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a b s t r a c t
Continental crust provides ﬁrst-order control on Earth’s surface environment, enabling the presence of
stable dry landmasses surrounded by deep oceans. The evolution of continental crust is important for
atmospheric evolution, because continental crust is an essential component of deep carbon cycle and
is likely to have played a critical role in the oxygenation of the atmosphere. Geochemical information
stored in the mineral zircon, known for its resilience to diagenesis and metamorphism, has been
central to ongoing debates on the genesis and evolution of continental crust. However, correction for
crustal reworking, which is the most critical step when estimating original formation ages, has been
incorrectly formulated, undermining the signiﬁcance of previous estimates. Here I suggest a simple yet
promising approach for reworking correction using the global compilation of zircon data. The presentday distribution of crustal formation age estimated by the new “unmixing” method serves as the lower
bound to the true crustal growth, and large deviations from growth models based on mantle depletion
imply the important role of crustal recycling through the Earth history.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
At present, continental crust occupies approximately 40% of
Earth’s surface, and regarding its surface age (Goodwin, 1996), its
majority (∼70%) is younger than 1 Ga, and only ∼5% has Archean
ages (2.5–4 Ga). Because of crustal reworking such as orogenic
overprinting, the original ages of ancient crustal formation are hard
to survive, and surface ages are expected to be biased to younger
ages. Moreover, continental crust can be recycled to the mantle
via erosion and subduction. To understand how continental crust
has evolved through time, therefore, we need to delineate the effects of crustal reworking as well as crustal recycling from the
geological record. To this end, it is of vital importance to recognize that there are two distinct types of models among a wide
variety of ‘continental growth’ models that have been proposed so
far (e.g., Armstrong, 1981; Taylor and McLennan, 1985; Campbell,
2003; Harrison, 2009; Cawood et al., 2013; Iizuka et al., 2017).
The ﬁrst type of models is based on the reconstruction of true
crust formation ages by using, for example, K–Ar and Rb–Sr ages
(Hurley and Rand, 1969), Nd model ages (DePaolo, 1981; Allegre and Rousseau, 1984), U–Pb ages (Condie, 1998; Rino et al.,
2004), or Hf model ages (Belousova et al., 2010; Dhuime et al.,
2012; Roberts and Spencer, 2015). All of these models are es-
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timates on the present-day distribution of crust formation ages.
Such estimates by themselves contain no information on what has
been lost to the mantle by recycling, so these crust-based models serve as the lower bound for net crustal growth. The second
type of models is based on the secular evolution of mantle depletion (DePaolo, 1980; Jacobsen, 1988; Armstrong, 1991; Campbell,
2003). As the continental crust is highly enriched in incompatible elements, its extraction from the mantle leaves the residual
mantle correspondingly depleted, and crustal recycling can reduce
the degree of mantle depletion. From the evolution of mantle depletion, therefore, one can backtrack how the mass of coexisting
continental crust should have varied with time. This mantle-based
approach provides an estimate on net crustal growth. The effect
of crustal reworking is reﬂected in the difference between crustbased models and the present-day surface age distribution, and
that of crustal recycling in the difference between mantle-based
and crust-based models. If mantle-based and crust-based models
are similar to each other, for example, it would leave little room
for crustal recycling.
Crust-based growth models, i.e., efforts to unveil true formation ages based on isotopic signatures preserved in igneous and
sedimentary rocks, have steadily been elaborated in the last several decades (Hurley and Rand, 1969; DePaolo, 1981; Allegre and
Rousseau, 1984; Condie, 1998; Rino et al., 2004; Kemp et al., 2010),
and currently the most popular approach exploits the U–Pb–Hf isotope analyses of detrital zircons (Kemp and Hawkesworth, 2014).
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Iizuka et al., 2010) (Fig. 1). The depleted mantle model age T DM
may be modeled as (1 − α ) T 1 + α T 2 , where T 1 and T 2 denote
the formation ages of the juvenile magma and reworked crustal
components, respectively, and α is the reworking index that measures the relative signiﬁcance of these two components (Iizuka et
al., 2010). As T U–Pb is equivalent to T 1 , the age of the reworked
crustal component can be computed as:

T 2 = T U–Pb + α −1 ( T DM − T U–Pb ).

Fig. 1. Distribution of  Hf and crystallization age data for the global zircon
database of Roberts and Spencer (2015).  Hf is deﬁned as [(176 Hf/177 Hf)sample /
(176 Hf/177 Hf)CHUR − 1] × 104 , where CHUR represents chondritic uniform reservoir
(Blichert-Toft and Albarede, 1997), calculated at the crystallization age of sample.
The evolution of depleted mantle (Vervoort and Blichert-Toft, 1999) is shown as
green dashed line. Two kinds of zircon ages, T U–Pb and T DM , are indicated for
a hypothetical datum (open circle). A sample mixing scenario for the datum is
schematically drawn; an Archean crust evolving along red arrow is reworked by
the formation of a Proterozoic crust, which itself evolves along yellow arrow. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Thanks to the peculiar physiochemical properties of zircon, its
crystallization age can be determined accurately by U–Pb dating,
and it can retain the Hf and oxygen isotopic signatures of its host
rock through multiple sedimentary cycles. As detrital zircons sample broad regions of continental upper crust, the global compilations of detrital zircon data have frequently been used to estimate
the history of continental growth (Rino et al., 2004; Iizuka et al.,
2010; Belousova et al., 2010; Dhuime et al., 2012). Whereas earlier
studies are based solely on the distribution of U–Pb crystallization ages (T U–Pb ) (Condie, 1998; Rino et al., 2004), more recent
studies exploit Hf isotope data to calculate depleted mantle model
ages (T DM ) (Fig. 1) and correct for the effect of crustal reworking
(Belousova et al., 2010; Dhuime et al., 2012). This study presents
major improvements on these crust-based models, by providing a
new method to properly correct for crustal reworking.
2. Correcting for crustal reworking using zircon data
As crustal reworking can reset crystallization ages, directly using T U–Pb as crust formation ages is expected to be biased to
younger ages. Such bias can easily be visualized with the help of
synthetic data (Fig. 2a, d, h). It can also be seen that directly using T DM is not appropriate, either, because it is still affected by
crustal reworking (Fig. 1). Belousova et al. (2010) proposed to estimate the distribution of crust formation ages by taking the ratio of
T U–Pb and T DM , and this approach was also adopted by Dhuime et
al. (2012), with a modiﬁcation to screen out supracrustal zircons
using oxygen isotope data. An estimate on the distribution of formation ages by this ratio method is hereinafter referred to as the
T B-D distribution. The ratio method is, however, inherently biased
to older ages (Fig. 2b, e, i; see also Methods). It appears to work
well only when the true formation age is skewed toward older
ages (Fig. 2a–c), but this should be viewed as a mere coincidence.
An entirely different approach is possible by noting that crustal
reworking can be viewed as mixing between a juvenile magma
component derived from the depleted mantle and a reworked
crustal component (Kemp et al., 2007; Jagoutz et al., 2009;

(1)

Thus, one may undo the mixing by generating two ‘pseudodata’
with the formation ages of T 1 and T 2 for each pair of T U–Pb and
T DM . The ensemble of formation ages generated this way is called
hereinafter as T unmix . The reworking index α has been estimated
to be approximately 0.5, though it can exhibit both temporal and
regional variations (Iizuka et al., 2010). For the simplest application
of this “unmixing” method, therefore, α may be set to 0.5; it can
also be randomized to propagate the uncertainty of α to T unmix
(see Methods). The performance of the unmixing method is also
shown in Fig. 2, and for all of the synthetic examples, the distribution of T unmix resembles closely that of true formation ages. One
distinct advantage of the unmixing method is to make full use of
the joint probability distribution of T U–Pb and T DM , which is equivalent to the two-dimensional (2-D) histogram in the age- Hf space
(Fig. 1). In contrast, the ratio method projects the 2-D distribution
to the 1-D distributions of T U–Pb and T DM , and by doing so, it discards any existing correlation between T U–Pb and T DM .
The unmixing method appears to be statistically robust as well.
Fig. 3 presents two additional synthetic tests, the ﬁrst of which
uses data prepared by fully randomizing the reworking index α
between 0 and 1. The randomization of this degree can effectively include the uncertainty of T DM originating in the assumed
Lu/Hf ratio (Methods). The unmixing procedure is still conducted
with α = 0.5. Whereas the recovery of the formation age distribution certainly deteriorates to some extent, all of the four peaks in
the true distribution are still resolved (Fig. 3c), and the difference
caused by random mixing is minor in the cumulative distribution
(Fig. 3d). All of synthetic data so far are prepared by single-step
mixing, so the good performance of the unmixing method may
not be surprising. In the second test, therefore, multi-step mixing
is employed to emulate more realistic crustal reworking (Iizuka et
al., 2010) (see Methods; Fig. 3e). Interestingly, this additional layer
of randomization actually improves the recovery of older formation ages (Fig. 3c). Unmixing multi-step data with the assumption
of single-step mixing generally causes a small bias toward older
formation ages (Fig. 3f), and this bias helps to compensate the
blurring caused by the uncertainty in the reworking index.
Results of yet another synthetic test are given in Fig. 4 to show
the performance of the unmixing method when the average of
the reworking index α used to prepare synthetic data is different from the value of α assumed by the unmixing method. The
most complicated case in the previous synthetic tests (i.e., multistep mixing with the true formation age distribution of Fig. 2h)
is revisited with three different scenarios for the reworking index
(Fig. 4a): α = 0.6 ± 0.1, α = 0.4 ± 0.1, and α varying linearly from
0.2 at 4.5 Ga to 0.75 at present. The last case of time-varying α
is an attempt to approximate the temporal evolution suggested by
Iizuka et al. (2010). The unmixing method is again conducted with
α = 0.5. As seen in Fig. 4b and 4c, the recovery of the formation
age distribution deteriorates to some extent, though the amplitudes of misﬁt are similar to those seen for the previous tests with
different kinds of mixing with the mean α of 0.5 (Fig. 3c and 3d).
3. Application to global zircon data
The unmixing method is applied to a recent global database
of detrital zircon (Roberts and Spencer, 2015), which contains
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Fig. 2. Recovery test of the ratio method and the unmixing method using three kinds of synthetic data: (a–c) linearly increasing, (d–f) linear decreasing, and (h–j) more
complex distributions of crust formation ages. Distribution of true formation ages is shown as gray histogram. Left column shows the distributions of T U–Pb (yellow) and T DM
(magenta) synthesized with single-step mixing, in which α is randomly drawn from the normal distribution with a mean of 0.5 and one standard deviation of 0.1. Middle
column compares the distributions of T B-D (blue) and T unmix (red). Right column shows their cumulative distributions. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

∼42,000 pairs of T U–Pb and T DM (Fig. 5). Most of the peaks seen in
the T U–Pb distribution (Fig. 5a) are still recognized in the T unmix
distribution, though the background level is increased (Fig. 5b).
Those peaks seen in the T U–Pb distribution correlate well with
the supercontinental cycle, and it has long been debated whether
they reﬂect enhanced crustal generation (Condie, 1998) or better
preservation potential (Hawkesworth et al., 2010). As such peaks
become considerably blurred in the distribution of T DM (Fig. 5a),
crustal growth models based simply on T DM could question the
signiﬁcance of supercontinental cycle in the formation of continental crust (Iizuka et al., 2017). In contrast, the T unmix distribution retains those peaks clearly, and the heights of different peaks
become comparable after correcting crustal reworking, implying
a uniformitarian view for the role of supercontinental formation
in crustal evolution. It is important that the T unmix distribution
(Fig. 5b) is different from both the T U–Pb and T DM distributions
(Fig. 5a). If the T U–Pb distribution is directly used as the true formation ages (Condie, 1998; Condie and Aster, 2010), it would give
an impression that most of extant crust has formed after 3 Ga. If
the T DM distribution is used instead, the formation ages would be
skewed toward the middle of the Earth history. The T unmix distribution suggests that the generation of (extant) crust is already
nontrivial at the beginning of the Earth history and gradually increases until ∼3 Ga, after which it maintains a nearly steady level,
with occasional elevations caused by supercontinental formation.
As the method processes individual data one by one, it is
straightforward to incorporate various data-speciﬁc operations (see

Methods). As an example, results with the oxygen isotope screening as parameterized by Dhuime et al. (2012) are also shown for
comparison. In terms of the cumulative distribution, the effect of
oxygen isotope screening is minimal (Fig. 5c), which is reassuring
because how to use oxygen isotopes for screening is still debated
(Roberts and Spencer, 2015). The T unmix distribution is very different from the earlier estimates based on similar global compilations of zircon data (Belousova et al., 2010; Dhuime et al., 2012)
(Fig. 5c), and this is owing to the inherent bias caused by the ratio
method employed in those studies (Fig. 2; Methods).
The cumulative T unmix distribution is an estimate on the
present-day cumulative distribution of crust formation age, which
should be seen as the lower bound for the net crustal growth. For
example, about 40% of the present-day crust is estimated to have
formation ages greater than 2.5 Ga (Fig. 5c), so at least this fraction of the present-day crustal mass should have existed at 2.5 Ga.
The actual crustal mass at 2.5 Ga could have been higher, and in
this case, any excess from the presently preserved crust must have
been recycled back to the mantle. Zircon age data allow us to correct for crustal reworking, but not for crustal recycling.
The T unmix distribution is a lower bound in another sense as
well. A prevailing assumption in zircon-based studies is that individual zircon samples represent different crustal volumes of similar sizes. Zircon saturation, however, depends on the temperature
and composition of parental magma (Watson and Harrison, 1983;
Boehnke et al., 2013), and higher mantle potential temperatures
early in the Earth history (Herzberg et al., 2010), for example,
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Fig. 3. Further recovery test of the unmixing method with more extensively randomized synthetic data. Distributions of (a) synthesized T U–Pb , (b) synthesized T DM , and (c)
T unmix are compared with that of true formation ages (gray histogram). (d) is same as (c) but for cumulative distribution. (e) Schematic drawing for multi-step mixing, and
(f) that for corresponding single-step unmixing procedure (T i , S i , and T 1i ,2 denote true formation ages, synthetic zircon data, and pseudodata, respectively). See Methods for
the detail of synthetic data preparation. For all cases, the unmixing method is conducted with α = 0.5.

may have resulted in magmas depleted in zircon relative to the
present (Keller et al., 2017). In other words, older zircon samples
could represent greater crustal volumes. Treating all zircon samples
equally thus minimizes the estimate on crustal volume preserved
from the early Earth. Similar caution also exists for regional variations among zircon samples with similar ages; a single pluton with
high Zr concentration could make many more zircons per mass
of generated continental crust. The use of a global compilation
could minimize the effect of such regional variations, but as mentioned earlier, the unmixing method itself can easily incorporate
data-speciﬁc operations, so it is possible to improve the recovery
of the true formation age distribution by taking into account the
likely nature of source regions. When doing so, it would also be
important to better constrain the history of crustal reworking; an
incorrect assumption for the mean α leads to a nontrivial estimation error (Fig. 4), but this type of error can be reduced by using
proper values of α in unmixing. Such a more careful treatment of
existing zircon data undoubtedly requires more information than
contained in the literature, so it is not attempted here. The simplicity of the unmixing method, however, will allow us to keep
improving the estimate of the crustal formation age distribution
by assimilating relevant geological and geochemical data as they
become available.

4. Implications for early Earth dynamics and environment
The signiﬁcance of the new estimate on the present-day distribution of crust formation ages becomes more evident when compared with mantle-based models of net crustal growth (Fig. 5c).
Since ﬁrst proposed in 2010, the application of the ratio method to
different compilations of zircon data has yielded similar ‘growth’
curves (Belousova et al., 2010; Dhuime et al., 2012; Roberts and
Spencer, 2015), and owing to this apparent consistency, the standing of these models is quite solid in the recent literature (e.g.,
Iizuka et al., 2017; Hawkesworth et al., 2017). Such models are
also similar to the mantle-based model of Campbell (2003), so different approaches seem to be converging. Being solely based on
zircon age data, however, these ‘growth’ models based on the ratio
method can only be an estimate on the present-day distribution of
crust formation ages, not net growth models. Whereas the possibility of large-scale crustal recycling has long been discussed (e.g.,
Allegre and Rousseau, 1984; Gurnis and Davies, 1986), therefore,
the apparent convergence of the crust-based model of Dhuime et
al. (2012) and the mantle-based model of Campbell (2003) would
indicate that crustal recycling had been insigniﬁcant through time
(Fig. 5c). This inference would be valid if the ratio method could
accurately correct for crustal reworking, but as seen in Fig. 2, the
method suffers from a strong bias toward older ages, and this bias
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(Fig. 5c). Whereas net crustal growth is slow in this second stage
and could even be negligible in the end-member model of Armstrong (1981), the rate of new crust generation should be higher
than that of net crustal growth in the presence of crustal recycling. Thus, the new estimate on the present-day distribution of
crust formation ages, which points to substantial crustal recycling through time, also suggests the production of new continental crust at a much higher level than indicated by net crustal
growth. The evolution of continental crust since the early Archean
could potentially be considerably more dynamic than implied by
the seemingly slow net growth, being characterized by intensive
crustal production and destruction. Such dynamic crustal evolution
has important implications for the long-term CO2 cycle (Kasting
and Catling, 2003; Berner, 2004), the oxygenation of the atmosphere (Lyons et al., 2014), and the global water cycle (Korenaga et
al., 2017), and resolving its details is essential to better understand
the coevolution of the Earth’s interior and the surface environment. In this regard, it will be important to evaluate the robustness
of mantle-based growth models. For example, the model of Campbell (2003) is based on the secular evolution of Nb/U of the mantle
back to the early Archean, but the original Nb/U data, if their scatters are taken into account, do not demand notable crustal growth
for the last 3.5 Gyr, being compatible with the model of Armstrong
(1981) (note that the original Armstrong model is of conceptual
nature but has been argued to be consistent with the evolution of
mantle depletion (Armstrong, 1991)). If the true crustal growth is
close to the Armstrong model, then, the T unmix distribution may
necessitate eﬃcient crustal recycling and thus signiﬁcant crustal
production in the early Earth. Also, it should be noted that the difference between crust-based models and mantle-based ones does
not directly reﬂect the extent of crustal recycling at any given time,
but rather the time-integrated effect of crustal recycling. Quantifying the magnitude of crustal recycling in the past thus requires
us to consider crust–mantle evolution as a whole. The presentday distribution of crust formation age, as estimated in this study,
will serve as a robust global constraint on the coupled crust–
mantle evolution, an improved understanding of which will be
indispensable to decipher the initiation of plate tectonics on the
Earth (Korenaga, 2013).
5. Methods
Fig. 4. Effects of bias in the reworking index on the performance of the unmixing
method. Synthetic data are prepared with multi-step mixing as done for the case
shown in Fig. 3, but with using the reworking index, the average of which is different from 0.5. (a) Three different scenarios used for synthetic data generation: mean
α is set to 0.6 (red) or 0.4 (blue), or it is varied linearly from 0.2 at 4.5 Ga to 0.75
at present (green). In all cases, the standard deviation is set to 0.1. (b) Distributions
of T unmix are compared with that of true formation ages (gray histogram). (c) is
same as (b) but for cumulative distribution. For all cases, the unmixing method is
conducted with α = 0.5. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

is the primary source of the apparent consistency among its previous applications.
With a more likely present-day distribution of crust formation
ages such as that given by the T unmix distribution, crustal recycling becomes a signiﬁcant component of crustal evolution (Fig. 5c,
blue arrows). As noted earlier, the T unmix distribution does not
take into account the possible evolution of crustal composition,
but the mantle-based growth models also usually assume that the
continental crust was as similarly enriched in the past as in the
present. Thus, the difference between a net growth curve and the
cumulative distribution of preserved crust would persist even if we
consider the secular change of crustal composition, because both of
them will be shifted upward in a similar manner.
Mantle-based models are typically characterized by rapid crustal
growth in the early Earth followed by more gradual growth

5.1. Preparation of synthetic data
Each of the three synthetic tests shown in Fig. 2 is prepared by
generating synthetic zircon age data in the following way. First,
M different ages are generated with a given relative frequency,
ρ (τ ), using the rejection sampling (von Neumann, 1951). These
i
data represent true crust formation ages and are denoted as T true
(i = 1, 2, . . . , M). Then, the following binary mixing is repeated for
i = 1, 2, . . . , M to prepare M synthetic pairs of T U–Pb and T DM :
(1) select two integers, k and l, randomly from [1, M ], (2) call the
k
l
younger and older ages of T true
and T true
as T min and T max , respeci
i
tively, (3) set T U–Pb
= T min , and (4) set T DM
= (1 − α ) T min + α T max ,
where α is drawn from the normal distribution with a mean of
0.5 and one standard deviation of 0.1. This synthetic data generation is the same as that adopted by Belousova et al. (2010)
except that the reworking index α is randomized here. The number of data M is set to 40,000 for all of the examples in this
study, and the following three distributions are used for ρ (τ ):
(1) ρ1 (τ ) = τ /τmax
4(Fig. 2a), (2) ρ2 (τ ) = 1 − τ /τmax (Fig. 2b), and
(3) ρ3 (τ ) = a0 + m=1 am exp[−(τ − τm )2 /(2σm2 )] (Fig. 2c), where
τmax = 4.5 Ga, a0 = 0.05, a1 = 0.3, a2 = 0.5, a3 = 0.8, a4 = 1.0,
τ1 = 0.7 Ga, τ2 = 1.2 Ga, τ3 = 2.0 Ga, τ4 = 2.8 Ga, σ1 = 0.1 Gyr,
and σ2 = σ3 = σ4 = 0.2 Gyr.
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Fig. 5. Application to the global database of Roberts and Spencer (2015). (a) T U–Pb (yellow) and T DM (magenta). (b) T unmix without (red) and with (purple) oxygen isotope
screening. Both α and T DM are randomized during unmixing (see Methods), and shading denotes 90% conﬁdence limit based on 100 iterations. (c) Present-day cumulative
distributions of crustal age (warm colors) and net crustal growth models (black dashed), both normalized by the present-day crustal volume (or mass). The former include
surface age (Goodwin, 1996) (dotted pink), T U–Pb (yellow), T unmix (red and purple), and the model of Dhuime et al. (2012) (orange). The latter include the models of
Armstrong (1981) and Campbell (2003). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

For the ﬁrst test shown in Fig. 3, the above single-step mixing
procedure is used with the distribution ρ3 (τ ), and the reworking
index α is drawn from the uniform distribution on the interval
(0, 1). For the second test shown in Fig. 3, the following multi-step
mixing procedure is repeated until the number of synthetic data
reaches M. First, an integer, S, is drawn randomly from a powerlaw distribution with the range of [1, S max ] and the exponent of β ,
where S max is the maximum number of mixing. Next, select S + 1
integers, k j ( j = 1, 2, . . . , S + 1), randomly from [1, M ], and sort
kj

the ages T true in the descending order. Then, iterate the following steps for j = 2, 3, . . . , S + 1: (1) set T U–Pb =
k

kj
T true ,

(2) if j is 2,

1
set T pre = T true
; otherwise, set T pre to T DM in the previous step,

kj

and (3) set T DM = (1 − α ) T true + α T pre , where α is drawn from the
uniform distribution on the interval (0, 1). From S-step mixing, S
pairs of T U–Pb and T DM are generated, in which the j-th pair is the
result of j-step mixing (Fig. 3e). The maximum number of mixing S max is set to 40, and the exponent β is set to −3/2 so that
the likelihood of S-step mixing decreases with increasing S. Out
of M = 40,000 synthesized pairs, ∼14% is from single-step mixing, ∼39% is from 2- to 5-step mixing, ∼20% is from 6- to 10-step
mixing, and ∼28% is from more than 10-step mixing.
To summarize, three kinds of mixing are shown in Fig. 3: (1)
single-step (SS) mixing with α drawn from the normal distribution
with a mean of 0.5 and one standard deviation of 0.1 (black dotted
line); this is what is used for Fig. 2 and is shown for comparison,
(2) single-step mixing with α drawn from the uniform distribution

on the interval (0, 1) (blue dashed line), and (3) multi-step (MS)
mixing with α drawn from the uniform distribution on (0, 1) (red
line).
For synthetic tests shown in Fig. 4, the above multi-step mixing
with the distribution ρ3 (τ ) is repeated with the following three
different scenarios for α : mean α is set to 0.6 (red) or 0.4 (blue),
or it is varied linearly from 0.2 at 4.5 Ga to 0.75 at present. In all
cases, the standard deviation is set to 0.1.
5.2. The ratio method
Belousova et al. (2010) proposed to estimate the distribution of
crust formation age as

X (τ ) =

N DM (τ )
N U–Pb (τ ) + N DM (τ )

,

(2)

where τ is age, and N U–Pb (τ ) and N DM (τ ) denote the distributions of T U–Pb and T DM , respectively, for samples with T DM ≥
T U–Pb (i.e., samples plotted below the depleted mantle evolution
line in Fig. 1). This approach was also adopted by Dhuime et
al. (2012), with a modiﬁcation to screen out supracrustal zircons
using oxygen isotope data. When calculating Hf model ages, it
is common to use 176 Lu/177 Hf of average continental crust (=
0.015) (Griﬃn et al., 2004), instead of the measured 176 Lu/177 Hf
of zircon (usually below 0.005), and such model ages are sometimes referred to as “crustal” model ages (Belousova et al., 2010).
How to calculate Hf model ages is the subject of ongoing debates (Roberts and Spencer, 2015); for example, a higher value of
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Lu/177 Hf (0.022) is consistent with maﬁc lithologies (Pietranik
et al., 2008). As a possibly neutral choice, the average crustal value
(176 Lu/177 Hf = 0.015) is adopted in this study for the calculation
of T DM , and T DM in equations (1) and (2) corresponds to crustal
model ages as in previous studies (Belousova et al., 2010; Dhuime
et al., 2012). In the main text, X (τ ) is referred to as the distribution of T B-D .
In previous studies, the above X (τ ) was integrated to obtain
a crustal growth curve, as if X (τ ) were proportional to the generation rate of new crust at age τ , but it cannot be so. As the
ratio of two different distributions, the quantity X (τ ) could possibly represent the new crust generation ‘ratio’, which should be
distinguished from the new crust generation ‘rate’. It is unclear
whether X (τ ) could even be the new crust generation ratio. The
performance of the ratio method against three synthetic data can
be seen in Fig. 2.
Note that Belousova et al. (2010) also conducted two synthetic
tests, the one with the uniform distribution of T true and the other
similar to Fig. 2a. Though the ratio method clearly failed the former, the apparent success from the latter was taken as the validation of the method. Belousova et al. (2010) also compared their
crustal growth curve to the results of an independent study known
as GLAM (Global Lithospheric Architecture Mapping; Begg et al.,
2009), which is based on surface geology, seismic tomography, and
mantle xenoliths, but this comparison is not very meaningful. First
of all, Begg et al. (2009) is not a global model; it is exclusively
about the African lithosphere. In addition, seismic tomography
does not carry any geochronological information, and petrological
sampling by mantle xenoliths is highly sporadic and spatially limited. Finally, continental lithosphere includes continental crust as
well as lithospheric mantle (and is dominated by the latter), and it
is not directly comparable with continental crust alone.
5.3. The unmixing method
The simplest unmixing operation with α = 0.5 is as follows.
Let M be the total number of zircon age pairs T U–Pb and T DM ,
each of which satisﬁes T DM ≥ T U–Pb . From each pair, create two
pseudodata T 1 = T U–Pb , and T 2 = 2T DM − T U–Pb . The distribution
of 2M pseudodata constitutes directly an estimate on that of crust
formation ages. This is what is used for Figs. 2–4.
Because the unmixing method acts on individual data one by
one, it is straightforward to incorporate additional data-speciﬁc
considerations. For example, if a certain subset of zircon data is
believed to represent a greater source area than indicated by the
number of its data count, one can populate more than two pseudodata from one age pair to properly affect the distribution of formation ages. For the sake of simplicity, all data are treated equally
in this study.
To estimate the inﬂuence of the uncertainty in the reworking
index, T 2 may be calculated using eq. (1) with α drawn from
the uniform distribution on the interval (0, 1). Moreover, the depleted mantle model age in the database of Roberts and Spencer
(2015) is based on 176 Lu/177 Hf of 0.015 (an average upper crustal
value), but one can assess the impact of this assumed value by
recalculating T DM with 176 Lu/177 Hf randomly taken from the interval (0.003, 0.021), which covers from an average zircon value to a
typical maﬁc lithology value (Roberts and Spencer, 2015). The unmixing operation for Fig. 5 is conducted with both of the above
randomizations. When a randomly drawn α is very small, it could
cause T 2 to exceed the age of the Earth, and no pseudodata is produced in such a case.
The database of Roberts and Spencer (2015) does not contain
oxygen isotope information, but Dhuime et al. (2012) parameterized δ 18 O-based screening as a function of the depleted mantle
model age, and it can be implemented in the unmixing method as

follows. For each data, ﬁrst calculate the acceptance probability pa
2
as pa = 0.73 if T DM > 3.2 Ga, and pa = aT DM
+ bT DM + c otherwise,
−
7
where a = 2.894 × 10 , b = −1.085 × 10−3 , and c = 1.243. Then
pick a random number, r, from the interval (0, 1), and if r > pa , do
not produce any pseudodata from this data.
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