general
application in DZ geochronology.

Results suggest source-normalized «-dose establishes the same
relationships as other measures of cyclicity, when applied to an-
cient geological settings. The basal Lower Ocoee Supergroup (Wad-
ing Branch Formation) is interpreted to be sourced primarily from
the underlying Mesoproterozoic Grenville basement (Chakraborty
et al,, 2012). Its Grenville-derived DZ population source-normalized
«-dose of c. 0.9 supports limited transport and a predominant
first-cycle origin (Fig. 7B). Zotto et al. (2020) advocated that the
Neoproterozoic Lower Ocoee Supergroup and Cambrian lithologies
are the main source of DZ supplying the proximal Carbonifer-
ous Grundy Formation, which shows a significantly lower source-
normalized «-dose of its Grenville-derived DZ population (c. 0.7).
Hence, source-normalized «-dose captures a multi-cycle history
that agrees with the previously published interpretation. Moreover,
the source-normalized o-dose of younger fluvial strata of the Mis-
sissippi embayment (Cretaceous McNairy Formation) shows even
lower values (c. 0.6; Fig. 7B). The continuous decline of source-
normalized «-dose is interpreted to document progressive sedi-
mentary recycling and transportation. Furthermore, the 10™ per-
centile a-dose is relatively constant, even though the 90™ per-
centile drops significantly in the Grenville-derived DZ, which sug-
gests that the metric relates to a geologically meaningful process:
the destruction of more labile metamict grains.

To test results of source-normalized o-dose in the absence
of sedimentary recycling, we compared the «-dose of Takidani
granodiorite zircon crystals and DZ of the same age within the
Azusa River in Japan using data published by Ito et al. (2017). The
river sample was taken in close proximity to its igneous source;
therefore, it reflects a first-cycle sand directly sourced from the
intrusion. As expected, based on apparent relationships, the first-
cycle sands of the modern Azusa River in Japan display a source-
normalized «-dose of c. 1, i.e.,, capturing the same variability of
zircon -dose as the proximal source rock (Fig. 7C).

In addition to evaluation of the multi-cycle proportion of in-
dividual DZ age modes, differences in source-normalized «-dose
between two DZ modes may allow quantification of information
loss, e.g., which age mode was more affected by sedimentary re-
cycling (i.e., loss of metamict grains) and, therefore, will be less
preserved in the detrital record. In this study, our findings sug-
gest no preferential information loss between the main PJO and
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AFO DZ populations (Sircombe and Stern, 2002; Fig. 6B). However,
being an internal mechanism that fundamentally explores loss of
more labile grains through time, source-normalized «-dose allows
for replication of results derived by other mineral proxies, i.e., it
provides first order constraints on sedimentary transport and recy-
cling of DZ.

5.6. Application and limitations

A fundamental assumption of source-normalized «-dose appli-
cation is the accurate discrimination of the source using the DZ
age fingerprint or other proxies (e.g., integrated geochemical tech-
niques). That is, only age populations that can be traced back to
a specific source allow for source-normalized «-dose calculation.
Therefore, the use of this metric is favoured for diversified age
spectra of distinct sources. Likewise, regions of well-characterised
basement rocks (i.e., sufficient numbers of analyses) that capture
their source natural variability, will provide more accurate results.
Non-normalized «-dose values cannot be compared between dif-
ferent age modes, i.e., preferential removal of DZ populations, as
a proxy for bias, cannot be detected. However, in the absence of
suitable source rock data, a simple comparison of «-dose values of
the same distinct age mode between samples may be capable of
demonstrating relative recycling. As with source-normalized val-
ues, a decline of high a-dose grains through successively younger
depositional units should be considered an indication of likely sed-
imentary recycling.

The concept does not factor in annealing as part of the grain
history (Nasdala et al., 2001), and consequently considers contin-
uous accumulation of «-decay damage from crystallization. There-
fore, source-normalized «-dose is expected to represent a mini-
mum constraint on the degree of multi-cyclicity. However, in this
study the observed disparities in source-normalized «-dose be-
tween DZ populations are clearly best explained by removal of
highly metamict grains, suggesting annealing is secondary to the
sedimentary recycling signal.

6. Conclusions

An investigation of modern coastal plain sediments reveals en-
vironmental control and progressive sedimentary recycling dictat-
ing DZ composition. The relative proportions of DZ age modes
in the major drainage system flowing through the Scott Coastal
Plain do not match the areal extent of source rocks in the catch-
ment(s), but are similar to the DZ age mode proportions within
Cenozoic strata, thus challenging the use of fluvial DZ age spec-
tra as a measure of catchment geology. Supply of first-cycle sands
from a basement outcrop, which is exposed to preferential erosion,
via a net west-to-east longshore drift system, has been identified
controlling DZ on a local scale. However, the dominant mechanism
controlling overall coastal plain DZ composition is interpreted to
be progressive recycling of sediments in successive coastal sys-
tems. Ultimately, these findings demonstrate intrinsic controls of
DZ composition in coastal plains, resulting in prevalence of multi-
cycle DZ. This process buffers propagation of primary geological
signals from source-to-sink limiting the use of the detrital record
as a direct fingerprint of the source area. Consequently, these re-
sults highlight the need for careful evaluation of first- and multi-
cycle DZ signals to maintain a meaningful geological interpretation.

Source-normalized «-dose, a novel metric comparing «-dose of
DZ and zircon crystals retained in their crystalline source rocks,
constrains the degree of grain transport and recycling. Selective
removal of more labile (i.e, metamict) zircon grains, correlating
with active time in the sedimentary system, leads to a decrease
of source-normalized «-dose values (Fig. 8). A value close to 1
is characteristic of first-cycle material and reduced transportation
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of grains, with values progressively decreasing in tandem with
progressive transportation and reworking. Understanding complex
grain histories can improve the interpretive power of provenance
analysis using DZ in multi-cycle sedimentary systems by filter-
ing for primary geological processes in the source area. Source-
normalized «-dose can be readily applied to published DZ datasets
and will improve recognition of a significant bias in DZ geochronol-
ogy due to the multi-cycle nature of zircon.
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