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ABSTRACT

Lead isotopic data imply that thorium and uranium were fractionated from one another
in Earth’s early history; however, the origin of this fractionation is poorly understood. We
report new in situ Pb isotope data from orthoclase in 144 granites sampled across the Archean
Yilgarn craton (Western Australia) to characterize its Pb isotope variability and evolution.
Granite Pb isotope compositions reveal three Pb sources, a mantle-derived Pb reservoir and
two crustal Pb reservoirs, distinguished by their implied source >*Th/>3U (x,). High-xp,
granites reflect sources with high 2?Th/*¥U (~4.7) and are largely co-located with Eoarchean—
Paleoarchean crust. The Pb isotope compositions of most granites, and those of volcanic-
hosted massive sulfide (VHMS) and gold ores, define a mixing array between a mantle Pb
source and a Th-rich Eoarchean-Paleoarchean source. Pb isotope modeling indicates that
the high-k;, source rocks experienced Th/U fractionation at ca. 3.3 Ga. As Th/U fraction-
ation in the Yilgarn craton must have occurred before Earth’s atmosphere was oxygenated,
subaerial weathering cannot explain the apparent differences in their geochemical behav-
ior. Instead, the high Th/U source reflects Eoarchean—Paleoarchean rocks that experienced
prior high-temperature metamorphism, partial melting, and melt loss in the presence of a
Th-sequestering mineral like monazite. Archean Pb isotope variability thus has its origins
in open-system high-temperature metamorphic processes responsible for the differentiation
and stabilization of Earth’s continental crust.

INTRODUCTION
Thorium and uranium are highly incom-
patible trace elements that are partitioned into

species dominant under oxidized surface con-
ditions (Zartman and Haines, 1988). Since the
Great Oxidation Event (2.5-2.4 Ga), U has

Earth’s crust over geological time (Galer and
O’nions, 1985; Allegre et al., 1986). Being two
of the main heat-producing elements in the
silicate Earth, understanding their partition-
ing between different geochemical reservoirs
is important for tracking our planet’s thermal
evolution and internal differentiation.
Thorium has a single valence state (4+)
whereas U exists in two valence states (4+ and
6+), with the highly water-soluble hexavalent
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preferentially been recycled into the mantle,
causing a progressive lowering of the Th/U
ratio in the mantle and in rocks derived from
it (McCulloch, 1993; Collerson and Kamber,
1999; Elliott et al., 1999; Zartman and Rich-
ardson, 2005). However, in the Archean, when
Earth’s atmosphere was largely devoid of oxy-
gen, neither mantle melting, fractional crystal-
lization, nor weathering and recycling processes
could have fractionated U and Th. Hence, it is
thought the geochemical behavior of these ele-
ments was identical from the surface down to
the upper mantle (Liu et al., 2019). Neverthe-
less, some lines of evidence show that Th and

U were fractionated from one another early in
Earth’s history. For example, variability in the
208Ph/204Pb ratios of some Archean rocks and ore
minerals require an older Pb source with super-
chondritic 2*?Th/*#U (Robertson and Cumming,
1968; Perring and McNaughton, 1992). How-
ever, there has been no satisfactory explanation
for how Th and U were fractionated from one
another this early in Earth’s history.

The Yilgarn craton in Western Australia
provides an ideal laboratory for investigating
the origins of Archean Pb isotope variabil-
ity. Large volumes of granite were emplaced
within a restricted time interval (2.7-2.6 Ga),
via reworking of pre-existing crust of variable
age (3.8-2.7 Ga; Mole et al., 2019). As the
variability in initial Pb isotope composition of
granites depends on the »8U/?*Pb ratio (p) and
22Th/?8U ratio (k) of their source rocks and the
duration of radioactive decay, any variability
in source *?*Th/**U will manifest itself in their
initial Pb isotope compositions. Analyzing the
initial Pb isotope composition of these granites
affords the opportunity to probe the deep crustal
composition and architecture, and address the
origins of Pb isotope variability in ancient crust.
Although many rock-forming silicate minerals
have non-zero U/Pb ratios, meaning their Pb
isotope compositions change over time, one
mineral that can yield initial Pb isotope ratios
is orthoclase (Gancarz and Wasserburg, 1977).

We report new orthoclase laser ablation—
inductively coupled plasma—mass spectrom-
etry Pb isotope data from 144 samples of gran-
ite feldspar from across the Yilgarn craton. A
detailed method description and data tables are
provided in the Supplemental Material'.

!Supplemental Material. Analytical details and Pb isotope data tables. Please visit https://doi.org/10.1130/GEOL.S.24451885 to access the supplemental material;
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Figure 1. Map of the Yilgarn craton (Western Australia) showing the locations of important
gold deposits, volcanic-hosted massive sulfide (VHMS) deposits, and granites for which Pb

isotope data are available.

GEOLOGICAL SETTING

The Yilgarn craton comprises several ter-
ranes (Fig. 1). The Narryer terrane occupies
the northwest corner of the craton and contains
felsic gneisses with protolith ages from 3.73 Ga
to 3.37 Ga, and subordinate supracrustal belts
(Kinny et al., 1988; Kemp et al., 2018). Together
with the South West and Youanmi terranes, they
make up the West Yilgarn, which contains evi-
dence for shared 3.00-2.90, 2.80, and 2.73—
2.72 Ga magmatism generally characterized
by unradiogenic Nd and Hf isotope composi-
tions, indicating an older Paleoarchean source
for this region (Mole et al., 2019). The West
Yilgarn abuts the Eastern Goldfields Superter-
rane (EGST) along the Ida fault (Fig. 1). The
EGST is dominated by felsic igneous rocks
and supracrustal sequences (greenstone belts)
formed between 2.72 and 2.66 Ga, representing
a period of widespread basalt-komatiite mag-
matism, which was followed by craton-wide
emplacement of tonalite-trondjhemite-grano-
diorite (TTG) and subsequently K-rich granite,
inferred to reflect a widespread lower-crustal
melting event (Smithies et al., 2019).

Pb ISOTOPE SYSTEMATICS OF THE
YILGARN CRATON

Figure 2 shows the Pb isotope ratios of
the granite samples along with a compilation
of data from volcanic-hosted massive sulfide
(VHMS) and Au ores from across the craton,
and the terrestrial Pb isotope evolution model
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of Maltese and Mezger (2020). The range of
Pb isotope compositions from the granites is
identical to those of the ores (Fig. 2A and 2B),
which are both consistent with modeled single-
stage paleogeochrons for rocks formed between
2.7 and 2.6 Ga (Figs. 2A and 2C; Table DR1
in the Supplemental Material). The least-radio-
genic granites have Pb isotope compositions
approaching those of the VHMS ores at Teu-
tonic Bore, which may approximate mantle Pb
isotope compositions at that time (Hannington
et al., 2005). More than 50% of the samples
overlap the initial Pb isotope compositions
of Au deposits from the Wiluna-Leonora and
Menzies-Kambalda regions, whereas the most-
radiogenic samples scatter to higher 2°°Pb/?*Pb
and 27Pb/?*Pb ratios, like those associated with
the Stennet Rocks granite and Au ores from the
Norseman area (Figs. 2A and 2C).

The spatial variation of granite Pb isotope
source model ages using interpolated isotopic
maps shows a long-wavelength structure like that
observed in zircon initial Hf and whole-rock ini-
tial Nd isotopes (Figs. 3A-3C). Specifically, the
Youanmi terrane exhibits higher 2°Pb/?*Pb and
207Pb/2%4PD ratios (older source model ages) and
Hf model ages as old as 3.8-3.6 Ga (Fig. 3A),
indicating granites in these regions sampled old
felsic crust with sub-chondritic 7Lu/'"Hf and
47Sm/'**Nd ratios and p higher than the bulk
Earth model. Across the Ida fault, there is a gradi-
ent in both Hf model ages and granite *’Pb/>*Pb
source ages (Figs. 3A-3C). The EGST granites

exhibit less-radiogenic Pb isotope compositions
and younger Hf model ages (<2.9 Ga), indicat-
ing magmatism in the EGST was derived from
source rocks with a greater amount of mantle-
derived material. All the isotopic data sets are
broadly consistent with the upper mantle veloc-
ity structure, which implies a density (and hence
age) gradient in subcratonic lithospheric mantle
(Fig. 3D; Kennett et al., 2013).

Whereas variable 2°°Pb/**Pb and *"Pb/**Pb
ratios reflect mixing between sources with dif-
ferent 28U/**Pb fractionation histories, variation
in 28Pb/?*Pb ratios reveals sources with differ-
ent 2*Th/>8U fractionation histories. A plot of
208Pb/24Pb versus 2°Pb/?*Pb reveals the high-p
crustal source comprises two separate compo-
nents with distinct 2®Pb/?Pb ratios. One com-
ponent is defined by >*Pb/?Pb ratios >~33.7,
implying an old crustal source with kp, greater
than coeval mantle (~4.75, crustal Pb source 1
in Figure 2D). A second component, defined by
the Norseman gold ores, has 2Pb/?*Pb ratios
close to the bulk silicate Earth (BSE), imply-
ing a Kp, close to coeval mantle (~4.0, crustal
Pb source 2 in Figure 2D). The scatter of most
granites and ores in 2®®Pb/?*Pb versus 2*Pb/?*Pb
space delineates an array between a mantle Pb
source and a high-p, high-kp, crustal source.
Although mixing with the Norseman source is
not well resolved by the granite data, the pres-
ence of highly radiogenic crust in this region is
clear in the isotopic map.

We estimate crustal 28U/?“Pb, 232Th/?*Pb,
and »?Th/**U using a two-stage Pb isotope evo-
lution model that allows for variable mantle and
crustal residence times (Delavault et al., 2016)
whereby the ratios are calculated based on the
evolution of Pb isotopes in the period between
the zircon Hf model age and the crystallization
of the granite:

mantle

206 py, 206 pp,
204 T 204
o PbJ. | ™Pb). o
(C s Te e Mg TS ) ’
or
207pp - 207pp mantle
204 ppy i 204 ppy N
pe =137.88 c s (2
(e MasTe e%zstS )
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208 Pb 208 Pb mantle
204 | 204
- Pb ) Pb | B
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In this form, it is clear that the values of
1. and €2, equate to the slope of a straight line
connecting the measured initial XPb/>*Pb ratio
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Figure 2. Pb isotope evolution diagrams showing individual orthoclase analyses (A and B) and
mean and standard deviations for each granite (C and D). Growth curves and paleogeochrons
are after Maltese and Mezger (2020). Red and blue curves show crustal Pb isotope evolution
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at the time of crystallization (T,) to the mantle
reference curve at the time of crust formation
(T,) in a plot of XPb/*™Pb versus e', where e
is Euler’s constant and X is the relevant decay
constant (Figs. 3E-3G). Crust formation ages
were obtained from zircon Hf isotope compo-
sitions (Mole et al., 2019) re-calculated using
the measured Hf isotope ratios, the '*Lu decay
constant of Sdderlund et al. (2004), and the
depleted mantle parameters of Griffin et al.
(2000). Mantle Pb isotope evolution is modeled
using the single stage model, after Maltese and
Mezger (2020), with p = 8.42 and k = 4.03.
Using this approach, we calculate an average
crustal 2%U/?%Pb of 11.3 £ 2.1 and »?Th/**Pb
of 47.4 £+ 10.0, which equates to a 2**Th/**U of
4.2 £ 0.3 (Figs. 3E-3G and 4)

ORIGIN OF ARCHEAN Pb ISOTOPE
VARIABILITY

Recent estimates of crustal 2*Th/?3¥U based
on a global data set of continental rocks yielded
a median value of 3.95 (Wipperfurth et al.,
2018). The similarity with modern mantle and
primordial **Th/*#U ratios led that study to con-
clude negligible fractionation of Th and U dur-

ing either segregation of Earth’s core following
accretion, or during crust extraction out of the
mantle. Although our results overlap previous
estimates for the continental crust, we obtain
a crustal kp, ~10% higher than estimates for
the bulk silicate Earth on average (Fig. 4). The
Yilgarn granite and ore Pb isotope data scatter
between a mantle component, defined by some
VHMS ores, and a more-radiogenic crustal
reservoir. Therefore, the higher average kp, of
Archean crust is unlikely to reflect higher mantle
Th/U ratios at that time, but rather reflects mix-
ing between a broadly chondritic mantle reser-
voir and a preexisting Paleoarchean crustal Pb
reservoir with 2*Th/?3¥U of ~4.7-4.8, requiring
~25% enrichment in Th relative to bulk Earth.

The presence of a high-Th/U crustal reser-
voir demonstrates that fractionation of Th and U
accompanied early crust formation and differ-
entiation. As Earth’s atmosphere was devoid of
oxygen at this time, both Th and U existed in their
4+ valence state, with any difference in partition-
ing during mantle melting expressed only at low
degrees of partial melting. The presence of ultra-
mafic volcanic rocks (i.e., komatiite) and higher
abundance of high-Mg basalts in greenstone belts
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throughout the Yilgarn craton indicates Earth’s
mantle was warmer, and degrees of partial melt-
ing were generally higher, than today (Herzberg
et al., 2010). Hence, fractionation of Th and U
during extraction of crust from the early Archean
mantle is unlikely to account for the difference
in Pb isotope variability of Archean crust. Geo-
chemical data from modern arc lavas imply that
magmatic differentiation processes do not signifi-
cantly fractionate Th and U (Liu et al., 2019). The
apparent Th/U variability of early Archean crust
must therefore reflect some other processes that
occurred after crust formation. The granites with
the highest 2Pb/?*Pb ratios predominantly occur
within the older western Yilgarn craton and are
concentrated in regions with Paleoarchean Hf and
Nd model ages (Fig. 2). A spatial analysis of the
whole-rock geochemical data from the Yilgarn
craton also indicates that one specific variety of
potassic granite—the low-Ca, high Ti granites—
are high-temperature granites concentrated in
regions with old model ages. Both observations
suggest that many of the granites in these parts
of the craton formed by high-temperature par-
tial melting of old refractory felsic source rocks
(Smithies et al., 2023).

Th and U may be fractionated during open-
system high-temperature metamorphism (Yakym-
chuk and Brown, 2019). In supra-solidus crust, the
distribution of Th and U between a partial melt
and the residual solids is strongly influenced by
the breakdown and (re)growth of accessory min-
erals (e.g., zircon, monazite, and apatite; Yakym-
chuk and Brown, 2019). When present, monazite
is most influential, owing to its strong preference
for Th over U, although this can vary with melt
composition and the behavior of coexisting apatite
(Xing et al., 2013; Yakymchuk, 2017). Eoarchean—
Paleoarchean granulites exposed in the Narryer
terrane in the northwestern parts of the Yilgarn
craton underwent partial melting involving zircon
and monazite (re)growth as early as 3.3 Ga (Kinny
et al., 1988; lizuka et al., 2010). Thus, the Yil-
garn Pb isotope variability can be explained either
by re-melting residual Eoarchean—Paleoarchean
crust or bulk assimilation/hybridization of mantle-
derived melts with this material. Both processes
may have occurred during lithospheric thinning
and/or underplating associated with Neoarchean
basalt-komatiite volcanism.

A caveat here is monazite usually grows in
low-Ca peraluminous rocks, which are not major
components of Archean terranes (Moyen and
Laurent, 2018). In mafic systems, which may
better reflect early Archean crust, the partition-
ing of Th and U between melt and rutile could
also form high-Th/U melts (Fig. 4B; Klemme
et al., 2005; Emo et al., 2023). Although the
generation of the high-Th/U signature via earlier
melting and/or crystal fractionation processes
involving rutile cannot be a priori excluded, a
paucity of mafic material in the Narryer terrane
(Kemp et al., 2018), and dominance of low-Ca
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gneisses were brought from suprasolidus to sur-
face conditions during this time. However, the
same outcome could occur via delamination of
dense low-Th/U mafic residues formed by earlier
crustal differentiation processes (Fig. 4B; Emo
etal., 2023). These mechanisms are not mutually
exclusive and both could have contributed to the
high Th/U signature at different times in craton
development. Regardless, it seems clear that
the fractionation of Th and U during the early
Archean was intimately linked to intra-crustal
differentiation processes that stabilized Earth’s
continental crust, with accessory minerals play-
ing a crucial role.
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