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a b s t r a c t

To identify age peaks and other features in an isotopic age distribution, it is common to perform a kernel
density estimation or similar analysis. A key aspect of this estimation process is the choice of an age reso-
lution bandwidth that best reflects the random variable and other assumptions on the data. Probabilistic
kernel density analysis of large databases (up to nearly 40,000 samples) of U/Pb zircon ages suggests
an optimum bandwidth of 25–30 My for many key features, which yields approximately 40 peaks with
confidence levels of c ≥ 0.9. Because of natural redistribution processes, geographic sample bias may be
minimized by jointly analyzing isotopic ages from both orogenic granitoids and from detrital zircons. We
show that the relative heights of age peaks are commonly controlled by the local geographic distribution
of samples and are not necessarily correlated with total geographic extent. Eight peaks with c ≥ 0.9 occur
on five or more cratons or orogens (at 750, 850, 1760, 1870, 2100, 2650, 2700, and 2930 Ma). Results
suggest that orogenic plutonism age peaks principally reflect subduction system episodicity on local or
regional scales, but not on continental or supercontinental scales. In contrast, peak clusters that are jointly
defined by granitoid and detrital ages may be more representative of the general age distribution of the
continental crustal record.

Five major peak clusters are closely tied to supercontinent formation at 2700, 1870, 1000, 600,
and 300 Ma and minima in age spectra correspond to supercontinent stasis or breakup (2200–2100,
1300–1200, 750–650, and ≤200 Ma). Age clusters also show a decrease in cycle duration beginning at
1000 Ma. A new histogram of continental preservation rate shows that approximately one-third of the

extant continental crust formed during the Archean, about 20% during the Paleoproterozoic, and only
14% during the last 400 My. Peak clusters are probably related chiefly to preservation of juvenile crust
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. Introduction

The episodic nature of terrestrial magmatism is widely recog-
ized, but only in the last few years has it been well documented
y high-precision U/Pb and Hf isotopic studies of zircons (Rino et
l., 2008; Pietranik et al., 2008; Condie et al., 2009a; Wang et al.,
009a,b; Yang et al., 2009). Yet we still face two major interpre-
ive problems: robust statistical estimation and identification of
ge peaks and troughs, and the geographic extent of peaks and
roughs. Published age spectra commonly use histograms or den-
ity probability estimates. In such analyses, the age bandwidth used

n smoothing data controls the tradeoff between resolution and
tatistical robustness of spectral features. Age peaks occurring on
everal different continents are often interpreted as global events,
et the term “global” is ambiguous because of sampling and preser-
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ent assembly, although locally, continental crustal production rate may be
ns.

© 2010 Elsevier B.V. All rights reserved.

vation biases. For rocks older than 100 Ma almost all age data come
from the continents, yet continents have never covered the com-
plete surface of the Earth. For this reason, we avoid the term “global”
for the ages of continental magmatism, and refer to geographic dis-
tributions as local, regional, or widespread on the continents based
on the best presently available data.

Here, we analyze a large database of concordant and near-
concordant U/Pb zircon ages (8928 igneous and 28,027 detrital
ages) using combined Monte Carlo simulations and kernel density
analysis with varying bandwidths to explore the optimal resolution
and statistical inferences permitted by the data (e.g., Rudge, 2008).
A summary of the U/Pb ages is given in Appendix 1. The age database
of single zircon ages with uncertainties (with minor updates for
this paper) is given in Condie et al. (2009a), and the εNd(T) data

for whole rocks from which the zircon ages were determined are
given in Condie et al. (2009b). Although most of the igneous data
are high-precision TIMS (thermal ionization mass spectrometry)
results, most of the detrital ages are from lower precision SHRIMP
(sensitive high-resolution ion microprobe) and LAM ICP-MS (laser

http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:kcondie@nmt.edu
dx.doi.org/10.1016/j.precamres.2010.03.008
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blation microprobe inductively coupled plasma mass spectrome-
ry). From these results, we discuss the identification of age peaks
nd age peak clusters, possible geographic biases, and the signif-
cance of U/Pb age distributions in terms of the supercontinent
ycle. This paper expands on Condie et al. (2009a,b) in that it intro-
uces a new statistical method to identify meaningful age peaks,
iscusses the interpretation of age peaks and age peak clusters,
resents revised peak clusters based on a greater number of ages
nd new statistical analysis of data, discusses both granitoid and
etrital ages (from both modern and ancient sediments) in terms
f the supercontinent cycle, and presents a new comprehensive
stimate for the preservation rate of continental crust with time.

. Monte Carlo kernel density estimation

Estimating probability density from sample data is a fundamen-
al problem in many fields that has been approached with a variety
f methods (e.g., Silverman, 1986; Brandon, 1996; Chaudhuri and
arron, 1999, 2000; McLachlan and Peel, 2000; Rudge, 2008). The

asic challenge is to estimate the unknown probability density of
random variable (here, the probability of occurrence for an iso-

opic date of a particular age range) given a finite sample (a finite set
f realizations of the random variable). This estimation process is
ubject to data errors and commonly unknown sampling biases.
ere, age errors in the samples reflect uncertainties in individ-
al U/Pb ages arising from measurement uncertainties (e.g., Chang
t al., 2006), and the sampling bias reflects non-uniform geologi-
al exposure, preservation, and collection. An additional source of
ncertainly can arise from sparse sampling in particular data sets or
ithin particular age ranges. Once a density function is estimated, it

s important to assess its characteristics in a statistically meaning-
ul way, which is sometimes referred to as the problem of feature
ignificance (Rudge, 2008). Key features in the context of age stud-
es are the time localization, significance, and precise location of
eaks and troughs in age spectra.

A key parameter in any distribution estimation is the band-
idth, which is the width of time averaging in the estimation

lgorithm (Silverman, 1986). A short bandwidth will typically
roduce numerous low-confidence peaks (i.e., the estimate is
nder-smoothed), while a long bandwidth will not resolve shorter
ime features that may be significant (i.e., the estimate is
ver-smoothed). In this sense, the bandwidth choice and the
ethodology of implementation can be generally viewed as a reg-

larization process applied to the inverse problem of estimating a
ensity function from sample data (e.g., Aster et al., 2004). In its
ost basic implementation, kernel analysis estimates are obtained

y convolving the age sample distribution, parameterized as a
uperposition of delta functions, with a kernel function (chosen to
e Gaussian). The use of delta functions for characterizing sample
ge determinations is appropriate if individual age errors are small
elative to width of this convolving kernel. The bandwidth of the
stimate in this case can be generically specified in terms of the
tandard deviation for the normal convolving kernel.

Because the bandwidth is typically an ad hoc parameter that is
ifficult to constrain in advance, a reasonable way to explore regu-

arization tradeoffs is to estimate the unknown distribution using
range of convolving kernel bandwidths and assess feature sig-

ificance as a function of bandwidth. One example of this general
pproach is the SiZer (Significant Zero crossings of the deriva-
ive) method of Chaudhuri and Marron (1999), which approximates

lopes in distribution estimates evaluated for a range of bandwidths
o determine significant peaks. Alternatively, optimal bandwidths

ay be estimated from the data for specific (e.g., Gaussian) ker-
el types (e.g., Brandon, 1996). In this study we evaluate estimates
alculated by the convolution approach for Gaussian kernels corre-
Research 180 (2010) 227–236

sponding across a scale range of (3�) bandwidths, w (i.e., the ±1�
width of the applied Gaussian function is 2w/3).

Individual sample age errors from isotopic datasets are not
necessarily small relative to kernel bandwidths of interest (the
mean age error standard deviation for the complete dataset exam-
ined here is 18.7 My). We thus incorporate the effect of data and
errors into our probability density estimates using a Monte Carlo
approach, where each U/Pb age in an n-sample data set is mod-
eled as a statistically independent normally distributed random
variable specified by its age estimate and standard deviation. This
approach age-widens the influence of each sample into a standard
deviation-consistent Gaussian function.

To incorporate Monte Carlo methods into the probability den-
sity analysis, we generate M independent realizations of the data
set by selecting n individual sample age estimates from the dataset,
choosing M to be a large enough number (e.g., 1000) to adequately
characterize the associated statistical variation in the kernel den-
sity estimate of the probably density for the dataset. During this
realization process, we bootstrap resample the data (with replace-
ment) using a random index drawn from an independent uniform
distribution to incorporate the influence of finite sampling. This
random index approach has a negligible effect on densely sampled
age regions, but will decrease the certainty of features associated
with small numbers of samples in isolated age regions. As an end-
member example, this reduces the effect of a single age-isolated
sample from producing a significant peak.

Performing this procedure for a range of kernel bandwidth (i.e.,
applying multi-scale analysis) we produce a bandwidth-dependent
suite of probabilistic kernel density function estimates, with mean
and standard deviation envelopes calculated from the underlying
M realizations. These realizations reflect the uncertainties of the
constituent age data, small sampling effects, and the smoothing
effects of the particular Gaussian convolving kernel.

A more general feature of these bootstrapped Monte Carlo prob-
ability density function estimates is that probabilistic assessments
of feature significance, such as the time localization and signifi-
cance of peaks, can also be readily estimated from the population
of M realizations. For example, given a kernel bandwidth w, the
probability of a peak occurring within a particular time interval
(as defined by its estimated value being significantly above those
of adjoining time intervals within a time region of width w) can be
assessed from the M-normalized proportion of times that the count
within that region exceeds that of its neighbors. In this evaluation,
we utilize a peak detection algorithm successively applied to each
of the M realizations. We use the Matlab findpeaks function, which
is summarized in Appendix 2 with an example. This procedure pro-
duces a statistical confidence measure for the reliability of a peak
as a function of bandwidth that is consistent with the statistical
data assumptions that the individual sample dates are normally
distributed and independent. This peak detection algorithm has
the desirable feature that it provides a local feature significance
measure that is unaffected by sample density variations with age
across large data sets. Error bars on peak time estimates determined
by this method are estimated by least-squares fitting of a Gaus-
sian function to the kernel-smoothed peak detection region and
evaluating its standard deviation.

Multi-scale kernel density analysis of the complete zircon
database (37,830 samples) discussed in this paper is shown in
Fig. 1 for 3� Gaussian kernel widths between 1 and 100 My. Fig. 1a
shows Monte Carlo bootstrapped estimates of sample counts (log
color scale) as a function of Gaussian kernel bandwidth (w). The

general trend, not surprisingly, is for numerous short-time-scale
features to be resolved at small w and for a few long-time-scale
features to be resolved at large w. Fig. 1b shows peak detection con-
fidence results, similarly plotted. Three representative age spectra
(w = 10, 30 and 90 My) are shown in Fig. 2.
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Fig. 1. (a) Monte Carlo mean kernel density estimate (log counts) of complete zircon
data set as a function of kernel bandwidth, w (3� Gaussian kernel bandwidth). Note
the resolution of narrow peaks for small bandwidths and of broad, but robust peaks
for large bandwidths. Grey lines are cross-sections for density estimates given in
Fig. 2. (b) Peak detection confidence (c, see text) for the density determinations of
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age spectrum and five of these are also prominent in the detri-
tal zircon ages. With exception of the 2700 Ma cluster, which is
widespread on several continents, each of these clusters has a dis-
tinct geographic distribution as summarized in Table 1 (Condie,

Table 1
Summary of major orogenic granitoid age clusters from Fig. 5.

Cluster (Ma) Major locations

200–100 E Asia, W Europe, E and W Laurentia, New Zealand
350–250 E Asia, W Europe, E and W Laurentia, Australia
650–550 Arabian-Nubian shield; East Africa; Laurentia; East Asia

1150–1000 Laurentia; Central and East Africa
1900–1650 Laurentia; Scandinavia
2200–2100 West Africa; Eastern South America
2600–2450 China; India; Antarctica
ig. 1a as a function of w. The three grey bands correspond to representative kernel
ensity determinations shown in Fig. 2.

The age distributions in Fig. 2 display resolution using a con-
tant kernel bandwidth. However, the full feature structure of such
ata sets, where the optimal bandwidth for feature recognition may
ary with position in the age spectrum, can be more comprehen-
ively examined by a multi-scale approach. The peak detection plot
f Fig. 1b is shown as a perspective surface in Fig. 3a. Tracking indi-
idual peaks as a function of bandwidth from 1 to 100 My in steps
f 1 My, we tabulate confidence maxima for constituent peaks at
he smallest bandwidth where confidence is maximized. Resulting

ulti-scale peak determinations are tabulated in the figure. Simi-
ar perspective plots and peak age determinations with confidence
axima exceeding 0.68 are shown for detrital ages from modern
iver sediments, ancient detrital sediments, and orogenic granitoids
n Fig. 3b–d, respectively.
Research 180 (2010) 227–236 229

Before discussing the U/Pb isotopic age distributions of zircons
from orogenic granitoids, it is important to point out that regional
variations exist in peak height and peak geographic distribution.
For example, the 2.7 Ga peak is commonly assumed to be global
in extent, but as pointed out by Condie et al. (2009a), it is char-
acterized in some data sets as resolvable multiple peaks between
2800 and 2600 Ma. The Superior province in Canada strongly con-
tributes to the 2.7 Ga peak. If samples with 2.7 Ga ages from this
craton are removed from the age spectrum, the 2.7 Ga peak dis-
appears and two adjacent peaks near 2685 and 2714 Ma become
apparent (Fig. 4). The 2685 Ma peak is largely controlled by sam-
ples from SW Australia and the 2714 Ma peak by samples from the
western Superior province and from Karelia. Another example of
geographic bias is the 1870 Ma peak, which is largely controlled by
data from Laurentian orogens. Thus, the relative height and other
features of an age peak may be controlled by the sampling density
in a specific geographic region (or regions), and are not necessarily
correlated to the total geographic area represented by the peak on
the continents.

3. The orogenic granitoid age spectrum

Monte Carlo simulated age distribution estimates of orogenic
granitoids show numerous well-defined peaks that can be sta-
tistically characterized for significance (Fig. 3d). In contrast, it is
important to be wary of over-interpretation of straightforward age
distribution estimates, which may show significant numbers of
spurious and questionable (low confidence) peaks (Condie et al.,
2009a—hereafter referred to as GR9). We divide the data into 22
cratons or orogens for which there are 40 peaks with confidence
levels c ≥ 0.9 with bandwidths near 30 (Appendix 3). When all
of the granitoid data are grouped together, only 20 peaks have
c ≥ 0.9 in multi-scale analysis (Fig. 3d). Of the eight peaks that
occur on five or more cratons or orogens (750, 850, 1760, 1870,
2100, 2650, 2700, and 2930 Ma), only three have counterparts in
the density probability age spectrum reported in GR9 (1870, 2100,
and 2700 Ma). We find seven more peaks that occur on four cra-
tons or orogens (1030, 1700, 2040, 2450, 2600, 2680, and 2880 Ma),
of which only three (1700, 2600, and 2680 Ma) were identified in
the GR9 paper. Thus six peaks (1700, 1870, 2100, 2600, 2680, and
2700 Ma) emerge as significant, regardless of the estimation algo-
rithms used to estimate the age distribution. All of these peaks
except the 2680 Ma peak also have c ≥ 0.9 when all data are ana-
lyzed (Fig. 3d).

In contrast to single age peaks, peak clusters are better defined
and more widespread on the continents. As summarized in Table 1
and shown in Fig. 5, 10 peak clusters are prominent in the granitoid
2750–2650 Widespread
3000–2900 Pilbara & Yilgarn cratons, W Australia
3350–3250 W Australia, S Africa, China



230 K.C. Condie, R.C. Aster / Precambrian Research 180 (2010) 227–236

F . 1) w
o peaks
e n, c (sh

1
c
s
T
9

ig. 2. Three representative kernel density functions for w = 10, 30 and 90 My (Fig
f age that would be observed in a histogram with bins of width w. Age values for
stimated by fitting a Gaussian pulse to the corresponding peak confidence functio
993; Rino et al., 2008; Condie et al., 2009a). In addition to peak
lusters, there are two prominent minima in the Precambrian age
pectrum: one around 950 Ma and one at 2400–2200 Ma (Fig. 5).
he only orogenic granitoids with reported ages between 950 and
00 Ma occur in Svalbaard and Western China (Condie et al., 2009a),
ith 1� error envelope. N is representative of the number of samples as a function
with c ≥ 0.68 and corresponding 1� errors are shown at right. Peak age errors are
own in grey) and reporting the corresponding 1� points (see text).
but the lateral extent of rocks of this age is unknown. Condie et
al. (2009b) suggest that a widespread gap in granitoid ages at
2400–2200 Ma may not be the result of sampling bias, but indicates
a decrease in the frequency of global magmatic activity during this
time interval.
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Fig. 3. Peak detection confidence surface (Fig. 1b) shown as a perspective plot. Multi-scale resolution of peaks is accomplished by finding the minimum kernel bandwidth
that maximizes the peak confidence for each age ridge that has a peak c ≥ 0.68 (ages and c values reported at right). (a) All data, (b) detrital zircons from modern rivers, (c)
detrital zircons from ancient sedimentary rocks, and (d) zircons from orogenic granitoids. Grey lines in (a) are cross-sections shown in Fig. 2. Other information given in
Fig. 2.

Fig. 4. Orogenic granitoid age spectrum from 2800 to 2600 Ma with and without data from the Superior province, demonstration bifurcation of the 2700 Ma peak when
Superior province data are omitted. Other information given in Fig. 2. Data are given in Appendix 2.
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Fig. 5. Estimated distribution of U/Pb zircon ages in orogenic granitoids and detrital zircons for the last 4 Gy with 1� error envelope. N is representative of the number of
samples as a function of age that would be observed in a histogram with bins of width 30
monthly). The detrital ancient sediment database is multiplied by two for comparative p
ages: orogenic granitoids, 8928; detrital modern sediments, 6978; detrital ancient sedim
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ig. 6. Episodic subduction-related plutonism around the Pacific basin in the last
50 My. Sources: Nakajima et al. (1990), Aspen et al. (1987), Sagong et al. (2005),
aymond and Swanson (1980) and Lanphere and Reed (1973).

. Discussion

.1. Significance of age peaks

Although the episodic nature of orogenic plutonism has been
ecognized for some time, we still do not know the geographic dis-
ribution and cause or causes of such episodicity. The results of
his and other recent studies clearly show that age peaks are gen-
rally not global in extent, and that most are of only regional or
ocal importance (Rino et al., 2004, 2008; Condie et al., 2009a).
he episodic nature of subduction-related magmatism is recog-
ized in young orogens. For instance, in southern Japan, South
orea, northwestern Colombia and central and northern California,

hree or more episodes of subduction-related granitic plutonism
ave occurred in the last 250 My (Fig. 6). The episodic nature
f such orogenic magmatism has been related to changes in the

haracter or configuration of the converging plate, subduction of
uoyant terranes, and variation in sediment supply to trenches
Raymond and Swanson, 1980; Sagong et al., 2005; DeCelles et
l., 2009). A recent analysis of Cordilleran orogenic systems sug-
ests that some episodicity may be cyclic on a scale of 25–50 My
My. Data and other information are in Condie et al. (2009a) (spreadsheets updated
urposes. Approximate central ages for peak clusters are noted. Number of zircon

ents, 21,282; total ages, 37,188.

perhaps related to delamination beneath accreted arcs (DeCelles
et al., 2009). Changes in subducting plate character may have
acted as a valve turning subduction magmatism on and off at
given locations along a subduction system as is spatially evident
today (e.g., the Andean system). Since modern plate tectonics
has probably been operational at least since the late Archean
(Condie and Kroner, 2008; Condie and Pease, 2008; Condie et
al., 2009b), it is likely that the age peaks of orogenic plutonism
for the last 3 Ga are also related to local changes in the charac-
ter of converging oceanic plates. This being the case, episodicity
of orogenic plutonism reflected by zircon age peaks character-
izes subduction systems on a local or regional scale, but it is
not characteristic of plutonism on continental or supercontinental
scales.

In contrast, clusters of age peaks have greater geographic extent
and may retain their identity as more data are added to the age
spectrum (Condie et al., 2009a). How representative these age
clusters are of the age distribution in past and present continen-
tal crust, however, is still a matter of disagreement. Sampling
strategies for isotopic dating are generally dictated by mineral
exploration, accessibility of outcrops, or availability of geologic
maps. None of these necessarily leads to an unbiased representa-
tion of the age distribution of the continental crust. For instance,
the large age peaks at 2.7 and 1.87 Ga, are strongly influenced
by sampling in the Canadian and Baltic shields (Condie et al.,
2009a).

One way to address the issue of sampling bias is to consider iso-
topic ages of detrital zircon populations, which have been reported
in large numbers during the last few years (Rino et al., 2008; Condie
et al., 2009a). Unlike outcrop sampling, detrital zircon age distri-
butions are controlled by such factors as uplift rate in sediment
sources, structural controls of drainage systems, and input from
recycled zircons. Detrital sediments may sample sources that have
been removed by erosion or sources that are not presently exposed
at the surface. One disadvantage of using detrital zircons is that

they are not derived exclusively from orogenic granitoids. Although
local sources may dominate some detrital populations, an ensem-
ble of detrital ages, including both modern and ancient sediments,
should more closely approach the age distribution of continental
crust than outcrop sampling alone.
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using U/Pb zircon ages (igneous and detrital), whole-rock Nd iso-
ig. 7. Relationship of major orogens (collisional and accretionary) to the supercon-
inent cycle. N, Nuna; R, Rodinia; G, Gondwana; P, Pangea.

.2. Orogenic granitoids and the supercontinent cycle

Major peak clusters at 2700, 1870, 1100, 600, and 300 Ma occur
n all three age spectra (granitoid, detrital modern, detrital ancient)
s well as in the total age spectrum. The five most prominent age
eak clusters shown (Table 1) are closely tied to formation of super-
ontinents (Fig. 5). This is considered a robust feature because the
ampling controls, analytical uncertainties, data processing, and
ge estimation errors for the granitoid and detrital ages are so
ery different from each other. Major peak clusters correlate with
upercontinent formation and minima may correlate with either
upercontinent stasis or the beginning of breakup (Fig. 5). Although
here is little supporting evidence for increased production rates of
ontinental crust during supercontinent formation, a recent study
y Niu and O’Hara (2009) using incompatible trace elements (esp. Sr
nd Eu) suggests that some juvenile crust may be produced and pre-
erved in collisional orogens. However, the fact that Nd model ages
enerally exceed syncollisional granitoid zircon ages by 50–100 My
uggests that most juvenile continental crust was produced before
ajor collisions. During supercontinent assembly, the preservation

ate of new continental crust may increase due to trapping and
solation in both collisional and accretionary orogens without an
ncrease in actual crustal production rate (Fig. 7).

The first supercontinent (or supercratons) (Bleeker, 2003)
ppears to have formed at 2700–2650 Ma corresponding to the
700 Ma age cluster. A second supercontinent (Nuna) formed at
900–1800 Ma (Zhao et al., 2004; Hou et al., 2008) corresponds to
he 1870 Ma age cluster, and a third, Rodinia (Li et al., 2008), corre-
ponds to the 1000 Ma age cluster. Although the formation of Nuna
ccurred largely between 1900 and 1800 Ma, a large accretionary
rogen remained active along an external margin, which housed
ontinued orogenic granitoid activity from 1800 to 1650 Ma (Fig. 7)
Karlstrom et al., 2001). The age cluster at 600 Ma correlates with
he growth of Gondwana and the cluster around 300 Ma with the
rowth of Pangea. Other age clusters may reflect formation of small
upercontinents or supercratons. For instance, the age cluster near
500 Ma may record formation of a small supercraton comprising
orth China, South India, and part of Antarctica (Zhao et al., 2003).
ikewise, the cluster of ages around 2150 Ma may record forma-
ion of a supercraton containing West Africa and the eastern part
f South America (Zhao et al., 2002; Nomade et al., 2003). It is also
ossible that an early supercraton formed by collision of the Pil-
ara and Yilgarn cratons at about 2950 Ma corresponding to the
ranitoid age cluster at this time (Condie et al., 2009a). If so, these

ratons were later rifted apart and re-collided at about 2 Ga forming
he Capricorn orogen (Dawson et al., 2002).

During supercontinent breakup, juvenile crust recycling rate
ay increase, because many of the subduction zones along the
Research 180 (2010) 227–236 233

leading edges of separating continental fragments may be Andean-
type subduction systems, where accretionary prisms are commonly
consumed and recycled into the mantle (Kukowski and Oncken,
2006; Scholl and von Huene, 2007; Clift et al., 2009). This pro-
cess could account for the minima in the orogenic granitoid age
spectra during supercontinent stasis or the early stages of breakup
(Fig. 5). Previous age minima may record stasis or early breakup
of the Late Archean supercontinent(s) at 2200–2100 Ma, the Pale-
oproterozoic supercontinent Nuna at 1300–1200 Ma, and Rodinia
at 750–650 Ma. This correlation breaks down in the last 200 My,
where two or three age clusters parallel the breakup of Pangea.

An intriguing feature of the zircon age spectrum is the decrease
in supercontinent cycle duration between the first two and sec-
ond two cycles (830 and 870 My compared to 400 and 300 My,
respectively [Figs. 5 and 7]) as illustrated by the major peak clusters.
Although this relationship has been previously suggested based on
fewer ages (Hoffman, 1997; Bleeker, 2003; Condie, 2004; Campbell
and Allen, 2008), the cause is still unknown. Thermal models of
Korenaga (2006) suggest that the lithosphere may become more
subductable as the mantle cools, so that rates of plate movement
may increase with time. In addition or alternatively, recycling
of water into the mantle since the Archean may have weak-
ened the mantle and enhanced convection rates (Williams, 2008;
Korenaga, 2008), accelerating the supercontinent cycle. Although
these hypotheses may not survive as the final explanation, the
decrease in duration and change in character of zircon age dis-
tributions after 1000 Ma is an intriguing feature that must be
accommodated by any model of mantle and lithosphere evolution.

4.3. Continental preservation

Condie (1998) published a histogram showing growth of con-
tinental crust with time. Here, continental growth is defined as
the volume of continental crust extracted from the mantle minus
the amount recycled back into the mantle for a given time inter-
val. Hence, the histogram of continental growth is really a record
of continental crust preservation, which may or may not be closely
correlated the extraction rate of continental crust from the man-
tle. Armstrong (1981) was first to point out the importance of
crustal recycling and emphasized that age peaks in the continen-
tal crust are preservational in nature. Condie (1990) also presented
a model for Laurentia in which age peaks represent preservation
peaks, and more recently Hawkesworth et al. (2009) have sug-
gested preservation may be important. The effect of recycling is
very evident on a plot of sediment depositional age versus the
average age of detrital zircons contained in sediments (Fig. 8). As
with Nd model ages (Miller et al., 1986), the average detrital zir-
con age increases with decreasing depositional age. What is even
more striking is that the rate of recycling increases at 1.8–2.0 Ga,
after the first widespread cratons had become established at the
end of the Archean and coincident with the formation of perhaps
the first large supercontinent (Nuna). This confirms that recy-
cling within the continental crust requires cratons and that uplift
related to supercontinent assembly feeds older crust into the ero-
sion cycle.

Nd and Hf isotope data indicate that the major zircon age
clusters are times of increased production or/and preservation of
juvenile continental crust (Kemp et al., 2006; Condie et al., 2009a;
Hawkesworth et al., 2009). Based on new data, it is possible to
update the 1998 crustal growth (preservation) graph as shown in
Fig. 9. The graph is constructed as described in Condie (1993, 1998)
topic data and/or zircon Hf isotopic data, together with geologic
maps, from which areal distributions of rocks of known ages are
estimated (references in Condie, 1998 and Condie et al., 2009a,b).
In contrast to some studies (Rino et al., 2008), we do not use zir-
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on ages that do not have available Nd or/and Hf isotopic data to
stimate the distribution of juvenile continental crust.

The revised juvenile continental growth histogram (Fig. 9) dif-
ers from the 1998 version in several ways. First, the peak at about
200 Ma is smaller indicating that a relatively small volume of new
ontinent was preserved during the Grenville events associated
ith the formation of Rodinia. Only about 9% of the total continental

rust preserved today formed between 1350 and 900 Ma (Condie,
001) and 7% between 1200 and 1000 Ma. Another difference is the
ppearance of a cluster at 700–500 Ma, reflecting new U/Pb ages
nd Nd isotopic data from the Central Asian and Appalachian oro-
enic belts and other Paleozoic orogenic belts as well as new data

rom the Arabian-Nubian shield (Stern, 2002; Murphy and Nance,
002; Jahn, 2004; Jahn et al., 2004; Murphy et al., 2008; Wang et
l., 2009a,b; and references therein). The new results suggest that
nly about 27% of the present continental crust formed during the
ate Archean (2800–2600 Ma), much less than some previous esti-

ig. 9. Distribution of juvenile continental crust in bins of 50 My comparing data
rom 1998 (Condie, 1998) to data from 2010. Percents are the amounts of juve-
ile continental crust preserved. Asterisks denote episodes of mafic crust formation
ased on zircon Hf and oxygen isotope data from zircons (Kemp et al., 2006; Pietranik
t al., 2008). Data for the 2010 histogram are given in Appendix 4.
Research 180 (2010) 227–236

mates (Taylor and McLennan, 1985; Campbell, 2003). However, the
rate of growth of Archean crust has varied significantly between
continents. For instance, Hf isotope data from zircons suggest that
at least 50% of the Laurentian continental crust formed by 2.9 Ga
(Wang et al., 2009a,b). Fig. 9 also suggests that about 20% of the con-
tinental crust formed during the Paleoproterozoic (1900–1650 Ma).
Thereafter, continental growth rates were relatively small: only
7–8% formed during each of the Grenvillian (1200–1000 Ma) and
Pan-African events (700–500 Ma). Collectively, about 63% of the
preserved continental crust falls into one the four peak clusters
in Fig. 9. Approximately one-third of the existing continental crust
appears to have formed in the Archean, and only 14% in the last
600 My.

The episodic nature of continental crust preservation is verified
by the new data. This also agrees with results from combined Hf and
oxygen isotopic data from zircons that suggest episodes in produc-
tion of juvenile mafic crust at about 2700 and 1900 Ma (Kemp et
al., 2006; Pietranik et al., 2008) (Fig. 9). In fact, this mafic crust may
have served, at least in part, as a source for the felsic crust produced
at these times. Detrital zircon results from Laurentia suggest two
major times of juvenile crust production at 2.2–1.6 and 3.4–2.9 Ga
(Wang et al., 2009a,b). Although very little crust survives that is
older than 3 Ga, Hf isotope data also indicate that 3400 and 3800 Ma
were important in terms of mafic crust production (Pietranik et al.,
2008).

Another feature of the new crustal growth histogram is verifica-
tion of a remarkable minimum between 2400 and 2200 Ma. Juvenile
granitoids with ages in this time window are reported from only
three small geographic areas: the Borborema orogen and Bacaja
domain in NE Brazil (Santos et al., 2009; Macambira et al., 2009),
the Arrowsmith orogen in western Canada (Hartlaub et al., 2007),
and in the Fuping area of China (Zhao et al., 2001). Condie et al.
(2009b) discuss the possible significance of this minimum in terms
of a widespread shutdown (or slowdown) of planetary magmatism
and plate tectonics between 2450 and 2200 Ma.

The supercontinent cycle has been tied to catastrophic events
in the mantle, such as collapse of slabs through the 660 km seis-
mic discontinuity and phase transition (Stein and Hofmann, 1994;
Tackley et al., 1994; Condie, 2004). However, this is critically depen-
dent upon the Clapeyron slope of the Mg-perovskite reaction, of
which recent experimental data suggest that the slope is only
slightly negative (Katsura et al., 2003; Fei et al., 2004). This being
the case, the perovskite reaction is not likely to support layered
convection in a hotter mantle, and thus it is no longer so attrac-
tive as a mechanism for catastrophic mantle slab avalanches in the
mantle. Hence, the episodicity of age clusters in orogenic granitoids
may be related chiefly to the supercontinent cycle, and thus be a
robust feature of planets with plate tectonics.

5. Conclusions

Kernel density analysis of orogenic granitic zircon ages and
detrital zircon ages suggest that optimum bin width for major age
peak identification is 25–30 My. Our results also indicate that the
height of age peaks is controlled in part by uneven geographic
sampling density, and thus not necessarily correlated to the total
geographic area represented by a given age peak on the continents.
Six peaks are considered highly significant (1700, 1870, 2100, 2600,
2680, and 2700 Ma), essentially independent of the type of kernel
density analysis or bin width used to create the age spectrum. In
contrast to single age peaks, clusters of peaks are better defined

and have larger geographic distributions. Although ten peak clus-
ters are prominent, only the 2700 Ma cluster is widespread on the
continents.

Episodicity of orogenic plutonism as reflected by zircon age
peaks characterizes subduction systems on a local or regional scale,
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ut not on continental or supercontinental scales. In contrast, clus-
ers of ages including data from detrital zircon populations appear
o be more representative of widespread continental crust than do
ges of single peaks. Clusters of ages at about 2700, 1870 1000, 600,
nd 300 Ma are represented in both granitoid and detrital zircon
opulations, a feature that is considered robust since sampling con-
rols, analytical uncertainties, data processing, zircon provenance,
nd age estimation errors are so very different for each of these
ample populations. These age clusters appear to be closely related
o supercontinent formation, and intervening age minima show
strong correlation with supercontinent stasis or early stages of

reakup.
Peaks in juvenile continental crust growth, as tracked with

d and Hf isotope data, are likely related to selective preserva-
ion in orogens accompanying supercontinent assembly, although
ontinental crustal production rate may also be enhanced dur-
ng collisions. Decreasing amounts of continental crust formed
n the late Archean (27%), the Paleoproterozoic (21%) and the
eoproterozoic–Paleozoic (15%). Approximately one-third of the
xisting continental crust appears to have formed in the Archean,
uch less than many previous estimates, and only 14% has formed

n the last 600 My.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.precamres.2010.03.008.
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