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ABSTRACT

The distribution pattern of U-Pb ages of detrital zircon in a sedimentary rock is commonly assumed to reflect the
ages of igneous or metamorphic processes in rocks that have contributed material to the sedimentary basin (i.e.
the protosources), directly or through recycling of older sedimentary rocks. If the Pb isotopic composition of
detrital zircon is modified by processes after crystallization, or influenced by unintended effects of data treat-
ment such as discordance filters and common lead correction, the value of detrital zircon as geological indicator
is compromised. Discordance filters will identify zircons having suffered recent lead loss, but significant amounts
of ancient lead loss may pass undetected. Lead loss events after the zircon's primary crystallization can be
induced by regional or contact metamorphism, but also by low temperature processes during diagenesis and
weathering, and can be coupled to uptake of a mixture of common lead and unsupported radiogenic lead, which
cannot be properly corrected by common-lead correction routines. Concealed ancient lead loss and over-
correction for common 2°’Pb may cause bias towards lower ages, while remaining within acceptable discordance
limits. This creates spurious age fractions that may give false indications of sedimentary provenance, invalidate
estimates of maximum limits for the age of deposition, and cause problems for comparison and correlation
studies based on detrital zircon age data. Careful scrutiny of all U-Pb analyses in combination with Hf isotope
analysis may help identifying these effects in detrital zircon data, but will not provide a universal guarantee
against biased age spectra.

1. Introduction

Much effort has been put into development of in-situ methods of U-
Pb and Lu-Hf isotope analysis by SIMS (secondary ion mass spectro-

U-Pb age data from detrital zircons in clastic sedimentary rocks have
become a standard tool to identify provenance of detritus, to compare
and correlate successions, and to define limits for the age of deposition
(e.g. Gehrels, 2014; Zimmermann, 2018 and references therein). The
age of a detrital zircon reflects the age of a zircon-forming, igneous or
metamorphic event in a source rock (the protosource), from which the
zircon has made its way to the site of final deposition through one or
more erosion — transport — deposition cycles. A detrital zircon population
(Andersen et al., 2018a) comprises all zircons in the sediment or sedi-
mentary rock sampled, the properties of which must be estimated from
analytical data on a much smaller number of zircon grains analysed.
Such a detrital zircon data set, and by inference the detrital zircon
population of the sediment as a whole, can be subdivided into fractions
based on some pre-defined criteria, for example age fractions that are
constrained by upper and lower age limits. The rationale behind this
nomenclature has been explained elsewhere (Andersen et al., 2018b).

metry) and LA-ICPMS (laser ablation inductively coupled plasma source
mass spectrometry), and tools to handle detrital zircon data (e.g.
Sambridge and Compston, 1994; Williams, 1998; Sircombe, 2000;
Vermeesch, 2013, 2018; Satkoski et al., 2013; Eizenhofer et al., 2015;
Andersen et al., 2018b). Provided that the best available analytical
protocols and standardization routines are used in the laboratory, the
main source of uncertainty in a detrital zircon age distribution is not the
analytical uncertainty from the mass spectrometer, but the statistical
error associated with the random sampling of zircon grains for analysis,
which, for realistic numbers of analyses, leads to relatively wide si-
multaneous confidence intervals (i.e. confidence bands, e.g.
Wassermann, 2006) around cumulative age distribution curves
(Andersen, 2005; Andersen et al., 2016a, 2018b).

The issue of accuracy of detrital zircon distributions has received
much less attention. It remains a basic, implicit or explicit, assumption
in such studies that the age distribution pattern of detrital zircon in a
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sediment gives a representation of the geological history of the proto-
source terrane(s) in which no geologically significant age fractions are
systematically overlooked, and no spurious age fractions are introduced,
which will here be referred to as ”the assumption of qualitative re-
presentativity”. A detrital zircon age distribution pattern may be said to
be biased when this assumption is violated so that age fractions in the
protosource(s) are either systematically removed or shifted in age,
spurious age fractions are introduced, or their relative abundances are
changed beyond the confidence limits of distribution curves. Because
this review is concentrating on detrital zircon in Palaeoproterozoic
rocks, the ages considered are 2°’Pb/2°°Pb ages, unless otherwise
stated. Applications of detrital zircon age data that implicitly or ex-
plicitly assume qualitative representativity include identification of
protosources, comparison between samples, correlations within or be-
tween basins, and the use of ”the youngest detrital zircon” or ”youngest
significant age fraction” to define a maximum age of deposition of the
host sediment. All of these applications may be compromised by bias.

The aim of this study is to identify some sources of potential bias in
detrital zircon age distribution patterns that can be related to the U-Pb
systematics of zircon and the methods used to handle analytical data.
The effects are illustrated by an examination of several published da-
tasets with a focus on clastic sedimentary rocks from southern Africa,
mainly of Palaeoproterozoic age, and some additional data that are
presented here (Supplementary Table S1). Potential consequences for
the application of detrital zircon data to geological problems are dis-
cussed. The purpose is not to challenge the interpretations of the au-
thors of the original studies, but to explore the limits of accuracy in
current detrital zircon geochronology. Systematic errors due to poor
calibration or analytical artifacts in the mass spectrometer laboratory
will not be considered here, nor will age fractionation due to selective
removal of radiation damaged zircon during transport (e.g. Markwitz
and Kirkland, 2018) or sample preparation (e.g. Sircombe and Stern,
2002). When working with detrital zircons, it is important also to
realize that the only protosources that can be detected are zircon-
bearing rocks (e.g. felsic, igneous rocks). Rocks devoid of zircon (e.g.
many mafic and ultramafic rocks) may have contributed detritus to a
sedimentary basin, but such protosources cannot be detected from
detrital zircons. This is a self-evident limitation of the detrital zircon
approach to provenance analysis that will not be further considered
here. There are, however, other methods that can be applied (heavy
mineral studies, whole-rock trace element geochemistry and Nd iso-
topes).

2. Discordant zircons and effects of lead loss

Absolute concordance of 2°’Pb/?*>U and 2°°Pb/?*®U ages (i.e. a
zircon plotting exactly on the concordia curve, as illustrated by point a
in Fig. 1) is uncommon. A zircon plotting below the concordia curve in
a 205pb/238y vs, 297pb/2%°U diagram (i.e. the conventional concordia
diagram) by more than analytical uncertainty is said to be normally
discordant. In this paper, discordance is defined from isotope ratios
rather than ages. For point c in Fig. 1, the discordance (in percent) is
defined by (co/ao-1)*100 where co is the length of the line segment
between the observed point and the origin, and ao is the length of the
line through the point from its intersection with the concordia at a to
the origin. Defined in this way, normal discordance is given as a ne-
gative percentage. For zircons from magmatic rocks, it is in principle
possible to define a discordia line and its upper intercept with the
concordia (i.e. the true crystallization age) by linear regression of
analyses showing variable degrees of discordance. For detrital zircon,
this is in general not possible (but see Nemchin and Cawood, 2006), and
care must be taken to define criteria to distinguish between grains that
convey useful information from those that have been too severely dis-
turbed to do so.

There are in principle three processes that can induce normal dis-
cordance in zircon: (i) Loss of radiogenic lead and (ii) Gain of excess
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Fig. 1. A theoretical example showing how ancient lead loss may escape de-
tection by a data filter based on a discordance limit. See Section 2.1 in the text
for explanation, and Section 5.2 for a discussion of implications for estimates of
the maximum age of deposition made from detrital zircon ages.

uranium after primary crystallization, or (iii) Incorporation of common
lead (Section 3, below). Lead loss and U-gain act along a discordia line
connecting the primary crystallization age on the concordia (i.e. the
upper intercept) to a lower concordia intercept representing the age of
disturbance of the U-Pb system. A fourth mechanism, which will not be
considered here, is an artifact in the laboratory due to accidental mixing
of material from concordant domains with distinct ages, which will
produce points along a mixing line (e.g. Mezger and Krogstad, 1997).
This is mainly a problem for methods in which whole grains are dis-
solved and homogenized, but less so in time-resolved analysis using
microbeam instruments, which allow such heterogeneities to be de-
tected during data reduction.

Loss of radiogenic lead in zircon is commonly attributed to meta-
morphic overprint or to interaction with aqueous fluid (e.g. Rubatto,
2017, and references therein). Since a remarkable study by Williams
(2001), in which it was demonstrated that the U-Pb system of detrital
zircon in a suite of high-grade metasedimentary rocks remained un-
disturbed even at anatectic grade, the possibility of ancient, post-de-
positional lead loss has generally been disregarded in the interpretation
of detrital zircon age distributions. However, some studies have de-
monstrated effects of lead-loss after deposition induced by diagenetic
fluids (Willner et al., 2003), by regional metamorphism (Orejana et al.,
2015) or contact metamorphism (Andersen, 2013; Zeh et al., 2016).
Whereas fully crystalline zircon is in general resistant against alteration
during chemical weathering, zircon that has suffered radiation damage
is reactive, and significant element mobility and redistribution of both
uranium and lead within crystals and between zircon grains and their
surroundings may take place, especially under tropical weathering
conditions (e.g. Stern et al., 1966; Balan et al., 2001; Delattre et al.,
2007; Pidgeon et al., 2013, 2017; Kielman et al., 2018). In the oxidizing
environment of a modern, near-surface weathering zone, uranium is
mobile as the soluble UO,>" complex ion. Hexavalent uranium can
only enter crystalline zircon if reduced, but it may be absorbed into
metamict domains, or precipitated as submicroscopic, secondary uranyl
minerals, for example along fractures in the altered zircon. The pre-
sence of such secondary uranyl minerals can be detected by methods
such as backscattered electron imaging or X-ray mapping in a scanning
electron microscope or an electron microprobe, neither of which are in
common use in detrital zircon studies.

2.1. Discordance limits and concealed lead loss

Whereas more sophisticated methods have been proposed (e.g.
Nemchin and Cawood, 2006; Reimink et al., 2016), the most common
approach to the discordance problem is to exclude points that fall
outside an envelope around the concordia curve, defined by, for
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Table 1
Samples reviewed in this study.

Lat (Deg. S) Long (deg. E) Rock type NU-Pb NLu-Hf Sample type Method Reference
Magaliesberg formation
Mag-R1 26.7798 27.2581 Quartzite 101 97 Single sample LA-ICPMS Zeh et al. (2016)
BQz-1 24.3050 30.0033 Quartzite 98 98 Single sample LA-ICPMS Zeh et al. (2016)
BQz2 24.3059 30.0047 Quartzite 118 110 Single sample LA-ICPMS Zeh et al. (2016)
BQz3 24.3062 30.0052 Quartzite 99 99 Single sample LA-ICPMS Zeh et al. (2016)
BQz5 24.3036 30.1765 Quartzite 58 41 Single sample LA-ICPMS Zeh et al. (2016)
CH7 24.4642 30.1391 Quartzite 113 110 Single sample LA-ICPMS Zeh et al. (2016)
JF8 24.5495 29.8512 Quartzite 143 102 Single sample LA-ICPMS Zeh et al. (2016)
MEMG3* 24.3142 30.0287 Quartzite 75 69 Single sample LA-ICPMS This work
MEMG4* 24.3061 30.0047 Quartzite 98 69 Single sample LA-ICPMS This work
MAG 25.8667 27.5000 Quartzite 29 0 Composite over 200 stratigraphic metres SIMS Schroder et al. (2016)
Makganyene formation
MPT-4 28.5667 22.8833 Diamictite 61 0 Drillcore sample SIMS Moore et al. (2012)
Kuruman formation
CN111 27.1844 23.0860 Mudstones 137 0 Drillcore samples (pooled) SIMS Pickard (2003)
CN118 27.1844 23.0860 Mudstones 86 0 Drillcore samples (pooled) SIMS Pickard (2003)
Waterberg group
SA16-402 24.2462 27.9661 Sandstone 52 52 Single sample LA-ICPMS Andersen et al. (2019)
Natal group (Ordovician)
SA12/20 29.8058 30.8039 Sandstone 87 87 Single sample LA-ICPMS Kristoffersen et al. (2016)

@ Data in Supplementary Table S1.

example, 5% or 10% discordance (e.g. Moore et al., 2012; Zeh et al.,
2016). Discordance can be reported for the observed 2°’Pb/?*>U and
206ph/238(J, j.e. for the centre of its error ellipse relative to the con-
cordia along a straight line from the origin through the observed point
to interception with the concordia ("central discordance”), or for the
point on the perimeter of a 10, 20 or 95% confidence error ellipse that
most closely approaches the concordia (“minimum rim discordance").
When applying a constant discordance filter, it is commonly applied to
the observed, central discordance, which means that analytical errors
are not explicitly considered. This is permissible as long as the dis-
cordance limit used (e.g. 10%) exceeds the analytical error of the in-
dividual point (commonly 1-2%). Effects of analytical uncertainty will
be reviewed separately in Section 2.3, below.

A simple illustration of how lead loss can cause age bias that re-
mains hidden in data that pass a discordance filter, and which would
therefore be assumed to retain qualitative representativity, is shown in
Fig. 1. Three detrital zircon grains (a, b, c) have been separated from a
sedimentary rock of unknown age. Grain a plots exactly on the con-
cordia curve at t;, which can be taken as a robust estimate of its crys-
tallization (i.e. protosource) age. Grain c gives the same 2°’Pb/2°°pb
age, but plots outside of the 10% discordance limit and would therefore
be rejected from the age distribution, although the 2°7Pb/2°°Pb age still
represents its true crystallization age as long as lead loss took place only
at t = 0. Zircon grain b is weakly discordant, but plots within the 10%
discordance envelope, and would therefore be accepted as part of a
valid age distribution at its 2°’Pb/?°°Pb age (t3), implicitly assuming
that the minor degree of discordance observed is due only to recent lead
loss. However, this may not necessarily be the true age of the zircon,
which could have a more complex history: it could have been generated
from a concordant zircon of age t; by partial lead loss at t,, from an
older grain of age ts by lead loss at t4, or in fact by any combination of
upper- and lower intercept ages and degrees of lead loss that bring a
point inside of the 10% discordance envelope.

Zircon grains that have been affected by an ancient lead loss event,
and yet remain within acceptable discordance limits have suffered
concealed lead loss. The age of such zircons will not reflect the crystal-
lization age of the protosource. Concealed lead loss can take place prior
to final deposition (e.g. by weathering or metamorphism of the proto-
source rock or a sedimentary precursor), or after deposition of the host
sediment. The overall effect of concealed, partial lead loss on a suite of
zircons (detrital or otherwise) is likely to be a random distribution of

207ph,/296ph ages that is difficult to relate to some defined geological
process, or in the case of detrital zircons, to an identifiable source
terrane.

2.2. An example: the Magaliesberg quartzite

The Palaeoproterozoic Magaliesberg Formation of the Pretoria
Group in South Africa consists of quartz arenite deposited on Kaapvaal
Craton basement; it was intruded, and locally contact metamorphosed
by the 2055 Ma Bushveld complex (Eriksson et al., 2006; Cawthorn
et al., 2006; Zeh et al., 2015, 2016). Pertinent information on detrital
zircon samples from the formation (location, rock type, number of
grains analysed, methods used, for the published data as well as for
samples analysed in this study) is given in Table 1.

Detrital zircon data of a composite sample (MAG, Table 1) collected
in a 200 m stratigraphic section through the Magaliesberg Formation in
its type area were published by Schrdder et al. (2016) based on SIMS U-
Pb analyses by Dorland (2004). Zeh et al. (2016) published U-Pb and Hf
isotope analyses by LA-ICPMS on seven samples of recrystallized
quartzite from localities within the contact aureole of the Bushveld
intrusion. U-Pb and Lu-Hf data on two additional samples of re-
crystallized Magaliesberg Formation quartzite, also from within the
Bushveld contact aureole (MEMG3 and MEMG4, see Table 1), are given
in Supplementary Table S1. Information on the analytical methods used
in this study is given in Appendix 1 (electronic supplement). Samples
BQz2, BQz3 (Zeh et al., 2016) and MEMG#4 (this study) were taken from
a ca. 60 m section in a continuous roadcut exposure of Magaliesberg
quartzite, although the three samples may come from different beds
within the formation.

The complete set of detrital zircon U-Pb data from the Magaliesberg
Formation is plotted in Fig. 2. All samples contain a significant age
fraction in the range 2200-2300 Ma and subordinate age fractions in
the Archaean, with a large proportion of discordant grains falling out-
side of the envelope defined by a + 5% discordance limit used by Zeh
et al. (2016) (Fig. 2a, b). This also applies to the new samples MEMG3
and MEMG4 (for background information on these samples, see
Table 1), with the main difference between the two samples being a
larger proportion of Archaean zircon in MEMG3 (Fig. 2c). Zircons
younger than ca. 2200 Ma were not reported in the smaller SIMS da-
taset published by Schroder et al. (2016) (Fig. 2b). All other samples
contain “tails” of younger zircons, most of which are discordant,
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Fig. 2. The complete set of U-Pb data on detrital zircon in the Palaeoproterozoic Magaliesberg Formation quartzite, South Africa. For sources of data, sample
coordinates and number of grains analysed, see Table 1. Data on all seven samples from Zeh et al. (2016) have been pooled in this figure (ZN = 730). Common lead
corrections as in the original papers and for samples MEMG3 and MEMG4 as given in Supplementary Table S1; for background information on these samples, see
Table 1.

a: The complete dataset, including concordant and discordant zircon. The discordance limits of = 5% used by Zeh et al. (2016) are indicated.

b: Detail of a in the age range 2000-2400 Ma. Any 2050 Ma to 2200 Ma grains that have lost lead at the present day will plot within the shaded sector, which
continues to the origin. Discordance limits of + 5% are indicated.

c: Empirical cumulative distribution curves for detrital zircon ages in the three sets of data from the Magaliesberg Formation with all analysed grains included
(dashed curves) and data filtered at a 5% discordance limit (solid curves).

d: Part of the concordia diagram (drawn to scale) to illustrate the possibility of ancient, post-depositional lead loss to remain concealed within + 5% discordance
limits. Zircons that were concordant at an age younger than 2750 Ma will remain within the + 5% discordance limits at any degree of lead loss at 2050 Ma (shaded
field limited by the concordia and the discordia line from 2750 Ma to 2050 Ma). A 3050 Ma zircon losing lead at 2050 Ma can suffer 29% of lead loss before leaving
the envelope defined by the discordance limits, and will re-enter at =90% lead loss.

extending to ages younger than the minimum possible depositional age very high degrees of lead loss (=90%). The consequence of this is that
defined by the 2055 Ma emplacement age of the Bushveld complex significant shifts towards younger 2°”Pb/2°Pb ages than the true pro-
(Fig. 2c¢). tosource age are possible, even for zircons that remain within the 5%

Sample BQz3 of Zeh et al. (2016) contains a distinct fraction of discordance limit relative to the concordia, and this includes zircons of
concordant and near-concordant zircons at 2080-2130 Ma, which is the 2080-2130 Ma age fraction. Hf isotope data from the Magaliesberg
scarce or absent in the other samples from the Magaliesberg Formation, Formation will be considered in Section 4, below.

including samples BQz2 and MEMG4. Zeh et al. (2016) reported evi-
dence of new growth and recrystallization of zircon at the time of 2.3. Correlated analytical errors, lead loss and false concordance
emplacement of the Bushveld complex and later, but regarded zircons

in the range 2080-2130 Ma age range, with intact oscillatory zoning Measured 2°°Pb/?*3U and 2°7Pb/?3®U ratios typically have analy-
patterns and < 5% discordance as representing protosource ages. tical uncertainties that are positively correlated, because of the constant

Even within the rather narrow 5% discordance envelope, any con- 235(/238( ratio in nature (Gale, 1979; Ludwig, 2012). U-Pb ages of
cordant zircon formed in protosources younger than ca. 2750 Ma will individual zircon grains analysed by microbeam methods are com-
stay within the concordance envelope at all degrees of lead loss that monly reported with 20 or 95% confidence uncertainty in the order of
could be induced by the Bushveld magmas at 2055 Ma (shaded section 1-2%, with correlation coefficients (p) in the range 0.7-0.98. A con-
in Fig. 2d). Zircon grains older than this limit (e.g. the 3050 Ma ex- sequence of the positive error correlation is that the major axis of the
ample shown in Fig. 2d) may also suffer non-trivial amounts of lead loss error ellipse around a point in a conventional concordia diagram will
(=29%) before leaving the envelope, and will re-enter the envelope at have a positive slope.
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Fig. 3. Effects of error correlation on U-Pb discordance.

a: A simple example of lead loss at 1600 Ma affecting zircon with a uniform age
of 2200 Ma whose 2°°Pb/?**U and 2°’Pb/?*U ratios have been measured with
relative 1o errors of 0.75 and 1.5%, respectively. Points are shown at intervals
of 5% lead loss. The grey ellipses are constructed with an error correlation
coefficient p = 0.9, the white with p = 0.01, i.e. practically uncorrelated errors.
b: Data for a sample of the Melmoth Member, Durban Formation, Natal Group
(KwaZulu-Natal, South Africa) from Kristoffersen et al. (2016) shown with the
observed error correlation coefficients (white ellipses) on a shaded background
of the same data plotted with p = 0.01. The data set comprises 112 analyses
(Table 1). The dashed line is a discordia line from 1000 Ma to 400 Ma, illus-
trating the effects of lead loss after deposition of the host sediment (e.g. during
diagenesis). For background information on the sample, see Table 1.

The curvature of the concordia in a 2°°Pb/?*8U vs. 2°’Pb/?*>U dia-
gram is such that the distance between a discordia line and the con-
cordia itself will increase with increasing degree of lead loss, but de-
crease again at high degrees of lead loss nearing the lower intercept
point (Fig. 3a). A point whose uncertainty ellipse intersects the con-
cordia is in principle concordant within analytical uncertainty. This is
in general a stronger concordance criterion than that provided by a
constant discordance limit as in Fig. 2a, b, d. Nevertheless, grains that
have suffered significant amounts of lead loss may appear concordant
within analytical uncertainty at ages lower than their true crystal-
lization age. This ”sliding along the concordia” effect in microbeam U-
Pb data has been recognized at least since the work of Knudsen et al.
(1997), and may create anomalously young but apparently concordant
zircon ages.

The extent to which the error ellipse around a point in the diagram
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intersects the concordia depends on the error correlation. A simple
example is shown in Fig. 3a, assuming that concordant zircons of uni-
form age from a 2200 Ma protosource have suffered variable degrees of
lead loss at 1600 Ma. For 10 errors of 0.75 and 1.5% in the 2°°Pb/?*%U
and 2°7Pb/?33U ratios, respectively, grains that have suffered less than
20% of lead loss will remain formally concordant at p = 0.9, and the
entire range from zero to 100% lead loss will appear formally con-
cordant at p close to zero. Despite of the inherently high error corre-
lations in U-Pb data, underestimating p is a realistic problem when
using data reduction software that ratios average Pb and U isotope
measurements, rather than the average of ratios (e.g. Vorster et al.,
2016).

2.4. An example: the Natal Group, South Africa

An illustration of the effect of the error correlation coefficient in a
real dataset is given in Fig. 3b, showing data from a sample from the
Ordovician Natal Group in KwaZulu-Natal, South Africa (Kristoffersen
et al., 2016). The data have been filtered at 10% normal discordance.
The data are plotted at the observed error correlations (p = 0.59-0.98)
on a background defined by the same points, but with uncorrelated
errors (p = 0.01). The Natal Group in general shows age fractions in the
range 950-1150 Ma and 600-700 Ma, and a scarcity of points in the
range 700 to ca. 950 Ma (Kristoffersen et al., 2016). Concordant grains
in the sample shown in Fig. 3b cluster in the latest Mesoproterozoic and
the late Neoproterozoic, with only two out of 87 grains giving formally
concordant ages between 900 Ma and 700 Ma, in agreement with the
general age distribution pattern of the Natal Group. Using the observed
error correlations, the older of the clusters has a ”tail” of grains that are
weakly discordant at the 20 confidence level, with 2°°Pb/?*®U ages
extending down to 800 Ma. This trend can, for example, be a result of
lead loss induced by diagenetic fluids after deposition, as tentatively
indicated by the dotted discordia line to an arbitrary 400 Ma lower
intercept. If the error correlations are disregarded, grains plotting along
this weakly discordant "tail” will appear as formally concordant at
the + 20 level, and the age range of the older cluster of concordant
grains will extend to ca. 800 Ma, thus significantly reducing the gap
between the two fractions reported by Kristoffersen et al. (2016).

3. Effect of common lead correction

Common lead in a zircon is lead that is not supported by uranium in
the crystal structure, including the non-radiogenic isotope 2°*Pb
(Williams, 1998; Andersen, 2002 and references therein). The ionic
radius of Pb%* (1.43 f\; Shannon, 1976) is too large to fit into the 8-
coordinated positions in the zircon structure occupied by Zr** (0.98 A)
and substituents such as Hf** (0.97 A) or U** (1.14 A). Nevertheless,
detectable amounts of common lead are frequently encountered in
zircon U-Pb geochronology. Although trace amounts of common lead
may have been incorporated at the time of crystallization, more im-
portant causes for the presence of common lead are processes during
weathering or hydrothermal alteration, especially when affecting ra-
diation-damaged crystals (Black, 1987; Pidgeon et al., 2017). Further-
more, unsupported lead in microbeam analyses may originate from the
mounting medium, from the sample surface or from cracks formed
during sample preparation, and in SIMS analyses also from the gold
coating applied (Williams, 1998). Although unrelated to the zircon it-
self, such lead cannot be distinguished from common lead hosted in the
crystal, and is therefore treated by the same correction methods.

3.1. Methods for common lead correction

Correction for common lead involves the solution of a mass balance
problem with two or three components (concordant radiogenic lead,
common lead and a possible, isotopically indifferent” lead-loss” com-
ponent; Andersen, 2002). There are at least four different approaches to



T. Andersen, et al.

common lead correction in use.

3.1.1. The 204-correction

The 204-correction is the traditional, and in general most robust
method available (e.g. Williams, 1998). The 2°°Pb/2°*Pb ratio of the
zircon (or its inverse) is measured, and corresponding amounts of 206pt,,
207pph and 2°8Pb are subtracted from the raw data, based on assumed
206pt, /204pp, 207ph /204ph and 2°8Pb/2°“Pb ratios of common lead.
204ph/298ph of a corrected zircon is zero, and it may be concordant or
normally discordant in 2°°Pb/?38U and 2°7Pb/?*°U (Fig. 4a). Reverse
discordance in 204-corrected U-Pb data is an indication that the 204
content of the zircon has been overestimated (e.g. due to unresolved
interference from 2°*Hg in LA-ICPMS analysis), or the use of too high
206pp /204ph and 2°7Pb/2%4Pb ratios for common lead, or that more
complex processes than combined lead loss and common lead in-
corporation have been involved (e.g. Williams et al., 1984; Kusiak et al.,
2013; Ge et al., 2018).

3.1.2. The 207- and 208-corrections

The 207-correction (Williams, 1998; Ludwig, 2012) assumes that
the observed lead composition is a true binary mixture of concordant
radiogenic lead and common lead, i.e. that the zircon has not suffered
any lead loss after its initial crystallization. In a conventional concordia
diagram, this correction method amounts to projecting from the ob-
served composition to the concordia along a mixing line whose slope is
given by the 2°°Pb/2°7Pb ratio of common lead (Fig. 4a). Therefore,
207-corrected zircons are always concordant, and give the true age (i.e.
the age of crystallization in the protosource) only when the zircon is
unaffected by lead loss after crystallization of the protosource. Zircon
grains that have lost lead at any time of their history will give 207-
corrected ages that are too young. The 207-correction has been applied
to detrital zircon data by e.g. Pease and Scott (2009), Beranek et al.
(2013) and Haines et al. (2013).

A 208-correction working along similar lines has also been proposed
(Ludwig, 2012), assuming the radiogenic lead component to be con-
cordant in 2°Pb/?3Th and 2°Pb/?*8U, while potentially discordant in
its 2°7Pb/*>U and 2°°Pb/?*®U ratios. This is a highly unlikely scenario,
and radiogenic lead that is not concordant in all three ratios is likely to
give erratic ages when corrected this way. The authors know of no
example of this method being applied to detrital zircon data.

3.1.3. Modelling of the 3D discordance pattern without knowledge of 2°*Pb

If the age of a potential lead-loss event is known or can be estimated
with some confidence, it is in principle possible to solve the three-
component mass balance problem of common-lead contaminated zircon
which has also suffered lead loss without knowledge of the 2°°Pb/2**Pb
ratio of the zircon (Andersen, 2002). Precise measurement of the four
ratios 2°6Pb/238U, 2°7pb/2%5U, 2°8Pb/232Th and 2*2Th/>*®U is required,
as is knowledge of the composition of common lead. The main source of
systematic error in zircons corrected this way is the age of lead loss, a
false assumption of which may cause severe bias either way in the
corrected data. Furthermore, correction of zircons that have lost more
than ca. 5% of their radiogenic lead is likely to suffer from systematic
errors. For further discussion of bias induced by this method, see
Andersen (2002). The method was developed as a last-resort approach
to be applied in situations where 2°*Pb cannot be determined with any
degree of confidence, e.g. because of severe Hg contamination in LA-
ICPMS analysis. In all other situations, the 204-correction will give
more robust results, even when the 2°°Pb/2*Pb ratio has elevated un-
certainty. For moderately high levels of Hg contamination, the use of a
gold trap in the gas supply line may reduce the Hg level sufficiently to
allow the 2°Pb correction to be used (e.g. Storey et al., 2006).

3.1.4. The Tera-Wasserburg concordia diagram
In a 2°7Pb/?%Pb vs. 2%8U/2°°Pb diagram (Tera and Wasserburg,
1972), two-component mixtures with variable proportions of
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Fig. 4. Principles of common lead correction.

a: The observed composition (black point) is normally discordant due to a
combination of recent lead loss (pale grey arrow) and contamination with
common lead (darker arrow). The radiogenic lead component should plot on
the discordia line from the real age to the origin (white circle), and it is the aim
of a common lead correction to remove the excess 2°’Pb and 2°°Pb due to
common lead to reproduce this point. A 2°’Pb-correction will remove an ex-
cessive amount of common lead to bring the corrected point to the concordia
curve.

b: A general illustration of how common lead-bearing zircons of uniform age
can be plotted in a Tera-Wasserburg concordia diagram to simultaneously de-
termine age and common lead composition. See Section 3.1.4 in the text for
further explanation.

radiogenic lead of a constant age and common lead of constant com-
position define a mixing line between the radiogenic lead composition
on the concordia curve and common lead at the intersection with the
207ph,/206ph axis (Fig. 4b). Similar to a conventional isochron diagram
(e.g. Rb-Sr) this method yields both an age (defined by the concordia
intercept of the mixing line) and an “initial ratio”, i.e. the 2°’Pb/2°°pb
of common lead. The approach has been used with success in LA-ICPMS
U-Pb dating of magmatic, high-common lead minerals such as per-
ovskite (e.g. Batumike et al., 2008), but is less likely to give useful
results for detrital zircons, which are unlikely to have a uniform age,
and therefore will show spread in the diagram rather than concentra-
tion around a line. Loss of radiogenic lead will cause points to shift from
the mixing line towards higher 23®U/?°°Pb ratios, along lines whose
slopes reflect the age of lead loss (Fig. 4b); if lead loss is recent, the
slope of the line is horizontal. Lead loss thus causes additional spread in
the diagram that severely reduces the usefulness of this correction
method for detrital zircon data.
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Fig. 5. Effect of common lead composition on common lead correction.

a: Evolution of average crustal lead according to the model of Stacey and Kramers
(1975), with initial lead of systems isolated at 2.0 Ga, and zero indicated. At the
present day, 2.0Ga zircon with puz > > 9.735 will plot at a point on the 2.0 Ga
isochron line far off scale of the diagram. During recent weathering, zircons interact
with lead containing a mixture of the initial lead of the system released from U-free
minerals, and radiogenic lead released from zircon. Common lead compositions with
the average composition of modern continental crust (*°°Pb/?’Pb = 1.20,
207ph,/2%ph = (.83) and with apparent y; = 21 are shown (**°Pb/?”’Pb = 1.41,
207ph,/2%6ph = (,71). For a general introduction to the Pb isotope systematics of
multi-stage systems, see e.g. Halla (2018).

b: Effect of common lead correction of zircon that has incorporated common lead
during recent weathering, using an inappropriate common lead composition
(2°°pb/297pb = 1.20) and one that accounts for the more radiogenic lead compo-
sition encountered by the zircon in the process. See Section 3.2 in the text for further
explanation.

c: The effect of common lead composition illustrated in a Tera-Wasserburg concordia
diagram. Note that the compositions of common lead are now situated at points on
the 2%”Pb/?°°Pb axis, rather than at infinity as in (b). Choice of an average, crustal
common lead composition (2*’Pb/?%Pb = 0.83, i.e. 2°°Pb/2*’Pb = 1.21) causes a
significant underestimate of the 2°”Pb/2*’Pb ratio of the corrected grain, and hence
of the 2%7Pb/?%Pb age of the zircon. In this example, the overcorrected age
(1338 Ma) underestimates the true age (1624 Ma) by 286 Ma.
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3.2. The composition of common lead

Common to three of the four common lead correction methods
outlined above is the need of prior knowledge of the isotopic compo-
sition of common lead. This is commonly estimated from some model of
the isotopic evolution of average crustal lead (Cumming and Richards,
1975; Stacey and Kramers, 1975). When using the two-stage model of
Stacey and Kramers (1975), common lead has 206pp, /204ph < 18.700
and 2°7Pb/2°*Pb < 15.628, and its isotopic composition is a function of
age constrained by a growth curve with time-integrated 2*U/2°‘Pb
ratio (commonly denoted p,) of 9.735 since 3.7 Ga, the younger part of
which is shown in a 2°7Pb/?°*Pb vs. 2°°Pb/?°*Pb isochron diagram in
Fig. 5a. For a recent, general introduction to lead isotope systematics
and the properties of this type of diagram, see Halla (2018). The use of
an average crustal lead isotope model for common lead is appropriate if
common lead has been incorporated at the time of crystallization of the
zircon, and the magma from which it crystallized was derived from a
relatively primitive crustal source. If common lead was incorporated
later, e.g. during recent weathering, this type of common lead isotope
composition will not be appropriate.

Lead remobilized during weathering will have a higher 2°°Pb/2°”Pb
ratio than the average, unweathered whole-rock, due to selective re-
lease of radiogenic lead from uranium-enriched minerals (Harlavan and
Erel, 2002). In an igneous rock, such radiogenic lead will be counter-
acted by release of unradiogenic lead from U-free minerals such as K-
feldspar. In a quartz arenite with low contents of detrital feldspar and
above-average enrichment in heavy minerals including zircon, the ca-
pacity of ”buffering” the isotopic composition of lead remobilized
during weathering to near-crustal-average ratios will be much lower
than in a granite undergoing weathering.

The effect of selective release of radiogenic lead with elevated
206pp /297ph (and hence low 2°7Pb/2%°Pb ratio) can be illustrated in the
Pb-Pb isochron diagram in Fig. 5a. In this diagram, the radiogenic lead
component in an unaffected zircon will plot on a secondary isochron
whose slope is a function of the age of the zircon (i.e. of the rock in
which it crystallized), and whose initial lead composition is given by
the composition of common lead at the time of crystallization, for ex-
ample the 2.0 Ga composition of average crust with p; = 9.735 shown
in Fig. 5a. At the present time, a 2.0 Ga zircon will plot on the secondary
isochron at a high 206pp, /204D ratio (off the scale of Fig. 5a). A mixture
of such highly radiogenic lead and unradiogenic initial lead released
during weathering will also plot on this line, somewhere between the
two endmembers. An example of a mixture corresponding to a
23815 /294ph ratio of 21 since original crystallization (denoted p3) is
shown in Fig. 5a. At 2°6Pb/2°pb = 22.80, 2°7Pb/?°*Pb = 16.13, this
lead is significantly more radiogenic than both the unradiogenic lead
component in any U-free mineral in the sample, and average crustal
lead at any time. The change in 2°Pb/?°*Pb is larger than the corre-
sponding shift in 2°’Pb/?°*Pb, and hence the 2°°Pb/2°"Pb ratio (1.41)
will be higher than ratios used in common lead corrections using
average crustal lead compositions (2°°Pb/2°Pb < 1.21).

In a conventional U-Pb concordia diagram, the slope of the common
lead line is defined by the 2°°Pb/?°’Pb ratio of the common lead
component, which is situated at infinity in this type of diagram
(Fig. 5b). In a Tera-Wasserburg concordia diagram, the composition of
common lead is given by points on the 2°7Pb/2%Pb axis; crustal lead
with 2°°pb’2°7pp = 1.21 at a point with coordinates (0, 0.83) and the
more radiogenic mixture with 2°°Pb’2°’Pb = 1.41 at the point (0, 0.71)
(Fig. 5¢). At minor common 206ph, the corrected composition is rela-
tively insensitive to the composition of common lead used (Andersen,
2002). At larger corrections (exceeding ca. 1%), and with the elevated
206ph,/207ph (and hence low 2°7Pb/?°°Pb) ratios to be expected for
mobile lead during surface weathering in old quartz arenites, this will
be different. The slope of the mixing line between radiogenic lead and
common lead in this diagram is in general such that even a considerable
error in 2°°Pb/2%*Pb ratio of common lead will only cause a minor
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Fig. 6. Detrital zircon U-Pb data from diamictite of the Palaeoproterozoic
Makganyene Formation, South Africa, used to illustrate some side effects of
common lead correction of detrital zircon ages. For background information on
the sample, see Table 1.

a: SIMS U-Pb data for 61 zircons from Moore et al. (2012), with the 10% dis-
cordance limit used by the original authors. Errors and error correlations have
been omitted to reduce clutter in the diagram. The dotted discordia line has an
upper intercept given by the U-Pb baddeleyite age of the overlying Ongeluk
lavas (2426 + 3 Ma, Gumsley et al., 2017). Grey and black points have been
corrected for more than 0.2% common lead. The three corrected analyses in-
dicated by black fill fall within the 10% discordance limit at ages > 2500 Ma.
An alternative explanation for these is discussed in the text.

b: Percent common lead vs. corrected 2°’Pb/2%°Pb age. Black points as in (a).

c: Percent common lead before correction vs. discordance. The three black
points (as in a and b) are heavily common lead-corrected points that pass the
10% discordance filter, but which are excluded when the 2°°Pb/?°*Pb ratio or
the amount of common lead is used to filter data.
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systematic error in the corrected 2°°Pb/?8U or 2*%U/2°°Pb ratios, but
the corrected 2°’Pb/?*®U ratio will be severely biased towards low
values if too low a 2°°Pb/2%7Pb (i.e. too high 2°7Pb,/2°°Pb) ratio is used
for common lead, as illustrated by the” overcorrected °’Pb” point in
Fig. 5b and the “overcorrected 2°’Pb/2%°Pb” ratio in Fig. 5c. This effect
increases with the amount of common lead removed by the correction,
and as a result, zircons with high common lead contents are likely to be
selectively overcorrected in 2°’Pb, and hence yield 2°7Pb/2%°Pb ages
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Fig. 7. U-Pb data from detrital zircon the Palaeoproterozoic Kuruman
Formation, South Africa used to illustrate some side effects of common lead
correction of detrital zircon ages. For background information on the samples,
see Table 1.

a: Ion microprobe U-Pb data for 223 detrital zircons analysed by SIMS (Pickard,
2003). Grains shown with shaded error ellipses have common lead < 0.03%,
and define a lead-loss line with an upper intercept of 2466 + 2Ma and a lower
intercept within error of zero. The remaining grains (white fill) are common-
lead corrected; the upper intercept is indistinguishable from the other within
error, but the lower intercept has increased to 1200 Ma (dashed line). f2°°Pb is
the percentage of common 2°°Pb that has been removed by the 204-correction.
b: Percent common lead vs. corrected 2°’Pb/2%Pb age.

c: Percent common lead before correction vs. discordance.

that are too young. The composition of the mixture of unradiogenic lead
and unsupported radiogenic lead is likely to be variable, and impossible
to estimate with confidence (e.g. Grauert et al., 1974).

3.3. Examples: the Makganyene and Kuruman formations, South Africa

SIMS U-Pb data on detrital zircon from diamictite of the
Palaeoproterozoic Makganyene Formation (Fig. 6, data from Moore
et al., 2012) and mudstones of Kuruman Formation (Fig. 7, data from
Pickard, 2003) in the Griqualand West Basin, South Africa, illustrate
some unintended effects of common lead correction on detrital zircon
U-Pb data.

The Makganyene Formation was deposited prior to the lavas of the
overlying 2426 + 3 Ma Ongeluk Formation (Gumsley et al., 2017). By
applying a 10% discordance filter to their data, Moore et al. (2012)
obtained acceptable detrital zircon ages in the range 2436-3666 Ma for
30 of 61 data points, thought to reflect the ages of protosource rocks.
The 31 data points rejected by the discordance filter show a pronounced
tendency towards much younger 2°’Pb/2°°Pb ages, i.e. they are dis-
cordant grains plotting above a lead-loss line from 2426 Ma to zero in
Fig. 6a. It should be noted that the amount of common lead removed is
correlated with decreasing 2°’Pb/2°°Pb age and increasing discordance
(Fig. 6b,c).

The banded iron formation succession of the Kuruman Formation
(Fig. 7) occurs at a lower stratigraphic level in the Griqualand West
Basin than the Makganyene Formation. SIMS data on detrital zircon
separated from mudstones in the succession indicate a main age frac-
tion at ca. 2460 Ma, suggesting a dominant provenance component
from volcanic sources coeval with BIF sedimentation (Pickard, 2003),
and minor older components. Common lead contents range from zero to
6.4% common 2°°Pb, and raw data have been corrected by a conven-
tional 2°*Pb correction (Pickard, 2003). Linear regression of 48 grains
with common-2°°Pb < 0.03% (assuming error correlation of 0.9)
yields a discordia line from an upper intercept at 2466 = 2Ma, to a
139 + 170 Ma lower intercept, i.e. within error of zero (filled sig-
nature in Fig. 7a). Grains that have been corrected for more than 0.03%
common lead show divergent behaviour (Fig. 7b, c). One group of
grains retains 2°’Pb/?°°Pb ages close to 2460 Ma after correction, sug-
gesting that common lead in these analyses originate from the
mounting medium or the sample surface, as suggested by Williams
(1998). Another group of grains with common lead above 0.03% show
a correlation between common lead content, low 2°°Pb/2°7Pb age after
correction and discordance similar to that observed in the Makganyene
diamictite (Fig. 7b, c). Regression of 174 grains corrected for more than
0.03% common lead gives a poorly defined line (MSWD = 20) with an
indistinguishable model-2 upper intercept at 2469 + 7 Ma, but with a
lower intercept at 1200 + 49 Ma.

The conventional interpretation of such discordant U-Pb data is that
the zircons have suffered ancient, post-depositional lead loss, perhaps
combined with additional loss of radiogenic lead in recent time.
However, this cannot account for the correlations between low
207ph/296ph age, the percentage of normal discordance and the amount
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of common lead removed by correction (Figs. 6 and 7). Continuous,
diffusion-driven lead loss (Tilton, 1960) would be able to produce
discordant grains with anomalously young 2°7Pb/2°°Pb ages and dis-
cordia lines with meaningless lower intercepts, but will also not be able
to create the correlation between discordance and common lead con-
tent observed.

Near-surface rocks in southern Africa have been exposed to deep
weathering since the late Cretaceous (Partridge et al., 2006). Chemical
weathering under warm climatic conditions will affect zircon, espe-
cially radiation damaged parts of crystals (e.g. Balan et al., 2001),
causing both loss of radiogenic lead and uptake of mobile lead (e.g.
Stern et al., 1966; Black, 1987; Pidgeon et al., 2013). In a sedimentary
rock undergoing weathering, such mobile lead would be more radio-
genic than average crust (Fig. 5a), and the use of any crustal average
common lead composition for correction will lead to overcorrection of
the 2°7Pb/?33U ratio, which can account for the anomalously young
207ph,/206ph ages and meaningless lower intercepts in Figs. 6 and 7.

4. Age bias and Hf isotope systematics

The Lu-Hf isotope system of zircon is much more robust than the U-
Pb system. Thus, a process that modifies the Pb/U ratio of a zircon will
commonly leave its Lu/Hf and '7°Hf/*””Hf ratios unaffected. Due to the
low '76Lu/*”7Hf of zircon (commonly of the order of 0.001, which, for
example, is the average of the zircons in samples MEMG3 and MEMG4
reported in Supplementary Table S1), the change of '7®Hf/*””Hf due to
in-situ decay of '7®Lu will be slower than that of whole-rocks. In this
paper, we express time-corrected *7®Hf/'77Hf ratios of zircons in terms
of the epsilon-Hf parameter, describing the deviation from the evolu-
tion curve of CHUR (Chondritic Uniform Reservoir) at the time of
crystallization (Dickin, 2005). An observed, present-day '7°Hf/!””Hf
ratio of a zircon can be back-calculated to an epsilon-Hf value at the
207ph,/296ph age of the zircon by extrapolating along a straight growth
line in an epsilon-Hf vs. time diagram whose slope is a function of the
1761,u/177Hf ratio of the zircon. In a diagram of '”°Hf/*””Hf versus time,
the slope would be close to zero, because of the very low *”°Lu/!””Hf
ratio of zircon. However, in an epsilon-Hf versus time diagram, the line
has a pronounced positive slope, as a result of the much higher
176Lu/Y77Hf value (0.0336) for CHUR, which, by definition, has a slope
of zero in this type of diagram. If no lead loss has taken place after
initial crystallization of the zircon, or if lead loss is recent, the
207ph/296ph age of the zircon reflects its primary crystallization age,
and the calculated epsilon-Hf will represent that of the protosource rock
at the time of its crystallization. If, on the other hand, the zircon has lost
lead significantly before the present time, epsilon-Hf at the observed,
apparent 2°’Pb/?°°Pb age no longer represents the properties of the
protosource. As far as ancient lead loss results from a single and well-
constrained event (thermal, diagenetic, weathering), zircons having
suffered variable degrees of lead loss will plot along a linear trend in an
epsilon-Hf vs. time diagram which starts at the primary age and Hf
isotopic composition of the protosource and terminates at the age of the
thermal event (Amelin et al., 2000). In some cases, Hf isotope data may
therefore help to distinguish between zircon fractions affected by lead
loss and those that originate from distinct protosources.

How this can be done is illustrated by combined U-Pb and Lu-Hf
data for detrital zircon in a sample of sandstone from the
Palaeoproterozoic Waterberg Group, South Africa (SA16-402, Table 1)
shown in Fig. 8a, b (data from Andersen et al., 2019). Zircons in this
sample comprise a major age fraction between 2000 and 2150 Ma, and
a range of early Palaeoproterozoic and Neoarchaean (2200-2800 Ma)
zircons. The age of deposition of this sandstone cannot be older than the
age of the Bushveld complex at 2055 Ma (Zeh et al., 2015) or younger
than ca. 1870 Ma cross-cutting mafic intrusions (Hanson et al., 2004).
The 2000-2150 Ma age fraction in this sample is in principle open to
two interpretations: It can represent one or more protosources that
formed in this age range, or it may be caused by extensive lead loss
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Fig. 8. a: Cumulative distribution of 2°’Pb/2°°Pb ages for detrital zircons in a sample of the Palaeoproterozoic Waterberg Group, South Africa (Andersen et al., 2019,
see Table 1 for further information). Note the prominent age fraction in the 2000 Ma to 2150 Ma range. For background information on the sample, see Table 1.

b: LA-MC-ICPMS epsilon-Hf vs. 2°”Pb/2°°Pb age for detrital zircons in the sample shown in (a) (data from Andersen et al., 2019). The zircons shown in grey cannot
have originated from any of their older, white counterparts by concealed lead loss, since the trajectory of a zircon losing lead is controlled by the 7°Lu/*””Hf ratio of
the zircon (in this example set to 0.001), and lead loss, for example at the time of emplacement of the Bushveld complex at 2055 Ma cannot cause older zircons to
cross the dashed line through epsilon-Hf at 2500 Ma. However, zircons in the 2000-2150 Ma age range with epsilon-Hf < —10 (highlighted by question mark) may

have been affected by concealed lead loss.

c: Epsilon-Hf in detrital zircon from samples MEMG3 and MEMG4 (data from Supplementary Table S1) compared to the total dataset of Zeh et al. (2016), comprising

657 grains analysed for Lu-Hf (Table 1).

d: Detail of the epsilon-Hf vs. time diagram for the Magaliesberg Formation, showing samples MEMG3 and MEMG#4 from the present study, and BQz2 and BQz3 from
Zeh et al. (2016). For sample BQz3, zircons that are concordant within + 5% that are common lead-free, and those that have been corrected for more than 0.2%
common 2°°Pb are shown with different signatures. The lines through epsilon-Hf = —3 and —8 at 2055 Ma have slopes corresponding to *”°Lu/*””Hf = 0.001. The
2080-2150 Ma zircons in this sample may have been derived from a separate protolith, or they may be equivalents of zircon of the older age fraction (2200-2300 Ma)
plotting between these limits that have lost radiogenic lead at 2055 Ma, as indicated by the shaded arrow with question mark.

affecting early Palaeoproterozoic and Neoarchaean zircons, for example
resulting from contact metamorphism of a sedimentary precursor by the
emplacement of Bushveld magmas at 2055 Ma. In this example, Hf
isotope data give helpful information (Fig. 8b). A straight line through
epsilon-Hf = 0 at 2500 Ma with a slope corresponding to an average
zircon 7®Lu/Y77Hf ratio of 0.001 provides a convenient reference line
in the diagram that cannot be crossed by older zircons whose
207ph,/206ph ages are changed by subsequent loss of radiogenic lead.
Most of the 2000-2150 Ma zircons in this sample have epsilon-Hf
higher than —10 (grey points in Fig. 8b), plotting above this line. In
contrast, zircons older than ca. 2200 Ma, and a minor fraction of the
2000-2150 Ma zircons plot below the line (white points in Fig. 8a).
Since lead loss at 2055 Ma or later would cause zircons in this group to
shift to younger ages along straight lines parallel to the reference line,
lead loss from zircons in the older fraction cannot account for any of the
high epsilon-Hf zircons in the 2000-2150 age range, which make up a
majority of this age fraction. The 2000-2150 Ma zircons with epsilon-

10

Hf > —10 must therefore originate from one or more protosources
with younger age and different crustal Lu-Hf evolution history than the
source(s) of the older zircons in this sample. However, a minor fraction
of 2000-2150 Ma zircons with low epsilon-Hf (< —10, indicated by
question mark in Fig. 8b) can either be older grains that have suffered
concealed lead loss, or grains derived from 2000 to 2150 Ma proto-
sources whose Lu-Hf characteristics must have been different from that
of the zircons with similar age but higher epsilon-Hf. In this example, Hf
isotope data can help to define one sub-fraction of zircons that has a
robust protosource signature and that cannot have been generated by
concealed lead loss from older age fractions, and to point out zircons
whose origin is less certain, and which must therefore be interpreted
with care.

Unfortunately, Hf isotope data cannot always be used to distinguish
between mutually exclusive interpretations of U-Pb age fractions. Data
on Palaeoproterozoic detrital zircon in the Magaliesberg Formation,
whose U-Pb distributions were shown in Fig. 2b and discussed in
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Section 2.2 provide an example. The 2080-2130 Ma age fraction in
sample BQz3 was interpreted by Zeh et al. (2016) as reflecting proto-
source ages. The alternative interpretation is that this age fraction
consists of 2200-2300 Ma or older zircons that have suffered concealed,
partial lead loss at the time of emplacement of the Bushveld complex at
2055 Ma. Lu-Hf isotope data were published by Zeh et al. (2016), and
data for samples MEMG3 and MEMG4 are presented in this study
(Supplementary Table S1). There is general overlap between the Pa-
laeoproterozoic zircons in all these samples, with clusters at epsilon-
Hf = —10 to 0 at 2200-2300 Ma and —8 to —3 at 2050-2150 Ma
(Fig. 8c). Epsilon-Hf values of the zircons in sample BQz3 of Zeh et al.
(2016), which has a major age fraction at 2080-2130 Ma, are moder-
ately negative. All but one of the grains in this sample that are younger
than 2200 Ma plot between straight lines with slope corresponding to
176Lu/Y7Hf = 0.001 drawn through points at 2055 Ma with epsilon-
Hf = —3 and -8, respectively (Fig. 8d). A majority of zircons in the
2200-2300 Ma age range in samples BQz2, MEMG3 and MEMG4 also
fall between these two lines (Fig. 8d). Loss of radiogenic lead from
zircons in this, older group will shift the grains along straight lines
between the two, limiting lines, as indicated by the grey arrow in
Fig. 8d. Zircons that have lost a considerable part of their radiogenic
lead at 2055 Ma will be shifted to overlap with the younger age fraction
in BQz3. Hf isotope data will therefore not be able to distinguish be-
tween older grains that have suffered concealed lead loss, and grains
that have been derived from 2080 to 2150 Ma protosources with a si-
milar Hf isotope signature.

5. Discussion

The features reviewed in this paper are well-known aspects of the U-
Pb and Lu-Hf systematics of zircon, and most published detrital zircon
geochronology studies take at least some of the effects illustrated here
into consideration. However, the examples presented above suggest
that some bias is likely to remain hidden within what is commonly
regarded as acceptable data. Some of the consequences for geological
interpretation of detrital zircon data are discussed in the following
paragraphs.

5.1. Spurious age fractions

The potentially most damaging violation of the assumption of
qualitative representativity of detrital zircon age data to appear from
the present review is the potential of ancient lead loss processes to
generate spurious age fractions that have no counterpart in the proto-
sources. Even as strong a discordance limit as + 5% may fail to identify
grains that have suffered post-depositional lead loss causing shifts in the
207pp,/209ph ages of several hundred million years (Figs. 1 and 2d).
Unfortunately, Hf isotope data cannot always be used to distinguish
between zircon from genuinely young protosources and older zircons
that have lost lead after deposition, as was illustrated by the data from
the Magaliesberg Formation (Section 4 and Fig. 8d).

Ancient lead loss in a suite of detrital zircons may be due to the
thermal effect of younger magmatic intrusions. In Mesoproterozoic
sandstone of the Eriksfjord Formation in southern Greenland, a large
proportion of detrital zircons of variable primary age, origin and Hf
isotope composition were shifted to a formally concordant but anom-
alously young age by the thermal effects of magmatism on the host
sediment a relatively short time after its deposition (Andersen, 2013).
Despite the significant amounts of radiogenic lead lost in this process,
most zircons retained a magmatic, oscillatory zoning pattern in cath-
odoluminescence images, with only subtle indications of overprint (see
Andersen, 2013 for illustration). The resulting, spurious age fraction
could be recognized as such from an unreasonably large range in Hf
isotopic composition of 38 epsilon units at the time of the resetting
event. Intrusion of the Bushveld magmas into the quartz arenites of the
Magaliesberg Formation at 2055 Ma would in principle have induced a
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far larger thermal effect than that experienced by the Eriksfjord sand-
stone, with the possibility of a shift in detrital zircon ages towards the
age of contact metamorphism, while keeping within the + 5% dis-
cordance envelope (Fig. 2d).

A 2200-2300 Ma age fraction is prominent in all of the samples so
far analysed from the Magaliesberg Formation (Schroder et al., 2016;
Zeh et al., 2016, this study). Similar age fractions are found in other
Palaeoproterozoic deposits in southern Africa, e.g. in the Elim group of
the Griqualand West Basin, South Africa (van Niekerk, 2006; Dreyer,
2014) and in the Segwagwa Group of Botswana (Mapeo et al., 2006).
The source of these zircons remains controversial, but observations of
2200-2300 Ma, zircon-bearing tuff layers in sedimentary rocks of the
Transvaal Supergroup (Rasmussen et al., 2013) indicate that there was
volcanic activity of relevant composition somewhere along the margin
of the Kaapvaal Craton in this time period. There is thus no reason to
doubt the genuine protosource significance of this age group of zircons,
although the source itself remains to be identified.

The interpretation of the 2080-2130 Ma age fraction as representing
protosource ages was questioned by Beukes et al. (2019). The ob-
servation to be made from Figs. 2 and 8d in this study is that the in-
terpretation of the 2080-2130 Ma age fraction as representing proto-
source ages may be less robust than suggested by Zeh et al. (2016),
because complete overlap in epsilon-Hf of potential, young protosurce
(s) and a spurious age fraction generated by concealed lead loss during
or after emplacement of the Bushveld complex.

Spurious age fractions in the Eriksfjord sandstone and potentially in
the Magaliesberg quartzite are due to thermally induced lead loss re-
lated to known magmatic intrusions. Ancient lead loss due to weath-
ering processes will have similar effects, and is equally likely to remain
undetected by conventional discordance filters. This suggests that det-
rital zircon data from palaeosols, or other fossil weathering zones
should be treated with great care. Although trace element-based
methods for identifying more reliable analyses have been proposed (e.g.
Bell et al., 2016), these are not part of the routine analytical set-up.
Additionally, these trace element analyses are often not performed on
exactly the same spot as the U-Pb analysis, and their interpretation may
therefore become ambiguous.

Apparently concordant, spurious age fractions may also appear as
an unintended effect of common lead correction. When common lead
correction is applied to zircons that have lost a minor amount of lead in
recent weathering processes, overcorrection of the 2°’Pb/?*>U ratio
may result in formally concordant grains whose 2°”Pb/?°°Pb ages are
systematically younger than their true crystallization age. It may be
speculated that such effects have produced apparently concordant zir-
cons at ca. 2200 Ma in the Makganyene Formation diamictite reported
by Beukes et al. (2013) and Ngobeli et al. (2018), but the underlying
data have not yet been published in a way that allows a critical review.

5.2. The “youngest detrital zircon age (fraction)” and “maximum
depositional age”

There is in principle no necessary relationship between ages of
zircon-forming processes in a protosource terrane and the age of the
sediment in which detrital zircons are finally deposited. For example, a
sample of beach sediment from a locality near Durban, South Africa,
gave a minimum detrital zircon age of 241 Ma (Andersen et al., 2016a),
significantly overestimating the Recent age of deposition of this sand.
The use of the “youngest detrital zircon age” or age fraction to define a
maximum age of deposition for a clastic sediment is thus problematic
even when the age data are unbiased by effects discussed in this paper,
but is nevertheless in common use. The general lead-loss scenario il-
lustrated in Fig. 1 raises some fundamental questions that must be
answered before data can be used to define limits for the age of sedi-
mentation: The age of the concordant a zircon (t;) would in general be
recognized as an undisputed primary crystallization age (i.e. a proto-
source age), especially if supported by a cathodoluminescence or



T. Andersen, et al. Earth-Science Reviews 197 (2019) 102899

—

— ) 1
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the deposition age of its host sediment. Zircon b plots within the per-
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275 Ma younger than t;. However, if the minor discordance of b is due
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estimates of primary crystallization ages and ages of disturbance for
significant fractions of discordant detrital zircons in the sample. The
mathematics of the method is explained in some detail in the original
paper by Reimink et al. (2016). This method has been applied to dis-
cordant data from the Makganyene and Magaliesberg formations
(Fig. 9).

The maximum likelihood peak of upper intercept ages for the
Makganyene Formation overlaps the interquartile range of concordant
zircon in the sample (Moore et al., 2012), but there is a significant, non-
zero likelihood of finding upper intercepts both significantly older than
any concordant zircon age observed in the sample, and ages younger
than any estimate of the depositional age of this diamictite (Fig. 9a). d T T T
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Fig. 9. Likelihood estimates for upper and lower intercept age for discordant
zircon in Makganyene and Magaliesberg formations (data from Moore et al.,
2012; Schroder et al., 2016 and Table 1) by the algorithm of Reimink et al.
(2016), compared to cumulative distribution curves for concordant grains in
the same datasets (dashed lines referring to right hand scale). Also shown are
minimum limits for the age of deposition defined by overlying volcanic rocks (a,
data from Gumsley et al., 2017) and the emplacement age of the Bushveld
complex (b, ¢, d, data from Zeh et al., 2015), and interquartile age ranges for
the concordant detrital zircon grains.

with a maximum in the late Palaeoproterozoic, which is superposed by
a sharp maximum overlapping with the age of the Bushveld complex.

The examples above show that the method of Reimink et al. (2016)
may give upper intercept estimates that may be geologically meaningful
(Fig. 9c, d), but also results that are difficult to interpret, or are geo-
logically meaningless (upper intercept peaks in Fig. 9a, b, elevated
early Archaean likelihoods in Fig. 9¢c, d). The lower intercept maxima
indicated in Fig. 9 are all significantly younger than the respective
depositional ages, and may possibly be related to post-depositional lead
loss events. However, it is difficult to relate these peaks to known
geological events, the reason may be that the method is not able to cope
with data from grains that have lost lead in more than one episode (e.g.
at 2055 and 0 Ma in the Magaliesberg example). It should also be noted
that discordant zircons whose 2°’Pb/2°Pb ratios have been biased by
overcorrection for common lead will not automatically be recognized as
such, leading to spurious results. These examples suggest that the
method of Reimink et al. (2016) may give unpredictable results, and
that it should be used only with great care and a good understanding of
the geological history of the host sediment.

An alternative approach to moderately (<10%) discordant zircons
was proposed by Shaanan et al. (2019), making use of partial age dis-
tributions of ancient zircons as “fingerprints” of old crustal sources.
Whereas this method may also give interesting information, as in the
examples discussed by Shaanan et al. (2019), it is unlikely to be gen-
erally applicable (see, for example, a general discussion of similarity
between old crustal domains by Andersen, 2014). Furthermore, the
method is likely to encounter the problem of extracting specific in-
formation (the source fingerprint) from data that are essentially
random, i.e. detrital zircons that have suffered partial concealed lead
loss in the past, see Section 2.1, above.

5.4. A practical alternative to the constant discordance filter?

The examination of the U-Pb data from the Magaliesberg Formation
(Fig. 2) suggests that although a constant discordance filter is likely to
identify and remove points whose discordance is due to young or recent
lead loss, it is also likely to let grains that have suffered even significant
amounts of ancient lead loss pass undetected. The 2°”Pb,/2%Pb ratio of a
zircon grain that has lost lead only in recent time, and which has not
incorporated unsupported, radiogenic lead in the process, truly reflects
the age of the protosource, and thus gives valid information both for
construction of age distribution patterns and for recalculation of Lu-Hf
isotope data. Identifying grains that have lost lead only in recent time is
a non-trivial problem that probably cannot be solved from U-Pb sys-
tematics alone. However, a positive correlation between the proportion
of common lead and the degree of normal discordance (Figs. 6 and 7) is
an indication, although no proof, that recent weathering is an im-
portant cause of both discordance and the presence of unsupported
lead, and that age bias among the discordant zircon is more likely in-
duced by the correction for common lead than the lead loss process
itself. In such a situation, it may be permissible to relax the discordance
filter, and instead define a rejection limit based on the amount of
common lead that has been removed by correction, or on the observed
206ph/204ph ratio prior to correction, as was suggested by Andersen
et al. (2019).

The example from the Makganyene Formation (Fig. 6) suggests that
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Fig. 10. The effects of two different data filtering protocols on detrital zircon
distributions of samples MEMG3 and MEMG#4 (Table 1, Supplementary Table
S1). Numbers of grains that are retained in each of the filtered datasets are
shown in the figure. Vertical bars on the filtered distribution curves of MEMG3
indicate the width of the respective confidence bands (Andersen et al., 2018b).

significant deviation from the acceptable 2°’Pb/°°Pb age limits only
occurs in grains that have been corrected for ca. 0.2% common 2°°Pb or
more. Rejecting grains with more than 0.2% common lead regardless of
discordance removes the same grains as does the 10% discordance filter
applied by Moore et al. (2012), but it also removes three Archaean
grains which have been corrected for between 0.5 and 2.5% common
lead (Fig. 6b, c), whose real ages remain unknown.

The effect of the different rejection criteria on detrital zircon age
distributions can be illustrated further by samples MEMG3 and MEMG4
(Fig. 10). Both filters remove the younger age “tails”. For MEMG4, the
corrected distribution patterns are identical, but more grains are re-
tained in the common-lead filtered data (45 vs. 23 grains). The response
in MEMGS3 is somewhat different. The Palaeoproterozoic parts of the
age distributions are indistinguishable, but the fraction of Archaean
zircon is higher in the common-lead filtered data. Although this dif-
ference is within the uncertainty expected from random sampling
(Fig. 10), it suggests that the discordance filter has removed Archaean
grains that have suffered recent lead loss, and whose ages are therefore
significant.

It is probably not possible to make a general recommendation of one
of the two possible rejection protocols over the other. The relative
performance of the two will depend both on the age of the rock and on
the post-depositional history of the sample. The detrital zircon data
reviewed in this paper suggest that a rejection limit based on the
206ph/294ph ratio or the common lead percentage removes artifacts
more efficiently than the traditional discordance limit, but this may
reflect the deep, hot-climate weathering processes experienced by the
rocks, and the long residence time of the zircons in the host sediment.
These zircons have both suffered considerable radiation damage, and
have been heavily exposed to near-surface fluids under conditions that
favour reaction. The situation may be different in rocks that have been
weathered in a cooler climate, or rocks that have had their weathering
zones stripped off by, for example, Quaternary glaciation. In this re-
spect, it is interesting to observe that detrital zircons in Precambrian
sedimentary rocks affected by northern hemisphere glaciation (e.g. the
Mesoproterozoic sandstones of the Eriksfjord Formation in Greenland;
Andersen, 2013) tend to show less discordance than detrital zircon
suites considered in this review.
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5.5. The effect on detrital zircons in Neoproterozoic and younger deposits

The high proportion of highly discordant zircon grains encountered
in the in this review appears to be a characteristic feature of
Palaeoproterozoic and Archaean zircons in southern Africa, particularly
those having been sampled from surface exposures (Elburg et al., 2018).
These zircons have had long residence time in an undisturbed sedi-
mentary host rock, which has been affected by deep weathering in re-
latively recent time. Detrital zircon in Neoproterozoic, Phanerozoic and
Cenozoic deposits in the region (e.g. Andersen et al., 2016a, 2016b,
2018a; Kristoffersen et al., 2016) show lesser proportions of severely
discordant and common-lead infested grains. These deposits contain a
significant proportion of recycled, older sedimentary rocks, and highly
metamict grains are likely to have been selectively removed during the
recycling process (e.g. Markwitz and Kirkland, 2018). The degree of
metamictization of a zircon depends on the U (and Th) concentration
and the age of the grain (e.g. Nasdala et al., 2004). Neoproterozoic and
early Phanerozoic grains have had less time to accumulate radiation
damage, and are thus less vulnerable to abrasion during erosion and
transport than Palaeoproterozoic and Archaean detrital zircon. These
effects will combine to reduce the importance of discordance and
common-lead induced bias in detrital zircon in younger deposits, but
they will not remove the problem. Furthermore, any old zircon that has
survived one or more recycling episodes before being deposited in its
final sedimentary host may also have been affected by weathering,
radiogenic lead loss and common lead uptake during previous erosion -
transport - deposition cycles, thereby further complicating interpreta-
tion.

6. Conclusions

Even when widely accepted discordance criteria are applied to
detrital zircon U-Pb data, systematic errors caused by concealed ancient
lead loss, by underestimation of error correlation, or by correction for
common lead may remain in the filtered data. Such artifacts violate the
assumption of qualitative representativity of detrital zircon ages, and
are detrimental to applications of detrital zircon data to geological
problems. Careful scrutiny of the relationships between isotopic ratios,
calculated common-lead contents, ages and discordances in the U-Th-
Pb system may help detecting biased data. For this to be possible, it is
important that the full set of analytical data from the mass spectrometer
is published, and not only the ages calculated from them. To allow a
critical examination of the effects of common lead correction on the
final age data, it is important that also uncorrected U-Th-Pb data are
also published, including the 2°*Pb/2°®Pb (or 2°*Pb,/2°°Pb) ratio prior to
common lead correction.

One type of application that is especially vulnerable to age bias
induced by any of the mechanisms is the use of “the youngest zircon
(fraction)” to define maximum limits for age of deposition. Despite of
its popularity in basin evolution and correlation studies, such inter-
pretations of detrital zircon data should be treated with utmost caution.

Hf isotopes can often provide further guidance on the feasibility of
alternative interpretations, and we would recommend that U-Pb data of
detrital zircon is supported by Lu-Hf analysis on the same zircons
whenever the size of the grains allows this.

The best recommendation to be given is that models based on det-
rital zircon data should always be kept open with respect to alternative
interpretations that are compatible with the limits of discordance used
and statistical errors associated with the distributions.
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