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Abstract:  23 

The recent discovery of Pb* (radiogenic lead) -enriched domains (PEDs) in zircon using high-24 

resolution scanning ion imaging, atom probe tomography and transmission electron microscopy 25 

indicates that the U-Pb isotopic system in zircon can be affected not only by Pb* loss but also by 26 

intra-crystalline Pb* enrichment. However, the formation mechanism of PEDs and the 27 

consequences for in-situ U-Pb dating remain elusive. To further understand these issues, scanning 28 

ion imaging and U-Pb dating were carried out on 51 Hadean detrital zircon grains from the Jack 29 

Hills, Western Australia. Of these, 8 grains were found to contain micrometer-scale PEDs with 30 

elevated 207Pb and 206Pb in the ion images. Isotope profiles across these PEDs confirm that they 31 

represent unsupported Pb* resulting from intra-grain mobilization and local enrichment of Pb* 32 

during ancient overprinting events. The PEDs are rare in most grains, with only 1 – 3 Pb* hotspots 33 

present in any ~70 μm × 70 μm imaged area, and are located either in dark-CL, high-U growth zones, 34 

or associated with bright-CL, low-Th recrystallized domains, suggesting that they were likely 35 

formed by local-scale processes. The PEDs located in dark-CL, high-U growth zones likely resulted 36 

from Pb* trapped in local, interconnected pathways produced by radiation damage during thermal 37 

overprinting events. Those associated with bright-CL, low-Th domains are interpreted as Pb* 38 

concentrated in nanoscale pores formed during fluid-present recrystallization of non-metamict 39 

zircon. Our interpretations therefore imply that intra-crystalline enrichment of Pb* in zircon can 40 

occur at various scales and through diverse mechanisms. Age calculations based on the ion images 41 

demonstrate that incorporation of PEDs in conventional in-situ SIMS spots produces spuriously old 42 

ages that are either reversely discordant or concordant, depending on the time of Pb* mobilization 43 

and the analytical precision. The implication is that careful investigation of intra-grain distribution 44 
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of U-Th-Pb isotopes is required in order to better understand the U-Pb isotopic system and to obtain 45 

reliable crystallization ages for ancient zircons affected by complex Pb* mobilization and 46 

redistribution.  47 

Keywords: Hadean; detrital zircon; Jack Hills; scanning ion imaging; unsupported radiogenic lead 48 
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Table1 . Acronyms used in this study 

APT Atom probe tomography 

CL Cathodoluminescence 

EBSD Electron backscatter diffraction 

MSWD Mean square weighted deviation 

PED Pb* (radiogenic Pb)-enriched domain 

ROI Region of interest 

SHRIMP Sensitive high-resolution ion microprobe 

SII Scanning ion imaging 

SIMS Secondary-ion mass spectrometry 

TEM Transmission electron microscopy 

UHT Ultra-high temperature 

  52 
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1. Introduction 53 

Due to the absence of a rock record, our knowledge of the first half billion years of Earth 54 

history relies heavily on Hadean (≥4.0 Ga) zircon grains, the majority of which have been derived 55 

from a metaconglomerate unit in the Jack Hills supracrustal belt, Western Australia (e.g., Compston 56 

and Pidgeon, 1986). These ancient zircon grains have been extensively studied for U-Pb ages (e.g., 57 

Wilde et al., 2001; Holden et al., 2009; Valley et al., 2014; Bellucci et al., 2018), mineral inclusions 58 

(e.g., Maas et al., 1992; Hopkins et al., 2008; Rasmussen et al., 2011; Bell et al., 2015a, b), trace 59 

element compositions (e.g., Maas et al., 1992; Watson and Harrison, 2005; Trail et al., 2011), O 60 

(e.g., Valley et al., 2002; Nemchin et al., 2006) and Hf (e.g., Amelin et al., 1999; Kemp et al., 2010) 61 

isotopes, as well as paleomagnetism (e.g., Tarduno et al., 2015; Tang et al., 2018), in an attempt to 62 

infer crustal composition, surface environment, geodynamics and even life in the Hadean. However, 63 

any interpretation of the Hadean detrital zircon record critically depends on the ability to derive 64 

precise and accurate U-Pb ages (e.g., Whitehouse et al., 2017a). 65 

U-Pb dating of ancient zircon grains like those from the Jack Hills is commonly complicated 66 

by radiogenic Pb (Pb*) loss (Corfu, 2013, and references therein). More rarely, apparent Pb* gain 67 

has also been involved to explain reversely discordant data revealed using various U-Pb dating 68 

techniques (e.g., Williams et al., 1984; Mattinson et al., 1996; Carson et al., 2002; McFarlane et al., 69 

2005; Wiemer et al., 2017), although reverse discordance can also result from matrix effect during 70 

SIMS analysis of high U zircon (e.g., White and Ireland, 2012). Recent studies using high-resolution 71 

scanning ion imaging (SII) (Kusiak et al., 2013a, b; Whitehouse et al., 2014; Ge et al., 2018), atom 72 

probe tomography (APT) (Valley et al., 2014; Peterman et al., 2016a; Piazolo et al., 2016) and 73 

transmission electron microscopy (TEM) (Kusiak et al., 2015; Whitehouse et al., 2017b) have 74 
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documented abundant micrometer- to nanometer-scale Pb*-enriched domains (PEDs) with elevated 75 

Pb* concentrations in Hadean to Paleozoic zircons (see Table 1 for acronyms), providing evidence 76 

for excess Pb* that is not generated by in-situ U decay. Such unsupported Pb* has been ascribed to 77 

mobilization and intra-grain enrichment of Pb* (see references above). However, the PEDs 78 

documented in these studies are highly variable in Pb* concentration, and their formation 79 

mechanism remains elusive, as too does their effect on in-situ U-Pb dating.  80 

For example, using SII, Kusiak et al. (2013a, b) and Whitehouse et al. (2014) found numerous 81 

micrometer-scale PEDs in partially radiation-damaged zircons that had undergone ultrahigh 82 

temperature (UHT) metamorphism. These authors carried out high-resolution TEM and 83 

demonstrated that the PEDs occur as 5 – 30 nm metallic Pb (100% Pb) nanospheres formed as 84 

trapped melt inclusions due to thermal annealing of interconnected radiation damage during UHT 85 

metamorphism. They suggested that these metallic Pb nanospheres were responsible for the 86 

reversely discordant ages observed in some in in-situ SIMS analyses (e.g., Black et al., 1986). 87 

However, apparently concordant yet spuriously old ages can also be obtained in ancient zircon (Fig. 88 

1). In contrast, using APT, Valley et al. (2014) demonstrated abundant ~10 – 20 nm Y-rich clusters 89 

with ≤0.8 at.% Pb* in a ~4374 Ma zircon from the Jack Hills, which they attributed to diffusion of 90 

Y and Pb* into nanoscale radiation damage during a ~3.4 Ga metamorphic event. The authors 91 

determined that these Pb*-rich nanoclusters are homogeneously distributed throughout the analyzed 92 

volume, thereby they are unlikely to compromise micrometer-scale SIMS analyses. Similarly, 93 

Peterman et al. (2016a) found a few Pb*-enriched nanoclusters by APT in a ~2.1 Ga zircon core 94 

from the Central Greek Rhodope, but these nanoclusters have much higher Pb* concentrations (2 – 95 

5.5 at.%) and were interpreted as Pb* trapped in dislocation loops formed by annealing of radiation 96 
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damage during granulite facies metamorphism at ~150 Ma. Despite the differences in Pb* 97 

concentration and formation mechanism, all studies have suggested that radiation damage plays a 98 

vital role in the formation of PEDs. In addition, many have demonstrated that crystal plastic 99 

deformation in zircon can play an important role in the migration and redistribution of incompatible 100 

elements, including Pb* (e.g., Timms et al., 2011; Reddy et al., 2016; Piazolo et al., 2016; Kovaleva 101 

et al., 2017). 102 

Recently, Ge et al. (2018) reported 4486 – 4425 Ma concordant SHRIMP ages from a Hadean 103 

zircon (grain 14041) from the Jack Hills with low U and Th (thus a low degree of radiation damage) 104 

and no evidence for internal deformation. Scanning ion imaging demonstrated that this zircon 105 

contains abundant micrometer-scale PEDs and that the exceptionally old SHRIMP ages were 106 

spurious and resulted from incorporation of PEDs in the analyzed volume. This case study confirms 107 

that apparently concordant ages that are up to ~200 Myr older than the crystallization ages can be 108 

obtained during in-situ U-Pb dating due to the presence of PEDs in Hadean zircon (Fig. 1). It also 109 

necessitates a new mechanism for the formation of PEDs in addition to Pb* mobility due to radiation 110 

damage or plastic deformation. To evaluate how many Hadean zircon grains from the Jack Hills 111 

may have been influenced by PED formation, we carried out scanning ion imaging of 50 additional 112 

Hadean zircon grains from the Jack Hills and found seven new grains that contain PEDs. Here we 113 

present in-situ SHRIMP U-Pb and SII data for these newly found grains, as well as new ion images 114 

for an area of grain 14041 that was not covered in Ge et al. (2018), to better constrain the 115 

mechanisms of intracrystalline Pb* enrichment and its consequences for in-situ U-Pb dating of 116 

ancient zircon grains.     117 

2. Samples and analytical procedures  118 
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Zircon grains were extracted using a high voltage pulsed power fragmentation system (SelFrag) 119 

from a meta-conglomerate sample from the W74 site, where detrital Hadean zircons were first 120 

reported from the Jack Hills, Western Australia (Compston and Pidgeon, 1986). A total of ~2500 121 

grains were mounted in epoxy resin along with zircon reference standards (CZ3, BR266 and Temora 122 

2). The mounts were polished, gold-coated, and imaged under reflected and transmitted light. Rapid 123 

206Pb (10s) and 207Pb (10s) scans were performed using a SHRIMP II ion microprobe at the John de 124 

Laeter Center (JDLC) at Curtin University in order to identify the Hadean grains, and 215 (~9%) 125 

grains were found to have 207Pb/206Pb ages ≥ 3.9 Ga. High resolution cathodoluminescence (CL) 126 

images were then obtained for these ancient grains using a TESCAN MIRA3 Field Emission 127 

scanning electron microscope at the Microscopy and Microanalysis Facility (JDLC), Curtin 128 

University. Electron Backscatter Diffraction (EBSD) images were also acquired for selected grains 129 

using the same instrument equipped with an Oxford Instruments AZtec EBSD system. Based on the 130 

CL, and transmitted and reflected light images, 109 relatively pristine (without major cracks or 131 

inclusions) ≥3.9 Ga grains were selected for detailed in-situ zircon U–Th–Pb analyses using the 132 

same SHRIMP II. Detailed analytical settings can be found in de Laeter and Kennedy (1998) and 133 

Ge et al. (2018), and the analytical precision is typically ~0.5% for 207Pb/206Pb and ~1.5% for 134 

206Pb/238U (1σ). U-Pb age data for the grains described in this study are presented in Supplementary 135 

Table S1. Most Hadean zircon grains from the Jack Hills show some complexity in their U-Pb ages, 136 

including: 1) multiple concordant yet variable ages within the same growth zone; 2) discordant and, 137 

more rarely, reversely discordant ages; and 3) higher-than-normal analytical uncertainties. This 138 

reaffirms that ancient (and recent) Pb* mobilization is common in these grains.  139 

To better understand the behavior of the U-Pb isotopic system, SII and dating were carried out 140 
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on 51 grains that showed some degree of U-Pb complexity, including additional images of grain 141 

14041 described in Ge et al. (2018). The analyses were performed on a CAMECA IMS1280 ion 142 

microprobe at the NordSIM Facility, Swedish Museum of Natural History, Stockholm. The 143 

analytical procedure is described in Kusiak et al. (2013b, 2013a), Whitehouse et al. (2014), Bellucci 144 

et al. (2016, 2018) and Ge et al. (2018). This technique enables high-resolution (down to 2 μm) 145 

mapping of the U-Th-Pb isotopes over an area of ~70 μm × 70 μm on the sample surface (Fig. 2). 146 

Compared to earlier studies (Kusiak et al., 2013b, 2013a; Whitehouse et al., 2014), recent 147 

procedures, using a stronger primary beam (5 μm, ~250 pA, compared to 2 μm, 100 pA ), also 148 

enables calculation of 206Pb/238U ages, in addition to 207Pb/206Pb ages, for regions of interest (ROIs) 149 

of any shape and size (Bellucci et al., 2016, 2018; Ge et al., 2018). The precision depends on the 150 

size of the selected ROIs. For ROIs equivalent in size to a typical SIMS U-Pb analytical spot (~20 151 

μm), the precision is ~1.5% for 207Pb/206Pb and ~4.5% for 206Pb/238U (1σ). 152 

3. Results 153 

3.1. Internal structures and SHRIMP U-Pb ages 154 

The zircon grains in this study are reddish-brown in color and are ~100 – 200 μm long. Grain 155 

14041, described in detail in Ge et al. (2018), contains a dark-CL, homogenous core surrounded by 156 

irregular domains with variable CL intensity and complex structures (Fig. 2a). The other seven 157 

grains (Fig. 2b – h) are either fragments (grains 11085, 12070, 14121, 22025 and 25025) or prismatic 158 

crystals (grains 13015 and 23092). Most grains show fine concentric zoning (grains 11085, 13015 159 

and 23029, and part of grain 22026) or homogenous structure (grain 12070 and part of grain 22026) 160 

in the core, which is surrounded by multiple growth rings with variable CL intensity and patchy or 161 

homogenous structure. The oscillatory-zoned parts of grains 13015 and 23092 are locally embayed 162 
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by dark-CL, homogenous domains (Fig. 2d, g). Grain 14121 is dominated by a grey-CL domain that 163 

is partly replaced by bright-CL domains (Fig. 2e). It contains abundant dark-CL fibrous structures 164 

that resemble fluid channels observed in hydrothermal experiments on zircon (cf. Fig. 1e - g in 165 

Geisler et al., 2003). Grain 25025 has a dark-CL domain and a bright-CL domain, both showing 166 

faint, fine banding (Fig. 2h). Most grains contain minor cracks, except for grain 23092 that has 167 

abundant cracks, as well as muscovite and quartz inclusions (Fig. 2g).  168 

EBSD mapping shows that most grains (14041, 11085, 12070, 13015 and 25025) have high 169 

crystallinity and show little variation in crystal orientation, indicating limited radiation damage and 170 

no significant internal plastic deformation (Supplementary Fig. S2a – d, h). However, the dark-CL, 171 

high-U domains of grains 22026 and 23092 have low crystallinity (Fig. S2f, g), suggesting 172 

significant radiation damage. Furthermore, grain 14121 shows 2 - 4° variation of crystal orientation 173 

at the margins probably due to block rotation along fractures (Fig. S2e). But taken overall, none of 174 

these grains shows significant internal deformation.   175 

SHRIMP U-Pb ages of grain 14041 were presented in Ge et al. (2018) and selected ages are 176 

shown in Fig. 2a. This grain yielded a large range of concordant U-Pb ages from ~4.5 – 4.0 Ga, with 177 

the oldest six analyses yielding a concordia age of 4463 ± 17 Ma (2σ), the oldest apparent age from 178 

a terrestrial zircon (Ge et al., 2018). SHRIMP data for the other grains are presented in 179 

Supplementary Table S1 and are shown in Fig. 2b – h and Fig. 5. Multiple SHRIMP analyses on the 180 

cores of grains 11085, 12070 and 13015 yielded concordant and self-consistent ages, with weighted 181 

mean 207Pb/206Pb ages of 4096 ± 9 Ma (2σ, MSWD = 0.0031, n = 2), 4029 ± 7 Ma (2σ, MSWD = 182 

2.0, n = 4) and 4119 ± 12 Ma (2σ, MSWD = 0.78, n = 2), respectively. However, analyses on the 183 

growth rings or recrystallized domains of these grains yielded different ages to the cores (Fig. 2b – 184 
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d, Table S1): the dark-CL ring of grain 11085 yielded an indistinguishable, but reversely discordant, 185 

age (4078 ± 28 Ma, 2σ, discordance (disc.) = –4%), the grey-CL ring of grain 12070 yielded a 186 

discordant and imprecise age (3980 ± 148 Ma, 2σ, disc. = +15%), whereas the recrystallized domain 187 

of grain 13015 yielded a concordant and slightly older age (4138 ± 12 Ma, 2σ, disc. = –2%). Four 188 

analyses were performed on grain 14121 and the oldest two yielded a concordia age of 4170 ± 12 189 

Ma (2σ, MSWD of concordance and equivalence = 2.1), the other two analyses are also concordant, 190 

but are younger and imprecise (Fig. 2e, Table S1). Four analyses of grain 22026 are all concordant, 191 

with the oldest three yielding a weighted mean 207Pb/206Pb age of 4198 ± 10 Ma (2σ, MSWD = 1.18) 192 

and the other analysis being slightly younger (4152 ± 5 Ma, 1σ, Fig. 2f, Table S1). Five analyses on 193 

the core of grain 23092 only yielded one concordant age (4183 ± 10 Ma, 2σ); the others are younger 194 

and discordant (Fig. 2g, Table S1). Grain 25025 also yielded slightly discordant ages for both the 195 

dark-CL domain (4039 ± 4 Ma 1σ, disc. = +4%) and the bright-CL domain (3999 ± 26 Ma, 1σ, disc. 196 

= +10%, Fig. 2h, Table S1). 197 

3.2. Scanning ion imaging 198 

3.2.1 Distribution of U-Th-Pb isotopes and its correlation with zircon structures 199 

A new ion image of grain 14041 was collected from an area (image 2 in Fig. 2a) not previously 200 

covered by image 1 (see Fig. 2a) presented in Ge et al. (2018). The results, along with ion images 201 

for the other grains, are presented in Fig. 3 and supplementary Fig. S1. The most conspicuous feature 202 

is the extremely high U and Th contents along the margins of grains 14041, 11085, 22026 and 20025 203 

and the cracks in grains 12070 and 23092 (Fig. 3, Fig. S1); see also Bellucci et al., 2018). These 204 

high U and Th domains mostly correlated with a slight increase in 206Pb, 207Pb and 208Pb, as well as 205 

204Pb, and 232Th and 208Pb are more enriched than U and uranogenic Pb, suggesting enrichment of 206 
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Th and, to a lesser extent, U in recent geological times, seemingly accompanied by addition of 207 

common Pb. It should be noted that the cracks in grain 11085 only show a slight enrichment of Th 208 

and U in a segment close to the grain margin, whereas the majority of the cracks in this grain, as 209 

well as the cracks seen in CL in grains 14041 and 13015, do not correspond to any enrichment of 210 

U-Th-Pb isotopes (cf. Bellucci et al., 2018).  211 

Aside from the high U and Th along grain margins and cracks, the distribution of U, Th and 212 

Pb* isotopes in the ion images generally correspond well with growth zoning and CL intensity, i.e., 213 

dark-CL domains correspond to high U, Th and Pb*, and bright-CL domains correspond to low U, 214 

Th and Pb* (Fig. 3, Fig. S1; see also Bellucci et al., 2018 and Ge et al., 2018). For example, the 215 

dark-CL core in grain 14041 and the dark-CL bands in grains 12070, 22026 and 25025 are 216 

manifested by high ion intensity in the 238U and 232Th16O images, although the boundaries are less 217 

sharp compared to the CL images (Fig. 3, Fig. S1). Unlike the high U-Th margins and cracks, these 218 

dark-CL, high U-Th domains correspond to a strong increase in 206Pb, 207Pb and 208Pb, but no 219 

increase in 204Pb, indicating a primary origin formed during zircon crystallization and subsequent U 220 

and Th decay in a closed system.   221 

3.2.2 Identification of Pb* enriched domains (PEDs) 222 

Importantly, a number of micrometer-scale hotspots with elevated 207Pb and 206Pb were 223 

revealed by the ion images (Fig. 3). These PEDs do not appear in the 238U or 204Pb images, similar 224 

to those previously described and shown in image 1 of grain 14041 by Ge et al. (2018). These PEDs 225 

occur as isolated hotspots, and the number of PEDs (≤3) in each ion image is much less than that in 226 

image 1 of grain 14041 (Ge et al., 2018). Moreover, the PEDs appear to reside within different 227 

growth zones in several of the grains. For example, in grain 14041 they are mostly located at the 228 
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margin of the bright-CL recrystallized domains (Fig. 3a, see also Ge et al., 2018). Two PEDs in 229 

grain 11085 are aligned parallel to a thin dark-CL growth zone at the margin of the core, whereas a 230 

third one is located in the dark-CL homogenous growth ring (Fig. 3b). Two PEDs in grain 12070 231 

are associated with two thin dark-CL bands surrounding the core (Fig. 3c), whereas the two PEDs 232 

in grain 13015 are located in the recrystallized domain that truncates the core (Fig. 3d). One PED 233 

in grain 14121 is also located at the margin of a bright-CL domain, but the other one resides in the 234 

grey-CL domain (Fig. 3e). The single PEDs in grains 22026 and 25025 are located in dark-CL, high 235 

U bands (Fig. 3f and h, respectively), whereas the PED in grain 23092 is in a grey-CL domain 236 

surrounded by multiple cracks (Fig. 3g).  237 

To further characterize the PEDs, isotope profiles recording the 238U, 207Pb and 206Pb counts, 238 

as well as the 207Pb/206Pb ratios, were extracted from a transect of small squares (~2 μm × 2 μm) 239 

along a profile that bisects the PEDs (Fig. 4). The results show that the PEDs correspond to 207Pb 240 

and 206Pb peaks, but that the 238U counts remain constant. They also correspond to striking peaks in 241 

207Pb/206Pb ratios (up to 0.7 – 1.1 in different grains), resulting in apparent 207Pb/206Pb ages from 4.7 242 

to 5.4 Ga (Fig. 4). This is in contrast with the dark-CL core of grain 14041 and the dark-CL zones 243 

in grains 22026 and 25025, where the elevated 207Pb and 206Pb counts are supported by elevated 244 

238U and the 207Pb/206Pb ratios remain constant (Fig. 4). These observations confirm that the PEDs 245 

represent local concentration of unsupported ancient Pb*. The cracks in grain 23092 are 246 

characterized by elevated peaks in 238U, but no peaks in 207Pb or 206Pb (Fig. 4g), consistent with 247 

recent influx of U (and Th).   248 

3.2.3 U-Pb ages calculated from ion images  249 

To test the effect of the PEDs on in-situ ion microprobe U-Pb dating, and to better constrain 250 
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the ages of the grains, U-Pb ages were calculated from the ion images for three sets of ROIs: 1) ~5 251 

μm ellipse similar in size to the PEDs in the ion images; 2) ~20 μm ellipse similar to in-situ SIMS 252 

U-Pb analytical spots; and 3) polygons that broadly correspond to growth zones seen in the CL 253 

images. The results are presented in Supplementary Table S2 and are shown in Figs. 3 and 5. 254 

Generally, the ~5 μm ellipse located on the PEDs yielded exceptionally old ages, mostly exceeding 255 

the age of the Earth (Figs. 3 and 5, Table S2). These data are mostly reversely discordant (207Pb/206Pb 256 

age <206Pb/238U age), but intercept concordia due to large uncertainties in the 206Pb/238U ages, which 257 

are largely propagated from the U/Pb calibration. The ~20 μm ellipses incorporating PEDs mostly 258 

yielded significantly older ages than the SHRIMP analyses in the same domain and the assigned 259 

crystallization age of each grain. In contrast, ~20 μm ellipses that do not include the PEDs generally 260 

yielded ages consistent with the SHRIMP data. These results confirm that incorporation of PEDs 261 

during in-situ SIMS analyses results in spuriously old ages that may be hundreds of million years 262 

older than the crystallization ages (Ge et al., 2018). 263 

The calculated ages for the polygons following growth zones provide interesting insights into 264 

the formation of the PEDs. Most polygons, with or without PEDs, yield concordant ages that are, 265 

within uncertainties, indistinguishable from the SHRIMP ages (last panel in Fig. 3, Table S2), 266 

suggesting that the PEDs mostly formed within individual growth zones and that their effect on the 267 

calculated age was diminished because of the small size of the area they occupied. However, the 268 

polygon that includes the PEDs in Image 2 of grain 14041 (ROI 10) has a discordant age (207Pb/206Pb 269 

age of ~4.16 Ga), which is younger that the ~4.3 Ga crystallization age of this grain (Ge et al., 2018). 270 

This is also true for the dark-CL zone (ROI 3) containing the PED in grain 22026. The polygons 271 

including the PEDs in grain 14121 (ROIs 7 and 9) yield concordant ages (~4.12 Ga) that are also 272 
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slightly younger than the crystallization age of this grain (~4.17 Ga) based on SHRIMP analyses. 273 

These observations suggest that these regions might have experienced an overall Pb* loss despite 274 

the presence of PEDs.  275 

The U-Pb ages calculated for the polygons also provide further constraints on the 276 

crystallization ages of the studied grains. For example, SHRIMP analyses of grain 23092 277 

predominantly yielded discordant ages, due to high U and Th along ubiquitous cracks. Small 278 

polygons were carefully selected in the ion images to avoid these cracks, yielding concordant ages 279 

with a weighted mean 207Pb/206Pb age of 4177 ± 29 Ma (2σ, MSWD = 1.8, n = 7, Table S2, Fig. 5g), 280 

consistent with the oldest concordant SHRIMP analysis (4185 ± 10 Ma, 2σ, Table S1, Fig. 2g). In 281 

addition, polygons overlapping individual secondary growth rings or recrystallized domains mostly 282 

yielded ages indistinguishable from, or slightly younger than, the crystallization ages of individual 283 

grains (Fig. 5), suggesting these grains were overprinted shortly after crystallization in the Hadean. 284 

4. Discussion 285 

4.1. Characteristics of the PEDs in Hadean zircons from the Jack Hills 286 

The ion images show the distribution of U, Th and Pb isotopes within zircon and confirm their 287 

correlation with internal growth zones as seen in CL images, except for the extremely high U and 288 

Th along grain margins and some of the cracks, which probably resulted from growth of secondary 289 

xenotime during low-grade metamorphism (e.g., Rasmussen et al., 2011; Bell et al., 2015b) and/or 290 

interaction with weathering solutions in recent geological times (Pidgeon et al., 2017, and references 291 

therein). They also provide solid evidence for the presence of micrometer-scale hotspots of 292 

unsupported Pb* (i.e., PEDs) in the Hadean zircon grains. The isotope profiles and calculated U-Pb 293 

ages presented above demonstrate that the PEDs represent ancient Pb* that has been locally 294 
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concentrated within zircon. They have at least 2 – 5 times higher Pb* concentrations than the 295 

surrounding regions and are not accompanied by elevated U, Th or 204Pb, indicating that the Pb* is 296 

neither produced by in-situ U or Th decay, nor the result of introduction of common Pb. Moreover, 297 

the PEDs have extremely high 207Pb/206Pb ratios (up to 0.7 – 1.1) that correspond to apparent ages 298 

well in excess of the age of the Earth, suggesting that the Pb* was produced within a few hundred 299 

million years after the crystallization of the Hadean zircons when radiogenic 207Pb was relatively 300 

more abundant because of the higher abundance and faster decay of 235U. It should be noted that 301 

these estimates of Pb concentrations and 207Pb/206Pb ratios are minimum values, because the actual 302 

size of the PEDs is likely to be much less than a few microns (see below), so that even the smallest 303 

ROIs selected for calculation represent a mixture of Pb* in the PEDs and Pb* produced by 304 

subsequent in-situ decay. 305 

Previously, PEDs have been documented using SII in Archean zircons from the Napier 306 

Complex, East Antarctica (Kusiak et al., 2013a, b), and in Paleoproterozoic zircons from the Kerala 307 

Khondalite Belt, southern India (Whitehouse et al., 2014), both of which were from rocks that have 308 

undergone UHT metamorphism. However, the PEDs are much rarer in the detrital Hadean zircons 309 

from the Jack Hills than in those two earlier studies. Only 1 – 3 hotspots are found in the ~70 μm × 310 

70 μm imaged areas in most grains, compared to tens to hundreds in the Antarctic and Indian zircon 311 

grains (Kusiak et al., 2013a, b; Whitehouse et al., 2014). Relatively abundant PEDs are only present 312 

in a small area (image 1) of grain 14041 (Ge et al., 2018). This suggests that Pb* mobilization and 313 

redistribution in the Jack Hills Hadean zircon grains mostly occurred within specific zones (see 314 

below), consistent with the fact that most grains yielded precise U-Pb ages. 315 

 Recent APT (Valley et al., 2014; Peterman et al., 2016a; Piazolo et al., 2016) and TEM 316 
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(Kusiak et al., 2015; Whitehouse et al., 2017b) studies reveal that PEDs in zircon commonly occur 317 

as 5 – 30 nm clusters or patches, which is about three orders of magnitude less than the size of the 318 

Pb* hotspots appearing in the ion images. This likely results from the relatively low resolution of 319 

the current ion imaging technique, which uses a ~5 μm primary beam. Whitehouse et al. (2014) 320 

carried out depth-profile ion imaging that integrated more than 1500 scans rastered over the imaged 321 

area. The crater depth of the rastered area was calibrated using a profilometer, yielding an average 322 

sputtering rate of ~0.05 nm/scan that enables resolution of 1 – 2 nm objects over the sputtering depth. 323 

The results suggest that the PEDs in the Paleoproterozoic zircon grains from the Kerala Khondalite 324 

Belt in southern India range in size from <5 nm to several 10s nm, consistent with TEM 325 

observations (Whitehouse et al., 2017b). We prepared a pseudo-3D reconstruction of the PED in 326 

grain 25025 by integrating the 207Pb counts for each 10 scans and found that the intensity of the 327 

PED gradually increased and then decreased, before disappearing after 60 scans, suggesting the 328 

PED was completely traversed during sputtering and its actual size was smaller than the sputtering 329 

depth (Fig. 6). Although the current analysis used a stronger (~250 pA, ~5 μm diameter ) primary 330 

beam and thus likely a higher sputtering rate than that in Whitehouse et al. (2014) (~100 pA, ~2 μm 331 

diameter ), this experiment suggests that the PEDs in the Hadean zircons from the Jack Hills are 332 

probably also nano-scale objects.   333 

4.2. Mechanisms of intra-grain Pb* enrichment 334 

The presence of PEDs in zircon indicates that Pb* was locally concentrated within the crystal, 335 

while the whole grain or the hosting growth zone might have experienced an overall Pb* loss or 336 

remained a closed system. Thus, any mechanism for the formation of PEDs has to explain not only 337 

Pb* mobilization at various scales but also capture of the mobilized Pb* at favorable nano-scale 338 
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sites. As mentioned earlier, several mechanisms have been proposed for the formation of PEDs, 339 

including: 1) diffusion of Pb* into loose nanoclusters, produced initially by α-recoil damage, but 340 

enhanced during later reheating (Valley et al., 2014); 2) trace element (including Pb*) migration 341 

into fast diffusion pathways (e.g., dislocations, low-angle boundaries) produced by crystal-plastic 342 

deformation (e.g., Timms et al., 2011; Reddy et al., 2016; Piazolo et al., 2016; Kovaleva et al., 2017); 343 

3) formation of metallic Pb nanospheres in partially radiation-damaged zircon during later UHT 344 

metamorphism (Kusiak et al., 2015; Whitehouse et al., 2017b); and 4) Pb* trapped in dislocation 345 

loops during high temperature metamorphism (Peterman et al., 2016a). Mechanisms 1), 3), and 4) 346 

are all related to radiation damage, but are different in the resultant Pb* concentrations in the PEDs, 347 

and thus have different geochronological implications. 348 

The PEDs formed by mechanism 1) have relatively low Pb* concentrations (≤0.8 at.%) and 349 

are homogenously distributed within the micrometer-scale spot-size of SIMS analyses (Valley et al., 350 

2014). This is probably because Pb diffusion in zircon is relatively slow even under very high 351 

temperatures (e.g., Cherniak and Watson, 2001) and thus is unable to mobilize and concentrate Pb 352 

to a greater extent. This mechanism is inconsistent with the heterogeneous distribution of the PEDs 353 

in this study, which have much higher Pb* concentrations and have compromised some of the 354 

SHRIMP spot analyses (Ge et al., 2018). Mechanism 2, i.e., deformation-induced trace element 355 

mobilization, can also be ruled out here, since EBSD mapping of the grains shows little internal 356 

deformation, except for minor (<2 – 4°) misorientations at the margins for some grains, which are 357 

unrelated to any PEDs (Figs. 3 and 4). 358 

The metallic Pb nanosphere model, mechanism 3) (Kusiak et al., 2015; Whitehouse et al., 359 

2017b), and the dislocation loop model, mechanism 4) (Peterman et al., 2016a), both involve 360 
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thermal annealing of interconnected radiation damage during a high-temperature event. The 361 

resultant PEDs have variably high Pb* concentrations (100% Pb* for metallic Pb nanospheres and 362 

2 – 5.5 at. % for dislocation loops) and are heterogeneously distributed, and thus are easily detected 363 

during SIMS analysis. The degree of radiation damage depends on the U and Th contents and the 364 

time between crystallization and annealing (e.g., Murakami et al., 1991). We have estimated the 365 

time of the overprinting event that led to Pb* mobilization for each grain using the lower intercept 366 

age of the discordia that is anchored at the crystallization age and fitted to the SHRIMP and ion 367 

imaging data, excluding outliers (Fig. 5). The resultant lower intercept ages range from 4.1 to 3.3 368 

Ga (Fig. 5, Table 2), except for ~2.8 Ga for grain 13015, which is probably too young because the 369 

SHRIMP and ion image ages for the domain that contains PEDs are concordant and consistent with 370 

the crystallization age, indicating Pb* mobilization shortly after crystallization at ~4.1 Ga. These 371 

estimated Pb mobilization ages are older than the ~3.0 Ga maximum deposition age of the 372 

conglomerate that contains the Hadean zircon grains (e.g., Compston and Pidgeon, 1986), 373 

suggesting Pb* mobilization occurred in the source rock(s) at earlier, but different times (Table 2), 374 

rather than during a post-deposition overprinting event that influence the entire zircon population. 375 

Indeed, the timing of the oldest metamorphism at the W74 site was determined at 2653±5 Ma 376 

utilizing metamorphic monazite (Rasmussen et al., 2010), and is considerably younger than any of 377 

the lower intercept ages. Accordingly, the α-dose was calculated using the U and Th contents of the 378 

domains containing the PEDs. The resultant α-dose at the time of Pb* mobilization is 0.1 – 1.2 × 379 

1015/mg (Table 2), which is below the first percolation point (~2.2 × 1015/mg) (Pidgeon, 2014), 380 

suggesting these grains were not significantly damaged when Pb* mobilization occurred. However, 381 

the PEDs in grains 11085, 12070, 22026 and 25025 are exclusively associated with dark-CL, high 382 
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U growth zones, which could have accumulated considerably more radiation damage than adjacent 383 

zones. A recent TEM study (Tang et al., 2018) revealed abundant nanoscale pores and 384 

interconnected dislocations in relatively high U growth zones in Jack Hills zircons, which are partly 385 

filled with Fe-oxides, but could also have been favorable sites for Pb* concentration. Therefore, we 386 

suggest that Pb* trapped at these sites during thermal annealing of local-scale radiation damaged 387 

areas in these zones was likely responsible for producing the PEDs. 388 

However, the radiation damage annealing model cannot explain the PEDs in grains 14041, 389 

13015 and 14121, which are located in, or near the margin of, relatively bright-CL, low-U domains, 390 

whereas the relatively dark-CL, high-U domains (e.g., the CL-dark core of grain 14041 and the 391 

regularly zoned core of grain 13015) in the same grains are PED-free (Fig. 3; also see Ge et al., 392 

2018). These bright-CL domains have irregular or curved boundaries and patchy or homogenous 393 

internal structures that truncate or embay the regularly zoned or homogeneous, high-U domains. 394 

They are also characterized by low Th contents and low Th/U ratios relative to the regularly zoned 395 

or homogenous domains (e.g., average Th = 3 ppm and Th/U = 0.11 for grain 14041, Ge et al., 2018). 396 

These characteristics are consistent with preferential expulsion of Th over U during solid-stage 397 

recrystallization in the presence of an aqueous fluid (e.g., Pidgeon, 1992; Vavra et al., 1996; 398 

Schaltegger et al., 1999; Corfu et al., 2003), suggesting that the PEDs in these grains are probably 399 

related to fluid-present recrystallization of non-metamict zircon. 400 

Geisler et al. (2007) proposed a coupled dissolution-reprecipitation model for the 401 

recrystallization of zircon without significant radiation damage. This model involves dissolution of 402 

trace element-rich zircon and simultaneous precipitation of trace element-free zircon and trace 403 

element-rich inclusions. This process has been documented in many natural zircons that show clear 404 
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evidence of fluid alteration, but did not accumulate significant radiation damage at the time of 405 

alteration (e.g., Tomaschek et al., 2003; Rubatto et al., 2008; Kusiak et al., 2009; Soman et al., 2010; 406 

Peterman et al., 2016b; Chen and Zhou, 2017; Vonlanthen et al., 2012). The resultant recrystallized 407 

domain is characterized by relatively bright CL intensity, low trace element concentrations and low 408 

Th/U ratios, as well as the presence of pores and mineral inclusions ranging from nanometers to 409 

micrometers in size (see references above). Putnis (2002) argued that coupled dissolution-410 

reprecipitation is a very common replacement reaction occurring in many minerals or mineral 411 

assemblages in disequilibrium with a fluid, and that the development of porosity is a general 412 

consequence of loss of some reactant materials to the fluid (see also Geisler et al., 2007). In altered 413 

zircons ascribed to this process, micrometer-scale pores and mineral inclusions have been observed 414 

using SEM (e.g., Tomaschek et al., 2003; Rubatto et al., 2008; Kusiak et al., 2009; Soman et al., 415 

2010; Peterman et al., 2016b; Chen and Zhou, 2017), and nanometer-scale pores, strain centers and 416 

dislocation loops have been documented using high-resolution TEM (Vonlanthen et al., 2012; Tang 417 

et al., 2018). Vonlanthen et al. (2012) further suggested that these pores could have been remnants 418 

of transport channels of incompatible trace elements, including Pb*, which, upon annealing, could 419 

have been trapped in the zircon lattice. Kusiak et al. (2009) found that the recrystallized zircon 420 

domains in altered Paleozoic zircons from the Bohemian Massif yielded strongly reversely 421 

discordant U-Pb ages, in part due to a matrix effect during SIMS analysis but in part also to presence 422 

of unsupported Pb*. 423 

Accordingly, we suggest that Pb* trapped in nanoscale pores formed during fluid infiltration 424 

and recrystallization could have been responsible for the PEDs associated with the relatively bright-425 

CL domains in zircon grains 14041, 13015 and 14121 from the Jack Hills. This interpretation is 426 
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supported by the fibrous structures seen in grain 14121 (Fig. 2e), which are very similar to fluid 427 

channels produced in altered zircon rims during hydrothermal experiments (see Fig. 1e - g in Geisler 428 

et al., 2003). However, the absence of identifiable mineral inclusions in these grains is inconsistent 429 

with this model, although a fluid inclusion can be seen deeply buried in grain 14041 based on 430 

transmitted light photomicrographs (Fig. S3). It is likely that most trace element-rich mineral 431 

inclusions are incompatible in the zircon lattice and may have been expulsed during recrystallization.  432 

4.3 Implications for in-situ U-Pb dating 433 

The presence of PEDs in zircon constitutes a challenge for low-volume U-Pb dating (e.g., in-434 

situ SIMS analysis), especially for ancient detrital zircon grains like those from the Jack Hills. Our 435 

results demonstrate that a significant portion (at least ~14%) of detrital Hadean zircon grains from 436 

the Jack Hills contain PEDs, which have high Pb* concentrations and high 207Pb/206Pb ratios so that 437 

including even small portions in a SIMS spot would produce spuriously old 207Pb/206Pb and 438 

206Pb/238U ages. Whether the resultant ages are reversely discordant or concordant depends on the 439 

time of PED formation and the analytical precision, which is likely compromised by the 440 

heterogeneous distribution of PEDs in the analyzed volume. Apparently concordant ages can be 441 

obtained if the PEDs formed within a few hundred million years after crystallization, even for the 442 

typical precision of SIMS analyses (see Fig. 1; Ge et al., 2018). Overprinting by later Pb* loss events 443 

would also transfer the reversely discordant data onto the concordia curve. The implication is that 444 

concordance is no longer a guarantee of the reliability of U-Pb ages, even if multiple concordant 445 

ages, or a concordia age, have been obtained. This has been substantiated by the spuriously old 446 

concordia age of grain 14041 (Ge et al., 2018), although, in general, the possibility to encounter 447 

PEDs during in-situ SIMS dating of the Jack Hills Hadean zircon grains is low considering the rarity 448 
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of PEDs in most of the studied grains. To overcome this possibility, the intra-grain distribution of 449 

U-Th-Pb isotopes should be carefully investigated for grains showing complex age spectra, and 450 

regions showing evidence of disturbance of the U-Th-Pb isotopic system, e.g., PEDs, high U-Th 451 

margins and cracks, should be avoided in order to extract primary crystallization ages.  452 

This study also highlights that Pb* behavior in zircon may be more complicated than 453 

previously thought. Pb* can be mobilized and migrated out (Pb* loss), or be concentrated (PED 454 

formation), in various regions of a zircon through diverse mechanisms. This can occur not only 455 

during crystal plastic deformation or high- to ultra-high temperature metamorphism in partially 456 

metamict zircon, but also under relatively low temperature, fluid-present conditions in undamaged 457 

zircon as early as ~4.1 Ga. Better understanding of these processes, probably by a combination of 458 

high-resolution techniques (e.g., SII, APT and TEM), is essential for proper interpretation of 459 

complex U-Pb age spectra in zircon.  460 

Conclusions 461 

Scanning ion imaging reveals that 8 out of 51 Hadean detrital zircon grains from the Jack Hills 462 

contain micrometer-scale PEDs, indicating that these ancient zircon grains were affected by intra-463 

crystalline Pb* enrichment. The PEDs are relatively rare in most of the grains and reside in different 464 

growth zones, suggesting they may have formed on a local-scale. The PEDs associated with dark-465 

CL, high-U zones are interpreted as Pb* trapped during thermal annealing of local-scale inter-466 

connected radiation damaged areas, whereas those associated with bright-CL recrystallized domains 467 

resulted from Pb* concentration in nanoscale pores formed during fluid-present recrystallization of 468 

non-metamict zircon. Our interpretations imply that PEDs formed at favorable local sites, with the 469 

majority of the grain not affected by Pb* mobilization. This also implies that the formation 470 
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mechanism of PEDs in zircon is more diverse than previously thought. These PEDs in the Hadean 471 

zircon grains have high Pb* concentrations and high 207Pb/206Pb ratios such that incorporating them 472 

into micrometer-scale SIMS spots will produce spuriously old ages. The resultant U-Pb data are 473 

either reversely discordant or concordant, depending on the time of Pb* mobilization and the 474 

analytical precision. The presence of PEDs explains reversely discordant, imprecise and/or 475 

exceptionally old SIMS ages recorded in some ancient zircons and implies that intra-grain 476 

distribution of U-Th-Pb isotopes needs to be carefully evaluated in order to obtain reliable 477 

crystallization ages in such zircons. 478 
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 673 

Figure captions: 674 

Fig. 1. Tera-Wasserburg concordia diagram showing the effect of Pb* mobilization on U-Pb dating 675 

of an ancient (e.g., 4300 Ma) zircon. (a) The effect of Pb* mobilization at different times. Generally, 676 

Pb* loss or enrichment leads to normal or reversely discordant data, respectively (e.g., line 1, t2 = 677 

2000 Ma). However, if Pb* mobilization occurred shortly after crystallization (e.g., line 2, t2 = 3800 678 

Ma), the data will intercept the concordia with typical precision for in-situ SIMS analysis (1% for 679 

207Pb/206Pb and 2% for 206Pb/238U, 2σ) until >50% Pb* enrichment, resulting in significantly older 680 

or younger apparently concordant ages. Each ellipse represents 10% Pb* loss or Pb* gain. t1 and t2 681 

are the time of zircon crystallization and Pb* mobilization, respectively. The inset shows the 682 

definition of t1 and t2, as well as the 207Pb/206Pb ratio (I0) of the Pb* formed between t1 and t2. (b) 683 

the effect of incorporating different numbers of Pb*-enriched domains (assuming 20 nm metallic 684 

Pb nanospheres, Kusiak et al., 2015) in a SIMS spot analysis (assuming a circular spot 20 μm in 685 

diameter and 0.1 μm in depth), using the equations in Ge et al (2018) and assuming t2 = 3800 Ma 686 

and U = 30 ppm. The total number of metallic Pb nanosphere in this zircon (assuming a 687 

180*120*120 μm ellipsoid) is estimated to be ~107 if all Pb* is present as metallic Pb, so even a 688 

very small portion of excess metallic Pb* would have a significant effect on U-Pb age. 689 

 690 

Fig. 2. CL images showing internal structures and SHRIMP 207Pb/206Pb ages (±1σ, in Ma, % 691 
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discordance in brackets) of the studied Hadean zircon grains. (a) grain 14041; (b) grain 11085; (c) 692 

grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025. 693 

Dashed squares show the area studied using scanning ion imaging. Image 1 of grain 14041 in (a) is 694 

reported in Ge et al. (2018). Scale bar in all panels is 50 μm. 695 

 696 

Fig. 3. CL, 238U, 206Pb and 207Pb images showing the internal structures, distribution of U-Pb 697 

isotopes, and calculated 206Pb/207Pb ages for various regions of interest (ROIs) of the studied areas 698 

of the Hadean zircon grains. (a) grain 14041; (b) grain 11085; (c) grain 12070; (d) grain 13015; (e) 699 

grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025. Colour scale indicates relative 700 

counts/pixel intensity of the ions. Dashed lines in the 207Pb images in the fourth panel indicate 701 

isotope profiles shown in Fig. 4. Ellipses and polygons in the last panel indicate different ROIs 702 

selected for age calculation (see text for details), where the numbers correspond to the number of 703 

ROIs and the calculated 207Pb/206Pb ages (in Ma) in Table S2. Note the first order control of the U, 704 

Th and Pb concentrations is by cracks, grain boundaries and CL zoning. Also note the presence of 705 

hotspots and patches of high 206Pb and 207Pb that do not correspond to high 238U. These hotspots and 706 

patches correspond to different growth zones in different grains, as indicated by dotted areas in the 707 

CL images. They have exceptionally high apparent 207Pb/206Pb ages, and incorporating them into 708 

~20 μm elliptical ROIs (similar to SIMS spot) results in spuriously older 207Pb/206Pb ages. Scale bar 709 

is 20 μm. Ion images of other isotopes can be found in Supplementary Fig. S1. 710 

 711 

Fig. 4. Isotope profiles across the Pb* enriched domains (PEDs) showing 238U, 206Pb and 207Pb 712 

counts (left axis) and 207Pb/206Pb ratios and ages (right axis). (a) grain 14041; (b) grain 11085; (c) 713 
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grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025. 714 

See Fig. 3 for locations of the profiles. Shaded bands indicate the PEDs. Note the high 207Pb and 715 

206Pb in the core of grain 14041 are supported by high 238U, but for the PEDs in this and other grains, 716 

the 207Pb and 206Pb peaks do not correspond to 238U peaks, indicating 207Pb and 206Pb are not 717 

produced by in-situ U decay. Moreover, 207Pb is more enriched than 206Pb in these domains, 718 

producing extremely high 207Pb/206Pb ratios (up to 0.8 – 1.0) that correspond to apparent ages 719 

exceeding the age of the Earth, which indicates that the Pb* was concentrated in these domains 720 

shortly after crystallization. 721 

 722 

Fig. 5. Tera-Wasserburg concordia diagrams showing the calculated ages (open ellipses) from the 723 

ion images compared to the SHRIMP data (filled ellipses). (a) grain 14041; (b) grain 11085; (c) 724 

grain 12070; (d) grain 13015; (e) grain 14121; (f) grain 22026; (g) grain 23029; and (h) grain 22025. 725 

Dashed lines are the discordia lines anchored at the estimated crystallization ages (see text for details) 726 

and fitted through the ion imaging and SHRIMP data, excluding outliers (dotted ellipses). 727 

 728 

Fig. 6. A pseudo-3D reconstruction of a Pb*-enriched domain from grain 22025. Each layer 729 

represents an integration of 10 scans, which is estimated to represent ~0.5 – 1 nm in depth according 730 

to the depth profile study of Whitehouse et al. (2014). The intensity of 207Pb increases and then 731 

decreases with increasing sputtering depth, suggesting a Pb*-enriched domain was fully traversed. 732 

This implies a vertical dimension of ~3 – 6 nm for the Pb*-enriched domain.  733 

  734 
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Table 2. Calculated α-dose for the studied Hadean zircon grains. 

Grain no. 14041 11085 12070 13015 14121 22026 23092 25025 

Crystallization age (t1, in Ma)a 4300 4092 4029 4126 4189 4198 4182 4041 

Pb* mobilization age (t2, in Ma)b 3800 3500 3700 4100 3300 3600 4100 3300 

U (ppm)c 28 134 151 80 76 138 218 156 

Th (ppm)c 3 36 69 44 40 46 160 53 

α dose at present (×1015/mg)d 0.8 3.5 3.9 4.1 2.1 3.8 6.3 4.0 

α dose at t2 (×1015/mg)d 0.2 0.9 0.6 0.1 0.8 1.0 0.3 1.2 

Notes: aBest estimate from SHRIMP and/or ion imaging data; bEstimated 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); cRepresentative U and Th contents of the domains related to Pb* mobilization; dα dose 

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