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Abstract:

The recent discovery of Pb* (radiogenic lead) -enriched domains (PEDs) in zircon using high-
resolution scanning ion imaging, atom probe tomography and transmission electron microscopy
indicates that the U-Pb isotopic system in zircon can be affected not only by Pb* loss but also by
intra-crystalline Pb* enrichment. However, the formation mechanism of PEDs and the
consequences for in-situ U-Pb dating remain elusive. To further understand these issues, scanning
ion imaging and U-Pb dating were carried out on 51 Hadean detrital zircon grains from the Jack
Hills, Western Australia. Of these, 8 grains were found to contain micrometer-scale PEDs with
elevated 2°7Pb and 2°°Pb in the ion images. Isotope profiles across these PEDs confirm that they
represent unsupported Pb* resulting from intra-grain mobilization and local enrichment of Pb*
during ancient overprinting events. The PEDs are rare in most grains, with only 1 — 3 Pb* hotspots
present in any ~70 um x 70 pum imaged area, and are located either in dark-CL, high-U growth zones,
or associated with bright-CL, low-Th recrystallized domains, suggesting that they were likely
formed by local-scale processes. The PEDs located in dark-CL, high-U growth zones likely resulted
from Pb* trapped in local, interconnected pathways produced by radiation damage during thermal
overprinting events. Those associated with bright-CL, low-Th domains are interpreted as Pb*
concentrated in nanoscale pores formed during fluid-present recrystallization of non-metamict
zircon. Our interpretations therefore imply that intra-crystalline enrichment of Pb* in zircon can
occur at various scales and through diverse mechanisms. Age calculations based on the ion images
demonstrate that incorporation of PEDs in conventional in-situ SIMS spots produces spuriously old
ages that are either reversely discordant or concordant, depending on the time of Pb* mobilization

and the analytical precision. The implication is that careful investigation of intra-grain distribution
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of U-Th-Pb isotopes is required in order to better understand the U-Pb isotopic system and to obtain

reliable crystallization ages for ancient zircons affected by complex Pb* mobilization and

redistribution.

Keywords: Hadean; detrital zircon; Jack Hills; scanning ion imaging; unsupported radiogenic lead

Tablel . Acronyms used in this study

APT

CL

EBSD

MSWD

PED

ROI

SHRIMP

SII

SIMS

TEM

UHT

Atom probe tomography

Cathodoluminescence

Electron backscatter diffraction

Mean square weighted deviation

Pb* (radiogenic Pb)-enriched domain

Region of interest

Sensitive high-resolution ion microprobe

Scanning ion imaging

Secondary-ion mass spectrometry

Transmission electron microscopy

Ultra-high temperature
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1. Introduction

Due to the absence of a rock record, our knowledge of the first half billion years of Earth

history relies heavily on Hadean (>4.0 Ga) zircon grains, the majority of which have been derived

from a metaconglomerate unit in the Jack Hills supracrustal belt, Western Australia (e.g., Compston

and Pidgeon, 1986). These ancient zircon grains have been extensively studied for U-Pb ages (e.g.,

Wilde et al., 2001; Holden et al., 2009; Valley et al., 2014; Bellucci et al., 2018), mineral inclusions

(e.g., Maas et al., 1992; Hopkins et al., 2008; Rasmussen et al., 2011; Bell et al., 20153, b), trace

element compositions (e.g., Maas et al., 1992; Watson and Harrison, 2005; Trail et al., 2011), O

(e.g., Valley et al., 2002; Nemchin et al., 2006) and Hf (e.g., Amelin et al., 1999; Kemp et al., 2010)

isotopes, as well as paleomagnetism (e.g., Tarduno et al., 2015; Tang et al., 2018), in an attempt to

infer crustal composition, surface environment, geodynamics and even life in the Hadean. However,

any interpretation of the Hadean detrital zircon record critically depends on the ability to derive

precise and accurate U-Pb ages (e.g., Whitehouse et al., 2017a).

U-Pb dating of ancient zircon grains like those from the Jack Hills is commonly complicated

by radiogenic Pb (Pb*) loss (Corfu, 2013, and references therein). More rarely, apparent Pb* gain

has also been involved to explain reversely discordant data revealed using various U-Pb dating

techniques (e.g., Williams et al., 1984; Mattinson et al., 1996; Carson et al., 2002; McFarlane et al.,

2005; Wiemer et al., 2017), although reverse discordance can also result from matrix effect during

SIMS analysis of high U zircon (e.g., White and Ireland, 2012). Recent studies using high-resolution

scanning ion imaging (SII) (Kusiak et al., 2013a, b; Whitehouse et al., 2014; Ge et al., 2018), atom

probe tomography (APT) (Valley et al., 2014; Peterman et al., 2016a; Piazolo et al., 2016) and

transmission electron microscopy (TEM) (Kusiak et al., 2015; Whitehouse et al., 2017b) have
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documented abundant micrometer- to nanometer-scale Pb*-enriched domains (PEDs) with elevated

Pb* concentrations in Hadean to Paleozoic zircons (see Table 1 for acronyms), providing evidence

for excess Pb* that is not generated by in-situ U decay. Such unsupported Pb* has been ascribed to

mobilization and intra-grain enrichment of Pb* (see references above). However, the PEDs

documented in these studies are highly variable in Pb* concentration, and their formation

mechanism remains elusive, as too does their effect on in-situ U-Pb dating.

For example, using SII, Kusiak et al. (2013a, b) and Whitehouse et al. (2014) found numerous

micrometer-scale PEDs in partially radiation-damaged zircons that had undergone ultrahigh

temperature (UHT) metamorphism. These authors carried out high-resolution TEM and

demonstrated that the PEDs occur as 5 — 30 nm metallic Pb (100% Pb) nanospheres formed as

trapped melt inclusions due to thermal annealing of interconnected radiation damage during UHT

metamorphism. They suggested that these metallic Pb nanospheres were responsible for the

reversely discordant ages observed in some in in-situ SIMS analyses (e.g., Black et al., 1986).

However, apparently concordant yet spuriously old ages can also be obtained in ancient zircon (Fig.

1). In contrast, using APT, Valley et al. (2014) demonstrated abundant ~10 — 20 nm Y-rich clusters

with <0.8 at.% Pb* in a ~4374 Ma zircon from the Jack Hills, which they attributed to diffusion of

Y and Pb* into nanoscale radiation damage during a ~3.4 Ga metamorphic event. The authors

determined that these Pb*-rich nanoclusters are homogeneously distributed throughout the analyzed

volume, thereby they are unlikely to compromise micrometer-scale SIMS analyses. Similarly,

Peterman et al. (2016a) found a few Pb*-enriched nanoclusters by APT in a ~2.1 Ga zircon core

from the Central Greek Rhodope, but these nanoclusters have much higher Pb* concentrations (2 —

5.5 at.%) and were interpreted as Pb* trapped in dislocation loops formed by annealing of radiation
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damage during granulite facies metamorphism at ~150 Ma. Despite the differences in Pb*

concentration and formation mechanism, all studies have suggested that radiation damage plays a

vital role in the formation of PEDs. In addition, many have demonstrated that crystal plastic

deformation in zircon can play an important role in the migration and redistribution of incompatible

elements, including Pb* (e.g., Timms et al., 2011; Reddy et al., 2016; Piazolo et al., 2016; Kovaleva

etal., 2017).

Recently, Ge et al. (2018) reported 4486 — 4425 Ma concordant SHRIMP ages from a Hadean

zircon (grain 14041) from the Jack Hills with low U and Th (thus a low degree of radiation damage)

and no evidence for internal deformation. Scanning ion imaging demonstrated that this zircon

contains abundant micrometer-scale PEDs and that the exceptionally old SHRIMP ages were

spurious and resulted from incorporation of PEDs in the analyzed volume. This case study confirms

that apparently concordant ages that are up to ~200 Myr older than the crystallization ages can be

obtained during in-situ U-Pb dating due to the presence of PEDs in Hadean zircon (Fig. 1). It also

necessitates a new mechanism for the formation of PEDs in addition to Pb* mobility due to radiation

damage or plastic deformation. To evaluate how many Hadean zircon grains from the Jack Hills

may have been influenced by PED formation, we carried out scanning ion imaging of 50 additional

Hadean zircon grains from the Jack Hills and found seven new grains that contain PEDs. Here we

present in-situ SHRIMP U-Pb and SII data for these newly found grains, as well as new ion images

for an area of grain 14041 that was not covered in Ge et al. (2018), to better constrain the

mechanisms of intracrystalline Pb* enrichment and its consequences for in-situ U-Pb dating of

ancient zircon grains.

2. Samples and analytical procedures
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Zircon grains were extracted using a high voltage pulsed power fragmentation system (SelFrag)
from a meta-conglomerate sample from the W74 site, where detrital Hadean zircons were first
reported from the Jack Hills, Western Australia (Compston and Pidgeon, 1986). A total of ~2500
grains were mounted in epoxy resin along with zircon reference standards (CZ3, BR266 and Temora
2). The mounts were polished, gold-coated, and imaged under reflected and transmitted light. Rapid
206ph (10s) and 2’Pb (10s) scans were performed using a SHRIMP II ion microprobe at the John de
Laeter Center (JDLC) at Curtin University in order to identify the Hadean grains, and 215 (~9%)
grains were found to have 20’Pb/?%Pb ages > 3.9 Ga. High resolution cathodoluminescence (CL)
images were then obtained for these ancient grains using a TESCAN MIRA3 Field Emission
scanning electron microscope at the Microscopy and Microanalysis Facility (JDLC), Curtin
University. Electron Backscatter Diffraction (EBSD) images were also acquired for selected grains
using the same instrument equipped with an Oxford Instruments AZtec EBSD system. Based on the
CL, and transmitted and reflected light images, 109 relatively pristine (without major cracks or
inclusions) >3.9 Ga grains were selected for detailed in-situ zircon U-Th—Pb analyses using the
same SHRIMP II. Detailed analytical settings can be found in de Laeter and Kennedy (1998) and
Ge et al. (2018), and the analytical precision is typically ~0.5% for 2*’Pb/2%Pb and ~1.5% for
206pp/238U (1o). U-Pb age data for the grains described in this study are presented in Supplementary
Table S1. Most Hadean zircon grains from the Jack Hills show some complexity in their U-Pb ages,
including: 1) multiple concordant yet variable ages within the same growth zone; 2) discordant and,
more rarely, reversely discordant ages; and 3) higher-than-normal analytical uncertainties. This
reaffirms that ancient (and recent) Pb* mobilization is common in these grains.

To better understand the behavior of the U-Pb isotopic system, SII and dating were carried out
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on 51 grains that showed some degree of U-Pb complexity, including additional images of grain
14041 described in Ge et al. (2018). The analyses were performed on a CAMECA IMS1280 ion
microprobe at the NordSIM Facility, Swedish Museum of Natural History, Stockholm. The
analytical procedure is described in Kusiak et al. (2013b, 2013a), Whitehouse et al. (2014), Bellucci
et al. (2016, 2018) and Ge et al. (2018). This technique enables high-resolution (down to 2 um)
mapping of the U-Th-Pb isotopes over an area of ~70 pum x 70 pm on the sample surface (Fig. 2).
Compared to earlier studies (Kusiak et al., 2013b, 2013a; Whitehouse et al., 2014), recent
procedures, using a stronger primary beam (5 um, ~250 pA, compared to 2 pm, 100 pA ), also
enables calculation of 2°°Pb/?*8U ages, in addition to 207Pb/2%Pb ages, for regions of interest (ROIs)
of any shape and size (Bellucci et al., 2016, 2018; Ge et al., 2018). The precision depends on the
size of the selected ROIs. For ROIs equivalent in size to a typical SIMS U-Pb analytical spot (~20
um), the precision is ~1.5% for 2°’Pb/?%Pb and ~4.5% for 2°°Pb/>3%U (10).
3. Results
3.1. Internal structures and SHRIMP U-Pb ages

The zircon grains in this study are reddish-brown in color and are ~100 — 200 um long. Grain
14041, described in detail in Ge et al. (2018), contains a dark-CL, homogenous core surrounded by
irregular domains with variable CL intensity and complex structures (Fig. 2a). The other seven
grains (Fig. 2b —h) are either fragments (grains 11085, 12070, 14121, 22025 and 25025) or prismatic
crystals (grains 13015 and 23092). Most grains show fine concentric zoning (grains 11085, 13015
and 23029, and part of grain 22026) or homogenous structure (grain 12070 and part of grain 22026)
in the core, which is surrounded by multiple growth rings with variable CL intensity and patchy or

homogenous structure. The oscillatory-zoned parts of grains 13015 and 23092 are locally embayed
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by dark-CL, homogenous domains (Fig. 2d, g). Grain 14121 is dominated by a grey-CL domain that
is partly replaced by bright-CL domains (Fig. 2e). It contains abundant dark-CL fibrous structures
that resemble fluid channels observed in hydrothermal experiments on zircon (cf. Fig. 1e - g in
Geisler et al., 2003). Grain 25025 has a dark-CL domain and a bright-CL domain, both showing
faint, fine banding (Fig. 2h). Most grains contain minor cracks, except for grain 23092 that has
abundant cracks, as well as muscovite and quartz inclusions (Fig. 2g).

EBSD mapping shows that most grains (14041, 11085, 12070, 13015 and 25025) have high
crystallinity and show little variation in crystal orientation, indicating limited radiation damage and
no significant internal plastic deformation (Supplementary Fig. S2a — d, h). However, the dark-CL,
high-U domains of grains 22026 and 23092 have low crystallinity (Fig. S2f, g), suggesting
significant radiation damage. Furthermore, grain 14121 shows 2 - 4° variation of crystal orientation
at the margins probably due to block rotation along fractures (Fig. S2e). But taken overall, none of
these grains shows significant internal deformation.

SHRIMP U-Pb ages of grain 14041 were presented in Ge et al. (2018) and selected ages are
shown in Fig. 2a. This grain yielded a large range of concordant U-Pb ages from ~4.5 — 4.0 Ga, with
the oldest six analyses yielding a concordia age of 4463 + 17 Ma (20), the oldest apparent age from
a terrestrial zircon (Ge et al., 2018). SHRIMP data for the other grains are presented in
Supplementary Table S1 and are shown in Fig. 2b — h and Fig. 5. Multiple SHRIMP analyses on the
cores of grains 11085, 12070 and 13015 yielded concordant and self-consistent ages, with weighted
mean 2Y7Pb/2%Pb ages of 4096 + 9 Ma (26, MSWD = 0.0031, n = 2), 4029 + 7 Ma (206, MSWD =
2.0,n=4) and 4119 + 12 Ma (26, MSWD = (.78, n = 2), respectively. However, analyses on the

growth rings or recrystallized domains of these grains yielded different ages to the cores (Fig. 2b —
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d, Table S1): the dark-CL ring of grain 11085 yielded an indistinguishable, but reversely discordant,
age (4078 £ 28 Ma, 20, discordance (disc.) = —4%), the grey-CL ring of grain 12070 yielded a
discordant and imprecise age (3980 £ 148 Ma, 2, disc. =+15%), whereas the recrystallized domain
of grain 13015 yielded a concordant and slightly older age (4138 £+ 12 Ma, 20, disc. = —2%). Four
analyses were performed on grain 14121 and the oldest two yielded a concordia age of 4170 + 12
Ma (26, MSWD of concordance and equivalence = 2.1), the other two analyses are also concordant,
but are younger and imprecise (Fig. 2e, Table S1). Four analyses of grain 22026 are all concordant,
with the oldest three yielding a weighted mean 2°’Pb/2%°Pb age 0f 4198 + 10 Ma (26, MSWD = 1.18)
and the other analysis being slightly younger (4152 + 5 Ma, 1o, Fig. 2f, Table S1). Five analyses on
the core of grain 23092 only yielded one concordant age (4183 + 10 Ma, 20); the others are younger
and discordant (Fig. 2g, Table S1). Grain 25025 also yielded slightly discordant ages for both the
dark-CL domain (4039 + 4 Ma lo, disc. = +4%) and the bright-CL domain (3999 + 26 Ma, 1o, disc.
=+10%, Fig. 2h, Table S1).
3.2. Scanning ion imaging
3.2.1 Distribution of U-Th-Pb isotopes and its correlation with zircon structures

A new ion image of grain 14041 was collected from an area (image 2 in Fig. 2a) not previously
covered by image 1 (see Fig. 2a) presented in Ge et al. (2018). The results, along with ion images
for the other grains, are presented in Fig. 3 and supplementary Fig. S1. The most conspicuous feature
is the extremely high U and Th contents along the margins of grains 14041, 11085, 22026 and 20025
and the cracks in grains 12070 and 23092 (Fig. 3, Fig. S1); see also Bellucci et al., 2018). These
high U and Th domains mostly correlated with a slight increase in 2°°Pb, 2°’Pb and 2%®Pb, as well as
204pb, and 2*2Th and 28Pb are more enriched than U and uranogenic Pb, suggesting enrichment of

10
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Th and, to a lesser extent, U in recent geological times, seemingly accompanied by addition of
common Pb. It should be noted that the cracks in grain 11085 only show a slight enrichment of Th
and U in a segment close to the grain margin, whereas the majority of the cracks in this grain, as
well as the cracks seen in CL in grains 14041 and 13015, do not correspond to any enrichment of
U-Th-Pb isotopes (cf. Bellucci et al., 2018).

Aside from the high U and Th along grain margins and cracks, the distribution of U, Th and
Pb* isotopes in the ion images generally correspond well with growth zoning and CL intensity, i.e.,
dark-CL domains correspond to high U, Th and Pb*, and bright-CL domains correspond to low U,
Th and Pb* (Fig. 3, Fig. S1; see also Bellucci et al., 2018 and Ge et al., 2018). For example, the
dark-CL core in grain 14041 and the dark-CL bands in grains 12070, 22026 and 25025 are
manifested by high ion intensity in the 28U and 23>Th'%0 images, although the boundaries are less
sharp compared to the CL images (Fig. 3, Fig. S1). Unlike the high U-Th margins and cracks, these
dark-CL, high U-Th domains correspond to a strong increase in 2°°Pb, 2°7Pb and 2%*Pb, but no
increase in 2%Pb, indicating a primary origin formed during zircon crystallization and subsequent U
and Th decay in a closed system.

3.2.2 ldentification of Pb* enriched domains (PEDs)

Importantly, a number of micrometer-scale hotspots with elevated 2°’Pb and 2%°Pb were
revealed by the ion images (Fig. 3). These PEDs do not appear in the 233U or 2*4Pb images, similar
to those previously described and shown in image 1 of grain 14041 by Ge et al. (2018). These PEDs
occur as isolated hotspots, and the number of PEDs (<3) in each ion image is much less than that in
image 1 of grain 14041 (Ge et al., 2018). Moreover, the PEDs appear to reside within different
growth zones in several of the grains. For example, in grain 14041 they are mostly located at the
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margin of the bright-CL recrystallized domains (Fig. 3a, see also Ge et al., 2018). Two PEDs in
grain 11085 are aligned parallel to a thin dark-CL growth zone at the margin of the core, whereas a
third one is located in the dark-CL homogenous growth ring (Fig. 3b). Two PEDs in grain 12070
are associated with two thin dark-CL bands surrounding the core (Fig. 3c), whereas the two PEDs
in grain 13015 are located in the recrystallized domain that truncates the core (Fig. 3d). One PED
in grain 14121 is also located at the margin of a bright-CL domain, but the other one resides in the
grey-CL domain (Fig. 3e). The single PEDs in grains 22026 and 25025 are located in dark-CL, high
U bands (Fig. 3f and h, respectively), whereas the PED in grain 23092 is in a grey-CL domain
surrounded by multiple cracks (Fig. 3g).

To further characterize the PEDs, isotope profiles recording the 28U, 20’Pb and 2°°Pb counts,
as well as the 297Pb/2%Pb ratios, were extracted from a transect of small squares (~2 pm X 2 pm)
along a profile that bisects the PEDs (Fig. 4). The results show that the PEDs correspond to 2’Pb
and 2%°Pb peaks, but that the 238U counts remain constant. They also correspond to striking peaks in
207pb/206Pp ratios (up to 0.7 — 1.1 in different grains), resulting in apparent 20’Pb/2°°Pb ages from 4.7
to 5.4 Ga (Fig. 4). This is in contrast with the dark-CL core of grain 14041 and the dark-CL zones
in grains 22026 and 25025, where the elevated 2°’Pb and 2°°Pb counts are supported by elevated
238U and the 2°7Pb/2%Pb ratios remain constant (Fig. 4). These observations confirm that the PEDs
represent local concentration of unsupported ancient Pb*. The cracks in grain 23092 are
characterized by elevated peaks in 238U, but no peaks in 2°’Pb or 2°°Pb (Fig. 4g), consistent with
recent influx of U (and Th).

3.2.3 U-Pb ages calculated from ion images
To test the effect of the PEDs on in-situ ion microprobe U-Pb dating, and to better constrain
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the ages of the grains, U-Pb ages were calculated from the ion images for three sets of ROIs: 1) ~5
um ellipse similar in size to the PEDs in the ion images; 2) ~20 pm ellipse similar to in-situ SIMS
U-Pb analytical spots; and 3) polygons that broadly correspond to growth zones seen in the CL
images. The results are presented in Supplementary Table S2 and are shown in Figs. 3 and 5.
Generally, the ~5 pum ellipse located on the PEDs yielded exceptionally old ages, mostly exceeding
the age of the Earth (Figs. 3 and 5, Table S2). These data are mostly reversely discordant (**’Pb/?°Pb
age <?0Pb/238U age), but intercept concordia due to large uncertainties in the 2°°Pb/?*8U ages, which
are largely propagated from the U/Pb calibration. The ~20 um ellipses incorporating PEDs mostly
yielded significantly older ages than the SHRIMP analyses in the same domain and the assigned
crystallization age of each grain. In contrast, ~20 um ellipses that do not include the PEDs generally
yielded ages consistent with the SHRIMP data. These results confirm that incorporation of PEDs
during in-situ SIMS analyses results in spuriously old ages that may be hundreds of million years
older than the crystallization ages (Ge et al., 2018).

The calculated ages for the polygons following growth zones provide interesting insights into
the formation of the PEDs. Most polygons, with or without PEDs, yield concordant ages that are,
within uncertainties, indistinguishable from the SHRIMP ages (last panel in Fig. 3, Table S2),
suggesting that the PEDs mostly formed within individual growth zones and that their effect on the
calculated age was diminished because of the small size of the area they occupied. However, the
polygon that includes the PEDs in Image 2 of grain 14041 (ROI 10) has a discordant age (**’Pb/?°°Pb
age of ~4.16 Ga), which is younger that the ~4.3 Ga crystallization age of this grain (Ge et al., 2018).
This is also true for the dark-CL zone (ROI 3) containing the PED in grain 22026. The polygons
including the PEDs in grain 14121 (ROIs 7 and 9) yield concordant ages (~4.12 Ga) that are also
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slightly younger than the crystallization age of this grain (~4.17 Ga) based on SHRIMP analyses.
These observations suggest that these regions might have experienced an overall Pb* loss despite
the presence of PEDs.

The U-Pb ages calculated for the polygons also provide further constraints on the
crystallization ages of the studied grains. For example, SHRIMP analyses of grain 23092
predominantly yielded discordant ages, due to high U and Th along ubiquitous cracks. Small
polygons were carefully selected in the ion images to avoid these cracks, yielding concordant ages
with a weighted mean 2°7Pb/?%Pb age of 4177 + 29 Ma (26, MSWD = 1.8, n= 7, Table S2, Fig. 5g),
consistent with the oldest concordant SHRIMP analysis (4185 + 10 Ma, 2c, Table S1, Fig. 2g). In
addition, polygons overlapping individual secondary growth rings or recrystallized domains mostly
yielded ages indistinguishable from, or slightly younger than, the crystallization ages of individual
grains (Fig. 5), suggesting these grains were overprinted shortly after crystallization in the Hadean.
4. Discussion
4.1. Characteristics of the PEDs in Hadean zircons from the Jack Hills

The ion images show the distribution of U, Th and Pb isotopes within zircon and confirm their
correlation with internal growth zones as seen in CL images, except for the extremely high U and
Th along grain margins and some of the cracks, which probably resulted from growth of secondary
xenotime during low-grade metamorphism (e.g., Rasmussen et al., 2011; Bell et al., 2015b) and/or
interaction with weathering solutions in recent geological times (Pidgeon etal., 2017, and references
therein). They also provide solid evidence for the presence of micrometer-scale hotspots of
unsupported Pb* (i.e., PEDs) in the Hadean zircon grains. The isotope profiles and calculated U-Pb
ages presented above demonstrate that the PEDs represent ancient Pb* that has been locally

14



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

concentrated within zircon. They have at least 2 — 5 times higher Pb* concentrations than the
surrounding regions and are not accompanied by elevated U, Th or 2%*Pb, indicating that the Pb* is
neither produced by in-situ U or Th decay, nor the result of introduction of common Pb. Moreover,
the PEDs have extremely high 2°7Pb/2%Pb ratios (up to 0.7 — 1.1) that correspond to apparent ages
well in excess of the age of the Earth, suggesting that the Pb* was produced within a few hundred
million years after the crystallization of the Hadean zircons when radiogenic 2°’Pb was relatively
more abundant because of the higher abundance and faster decay of 2*°U. It should be noted that
these estimates of Pb concentrations and 2°7Pb/2%Pb ratios are minimum values, because the actual
size of the PEDs is likely to be much less than a few microns (see below), so that even the smallest
ROIs selected for calculation represent a mixture of Pb* in the PEDs and Pb* produced by
subsequent in-situ decay.

Previously, PEDs have been documented using SII in Archean zircons from the Napier
Complex, East Antarctica (Kusiak et al., 2013a, b), and in Paleoproterozoic zircons from the Kerala
Khondalite Belt, southern India (Whitehouse et al., 2014), both of which were from rocks that have
undergone UHT metamorphism. However, the PEDs are much rarer in the detrital Hadean zircons
from the Jack Hills than in those two earlier studies. Only 1 — 3 hotspots are found in the ~70 um x
70 um imaged areas in most grains, compared to tens to hundreds in the Antarctic and Indian zircon
grains (Kusiak et al., 2013a, b; Whitehouse et al., 2014). Relatively abundant PEDs are only present
in a small area (image 1) of grain 14041 (Ge et al., 2018). This suggests that Pb* mobilization and
redistribution in the Jack Hills Hadean zircon grains mostly occurred within specific zones (see
below), consistent with the fact that most grains yielded precise U-Pb ages.

Recent APT (Valley et al., 2014; Peterman et al., 2016a; Piazolo et al., 2016) and TEM
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(Kusiak et al., 2015; Whitehouse et al., 2017b) studies reveal that PEDs in zircon commonly occur
as 5 — 30 nm clusters or patches, which is about three orders of magnitude less than the size of the
Pb* hotspots appearing in the ion images. This likely results from the relatively low resolution of
the current ion imaging technique, which uses a ~5 um primary beam. Whitehouse et al. (2014)
carried out depth-profile ion imaging that integrated more than 1500 scans rastered over the imaged
area. The crater depth of the rastered area was calibrated using a profilometer, yielding an average
sputtering rate of ~0.05 nm/scan that enables resolution of 1 — 2 nm objects over the sputtering depth.
The results suggest that the PEDs in the Paleoproterozoic zircon grains from the Kerala Khondalite
Belt in southern India range in size from <5 nm to several 10s nm, consistent with TEM
observations (Whitehouse et al., 2017b). We prepared a pseudo-3D reconstruction of the PED in
grain 25025 by integrating the 2°’Pb counts for each 10 scans and found that the intensity of the
PED gradually increased and then decreased, before disappearing after 60 scans, suggesting the
PED was completely traversed during sputtering and its actual size was smaller than the sputtering
depth (Fig. 6). Although the current analysis used a stronger (~250 pA, ~5 um diameter ) primary
beam and thus likely a higher sputtering rate than that in \Whitehouse et al. (2014) (~100 pA, ~2 pm
diameter ), this experiment suggests that the PEDs in the Hadean zircons from the Jack Hills are
probably also nano-scale objects.
4.2. Mechanisms of intra-grain Pb* enrichment

The presence of PEDs in zircon indicates that Pb* was locally concentrated within the crystal,
while the whole grain or the hosting growth zone might have experienced an overall Pb* loss or
remained a closed system. Thus, any mechanism for the formation of PEDs has to explain not only
Pb* mobilization at various scales but also capture of the mobilized Pb* at favorable nano-scale
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sites. As mentioned earlier, several mechanisms have been proposed for the formation of PEDs,

including: 1) diffusion of Pb* into loose nanoclusters, produced initially by a-recoil damage, but

enhanced during later reheating (Valley et al., 2014); 2) trace element (including Pb*) migration

into fast diffusion pathways (e.g., dislocations, low-angle boundaries) produced by crystal-plastic

deformation (e.g., Timms et al., 2011; Reddy et al., 2016; Piazolo et al., 2016; Kovaleva et al., 2017);

3) formation of metallic Pb nanospheres in partially radiation-damaged zircon during later UHT

metamorphism (Kusiak et al., 2015; Whitehouse et al., 2017b); and 4) Pb* trapped in dislocation

loops during high temperature metamorphism (Peterman et al., 2016a). Mechanisms 1), 3), and 4)

are all related to radiation damage, but are different in the resultant Pb* concentrations in the PEDs,

and thus have different geochronological implications.

The PEDs formed by mechanism 1) have relatively low Pb* concentrations (<0.8 at.%) and

are homogenously distributed within the micrometer-scale spot-size of SIMS analyses (Valley etal.,

2014). This is probably because Pb diffusion in zircon is relatively slow even under very high

temperatures (e.g., Cherniak and Watson, 2001) and thus is unable to mobilize and concentrate Pb

to a greater extent. This mechanism is inconsistent with the heterogeneous distribution of the PEDs

in this study, which have much higher Pb* concentrations and have compromised some of the

SHRIMP spot analyses (Ge et al., 2018). Mechanism 2, i.e., deformation-induced trace element

mobilization, can also be ruled out here, since EBSD mapping of the grains shows little internal

deformation, except for minor (<2 —4° ) misorientations at the margins for some grains, which are

unrelated to any PEDs (Figs. 3 and 4).

The metallic Pb nanosphere model, mechanism 3) (Kusiak et al., 2015; Whitehouse et al.,

2017b), and the dislocation loop model, mechanism 4) (Peterman et al., 2016a), both involve
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thermal annealing of interconnected radiation damage during a high-temperature event. The
resultant PEDs have variably high Pb* concentrations (100% Pb* for metallic Pb nanospheres and
2 — 5.5 at. % for dislocation loops) and are heterogeneously distributed, and thus are easily detected
during SIMS analysis. The degree of radiation damage depends on the U and Th contents and the
time between crystallization and annealing (e.g., Murakami et al., 1991). We have estimated the
time of the overprinting event that led to Pb* mobilization for each grain using the lower intercept
age of the discordia that is anchored at the crystallization age and fitted to the SHRIMP and ion
imaging data, excluding outliers (Fig. 5). The resultant lower intercept ages range from 4.1 to 3.3
Ga (Fig. 5, Table 2), except for ~2.8 Ga for grain 13015, which is probably too young because the
SHRIMP and ion image ages for the domain that contains PEDs are concordant and consistent with
the crystallization age, indicating Pb* mobilization shortly after crystallization at ~4.1 Ga. These
estimated Pb mobilization ages are older than the ~3.0 Ga maximum deposition age of the
conglomerate that contains the Hadean zircon grains (e.g.,, Compston and Pidgeon, 1986),
suggesting Pb* mobilization occurred in the source rock(s) at earlier, but different times (Table 2),
rather than during a post-deposition overprinting event that influence the entire zircon population.
Indeed, the timing of the oldest metamorphism at the W74 site was determined at 2653+5 Ma
utilizing metamorphic monazite (Rasmussen et al., 2010), and is considerably younger than any of
the lower intercept ages. Accordingly, the a-dose was calculated using the U and Th contents of the
domains containing the PEDs. The resultant a-dose at the time of Pb* mobilization is 0.1 — 1.2 x
10'5/mg (Table 2), which is below the first percolation point (~2.2 x 10'3/mg) (Pidgeon, 2014),
suggesting these grains were not significantly damaged when Pb* mobilization occurred. However,
the PEDs in grains 11085, 12070, 22026 and 25025 are exclusively associated with dark-CL, high
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U growth zones, which could have accumulated considerably more radiation damage than adjacent

zones. A recent TEM study (Tang et al., 2018) revealed abundant nanoscale pores and

interconnected dislocations in relatively high U growth zones in Jack Hills zircons, which are partly

filled with Fe-oxides, but could also have been favorable sites for Pb* concentration. Therefore, we

suggest that Pb* trapped at these sites during thermal annealing of local-scale radiation damaged

areas in these zones was likely responsible for producing the PEDs.

However, the radiation damage annealing model cannot explain the PEDs in grains 14041,

13015 and 14121, which are located in, or near the margin of, relatively bright-CL, low-U domains,

whereas the relatively dark-CL, high-U domains (e.g., the CL-dark core of grain 14041 and the

regularly zoned core of grain 13015) in the same grains are PED-free (Fig. 3; also see Ge et al.,

2018). These bright-CL domains have irregular or curved boundaries and patchy or homogenous

internal structures that truncate or embay the regularly zoned or homogeneous, high-U domains.

They are also characterized by low Th contents and low Th/U ratios relative to the regularly zoned

or homogenous domains (e.g., average Th =3 ppm and Th/U = (.11 for grain 14041, Ge et al., 2018).

These characteristics are consistent with preferential expulsion of Th over U during solid-stage

recrystallization in the presence of an aqueous fluid (e.g., Pidgeon, 1992; Vavra et al., 1996;

Schaltegger et al., 1999; Corfu et al., 2003), suggesting that the PEDs in these grains are probably

related to fluid-present recrystallization of non-metamict zircon.

Geisler et al. (2007) proposed a coupled dissolution-reprecipitation model for the

recrystallization of zircon without significant radiation damage. This model involves dissolution of

trace element-rich zircon and simultaneous precipitation of trace element-free zircon and trace

element-rich inclusions. This process has been documented in many natural zircons that show clear
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evidence of fluid alteration, but did not accumulate significant radiation damage at the time of

alteration (e.g., Tomaschek et al., 2003; Rubatto et al., 2008; Kusiak et al., 2009; Soman et al., 2010;

Peterman et al., 2016b; Chen and Zhou, 2017; VVonlanthen et al., 2012). The resultant recrystallized

domain is characterized by relatively bright CL intensity, low trace element concentrations and low

Th/U ratios, as well as the presence of pores and mineral inclusions ranging from nanometers to

micrometers in size (see references above). Putnis (2002) argued that coupled dissolution-

reprecipitation is a very common replacement reaction occurring in many minerals or mineral

assemblages in disequilibrium with a fluid, and that the development of porosity is a general

consequence of loss of some reactant materials to the fluid (see also Geisler et al., 2007). In altered

zircons ascribed to this process, micrometer-scale pores and mineral inclusions have been observed

using SEM (e.g., Tomaschek et al., 2003; Rubatto et al., 2008; Kusiak et al., 2009; Soman et al.,

2010; Peterman et al., 2016b; Chen and Zhou, 2017), and nanometer-scale pores, strain centers and

dislocation loops have been documented using high-resolution TEM (Vonlanthen et al., 2012; Tang

et al., 2018). Vonlanthen et al. (2012) further suggested that these pores could have been remnants

of transport channels of incompatible trace elements, including Pb*, which, upon annealing, could

have been trapped in the zircon lattice. Kusiak et al. (2009) found that the recrystallized zircon

domains in altered Paleozoic zircons from the Bohemian Massif yielded strongly reversely

discordant U-PDb ages, in part due to a matrix effect during SIMS analysis but in part also to presence

of unsupported Pb*.

Accordingly, we suggest that Pb* trapped in nanoscale pores formed during fluid infiltration

and recrystallization could have been responsible for the PEDs associated with the relatively bright-

CL domains in zircon grains 14041, 13015 and 14121 from the Jack Hills. This interpretation is
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supported by the fibrous structures seen in grain 14121 (Fig. 2e), which are very similar to fluid
channels produced in altered zircon rims during hydrothermal experiments (see Fig. 1e - g in Geisler
et al., 2003). However, the absence of identifiable mineral inclusions in these grains is inconsistent
with this model, although a fluid inclusion can be seen deeply buried in grain 14041 based on
transmitted light photomicrographs (Fig. S3). It is likely that most trace element-rich mineral
inclusions are incompatible in the zircon lattice and may have been expulsed during recrystallization.
4.3 Implications for in-situ U-Pb dating

The presence of PEDs in zircon constitutes a challenge for low-volume U-Pb dating (e.g., in-
situ SIMS analysis), especially for ancient detrital zircon grains like those from the Jack Hills. Our
results demonstrate that a significant portion (at least ~14%) of detrital Hadean zircon grains from
the Jack Hills contain PEDs, which have high Pb* concentrations and high 2’Pb/?%Pb ratios so that
including even small portions in a SIMS spot would produce spuriously old 2°’Pb/?*Pb and
206pp/238U ages. Whether the resultant ages are reversely discordant or concordant depends on the
time of PED formation and the analytical precision, which is likely compromised by the
heterogeneous distribution of PEDs in the analyzed volume. Apparently concordant ages can be
obtained if the PEDs formed within a few hundred million years after crystallization, even for the
typical precision of SIMS analyses (see Fig. 1; Ge et al., 2018). Overprinting by later Pb* loss events
would also transfer the reversely discordant data onto the concordia curve. The implication is that
concordance is no longer a guarantee of the reliability of U-Pb ages, even if multiple concordant
ages, or a concordia age, have been obtained. This has been substantiated by the spuriously old
concordia age of grain 14041 (Ge et al., 2018), although, in general, the possibility to encounter
PEDs during in-situ SIMS dating of the Jack Hills Hadean zircon grains is low considering the rarity
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of PEDs in most of the studied grains. To overcome this possibility, the intra-grain distribution of

U-Th-Pb isotopes should be carefully investigated for grains showing complex age spectra, and

regions showing evidence of disturbance of the U-Th-Pb isotopic system, e.g., PEDs, high U-Th

margins and cracks, should be avoided in order to extract primary crystallization ages.

This study also highlights that Pb* behavior in zircon may be more complicated than

previously thought. Pb* can be mobilized and migrated out (Pb* loss), or be concentrated (PED

formation), in various regions of a zircon through diverse mechanisms. This can occur not only

during crystal plastic deformation or high- to ultra-high temperature metamorphism in partially

metamict zircon, but also under relatively low temperature, fluid-present conditions in undamaged

zircon as early as ~4.1 Ga. Better understanding of these processes, probably by a combination of

high-resolution techniques (e.g., SII, APT and TEM), is essential for proper interpretation of

complex U-Pb age spectra in zircon.

Conclusions

Scanning ion imaging reveals that 8 out of 51 Hadean detrital zircon grains from the Jack Hills

contain micrometer-scale PEDs, indicating that these ancient zircon grains were affected by intra-

crystalline Pb* enrichment. The PEDs are relatively rare in most of the grains and reside in different

growth zones, suggesting they may have formed on a local-scale. The PEDs associated with dark-

CL, high-U zones are interpreted as Pb* trapped during thermal annealing of local-scale inter-

connected radiation damaged areas, whereas those associated with bright-CL recrystallized domains

resulted from Pb* concentration in nanoscale pores formed during fluid-present recrystallization of

non-metamict zircon. Our interpretations imply that PEDs formed at favorable local sites, with the

majority of the grain not affected by Pb* mobilization. This also implies that the formation
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mechanism of PEDs in zircon is more diverse than previously thought. These PEDs in the Hadean
zircon grains have high Pb* concentrations and high 2°’Pb/?%Pb ratios such that incorporating them
into micrometer-scale SIMS spots will produce spuriously old ages. The resultant U-Pb data are
either reversely discordant or concordant, depending on the time of Pb* mobilization and the
analytical precision. The presence of PEDs explains reversely discordant, imprecise and/or
exceptionally old SIMS ages recorded in some ancient zircons and implies that intra-grain
distribution of U-Th-Pb isotopes needs to be carefully evaluated in order to obtain reliable
crystallization ages in such zircons.
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Figure captions:

Fig. 1. Tera-Wasserburg concordia diagram showing the effect of Pb* mobilization on U-Pb dating
of an ancient (e.g., 4300 Ma) zircon. (a) The effect of Pb* mobilization at different times. Generally,
Pb* loss or enrichment leads to normal or reversely discordant data, respectively (e.g., line 1, t, =
2000 Ma). However, if Pb* mobilization occurred shortly after crystallization (e.g., line 2, t; = 3800
Ma), the data will intercept the concordia with typical precision for in-situ SIMS analysis (1% for
207pb/2%Pb and 2% for 2°Pb/>38U, 26) until >50% Pb* enrichment, resulting in significantly older
or younger apparently concordant ages. Each ellipse represents 10% Pb* loss or Pb* gain. t; and t;
are the time of zircon crystallization and Pb* mobilization, respectively. The inset shows the
definition of t; and ta, as well as the 207Pb/2%Pb ratio (Ip) of the Pb* formed between t; and t2. (b)
the effect of incorporating different numbers of Pb*-enriched domains (assuming 20 nm metallic
Pb nanospheres, Kusiak et al., 2015) in a SIMS spot analysis (assuming a circular spot 20 pm in
diameter and 0.1 pm in depth), using the equations in Ge et al (2018) and assuming t, = 3800 Ma
and U = 30 ppm. The total number of metallic Pb nanosphere in this zircon (assuming a
180*%120%120 1 m ellipsoid) is estimated to be ~107 if all Pb* is present as metallic Pb, so even a

very small portion of excess metallic Pb* would have a significant effect on U-Pb age.

Fig. 2. CL images showing internal structures and SHRIMP 20’Pb/?Pb ages (+1c, in Ma, %
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discordance in brackets) of the studied Hadean zircon grains. (a) grain 14041; (b) grain 11085; (¢)
grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025.
Dashed squares show the area studied using scanning ion imaging. Image 1 of grain 14041 in (a) is

reported in Ge et al. (2018). Scale bar in all panels is 50 pm.

Fig. 3. CL, 28U, 2%Pb and 2°’Pb images showing the internal structures, distribution of U-Pb
isotopes, and calculated 2°°Pb/2°7Pb ages for various regions of interest (ROIs) of the studied areas
of the Hadean zircon grains. (a) grain 14041; (b) grain 11085; (c) grain 12070; (d) grain 13015; (e)
grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025. Colour scale indicates relative
counts/pixel intensity of the ions. Dashed lines in the 2°’Pb images in the fourth panel indicate
isotope profiles shown in Fig. 4. Ellipses and polygons in the last panel indicate different ROIs
selected for age calculation (see text for details), where the numbers correspond to the number of
ROIs and the calculated 2°’Pb/2%Pb ages (in Ma) in Table S2. Note the first order control of the U,
Th and Pb concentrations is by cracks, grain boundaries and CL zoning. Also note the presence of
hotspots and patches of high 2°Pb and 2°’Pb that do not correspond to high 2*3U. These hotspots and
patches correspond to different growth zones in different grains, as indicated by dotted areas in the
CL images. They have exceptionally high apparent 2°’Pb/?°Pb ages, and incorporating them into
~20 um elliptical ROIs (similar to SIMS spot) results in spuriously older 2*’Pb/?°Pb ages. Scale bar

is 20 um. Ton images of other isotopes can be found in Supplementary Fig. S1.

Fig. 4. Isotope profiles across the Pb* enriched domains (PEDs) showing 23%U, 2°Pb and 2°’Pb
counts (left axis) and 2°’Pb/?%Pb ratios and ages (right axis). (a) grain 14041; (b) grain 11085; (c)
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grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025.
See Fig. 3 for locations of the profiles. Shaded bands indicate the PEDs. Note the high 2°’Pb and
206Pb in the core of grain 14041 are supported by high 2*8U, but for the PEDs in this and other grains,
the 2°7Pb and 2%°Pb peaks do not correspond to 23U peaks, indicating 2°’Pb and 2°Pb are not
produced by in-situ U decay. Moreover, 2’Pb is more enriched than 2°Pb in these domains,
producing extremely high 2°7Pb/2%Pb ratios (up to 0.8 — 1.0) that correspond to apparent ages
exceeding the age of the Earth, which indicates that the Pb* was concentrated in these domains

shortly after crystallization.

Fig. 5. Tera-Wasserburg concordia diagrams showing the calculated ages (open ellipses) from the
ion images compared to the SHRIMP data (filled ellipses). (a) grain 14041; (b) grain 11085; (c)
grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025.
Dashed lines are the discordia lines anchored at the estimated crystallization ages (see text for details)

and fitted through the ion imaging and SHRIMP data, excluding outliers (dotted ellipses).

Fig. 6. A pseudo-3D reconstruction of a Pb*-enriched domain from grain 22025. Each layer
represents an integration of 10 scans, which is estimated to represent ~0.5 — 1 nm in depth according
to the depth profile study of Whitehouse et al. (2014). The intensity of 2*’Pb increases and then
decreases with increasing sputtering depth, suggesting a Pb*-enriched domain was fully traversed.

This implies a vertical dimension of ~3 — 6 nm for the Pb*-enriched domain.
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Table 2. Calculated a-dose for the studied Hadean zircon grains.

Grain no. 14041 11085 12070 13015 14121 22026 23092 25025
Crystallization age (#1, in Ma)® 4300 4092 4029 4126 4189 4198 4182 4041
Pb* mobilization age (2, in Ma)® 3800 3500 3700 4100 3300 3600 4100 3300
U (ppm)* 28 134 151 80 76 138 218 156
Th (ppm)* 3 36 69 44 40 46 160 53

a dose at present (x10'5/mg)¢ 0.8 3.5 3.9 4.1 2.1 3.8 6.3 4.0

a dose at £ (x10'5/mg)? 0.2 0.9 0.6 0.1 0.8 1.0 0.3 1.2

Notes: *Best estimate from SHRIMP and/or ion imaging data; PEstimated from lower intercept ages

in Fig. 6, except for grain 13015, for which a t2 value of ~4100 Ma is assumed (see text for

explanation); “Representative U and Th contents of the domains related to Pb* mobilization; %o dose

calculated using the equation in Murakami et al. (1991).
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