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Abstract: The strong resilience of the mineral zircon and its ability to host a wealth of isotopic
information make it the best deep-time archive of Earth’s continental crust. Zircon is found in
most felsic igneous rocks, can be precisely dated and can fingerprint magmatic sources; thus, it has
been widely used to document the formation and evolution of continental crust, from pluton- to
global-scale. Here, we present a review of major contributions that zircon studies have made in
terms of understanding key questions involving the formation of the continents. These include
the conditions of continent formation on early Earth, the onset of plate tectonics and subduction,
the rate of crustal growth through time and the governing balance of continental addition
v. continental loss, and the role of preservation bias in the zircon record.

Supplementary material:A compilation used in this study of previously published detrital zircon
U-Pb-Hf isotope data are available at http://www.geolsoc.org.uk/SUP18791
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The mineral zircon (ZrSiO4) records information
about its growth and thermal history, and is an ideal
mineral for geochronology given that it readily
incorporates uranium, but very little to no lead
during crystallization. Also, the low diffusion rates
of these elements allows for further resilience
during subsequent diagenesis and metamorphism.
Furthermore, zircon can recrystallize under certain
conditions, meaning that it often records meta-
morphic as well as magmatic history. Along with
U–Pb, zircon stores additional isotopic and elemen-
tal information that can be used to interpret the
history of its host rock (e.g. Hf and O isotopes).
Zircon is very resistant to physiochemical altera-
tion; this resilience allows detrital zircons to sur-
vive multiple sedimentary cycles. Detrital zircon
age spectra can be used to determine the provenance
of a host sedimentary rock (or river), but of more
interest to this review paper, they can be used to
sample a broad region of continental upper crust,
allowing study of a vast area with only minimal
sampling (e.g. Rainbird et al. 1992; Fedo et al.
2003). For these reasons, zircon arguably forms
the best archive of the Earth’s continental crust
(Hawkesworth et al. 2010; Cawood et al. 2013).

As evident in many of the papers of this volume
(e.g. Boekhout et al. 2013; Claesson et al. 2014;
Kleinhanns et al. 2013; Hiess et al. 2014; Lancaster
et al. 2014; Petersson et al. 2013), zircon is com-
monly used to characterize a wide variety of geo-
logical scenarios, from individual igneous units to
whole terranes and entire orogens. Detrital zircons
from sediments form the oldest known crustal

materials on Earth (4.37 Ga; Wilde et al. 2001;
Valley et al. 2014), much older than the oldest
crust itself; estimated at 3.92 Ga (Mojzsis et al.

2014) to 4.03 Ga (Bowring & Williams 1999).
Thus, they provide important information regarding
Earth’s early evolution. Detrital zircons from
large modern rivers have been measured in various
different studies. These have been used as a broad
representation of the continental crust for studying
its age and composition, and from this, the patterns
of continental growth and evolution (e.g. Wang
et al. 2009, 2011; Iizuka et al. 2010, 2013). In this
paper, we review some of the major contributions
that zircon studies have made to our understanding
of the formation and evolution of continental crust.
One of the key questions regarding the use of zircon
for this method is the degree to which particular
zircon datasets are biased towards particular set-
tings, ages or regions. We include a compilation of
c. 42 000 hafnium isotope and c. 6000 oxygen iso-
tope analyses from zircons; it is assumed that these
larger datasets offer less bias than the smaller
datasets used in some previous studies (e.g. Con-
die et al. 2005, 2011; Iizuka et al. 2005, 2010;
Valley et al. 2005; Belousova et al. 2010; Dhuime
et al. 2012).

Our compilation of published zircon U–Pb and
Hf isotope analyses is shown in Figure 1. As is
evident from this plot, much of Earth history has
been sampled in this dataset; however, to highlight
the potential bias that still exists in the Hadean
to Eoarchaean, zircons from Jack Hills are high-
lighted separately (Amelin et al. 1999; Harrison
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et al. 2005, 2008; Blichert-Toft & Albarède 2008;
Kemp et al. 2010). These zircons are from a geo-
graphically restricted area and dominate the record
for the early Earth. Also shown in Figure 1 are
some salient features relating to themes discussed
in this paper. These include the rate of crustal
growth, determined from the distribution of rock
ages (Hurley & Rand 1969; Condie 1998) and litho-
sphere ages (Poupinet & Shapiro 2009), zircons
(i.e. Rino et al. 2004; Belousova et al. 2010; Dhuime
et al. 2012) and a hypothetical crustal growth model
(Armstrong & Harmon 1981) that posits that the
volume of continental crust has remained relatively
constant since the early Archaean. The onset of sub-
duction and modern-day-style plate tectonics is

still debated, and various suggestions are labelled
in Figure 1. Finally, the formation, evolution and
preservation of continental crust have been linked
to the formation of supercontinents (e.g. Condie
2004; Hawkesworth et al. 2009); estimates of super-
continent amalgamation are also shown in Figure 1.

Hf and O isotope systematics

Our understanding of the formation and growth
of the continental crust through time has greatly
benefited through the development of multi-isotopic
analysis in zircon; and more recently through
additional accessory minerals such as titanite,
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Fig. 1. (a) 1Hf(T) v. time (Ma) for a global database (n ¼ c. 42 000) of zircon data compiled in this
study, with those derived from the Jack Hills region of Australia highlighted, and a kernel density estimate
of the zircon U–Pb ages (dark blue curve; using Vermeesch 2012). Pale grey bars represent timing of
supercontinent formation, P, Pangea; G, Gondwana; R, Rodinia; and C/N, Columbia (a.k.a. Nuna).
(b) Estimates of the onset of subduction and modern-day-style plate tectonics shown as arrows, and selected
published crustal growth curves (GLAM, Global Lithospheric Mapping; Begg et al. 2009; Belousova
et al. 2010).
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monazite, rutile and apatite (e.g. Garçon et al. 2011;
McFarlane & McCulloch 2007; McFarlane &
McKeough 2013; Ewing et al. 2014; Hammerli
et al. 2014). As well as U–Pb to provide a crystal-
lization age, the two most common isotopic sys-
tems measured in zircon are lutetium–hafnium
and oxygen (18O/16O). The following section dis-
cusses their systematics and typical uses.

Lu–Hf systematics of zircon

The Lu–Hf isotopic system can be used to track
the isotopic differentiation of mantle and crustal
reservoirs. 176Lu decays via b-decay to radio-
genic 176Hf with a half-life of c. 36 billion years
(Kossert et al. 2013). In magmatic systems, Lu frac-
tionates from Hf. During partial melting of the
mantle to form the continental crust, Hf is more
incompatible than Lu, so the Lu/Hf ratio in the
crust is lowered compared with that of the mantle
that the crust was derived from. This subsequently
leads to the mantle becoming more radiogenic
through time, and the crust becoming less radio-
genic. In terrestrial materials (including zircon)
the 176Hf/177Hf (daughter/stable) ratio is compared
with that of the chondritic uniform reservoir
(CHUR), which for Hf (a refractory element) has
generally been assumed to be a fair representa-
tion of the bulk silicate Earth. This was called into
question by the work of Caro & Bourdon (2010),
who estimated a non-chondritic bulk silicate Earth
Hf isotope composition based on Nd isotopes in
planetary material, but normalization to CHUR pre-
sently remains the norm. The notation 1Hf refers
to this normalization to CHUR (Patchett & Tatsu-
moto 1981; Blichert-Toft & Albarède 1997), and is
based on 10 000 times the difference between the
sample and CHUR, that is, 1 epsilon unit is equiv-
alent to 100 ppm change in the 176Hf/177Hf ratio.
Zircons preferentially incorporate Hf compared
with the rare-earth elements such as Lu (Fujimaki
1986) and only a minor amount of 176Lu during
crystallization; this means that the ratio measured
today is only slightly different from that of the
time of zircon crystallization. Additionally, the Hf
isotope composition in a zircon is very stable,
because Hf is incorporated into the zircon lattice,
making it resistant to diffusion and contamination.

A common use of the Hf system in zircon is to
date the timing of extraction from amantle reservoir
to form the host magma; this is known as the zircon
Hf model age. The mantle reservoir typically used is
that of the ‘depleted mantle’, which itself is based on
measurement of primitive mantle-derived magmas
(e.g. Griffin et al. 2000); the resulting ages are
known as depleted mantle model ages (TDM). In
addition to the depleted mantle model, the use of
other mantle reservoirs has also been proposed, for

example ‘new crust’ model ages (Dhuime et al.
2011) are essentially based on a model of enriched
mantle derived from island arc magmas.

Calculation of model ages

For zircons, model ages are generally two-stage; this
means that the initial 176Hf/177Hf ratio at the time of
zircon crystallization is determined first, then the
age of mantle extraction is determined using a back-
projection to the mantle reservoir (see Fig. 2). Three
main assumptive variables come into play in calcu-
lating Hf-depleted mantle model ages (TDM): (a)
a model of the depleted mantle, which typically
assumes 4.5 Ga of crustal differentiation (Vervoort
& Blichert-Toft 1999; Griffin et al. 2000); (b) a
176Lu decay constant (l), with estimates ranging
from 1.867 × 10211 to 1.983 × 10211 per year (see
Scherer et al. 2001; Bizzarro et al. 2003; Söderlund
et al. 2004); and (c) a 176Lu/177Hf ratio of the parent
magma that defines the isotopic evolution through
time in regards to 176Hf/177Hf (typically assumed
to be between 0.009 and 0.022; e.g. Nebel et al.
2007). In regards to the latter, various approaches
have been used to make this projection, for exam-
ple: (a) using the measured Lu/Hf ratio from the
zircon (generally between 0.0001 and 0.005); (b)
using an average upper crustal value (e.g. 0.015;
Griffin et al. 2002); (c) using a higher Lu/Hf ratio
consistent with mafic lithologies (e.g. 0.022; Nebel
et al. 2007; Pietranik et al. 2008); (d) using the
whole rock Lu/Hf from which the zircon was separ-
ated (e.g. Andersen et al. 2002); or (e) with the
assumption of a closed-system single source, using
the slope of an array of zircon Hf data in Hf vs
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Fig. 2. Calculation of two-stage depleted mantle model
ages of a zircon crystallized at 1.5 Ga, using various
Lu/Hf ratios. A Lu/Hf ratio of 0.021 corresponds to a
mafic host magma, whereas 0.015 relates to more felsic
melts and an average of the continental crust, and 0.003
corresponds to an average Lu/Hf ratio of zircon (see text
for further explanation).
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time space (equivalent to Lu/Hf) to choose the Lu/
Hf ratio for model age calculation (e.g. Kemp et al.
2006; Pietranik et al. 2008; Lancaster et al. 2014). It
can generally be assumed that the measured Lu/
Hf value in zircon and mafic rocks provides the
minimum and maximum depleted mantle model
ages, respectively (Fig. 2). Lastly, utilizing the rec-
ommendations of Ickert (2013), uncertainties for
depleted mantle model ages can be determined by
incorporating the known uncertainties in the 176Lu
decay constant (+0.47 1 units) and CHUR (+0.39
1 units at 0 Ma and +0.18 1 units at 4.5 Ga). This
results in a minimum uncertainty of +0.34 1 units
on depleted mantle model ages (equivalent to up
to 250 myr).

Use and abuse of model ages

Model ages were first adopted with the Sm–Nd iso-
topic system (DePaolo 1981), and many studies
adopted this approach to produce model age esti-
mates of continental growth of specific regions
(Bennett & DePaolo 1987; Dickin & McNutt
1989; DePaolo et al. 1991) and of the global sedi-
mentary budget (Allègre & Rousseau 1984; Gold-
stein & Jacobsen 1988; McLennan et al. 1990;
Vervoort et al. 1999). However, it was noted early
on (Arndt & Goldstein 1987) that these model
ages represent an average of the sources that fed a
crystallizing magma, and that many magmatic
systems have multiple sources. Thus, model ages
can be thought of as hybrid ages, typically formed
from a mixture of at least two mantle- and crustal-
derived sources. In sedimentary rocks, model
ages represent mixtures of these hybrid ages. For
Lu–Hf, the same complexities exist, with average
model ages still representing hybrid ages. The
advantage of Lu–Hf is that a suite of zircons
sampled from a single magmatic unit may exhibit
a range of Hf isotope signatures if the zircons
crystallized prior to and quicker than homogeniz-
ation of the magma’s chemistry. This means that
multiple sources to a magma may be better finger-
printed with zircon than with whole-rock compo-
sitions (e.g. Griffin et al. 2002; Kemp et al. 2007;
Roberts et al. 2013; Hiess et al. 2014).

Despite the caveats of model ages, there remains
a popular trend to calculate depleted mantle model
ages from zircon suites, and to treat these model
ages as crustal growth events. This is based on the
premise that this age reflects the age of extraction
from the depleted mantle reservoir, and that sub-
sequent zircon crystallization occurred much later;
the difference between these events is commonly
known as the crustal residence time (e.g. Wang
et al. 2009; Lancaster et al. 2011). Although the
underlying reasoning behind this premise remains
valid, it remains uncertain how often a host

magma will have remained a closed system since
extraction from the mantle. For example, during
the evolution from a mafic magma extracted from
the mantle to the final crystallization of a host inter-
mediate to felsic magma, or during the complex
process of crustal melting from migmatization to
final emplacement, there aremultiple stages atwhich
deviations from this presumed closed system are
likely to have occurred.

The depleted mantle model does provide a con-
venient end-member to work with, but in fact, the
mantle source to most magmatic systems is extre-
mely heterogeneous and often enriched through
subduction of older crust (sediments) and their
partial melting and/or metasomatism (e.g. Arm-
strong 1971; Hawkesworth et al. 1993; Plank &
Langmuir 1993; Elliott et al. 1997). This enrichment
may directly affect a magmatic system, that is,
through partial melting of the mantle wedge in a
fore-arc region above a subducting slab, or through
the long-term entrainment of recycled materials
into the mantle and their remobilization into deep-
seated mantle melting regions (i.e. ‘ocean island
basalt’ magmas in hotspots). The effect of this sedi-
ment recycling has been well documented and
studied for several decades, and can be seen as per-
turbation of radiogenic isotope signatures of mafic
magmas in island arcs that have not undergone
any crustal contamination (e.g. Hawkesworth et al.
1979; Davidson 1983). Where subducted sediments
undergo partial melting and when they include
zircon, the effect is most intensified. For example,
in the Banda arc where magmatism and crustal
growth is essentially at 0 Ma, model ages range
from 100 to greater than 1000 Ma (see Fig. 3;
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Nebel et al. 2011). Most island arcs have a degree of
enrichment that can be attributed to subducted sedi-
ment; for this reason, their model ages average
c. 200 Ma, rather than 0 Ma (calculated from
Dhuime et al. 2011).

As described above, another parameter involved
in the model age calculation is the Lu/Hf ratio of the
host magma. Depending on the age and signature of
the zircon, this can lead to variations on the model
age of many hundreds of Ma (e.g. Nebel et al.

2007). Studies from specific plutons, arcs, orogens
or terranes will sometimes use an apparent array
of Hf data in 1Hf-time space, if the Lu/Hf compo-
sition of this array represents a typical magmatic
value. The Lu/Hf ratio of this array can then be
used to calculate the model age of this suite, based
on the assumption that the zircons represent closed-
system reworking and crystallization of a protolith
of a single mantle extraction age (e.g. Kemp et al.
2006; Pietranik et al. 2008; Petersson et al. 2013).
In these cases, it can be argued that the model
ages are more robust than those derived from scat-
tered data lacking an array. Further comments on
model ages are included at pertinent points in later
sections.

Oxygen isotopes

The stable oxygen isotopic composition of zircon
is preserved in non-metamict crystals from the
time of crystallization, and unlike U–Pb and Hf iso-
topes is independent of time. The oxygen isotope
composition, specifically 18O/16O (reported as
d18O; normalized to Vienna Standard Mean Ocean
Water), is generally unaffected by diagenetic and
metamorphic processes; if the zircon domain

analysed has suffered radiation damage, deviation
of the d18O composition can occur (Valley et al.
1994, 2005; Valley 2003). The d18O of a magma
will reflect that of its source rock; fractional crystal-
lization will increase the whole-rock composi-
tion (d18OWR), but the composition of the zircon
(d18Ozircon) will remain within c. 0.5‰ of the
whole rock value since D18OWR2zircon increases at
nearly the same rate as d18OWR (Valley et al. 2005).

The d18O composition of the mantle is generally
assumed to be fairly homogeneous (Eiler 2001);
zircons crystallized from uncontaminated (astheno-
spheric) mantle should have a value of +5.3 + 0.6
‰ (2s) (Valley et al. 1998). In general, low-
temperature interaction with meteoric water leads
to elevated d18O values, and high-temperature inter-
action leads to low d18O values; this is reflected in
the range of d18O compositions of crustal materials
(see Fig. 4). The only low d18Omaterials are meteo-
ric water itself, and materials that have undergone
high-temperature alteration with meteoric water or
seawater. Subducting oceanic crust can have high
d18OWR (relative to mantle) values in its upper por-
tion, which reflects low-temperature slab–seawater
interaction, and the lower part of the slab is gener-
ally thought to have low values owing to high-
temperature interaction with percolating water (see
Eiler 2001). The continental crust on average has
compositions reflecting mixing between igneous
mantle-derived material and sediments (see Fig. 4).
Sediments that are being subducted and recycled
into the mantle will have variably high d18OWR

depending on the abundance of limestone to silicic
material.

Zircon from igneous rocks will have a mantle-
like value unless a component of the host magma

-10 0 10 20 30 40

18
O ‰ VSMOW

Oceanic Crust
Seawater

Sediments (W.R.)
    Siliceous oozes

    Carbonate oozes
    Pelagic clays

    Clastic sediments
Igneous Rocks (W.R.)

    Altered basalts
    Fresh basalts

    Layer-3 gabbros

Continental Crust
Meteoric water

Sediments (W.R.)
    Sandstones

    Limestones
    Shales
    Cherts

Igneous Rocks (W.R.)
    I-type granites

    S-type granites
Igneous Zircons

    Mantle
  Archean

  Proterozoic
  Phanerozoic

to -55

"Mantle Zircon" 

δ18O = 5.3 ‰ 

Continental Crust

δ18O = 8 - 10 ‰

Mantle

δ18O = 5.3 ± 0.6 ‰

Upper Oceanic Crust   δ 18
O

 = > 5.3 ‰

Lower Oceanic Crust   δ 18
O

 = < 5.3 ‰

Sediments

δ18O = 10 - 15 ‰

Fig. 4. Average d18O of various reservoirs that relate to zircon systematics (modified from King et al. 1998) (left), and
typical d18O of a variety of reservoirs, rocks and sediments (after Eiler 2001; Valley et al. 2005; Spencer et al. 2014)
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has lower or higher than mantle values, that is,
reflecting high- or low-temperature alteration,
respectively. Since many granites will assimilate
some country rock at one or multiple stages of their
magmatic evolution, they typically have slightly
elevated d18O compositions. Granites that have a
large component of sedimentary rock in their proto-
lith, typified by S-types (e.g. Chappell & White
1992), have the highest d18Ovalues of igneous rocks
(Fig. 4). A range of volcanic to hypabyssal rocks
have lower than mantle values; these have assimi-
lated material that has undergone high-temperature
alteration with meteoric water after it has percolated
into the upper crust, and are often associated with
caldera forming magmatic suites (e.g. Yellowstone;
Bindeman & Valley 2001) and high-latitude areas
that have undergone glaciation (e.g. Kamchatka;
Bindeman et al. 2004).

Use and abuse of d18O criteria

As with Hf isotopes and model ages, various
assumptions are commonly used in the interpret-
ation of oxygen isotopes, and although some of
the effects of these assumptions may be minor,
they should still be considered. The main assump-
tion that affects the interpretation of zircon d18O is
that the mantle source of the magmatic system is
homogeneous (i.e. d18O +5.3+ 0.6 ‰ 2s), and
that mantle recycling, that is, subduction of crust
and sediments into the mantle, has no marked
effect on the mantle signature. Data from many oce-
anic island arcs, and from mid-ocean ridges, indi-
cate that this is true in many circumstances. The
compilation in Eiler (2000b) of island arcs suggests
that a maximum of 1‰ deviation occurs in this set-
ting, and that this corresponds to a maximum con-
tribution to the magmas of 2.5% fluid flux from
high d18O sediments. A compilation of mid-ocean
ridge (i.e. NMORB) magmas indicates even less
deviation in d18O composition (Eiler 2000a). How-
ever, there have now been several studies in more
complex arc settings that suggest prolonged enrich-
ment through fluid flux and partial melting of sub-
ducting slabs and overlying sediments have led to
enrichment of the shallow lithospheric mantle (Bin-
deman et al. 2004; Auer et al. 2009; Martin et al.
2011). Arc suites that directly involve melting of
sediments have the highest recorded d18O (e.g.
Setouchi, Japan; Bindeman et al. 2005). Regions
of high d18O may result from multiple stages of
enrichment, that is, in Kamchatka, where the lower
crust and upper mantle are enriched by a prolonged
subduction history, and where ascending melts are
additionally enriched from a high d18O fluid flux
(Auer et al. 2009). Regardless of these case studies,
high d18O is typically inferred, particularly in
studies addressing crustal growth, to result from

intracrustal recycling, that is, addition of high
d18O material to magmas within the crustal col-
umn. The above studies have shown that a degree
of mantle recycling may also lead to elevated d18O
values. The resulting, and as yet unanswered, ques-
tion is how common are high d18O mantle settings
temporally and spatially?

Combined Hf and O isotopes

The most pertinent use of Hf and O isotopes is when
they are combined, and ideally measured from the
same growth zone of a zircon that has also been
analysed for U–Pb. The first use of this was the
study of detrital, inherited and magmatic zircons
from granites and their country rocks within the
Tasmanides of southeastern Australia (Kemp et al.

2006; Hawkesworth & Kemp 2006; Kemp et al.
2007). An important facet of this work is that it
highlighted the use of combined Hf–O isotopes to
reveal both the relative amount of mantle and
crustal compositions involved in granite generation,
and perhaps even more pertinently, that the shape of
the resultant mixing and AFC trends can be used to
infer the chemical composition of the mixing com-
ponents (Kemp et al. 2007). These and subsequent
studies (e.g. Appleby et al. 2008; Roberts et al.

2013), have shown supracrustal sources within
I-type magmas that are not observed from whole-
rock isotopic signatures.

The onset of continent formation

Given that the detrital zircon record is the only
record of Earth’s evolution we have before about 4
Ga (Bowring et al. 1989; Stern & Bleeker 1998;
Bowring & Williams 1999; Mojzsis et al. 2014),
this record has been crucial to our understanding
of Earth’s early evolution; because of this impor-
tance, however, any conclusions drawn are subject
to much scrutiny. As can be seen from Figure 1,
nearly the entire record older than 4.0 Ga comes
from one source, that of the Jack Hills region in
SW Australia (see also Fig. 5). These quartzites of
the Narryer Gneiss supracrustals were deposited
at around 3 Ga (Spaggiari et al. 2007), and contain
detrital zircons that are as old as c. 4.37 Ga (Wilde
et al. 2001; Harrison 2009; Holden et al. 2009;
Valley et al. 2014). Just the existence of zircons
of this age indicates that zircon-bearing magmas
existed during the Hadean. The Jack Hills zircons
have been analysed in many studies for a variety of
isotopic and elemental signatures, all with the aim of
determining the environmental conditions of their
formation.

The first in-situ Lu–Hf isotopic study of the Jack
Hills zircons revealed a range of depleted and
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evolved signatures (see Fig. 5); these were inter-
preted as evidence for differentiation of the Earth
into large volumes of granitic continental crust and
a residual depleted mantle (Harrison et al. 2005). A
later study on the same material using dissolution
techniques partially replicated the positive 1Hf sig-
natures, but with less abundance and a lower range
of values (Blichert-Toft & Albarède 2008). Sub-
sequent studies have failed to reproduce any posi-
tive 1Hf signature (Harrison et al. 2008; Kemp
et al. 2010). One reason for this has been the lack
of tight age control and the possible assignment of
incorrect ages (e.g. Valley et al. 2006; Kemp et al.

2010; Zeh et al. 2014). Systematic imaging and
dating of all zircon growth zones should be a prere-
quisite for work involving rigorous interpretation
of U–Pb–Hf and U–Pb–O data, but it does not
necessarily mean that the previous studies are
invalid. Kemp et al. (2010) analysed Jack Hills
zircons, and showed that those analyses, which
they gave a high confidence of pristine age-Hf sig-
natures, fall on a subchondritic array with a model
age of around 4.4–4.5 Ga, and a Lu–Hf ratio
similar to mafic crust. These authors ignore the posi-
tive 1Hf signatures of previous studies, and suggest
a rather simple model of crust formation in the
Hadean, with intracrustal reworking of a mafic pro-
tocrust that was extracted from the mantle at 4.4–
4.5 Ga. Data from younger Hadean zircons in the
Jack Hills and other regions fall on similar subchon-
dritic arrays (i.e. Acasta – Amelin et al. 2000;
Iizuka et al. 2009; Mount Narryer – Kemp et al.
2010; Nebel-Jacobsen et al. 2010; Limpopo Belt –
Zeh et al. 2014). Zeh et al. (2014) also point out
that the superchondritic analyses of previous
studies may be spurious, and that their existence
negates the advocated mafic protocrust model.
This model is based on the subchondritic arrays
that have old (4.5–4.4 Ga) model ages, and is
similar to that described by Kemp et al. (2010).
Zeh et al. (2014) refer to their model as LOLIHP
(Long Lived Hadean Protocrust), in contrast to the
plate-tectonic-style models (i.e. Harrison et al.
2005, 2008), which they refer to as HACCAP
(Hadean Continental Crust Formation and Plate tec-
tonics). It is obvious that the existence of superchon-
dritic Hf signatures in the Hadean is highly
contentious, but critical to our understanding of
crustal evolution. Guitreau et al. (2012) show that
the results of the different studies are in fact
similar, with the maximum values in gaussian distri-
butions of the 1Hf data being centred around the
same value for each study (Harrison et al. 2005,
2008; Blichert-Toft & Albarède 2008; Kemp et al.

2010). These authors suggest that the lack of super-
chondritic values in the studies of Kemp et al.

(2010) and Harrison et al. (2008) is merely due to
undersampling.

Oxygen isotopes measured in Jack Hills zircons
are consistently above the mantle range (see Fig. 5).
Since elevated oxygen values are normally attri-
buted to assimilation of low-temperature altered
materials (i.e. supracrustals) by the zircon’s host
magmas, these data have been interpreted as evi-
dence for felsic continental crust in the Hadean,
and the existence of water to produce such alter-
ation (Mojzsis et al. 2001; Peck et al. 2001;
Cavosie et al. 2005; Trail et al. 2007; Harrison
et al. 2008). The data do not imply any particular
tectonic regime, but indicate that sufficient surface
water was available for alteration of supracrustal
material, and that such material must have been
reworked by sedimentary and subsequent mag-
matic processes.

Titanium concentration in zircon has been shown
to be correlated with the temperature of zircon for-
mation (Watson & Harrison 2005; Watson et al.
2006). These studies measured Ti-in-zircon in
Hadean zircons, and revealed an average low temp-
erature (c. 700 8C) that was interpreted as reflect-
ing evolved granitic magmas and wet melting
conditions (Watson & Harrison 2005; Harrison &
Schmitt 2007; Harrison 2009). Whether the
obtained temperatures can be used to infer melting
conditions has been debated (Nutman 2006), and
subsequent studies indicate that the temperature
range of the Hadean zircons is also attributable to
mafic magmas (Coogan & Hinton 2006; Fu et al.
2008). Thus, the use of Ti thermometry in this
instance remains equivocal. Other trace elements,
particularly the rare earth elements, have also been
used to infer evolved minimum-melt conditions
for Hadean zircons (e.g. Maas et al. 1992; Peck
et al. 2001; Crowley et al. 2005; Trail et al. 2007),
but as with Ti thermometry, the interpretations are
debated (e.g. Coogan & Hinton 2006; Grimes
et al. 2007).

Inclusions in zircons have also been used to
reveal information on the source magma compo-
sition. Quartz, potassium feldspar, albitic feldspar
and muscovite inclusions in Hadean zircons (Harri-
son et al. 2005, 2008; Hopkins et al. 2008, 2010)
are used as additional evidence to argue that these
zircons are derived from granitic magmas – and
thus indicate the presence of evolved continental
crust. Quartz and feldspar inclusions found within
mafic rocks, as shown by units of the Sudbury
igneous complex (Darling et al. 2009), and a
possible metamorphic origin of mineral inclusions
(Rasmussen et al. 2011), have led to ambiguity in
their interpretation.

Finally, the lithium isotopic system, which is less
studied in zircon in general, has been used to indi-
cate that the protoliths of Hadean melts are not
purely mantle-derived, but include a weathered
supracrustal component (Ushikubo et al. 2008), for
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example, similar to the findings of oxygen iso-
tope studies.

In summary, there is a wealth of evidence that
zircons in the Hadean are derived from evolved
felsic melts. However, each line of evidence has
been strongly debated. Elevated oxygen and lith-
ium isotope signatures suggest recycling of crust
and water–rock interaction. Hf isotope signatures
are compatible with reworking of a mafic protocrust
extracted early in the Hadean (.4.4 Ga), but the
minor yet possible existence of superchondritic sig-
natures suggests that more complex crust–mantle
dynamics may also have existed. Trace element
compositions, Ti thermometry and mineral inclu-
sions can be used to indicate that the Jack Hills zir-
cons were derived from evolved melts, but equally,
each interpretation has been suggested to be com-
patible with an origin in mafic crust. Overall, a
geodynamic regime involving burial and internal
reworking of crust is required, and this may have
been mafic in nature, in line with the models of
Kemp et al. (2010) and Zeh et al. (2014). To allevi-
ate all of the major observations, Nebel et al. (2014)
propose that the dominant composition of the crust
in the Hadean was mafic, but that small pockets
of low-degree anatectic melt provided the evolved
compositions in which zircon was crystallized.
Finally, the record of magmatism, as indicated by
the zircon age population from Jack Hills, is appar-
ently continuous and non-episodic. This charac-
teristic is not particularly exclusive to either a
LOLIHP or a HACCAP model.

The onset of plate tectonics

The onset of plate tectonics has been a subject of
great debate since the initial inception of this geody-
namic concept. As mentioned in the previous sec-
tion, estimates for its onset begin in Earth history
as early as the Hadean (e.g. Harrison 2009). Plate
tectonics would not have simply turned on instantly,
and therefore the definition of plate tectonics
needs to be provided with any one particular esti-
mate. One of the particular nuances of this topic is
whether one is referring to modern-day-style plate
tectonics, that is, with subduction of cold litho-
sphere and steep geotherms, or to any form of hori-
zontal plate motion with interaction along plate
margins. The timing of the onset of plate tectonics
has largely been derived from the observed geologi-
cal record, and through field, chemical and litho-
logical comparisons with modern settings (for
review see Furnes et al. 2013; Kusky et al. 2013).
Other estimates are based on more theoretical
modelling (e.g. Labrosse & Jaupart 2007; O’Neill
et al. 2007; van Hunen & van den Berg 2008; Kor-
enaga 2011), and of interest to this review, zircon

data has also had its part to play in this debated
topic.

The youngest estimates of modern-day-style
plate tectonics are in the Neoproterozoic, and are
based on the first existence of lithological associ-
ations that we find in the recent past (Stern 2005,
2008; Hamilton 2011), such as ophiolites, blues-
chists and accretionary mélanges. Contrary to
these young estimates, the postulated existence of
ophiolite units and of accreted arcs in the Neoarch-
aean (e.g. Kusky et al. 2001; Polat et al. 2005;
Santosh et al. 2013; Dey et al. 2013), Mesoarchaean
(e.g. Polat et al. 2007; Smithies et al. 2007; Windley
& Garde 2009; de Wit et al. 2011) and Eoarchaean
(e.g. Polat et al. 2002; Furnes et al. 2007, 2013;
Kusky et al. 2013; Nutman et al. 2013) provides evi-
dence for much earlier forms of plate convergence.
As a consequence, the Archaean remains the most
popular timeframe for the onset of plate tectonics.
Numerical modelling is yet to provide an answer to
this long-standing question. It is generally thought
that a hotter mantle in the past (e.g. Herzberg et al.
2010) would have limited slab subduction (e.g.
O’Neill et al. 2007; Sizova et al. 2010). A gradual
change from shallow subduction in the Archaean,
to steep subduction after 1 Ga, is compatible with
the record of metamorphic gradients (Brown 2014;
Sizova et al. 2014). As discussed by Korenaga
(2013), however, the role of water in the mantle is
not always accounted for in numerical models, and
if dry enough, a hot mantle may also allow for
slab subduction.

Evidence from zircon data agrees with an
Archaean or even Hadean onset of plate tectonics.
Although a Hadean onset has been hypothesized,
the evidence for this remains equivocal (see pre-
vious section). Næraa et al. (2012) propose that
the pattern exhibited by zircon data from SWGreen-
land indicates reworking of crust from 3.9 to 3.2 Ga,
and that significant juvenile signatures with fluc-
tuating trends after 3.2 Ga correspond to the onset
of a geodynamic regime featuring arc formation
and accretion (see Fig. 6). However, the data from
Greenland are not representative of other exposed
Archaean cratons. As can be seen from Figure 6,
zircons from other cratons feature continued juven-
ile growth throughout the Eo- and Mesoarchaean.
With all the global data plotted, there is no clear
break or change in the pattern of 1Hf–U–Pb data.
Thus, it may be that the Greenland data represents
only a sampling bias, or that the onset of accretion
(and preservation) of juvenile crust occurred dia-
chronously across different regions. Regardless, the
patterns in zircon 1Hf data do not provide robust
evidence for any significant change in crustal growth
mechanisms during the Eo- to Mesoarchaean.

Perhapsmore significant than a supposedmarked
change during the Mesoarchaean is the onset of a
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continued trend of juvenile addition (i.e. zircons
with 1Hf near the depleted mantle) that begins
around 3.9 Ga (see Figs 1 & 6). Zeh et al. (2014)
noted this marked change, interpreting it as the
large-scale formation of new crust after 4.1 Ga,
with the prior period featuring internal reworking
of crust formed at 4.5 Ga. These authors also noted
the possibility that this change around the Hadean/
Archaean boundary may reflect the onset of plate
tectonics, but are careful to not make any bold
claims. This time period was also described by
Kamber et al. (2005) as a transitional period from
a different style of crustal formation in the Hadean
to that of the Archaean. Nebel et al. (2014) more
recently reviewed the Hadean dataset, and proposed
that c. 4.0 Ga may mark a change in geodynamics
that corresponds to the onset of subduction. It is
worth noting that this time period also marks the
point where we move from a detrital zircon record
only to one with both rocks and zircons. Thus, estab-
lishing the nature of the oldest crust, for example,
Acasta gneiss (Bowring et al. 1989; Guitreau et al.
2014; Mojzsis et al. 2014), and improving the
records that straddle this boundary (e.g. from detri-
tal zircons) are crucial to move our understanding
further on.

Crustal growthmodels will be discussed in a later
section; however, of note here is the interpretation

of such models. Belousova et al. (2010) and
Dhuime et al. (2012) both use large global databases
to study continental growth. The derived growth
curves (see Figs 1 & 10) feature more rapid crustal
growth early on in Earth history. Dhuime et al.

(2012) note an inflection in their growth rate at
3 Ga, which they speculate marks the onset of a geo-
dynamic regime dominated by subduction. A growth
curve using the same reworking indices (see later
section on ‘Crustal growth rate’), but using a larger
(c. 42 000 compared with c. 6000 analyses) U–
Pb–Hf zircon database, exhibits no such inflection,
but a more continuous slowing of the growth rate
through time. Thus, it is suggested that any such
inflections around this time are subject to bias in
the database selection, and may also be artefacts
of the calculations themselves. Additionally, these
growth models are based on model ages, and
although Dhuime et al. (2012) filter their model
ages based upon d18O compositions, they are likely
to be mixed ages that average multiple components
(see previous discussion in the ‘Use and abuse’
section).

Oxygen isotopes in zircon highlight significant
sedimentary input to magmas. Valley et al. (2005)
compiled a database (n ¼ 1200) of all the published
zircon d18O data at that time, and noted a broad
similarity of mantle-like to moderately elevated
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d18O in Archaean rocks, and a steadily increasing
maximum d18O throughout the post-Archaean.
These authors relate this change to the secular evol-
ution of Earth processes, with increases in sedimen-
tary recycling, burial and intracrustal reworking
occurring during the Proterozoic. Spencer et al.
(2014) re-evaluate the published zircon oxygen
database (n ¼ 6000). These authors make particular
reference to the correlation between periods with
elevated d18O and those of supercontinent amal-
gamation (Fig. 7), and suggest that the increase
in d18O in the Proterozoic reflects the onset of colli-
sional tectonics that will play host to significant
crustal thickening and associated erosion, burial
and reworking of high d18O sedimentary rocks. In
this interpretation, Columbia at 2.1–1.7 Ga (a.k.a
Nuna) reflects the first true supercontinent. Inter-
estingly, the timeframe of increased d18O in zircon
also correlates with the Great Oxygenation Event
(Bekker et al. 2004); thus, the role of this increase
in atmospheric oxygen v. that of a geodynamic
change is worthy of further exploration.

So when did plate tectonics begin? Alone, the
zircon archive is unlikely to be able to

unequivocally answer this question. However,
there appears to be some convergence amongst
many models that propose the Mesoarchaean to
Neoarchaean. Some key constraints from other
types of data also agree with this estimate, for
example, diamond compositions suggest a change
in geodynamics at 3 Ga (Shirey & Richardson
2011), the metamorphic record at 2.7 Ga (Brown
2006, 2007) and the geochemistry of the rock
record at 2.5 Ga (Keller & Schoene 2012). The
many publications that cite the lithological and geo-
chemical signatures of Archaean rocks as being
related to subduction provide ambiguous evidence
to build on this topic, as the origins of these have
multiple interpretations (see Van Kranendonk
et al. 2014).

In summary, the weight of evidence, and argu-
ably, much consensus from previous studies, sug-
gest the following: (a) collisional tectonics with
similarities to the modern day were well underway
by the early Proterozoic; (b) the Archaean hosted
a transitional regime ranging from plume-related
and vertical tectonic processes to those of modern-
day-style horizontal tectonics; (c) the Hadean eon
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was probably dominated by internal reworking of a
(mafic) ‘protocrust’ and (d) subduction and accre-
tionary orogenesis possibly started in the Eoarch-
aean, but more likely not until the Mesoarchaean,
or perhaps even the Neoarchaean.

Regional isotopic trends

The evolution of regional magmatism, and hence
continent formation through time, has been exten-
sively studied using whole-rock geochemistry and
radiogenic isotope signatures (e.g. Haschke et al.
2002; Kay et al. 2005; Mamani et al. 2010). Mag-
matic zircon can also be used in a similar fashion,
given that its isotopic signature (i.e. Hf and O)
relates to the host magma composition. Combined
U–Pb and Hf data provide an insight to the pro-
portion of crust and mantle input to magmas. How-
ever, crustal input involves a variety of different
sources and pathways; therefore, modelling requires
assumptions about the composition of the crust
and mantle end-members. Ideally these will have
some prior constraints from other isotopic and geo-
chemical data. Hf data alone, for example, cannot
differentiate whether crustal contamination occurs
through mantle recycling (source contamination)
or through intracrustal recycling (crustal con-
tamination). The interpretation of isotopic trends
through time generally assumes that these variables
stay the same, and that the amount of crustal input
is varying.

The utility of temporal Hf isotope trends was
demonstrated in the accretionary orogen of the Tas-
manides, SE Australia (Kemp et al. 2009; see Fig.
8a). The data reveal fluctuations in 1Hf through time
that are interpreted as varying degrees of mantle
input. These variations are not well constrained,
but it is assumed that a variety of processes will
lead to the same result, that is, that extensional
regimes will lead to an increased mantle input, and
that contractional regimes will lead to an increase
in crustal contamination. This can occur through
mantle recycling, as sediment input to the mantle
through subduction erosion and sediment sub-
duction will typically be higher in a contractional
regime; leading to a greater ‘crustal’ signature in
subsequent magmatism. A contractional regime will
also lead to a thicker crustal column, which will
result in a greater ‘crustal’ signature. Alternatively,
an extensional regime may feature magmatism that
intrudes and differentiates without significant crus-
tal contamination, and will also lead to thinning of
the lithosphere and a possible greater mantle input
to the crust.

Boekhout et al. (2013), applied a similar tech-
nique to determine the degree of juvenile crustal
growth in the proto-Andean accretionary orogen in

Peru. In this example, detrital and igneous data
were combined (Fig. 8b). Modelling of the mantle
input through time was estimated using a crustal
end-member that is derived from an ‘integral
crust’ calculation, as applied to the global crust by
Belousova et al. (2010). This integral crust starts
with the assumed end-member crustal contami-
nation, in this case the Palaeoproterozoic Arequipa
basement, and over time the average signature of
new crust is added successively. The results show
that fluctuations in 1Hf through time can be corre-
lated with periods of arc migration, and com-
pression/extension of the over-riding plate. As in
the Tasmanides example, extensional periods fea-
ture greater mantle input. This study revealed that
overall crustal growth in the region should have
increased through time in the Palaeozoic. Given
that the location of the subduction margin is more
or less similar to where it was in the Carboniferous,
this increased growth may be explained by an
overall crustal thickening since that time.

Both the proto-Andes (Boekhout et al. 2013) and
Tasmanide (Kemp et al. 2009) examples reflect the
evolution of the Gondwana margin. This margin can
be viewed as an external orogeny, that is, one that
forms on the exterior of a (super)continental mass.
These orogens are in contrast to interior orogens
that form during the closure of an internal ocean
bounded by cratonic blocks. Collins et al. (2011)
noted that, using Phanerozoic orogenic systems as
a proxy, the modern external and internal orogenic
belts produce different patterns in the 1Hf-time
variations of zircons derived from them. Interior
orogens (e.g. Central Asian Orogenic Belt, Hima-
laya) feature an 1Hf array with an increasing crus-
tal component along with continued juvenile input
after the onset of orogenesis (e.g. fanning out
array; Fig. 9a). This is interpreted by Collins et al.
(2011) as resulting from formation within a single
mantle convection cell, which limits the degree to
which the subcontinental lithospheric mantle is
removed. In contrast, 1Hf values of external orogens
(e.g. convergent systems surrounding the Pacific
Ocean) shift to more primitive compositions after
the onset of orogenesis, which is interpreted as the
result of formation at the boundary of two large
mantle convection cells, and thus enhancing the
removal of the subcontinental lithospheric mantle.

Spencer et al. (2013b) explored these differences
in ancient orogenic systems that were associated
with supercontinent amalgamation, namely the
c. 1.0 Ga Grenville orogeny associated with the for-
mation of Rodinia, and the c. 0.6 Ga Pan-African
orogeny involved in Gondwana formation. These
authors showed that zircons derived from the Pan
African orogenies reveal similar isotopic character-
istics to the modern internal orogenic systems
(Fig. 9b). Likewise in contrast to the Pan-African
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external orogens, the Grenville Orogeny displays
similar isotopic characteristics to the external oro-
gens of the modern Pacific Ocean. These authors
relate the distinctive isotopic characteristics of the
contrasting orogenic systems to the geological age
of converging continental margins, and infer that
continental margins of older geological ages will
produce magmatism that is more radiogenically

enriched, and those with young converging mar-
gins will give a more depleted signature (Fig. 9b).

Global isotopic trends

It is assumed that the same trends that occur on a
regional or orogenic scale can also be examined

depleted mantle

I-type

A-type

S-type

Macquarie
arc

250 300 350 400 450 500

-15

-10

-5

0

5

10

15

20
back-arc
closure

back-arc
closure

back-arc
closure

slab
retreat

slab
retreat

slab
retreat

H
f

Age (Ma) 

-20 

-15 

-10 

-5 

0 

5 

10 

15 

0 50 100 150 200 250 300 350 400 450 500 

Age (Ma) 

Median

Integral Crust

H
f

Igneous 

Detrital 

e
x

te
n

sio
n

e
x

te
n

sio
n

co
m

p
re

ssio
n

co
m

p
re

ssio
n

(a)

(b)

Fig. 8. 1Hf of zircon within (a) the Tasmanide orogenic belt (modified from Kemp et al. 2009) and (b) proto-Andes
(modified from Boekhout et al. 2013), outlining the response of zircon Hf to contractional and extensional tectonic
regimes. 1Hf values in zircon become increasingly depleted (higher 1Hf) during periods of extension and/or slab retreat
and enriched (lower 1Hf) during contractional phases.

THE ZIRCON ARCHIVE OF CONTINENT FORMATION THROUGH TIME 209

 at British Geological Survey on March 9, 2015http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


globally. If a representative dataset is used, then
these trends may reflect global balances in magma-
tism. Roberts (2012) used the same assumptions as
those in the previously discussed regional examples
to investigate the balance of crustal growth and

recycling through time. An additional assumption
important to this particular study is that deviations
to evolved Hf signatures not only reflect greater
crustal recycling, but will also indicate periods of
crustal destruction, that is, loss to the mantle. The
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overall validity of this assumption has not been
tested in terms of overall volumes or the consistency
across different geodynamic settings. For example,
in subduction settings, when arc magmatism is
reworking pre-existing crust through crustal con-
tamination and crustal melting, sediment subduction
and subduction erosion (and possibly crustal dela-
mination) will also lead to crustal destruction
(Roberts 2012). In continent–continent collision
settings, crustal destructionwill occur through lower
crustal delamination. It is the mass balance between
crustal destruction and crustal reworking that will
help better constrain crustal growth models. The
findings of Roberts (2012) indicate that relative
crustal growth rate can be correlated with the super-
continent cycle, with periods of supercontinent
breakup featuring increased continental growth, and
periods of supercontinent amalgamation featuring
decreased growth. Such a balance of the destruc-
tion and growth of continental crust through time
was conceptualized by Stern & Scholl (2010), and
termed the Yin and Yang of the Earth’s crust.

A major question asked of all global crustal
growth models is whether the data used is represen-
tative. Early studies using zircon utilized the catch-
ment of large rivers (e.g. Condie et al. 2005; Iizuka
et al. 2005, 2010, 2013; Wang et al. 2009) and now
there are various databases that allow analysis of
much greater zircon populations with coverage of
a greater area of the Earth’s crust. Most databases
feature similar age distribution patterns (see Fig.
10b), indicating that, at a broad level, they probably
represent the exposed crust. Condie & Aster (2013)
compared some of the different published databases,
and noted differences for the last 1 Ga in particular.
These authors suggested that discrepancies were
due to geographic variations, particularly since
some of the databases were small and restricted to
particular rivers. In Figure 10a we plot the median
trend through the data. Compared with that of the
database used by Roberts (2012), our trend, based
on a much larger database, seems to show less fluc-
tuation overall, and in general, there is some filling
of gaps in the overall fan of 1Hf data in this type of
plot. It could be argued in this case that continued
addition of new data will eventually fill in more
gaps, and that patterns such as varying 1Hf and epi-
sodic growth may be smoothed out. However, we
argue against this, as although greater coverage
has led to the filling of some gaps in the array, the
bivariate kernel density estimation (2D KDE) of
Figure 10a shows that considerable heterogeneity
in the distribution remains.

The 2D KDE shown in Figure 10a highlights the
heterogeneous patten in 1Hf vs time space. Com-
pared with previous studies (e.g. Belousova et al.

2010; Condie et al. 2011; Iizuka et al. 2010), fea-
tures that remain in this large database, include a

positive 1Hf trend after Columbia formation at
1.7 Ga, and up to Rodinia formation at 1.3 Ga.
This was noted by Roberts (2012), and ascribed by
Roberts (2013) to continuous continental growth
on the margin of the Columbia supercontinental
‘lid’. Another significant feature is the large nega-
tive 1Hf trend at 550 Ma that correlates with Gond-
wana formation and reworking of much older crust
(see section on ‘Regional isotopic trends’; Spencer
et al. 2013b). The ability to pick out such evolution
trends in the Archaean is hindered partly by data
coverage, that is, does the drop in U–Pb crystalliza-
tion ages around 2.3 Ga reflect tectonic shutdown
(Condie et al. 2009), an under-representation in
the data of actual events (Partin et al. 2014) or an
artefact of preservation (see section ‘Preservation
of the geological record’)? The lack of evolution
trends may also reflect differing tectonic processes
in the Archaean, perhaps suggesting greater
balance between crustal growth and loss.

Crustal growth rate

One of the topics of continent formation most dis-
cussed in recent literature, which has been a mat-
ter of debate for half a century now, is the growth
rate of continental crust. Models for continental
growth rate can be categorized into those that
feature early growth of the continental crust and
subsequent steady-state recycling and growth (e.g.
Armstrong & Harmon 1981; Fyfe 1976), and
those that feature increasing growth through time
(O’Nions et al. 1979; Veizer & Jansen 1979;
Hurley & Rand 1969). The latter may feature episo-
dic growth (McCulloch & Bennett 1994; Condie
1998; Rino et al. 2004; Condie & Aster 2010), or
rapid growth in the Archaean and subdued growth
thereafter (Belousova et al. 2010; Dhuime et al.
2012).

Armstrong is the most famous advocate in
favour of near-steady-state continental volume
throughout most of Earth history (e.g. Armstrong
& Harmon 1981; Armstrong 1991), using consist-
ency of continental freeboard and crustal thickness
as part of his evidence. Fyfe (1976) had also com-
mented on this topic, and had in fact suggested
that the continental volume may have even
decreased through time. We refer to the ‘Armstrong
model’ as one in which the current volume of crust
had been reached by 3.5 Ga, and where continental
growth and destruction have been roughly balanced
since that time.

Models that appear to be generally more
accepted within the literature feature increasing
continental volume through time. These may have
a rate that has increased through time (e.g. Veizer
& Jansen 1979), but more commonly feature a rate
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of growth that has overall slowed over time (e.g.
Dhuime et al. 2012); the latter are compatible with
a secular cooling of the Earth, if mantle heat is
linked in some way to continental generation.

Compatible, and often linked with these models of
increasing growth, is the idea of episodic growth.
This concept has also been around for a long time,
and is based on the episodic nature of the rock
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Fig. 10. (a) Bivariate kernel density estimation of 1Hf data presented in this study. Purple to red colour spectrum
represent data density (purple ¼ low, red ¼ high). Superimposed is a black line representing the running mean of the
dataset. Plus KDEs of zircon U–Pb ages for various data compilations. (b) Crustal growth curves of Dhuime et al.
(2012); Belousova et al. (2010) (dashed black and grey lines) compared with the crustal growth curves of this study that
utilize the calculation(s) of the aforementioned studies (solid black and grey lines). Also plotted are the cumulative new
crust model age curve (Dhuime et al. 2011) and the cumulative U–Pb age curve.
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record, for example mineral deposit ages (Gastil
1960), zircon U–Pb crystallization ages (Condie
1998; Rino et al. 2004) and ages of He isotope
(Parman 2007) and Re–Os derivedmantle depletion
events (Pearson et al. 2007). In terms of crustal
growth curves, the episodicity is generally seen as
an oscillation of the growth rate through time that
is a secondary feature on top of the overall increas-
ing continental volume; this leads to stepwise
growth rate curves (see Fig. 1; Condie 1998; Rino
et al. 2004). An overlap between the timing of
supercontinent formation, and peaks in the crustal
growth record (i.e. recorded in zircon U–Pb ages)
has led to the question of causality between this
relationship. Most hypotheses that advocate episo-
dicity include the influence of mantle geodynamics
(see O’Neill et al. 2013 for a review), that is, mantle
upwellings, superplumes and slab avalanches.

Zircon U–Pb ages do not necessarily reflect con-
tinental growth, as they can refer to ages of meta-
morphism, or merely reflect magmatism that has
reworked pre-existing crust. Various attempts have
been made to remove the effect of crustal rework-
ing, and retain the record of crustal generation.
Using a simple approach, Kent Condie has compiled
ages of granitoids that have juvenile radiogenic iso-
topic signatures (Condie 1998; Condie & Aster
2010), with subsequent histograms still providing
peaks of growth at similar ages to those based
purely on U–Pb ages, but with the size of peaks dif-
fering between datasets. A common approach used
by many has been to use Hf model ages of zircons
rather than the U–Pb ages to provide histograms
of crustal growth (e.g. Iizuka et al. 2005, 2010;
Yang et al. 2009).

Given the complexities discussed in the earlier
section on Hf–O isotopes, model ages do not
account for mixed sources to magmas, and thus
are also not representative of the record of crustal
growth. For this reason, recent studies have attemp-
ted more complex ways of removing the record of
crustal reworking and recycling in an attempt to
observe the record of continental growth. Kemp
et al. (2007) were the first to use oxygen isotopes
to discriminate zircon Hf data representing crustal
reworking from juvenile crust generation. They
excluded zircons with oxygen isotopes higher than
6.5‰, suggesting that these will have a supracrus-
tal input and that model ages will subsequently
be mixed ages. From a study using zircons from
the Gondwana margin of Australia, they revealed
two major growth periods, at 3.3 and 1.9 Ga. This
oxygen-isotope based criterion has subsequently
been used in many other studies (e.g. Wang et al.

2009, 2011; Lancaster et al. 2011), typically reveal-
ing that crustal growth in any one particular region
occurs in discrete episodes. Along with Hf isotopes,
oxygen isotopes in zircon provide equivocal

information, and thus their use as a binary discrimi-
nator is less than ideal (i.e. Fig. 4, where rocks with
‘mantle-like’ oxygen isotope signatures still record
mixed model ages). Studies that combine isotopic
systems (i.e. U–Pb, Hf and O) are arguably still
the most robust and informative zircon-based data-
sets for answering questions of crustal evolution,
as long as they are used with an understanding of
their limitations.

Along with model ages with or without oxygen
isotopes as discriminators, recent studies have used
alternative approaches of calculating crustal growth
from zircon data. Again, the aim of these has been
to correct for zircon data that represent crustal
reworking, so that the distribution of crustal growth
alone can be determined. Belousova et al. (2010)
studied a global compilation of detrital zircon
data; these authors indicated that juvenile compo-
sitions only represent c. 10% of the total record,
and they calculated an index of juvenile growth
that tries to account for reworking. For this index,
the data are binned by age, and then for each bin
the proportion of zircons with model ages corre-
sponding to that bin is compared with the num-
ber of zircons with U–Pb ages (for the same bin);
oxygen isotope analyses are not used to screen or
characterize the data. The results show that the
amount of reworking increased throughout Earth
history,with stepped increases atc. 2.2andc. 0.6 Ga.
A growth curve through time was obtained from the
reworking index, and showed that, by 2.5 Ga, 62%
of the total volume of continental crust had been
formed (grey dashed curve; Fig. 10b). We have
recalculated the global reworking index and associ-
ated growth curve using the database compiled in
this study (grey curve; Fig. 10b). The new curve
follows a broadly similar shape, but is lower than
the Belousova et al. (2010) curve, which implies
that the larger database of this study comprises a
greater record of younger growth relative to older
growth. It should be noted, though, that within the
study of Belousova et al. (2010), the modelling of
growth curves and proportions of reworked material
is derived from model ages, and as discussed pre-
viously, these are based on many assumptions that
do not hold true.

Dhuime et al. (2012) produced an index of
reworking to correct a global compilation of detrital
zircon data using an alternative method that also
made use of oxygen isotope data. Their correction
involved two parts; firstly, the amount of reworked
(hybrid model ages) v. juvenile magmatism (new
crust formation ages) through time is estimated
using a d18O compilation. This relationship is then
used to make a correction to the distribution of
new crust (Dhuime et al. 2011) model ages. A
second index of reworking is calculated using the
distribution of zircon data with new crust model
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ages that are older than their corresponding U–Pb
crystallization ages. The rate of reworking through
time is then calculated using the combination of
this latter reworking index with the distribution of
new crust model ages calculated from the first
index of reworking. The crustal growth curve is
defined by this reworking rate through time, and is
shown in Figure 10b (black dashes curve); a curve
using the database compiled in this study is also
shown (black curve). Dhuime et al. (2012) make
a strong interpretation of the inflection that is
recorded at c. 3.0 Ga, suggesting that it marks a
change in global geodynamics (see section on
‘The onset of plate tectonics’). The approach taken
by Dhuime et al. (2012) involves two ‘corrections’
to the data, and could be considered overly con-
voluted. It also uses oxygen isotope compositions
as a binary discriminator, which, as discussed in
the previous ‘Use and abuse’ section, is a flawed
approach. The ideologies of Belousova et al. (2010)
and Dhuime et al. (2012) are nearly the same; both
studies attempt to correct the observed distribution
of crustal generation recorded by model ages (i.e.
the blue curve in Fig. 10b), for crustal reworking,
so that a crustal generation curve can be calculated
(i.e. the grey and black curves in Fig. 10b). The
effect on the data using both studies is the same,
that is, the crustal growth curve is shifted so that
more growth occurs earlier on in Earth history;
this reflects the abundance of crustal reworking
that occurs in the younger part of Earth history,
but is also partly an artefact of using depleted
mantle or new crust model ages.

Preservation of the geological record

Although continental crust is the only long lasting
repository of Earth history, it is vulnerable to the
destructive processes associated with subduction
erosion (Scholl et al. 1980; Stern 1991; von Huene
& Scholl 1993; Clift et al. 2009; Stern 2011) and
lower crustal delamination (Bird 1979; Houseman
et al. 1981; Kay & Mahlburg Kay 1993; Houseman
& Molnar 1997; Schott & Schmeling 1998; DeCel-
les et al. 2009). The locus of crustal recycling is pri-
marily at convergent plate margins, where the
subducting oceanic slab both removes ocean floor
sediments and volcanic material, as well as tectoni-
cally eroding crustal material from the overriding
plate into the mantle. Paradoxically, convergent
plate margins are the locus of the vast majority
of continental crust growth (e.g. Clift et al. 2009;
Scholl & von Huene 2009). Scholl & von Huene
(2009) hypothesize that currently the ratio of crus-
tal formation and destruction is nearly one-to-one,
resulting in a zero net gain of continental crustal
volume. Stern (2011) actually estimates the total

current rate of crustal destruction to be greater
than the rate at which the crust is being replaced
by magmatic activity, and therefore the present
total volume of continental crust may be decreasing.

How representative the current distribution of
continental crust is to the amount initially generated
remains an unresolved issue (e.g. Bowring & Housh
1995; Hawkesworth et al. 2009, 2010; Condie et al.
2011; Cawood et al. 2013). The issue at hand is
whether the temporal heterogeneity of presently
exposed continental crust is a primary or secondary
feature. That is, do the peaks of continental crust
formation (i.e. those recorded with zircon U–Pb
crystallization ages) represent episodic growth of
continental crust (Condie 1998; Yin et al. 2012;
Walzer & Hendel 2013; Arndt & Davaille 2013;
Rino et al. 2004) or biased crustal preservation
(Hawkesworth et al. 2009; Condie et al. 2011;
Lancaster et al. 2011; Roberts 2012).

Proponents of episodes of enhanced magmatism
call upon a dramatic influx of mantle-derived
material (Condie 1998; Rino et al. 2004; Komiya
2007; Arndt & Davaille 2013). However, the geo-
chemical composition of the bulk continental crust
(Taylor & McLennan 1985; Rudnick & Gao 2003)
implies that crustal growth occurs primarily along
convergent margins (see McCulloch & Bennett
1994; Davidson & Arculus 2006; Hawkesworth &
Kemp 2006; Cawood et al. 2013). Alternatively,
Hawkesworth et al. (2009) hypothesize that the
peaks and troughs of zircon ages are the result of
enhanced preservation associated with the assem-
bly of supercontinents (see Fig. 11), wherein the
latest stage of subduction zone magmatism and
that involved with collision itself, are isolated in
the interior of continents following collisional

supercontinent cycle

preservation

potential

number of 

zircons

subduction collision break-up

resultant 
zircon record

Fig. 11. Conceptual model of preservation bias during
continental collision (modified after Hawkesworth et al.

2009; Cawood et al. 2013).
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orogenesis (Hawkesworth et al. 2009; Condie et al.
2011; Cawood et al. 2013). The concept of preser-
vation bias has yet to be fully tested, and ideally
will involve, for a particular orogenic cycle and
study region, calculation of the volumes of crust
generated and destroyed compared with that which
is preserved. Preliminary studies provide evidence
in favour of a record biased through preservational
processes (Roberts 2014; Spencer et al. 2013a).

Measuring Earth’s Yin and Yang

Figure 10b presents crustal growth curves based on
the U–Pb–Hf detrital compilation that are corrected
for crustal reworking. This correction takes an esti-
mate of the current age distribution of continental
crust (i.e. the blue curve and shaded area in Fig.
12a), and recalculates it to account for greater
reworking in later Earth history so that the resulting
curve features greater growth in earlier Earth history
(black curve in Fig. 12a). Using the approach of
Dhuime et al. (2012), 50% of the volume of con-
tinental crust was formed by 3 Ga, and 65% by
2.5 Ga. Twoprocesses are not specifically accounted
for by these estimates of crust generation –
preservation and crustal destruction.

As discussed in the previous section, the idea of
preservation bias is still conceptual and not fully
tested; however, the postulate is that an increased
population of zircon data in the global record does
not represent an increase in crust generation, but
an artefact of selective preservation during the
supercontinent cycle. This effect will, however,
partly be accounted for by the reworking indices
of Dhuime et al. (2012) that are used to calculate
the growth curve in Figure 12. This is because the
abundance of reworked crust increases during times
of supercontinent assembly, and the bias of this
reworked component is corrected for in the calcu-
lations. Thus, by accounting for reworked crust,
the role of selective preservation is also partly
accounted for. Until the true role of preservation
bias can be determined in Earth history, correcting
for such a process in a quantitative manner cannot
be achieved. It would also be preferable, for rea-
sons discussed in the ‘Use and abuse’ section, not to
derive growth models upon model age calculations.

Also discussed in the previous section is the
process of crustal destruction (i.e. through subduc-
tion erosion, sediment subduction and delamina-
tion). The volume of continental crust at any one
timewill depend on the volume of crustal generation
compared with the volume of crustal destruction
(i.e. return to the mantle). This concept of the
balance between Earth’s Yin and Yang (growth
and destruction; Stern & Scholl 2010) was shown
to be compatible with trends in the global zircon

Hf database (Roberts 2012). Whether the balance
has a large variation through time or only results in
small variations is uncertain. The resulting change
in crustal growth volume is conceptualized in
Figure 12b; here the effect of varying Yin–Yang
is imposed upon an overall increasing continental
volume, with increased growth rate between super-
continent formation, and decreased growth rate
(increased crustal destruction) during superconti-
nent formation.

The solid blue curve shown in Figure 12b is
based on the calculated growth curve in Figure 10b,
that is, is based upon the reworking-corrected dis-
tribution (using Dhuime et al. 2012) of crust using
the global zircon Hf detrital database of this study.
This curve does not account for crustal destruction.
At present, crustal destruction is estimated to be
roughly balanced with crustal growth (see previous
section), such that the crustal growth curve should
lie flat. A major question then arises as to how far
back in time this balance has been maintained.
The modelled curves suggest that growth has out-
weighed destruction for most of Earth history,
whereas the Armstrong model (see Crustal Growth
Rate section) implies that growth has been bal-
anced by destruction for the last 3.5 Ga. Since the
growth curves derived from zircon data do not
take into account the volumes of crustal destruction,
there still remains a big question mark over their
accuracy.

The dashed curve in Figure 12b represents an
alternative global growth curve that takes into
account various considerations. First, Hadean proto-
crust was grown in the first 200–300 million years
of Earth history, and was subsequently reworked
throughout the Hadean and early Archaean. A sec-
ond phase of crustal growth started around 4.0 Ga.
This pattern of growth recorded in the zircon
database (see Figs 1, 5 & 6) is presumed to be a
primary signal, and is thus included within the shape
of the global growth curves. Second, if plate tec-
tonics similar to the modern day, with supercon-
tinents, collisional orogenesis and subduction, is
likely to have been around since at least the end of
the Archaean (i.e. Brown 2007; Sizova et al. 2010;
Spencer et al. 2014), then there is potential that
the processes and thus rates of crustal growth and
destruction have been maintained throughout this
time. Hence, a flat growth curve is derived for the
last 2.5 Ga. Third, the crustal volume must have
increased to its present-day value at some point
since 4.5 Ga. For this to happen, growth must have
outweighed destruction; this may have been assisted
through the existence of differing tectonic processes
compared with today. An increase in the role of
plume-related and/or other vertical tectonic pro-
cesses in the Archaean (see Van Kranendonk et al.
2014), particularly the earlier Archaean, may be
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responsible for enhanced growth. A lack of steep
subduction in the earlier Archaean (Sizova et al.
2010; Nutman et al. 2013), which may limit crus-
tal destruction, is also another factor governing
growth rate.

In summary, at some point in Earth history, the
crustal growth rate must have changed from a
regime dominated by growth to a regime with
balanced growth and destruction. We estimate that
a change in geodynamic process, that is, the onset
of plate tectonics and/or the onset of steep subduc-
tion, and/or the onset of thicker cratons enabled
through colder geotherms, will have coincided with
this change in growth rate. We suggest that such a
change will not be sudden, but gradual, and that
3.2–2.5 Ga seems the best estimate of this change
with current knowledge. Understanding of the
rates of crustal growth and destruction will therefore
also benefit from a better understanding of tectonic
processes through Earth history. We suggest that the
dashed curve in Figure 12b represents a conserva-
tive upper-bound of crustal growth, whereby the
rate of crustal destruction has been increasing
through time, but has been more prevalent since
the end of the Archaean. The true rate of crustal
growth may lie somewhere between the two curves.

Summary and conclusions

This paper discusses a number of topics that are
hotly debated and still contentious, such as the
onset of continent formation, plate tectonics and
crustal growth rate. Hypotheses and models that
are compatible with the zircon data represented in
this study are as follows:

(1) The Hadean featured a dominantly mafic pro-
tocrust with internal reworking and the for-
mation of low-degree evolved melts in the
presence of water. Low-temperature weather-
ing of crust occurred, and this was reworked
into magmas through burial by some form of
geodynamic process. Juvenile crust gener-
ation in the Hadean was not continuous, but
magmatism was.

(2) A transition to an Archaean geodynamic re-
gime occurred around 4.0 Ga, which featured

renewed juvenile crust generation. It is not
clear whether this regime featured subduction,
but it certainly featured continuous juvenile
crust generation throughout the Archaean
across many continents.

(3) A change in the abundance of crustal rework-
ing occurred around 2.5 Ga; this is interpret-
able from the zircon oxygen isotope record,
and is indicative of the onset of collisional
orogenesis and formation of supercontinents.

(4) The rate of crustal growth varies within
orogens through time, and is controlled by tec-
tonic and magmatic processes. The same pro-
cesses control the global balance of crustal
growth.

(5) Crustal growth rate is affected by the amount
of crust generation v. that of crust destruction;
this probably varies throughout Earth history,
and throughout supercontinent cycles.

(6) The record of continent formation is probably
biased by selective preservation during differ-
ent geodynamic regimes; thus, the episodic
nature of the zircon record is partly an artefact
of this process.

(7) At least 50% of the current volume of con-
tinental crust existed by the end of the
Archaean; since this estimate does not account
for crustal destruction through time, this is
likely to be an underestimate.

Figure 12c highlights some of the changes in Earth
history that are discussed in this paper; these esti-
mates are assisted through the knowledge gained
from the zircon archive, but also require lines of
evidence outside of zircon data. A transformation
from the Hadean to Archaean is seen in the zircon
archive at c. 4.0 Ga. Does this change reflect the
onset of plate tectonics, subduction or some other
geodynamics? Although some authors advocate
plate tectonics in the early Archaean (see above),
there is evidence that geodynamics is likely to have
been different. For example, a hotter mantle will
probably have resulted in flatter subduction and
underthrusting at plate boundaries, with greater
internal continental deformation (Sizova et al.
2010, 2014), and the role of vertical v. horizontal
tectonic processes was probably greater (Van

Fig. 12. (a) Estimates of crustal growth. The blue curve is based on new crust model ages using the global database
of this study, and the black curve is after correction for crustal reworking using the approach of Dhuime et al. (2012).
The reworking correction adds on c. 45% of the current volume of continental crust, with this amount demonstrated
by the shaded region. (b) The solid blue curve is an estimate of crustal growth based upon the black curve in (a). The
concept of Yin and Yang, that is, the balance between crustal growth (black regions) and crustal destruction (white
regions), during supercontinent cycles (grey bars) is imposed upon this curve. The dashed curve represents a
hypothetical crustal growth curve allowing for balanced crustal growth and destruction since c. 2.5 Ga. The black bars
below represent hypothesized timing of global geodynamic regimes based upon this review, and arrows show the record
of metamorphic conditions: UHP, ultra-high pressure; UHT, ultra-high temperature; E-HP, eclogite-high pressure.
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Kranendonk et al. 2014; Van Kranendonk 2010).
After c. 4.0 Ga, there is no obvious marked change
in a global record until c. 3.0 Ga that may reflect
the onset of subduction and/or plate tectonics. Mod-
elling of mantle temperatures suggests that steeper
subduction may have begun to occur around 3.2–
2.5 Ga (Sizova et al. 2010). The metamorphic
record shows that eclogite-high pressure and ultra-
high temperature metamorphism started around
c. 2.7 Ga (Brown 2006, 2007, 2014). Diamond
inclusion compositions show a change around 3 Ga
that is interpreted as the onset of formation of
eclogite through subduction and its capture via con-
tinental collision (Shirey & Richardson 2011).
Thus, the Neoarchaen is perhaps the best estimate
of a geodynamic change to a regime with modern-
day-style subduction and plate motions. The for-
mation of supercontinents and collisional orogen-
esis will have followed this, probably occurring
after 2.5 Ga. In this instance, the significant record
of crustal growth in the Neoarchaean at 2.9–2.7
Ga (see Figs 1 & 10a) may represent the onset of
stabilization of Archaean crust (Hawkesworth et al.
2009), and/or may also represent a true episode of
increased crustal growth (Condie 1998; Arndt &
Davaille 2013). Concurrent with the preservation
of ultra high-pressure metamorphism, the onset of
cold, deep and steep subduction like the present-day
probably occurred in the Neoproterozoic (Stern
2005, 2008; Brown 2006, 2007, 2014; Sizova et al.
2010, 2014).

So where now? Questions remain over most of
the key topics discussed here. These include two
great unknowns: what is the role of preservation
bias in the geological record, and what is the extent
of crustal destruction through time? Knowledge of
these is implicit in fully understanding the evolu-
tion of the continents, and thus Earth history as a
whole. It is unlikely that zircon data alone will
solve these mysteries, but along with the integration
of multiple isotopic proxies, numerical modelling
and geophysical constraints, zircon will no doubt
at least play its part.
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