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Evolution of the continental crust
C. J. Hawkesworth1 & A. I. S. Kemp1,2
The continental crust covers nearly a third of the Earth’s surface. It is buoyant—being less dense than the crust under the
surrounding oceans—and is compositionally evolved, dominating the Earth’s budget for those elements that preferentially
partition into silicate liquid during mantle melting. Models for the differentiation of the continental crust can provide insights
into how and when it was formed, and can be used to show that the composition of the basaltic protolith to the continental
crust is similar to that of the average lower crust. From the late Archaean to late Proterozoic eras (some 3–-1 billion years
ago), much of the continental crust appears to have been generated in pulses of relatively rapid growth. Reconciling the
sedimentary and igneous records for crustal evolution indicates that it may take up to one billion years for new crust to
dominate the sedimentary record. Combining models for the differentiation of the crust and the residence time of elements in
the upper crust indicates that the average rate of crust formation is some 2–-3 times higher than most previous estimates.
he Earth’s continental crust differs from the crust of other
planets in our Solar System. Its formation modified the
composition of the mantle and the atmosphere, it supports
life, and it remains a sink for CO2 through weathering and
erosion1,2. The continental crust has therefore had a key role in the
evolution of this planet, and yet when and how it formed remain the
topic of considerable debate. Significant obstacles to understanding
this evolution include the shortage of rocks from the first billion
years of Earth history and that fact that rocks amenable to study on
the surface are very different from those that were involved in the
generation of new crust. Thus new techniques have been required
to model the differentiation and evolution of the continental
crust, and to see back through time to the processes involved in its
generation.
The broad compositional features of the continental crust are
now well established and have been derived using a number of
approaches3. Less well understood are when and how such continental crust was generated, and how the rates and processes involved in
the generation of the crust have changed with time. Overall, it seems
likely that the rates at which the crust has been generated have
decreased with time, as less heat is generated inside the Earth from
the decay of radioactive elements. There is a long-standing debate,
however, over whether the volume of continental crust has remained
essentially unchanged since the earliest Archaean4,5, when it might
have been more readily destroyed, or whether the volume of crust has
grown through time6–12. Evaluating the composition of new continental crust can provide important clues as to how and when it may
have been generated. To do this in turn requires an understanding of
the differentiation processes involved in the generation of the compositionally evolved igneous (granites) and sedimentary rocks that
dominate the upper crust, and hence the geological record. Although
such issues have been historically problematic, they have been reinvigorated by the development of powerful new techniques for the in
situ analysis of stable and radiogenic isotopes, leading to more robust
models for the evolution of the continental crust. Here we highlight
these developments and others that have taken place over the past
decade13. Our emphasis is on the dynamics of crust generation and its
evolution, and the extent to which understanding the rates of crust
generation influences models for its formation.

T

The composition of the continental crust
Although the continental crust represents only 0.57% of the mass of
the Earth’s mantle, it contains, for example, over 40% of elements
such as potassium. The bulk continental crust has 60.6% SiO2 and
4.7% MgO (Table 1), a composition not likely to have been in equilibrium with the upper mantle. Most models for the generation of the
continental crust therefore involve at least two stages of differentiation—the extraction of basaltic magma from the mantle and the
remelting or fractional crystallization of that basalt, possibly augmented by sedimentary processes3,13–19.
The geological record is dominated by rocks of the upper continental crust, and so models for the formation of new crust require an
understanding of how the composition of the upper crust is related to
that of new continental crust. The upper crust has a relatively low Eu
abundance because Eu partitions strongly into plagioclase feldspar
(see, for example, ref. 17), a common residual mineral during crustal
melting. The median of minor- and trace-element analyses of granitic
rocks with the relative Eu content of the average upper crust is very
similar to those in the upper crust19. The implication is that differentiation of the continental crust is dominated by igneous processes,
and that the composition of the upper crust has not been modified
significantly by erosion and sedimentation. This knowledge in turn
provides the basis for estimating the time-integrated composition of
new material added to the continental crust.
There is some debate over the amounts of igneous differentiation
that take place below and above the formal base of the crust at the
Mohorovičić discontinuity16,20. However, generation of continental
crust ultimately involves a basaltic precursor, and for the sake of this
discussion we shall start with such basaltic compositions and assume
that new material added to the continental crust is typically basaltic
in composition13. In the modern Earth, basaltic magmas are most
voluminously emplaced along mid-ocean ridge systems to form the
oceanic crust, but these rocks are unlikely to make a significant
material contribution to average continental crust. More relevant
are the basalts that form in response to subduction of oceanic crust
along destructive plate margins at island or continental arcs, and
basalts that are generated in intra-plate settings owing to extensional
tectonics, and/or to the emplacement of mantle plumes. The wider
implication is the extent to which continental crust is generated in
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Table 1 | Average and modelled compositions of the continental crust
Average continental crust3

Compositions (wt%)
SiO2
TiO2
Al2O3
FeOt
MnO
MgO
CaO
Na2O
K2O
P2 O 5
Compositions (p.p.m.)
Rb
Ba
Sr
Nb
Y
Zr
Hf
La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Er
Yb
Lu
Pb
Th
U
Ratios
Eu/Eu*
ASI
Mg#

60.60
0.72
15.90
6.70
0.10
4.66
6.40
3.07
1.81
0.13

49
456
320
8
19
132
3.7
20
43
20
3.9
1.1
3.7
0.6
3.6
2.1
1.9
0.3
11
5.6
1.3

0.93
0.85
55.3

Average upper continental
crust3

66.60
0.64
15.40
5.04
0.10
2.48
3.59
3.27
2.80
0.15

82
628
320
12
21
193
5.3
31
63
27
4.7
1.0
4
0.7
3.9
2.3
2
0.31
17
10.5
2.7

0.72
1.03
46.7

Upper crust magma composition*

68.02
0.48
15.41
3.30
0.07
1.63
3.62
3.60
2.76
0.14

80
568
301
10.3
21
157
ND
34
64
26
5.0
1.0
4.1
ND
ND
ND
1.9
ND
12
9.3
2.1

0.70
0.99
0.47

Model new crust19 (OIB-arc mix)

Residue19

0.89

0.95

0.61
0.15

0.27
0.16

10.9
212
347
4.8
18.0
58.4
1.6
7.8
17.9
11.0
2.9
1.0
2.8
0.5
3.0
1.8
1.7
0.3
2.7
1.5
0.4

1.06
ND
ND

0.1
156
354
3.9
17.6
42.8
ND
3.7
10.6
8.6
2.5
1.0
2.6
ND
ND
ND
1.7
ND
1.3
0.2
0.1

1.18
ND
ND

The composition of the average continental crust and the average upper continental crust3, and the upper crust magma composition calculated from global granite data arrays at Eu/Eu* 5 0.7 (ref.
19). Also presented is the proposed composition of model new continental crust (itself calculated as a mixture of 92% average arc and 8% OIB, Fig. 1); this has higher U and Th contents than the
average lower crust19, although these are broadly consistent with continental heat flow data76. The residue composition is that formed assuming that the D values for Rb and Th are ,0 during the
differentiation of the continental crust, whereupon the upper crust magma composition reflects 14% melting (or 86% crystallization) of the newly added crust19. (ASI, alumina saturation index;
Mg#, magnesium number; Eu/Eu*, europium anomaly, calculated as in ref. 17; ND, not determined.)

response to either deep-seated thermal anomalies within the Earth
(as reflected in mantle plumes) or shallow-level plate-tectonic processes. This can be addressed by chemical modelling, as subductionrelated basalts and intra-plate basalts typically have contrasting traceelement compositions. A commonly used diagram is Nb/La plotted
against Sr/Nd; the former reflects the distinctive negative mantle
normalized Nb anomaly of the continental crust (see, for example,
refs 13, 21), whereas the latter ratio is elevated in island arc magmas
and it fractionates within the crust because Sr is partitioned into
plagioclase feldspar (Fig. 1). Plank18 highlighted that element ratios
that are changed by processes within the continental crust cannot be
simply used to estimate the proportions of different materials being
added to the crust. Nb/La is slightly lower in the average upper crust
than in the average lower crust composition (Fig. 1a), but it appears
not to fractionate significantly with increasing silica in crustal rock
suites, and so it may be acceptable to use it in this way.
It is difficult to constrain the composition of the basaltic endmember magmas early in the Earth’s history. Nevertheless, at the
present day intra-plate magmas are reasonably represented by average ocean island basalts (OIB)22 whereas the subduction end-member can be taken as an average of modern primitive island arc basalts
(IAB) that contain relatively little contribution from subducted sediment19. Arc rocks that include significant contributions from subducted sediment23,24 have been excluded, because we are concerned
with the composition of new material being added to the continental
crust, rather than the recycling of pre-existing crustal materials.

Thus the average basaltic protolith to the continental crust (the
model new continental crust) should lie at the intersection of arrays
between the compositions of magmas generated in subduction and
intra-plate settings, and trends for differentiation within the crust
(Fig. 1a). It is convenient to calculate that composition in terms of the
OIB and IAB end-members (Table 1), but their apparent proportions
are much less significant than the proposal that the model new continental crust lies at the intersection of the two arrays. As highlighted
by Rudnick13, the striking conclusion from Fig. 1 is that the bulk
continental crust cannot be modelled as a simple mixture between
global average OIB and IAB end-members. This agrees with the
major-element evidence that the bulk continental crust represents a
fractionated, rather than primary, composition. Instead, the composition of model new continental crust coincides with the estimate
of average lower continental crust (Fig. 1a and Table 1).
The composition of the lower continental crust is largely estimated
by indirect means3,25, and there is debate over the extent to which
lower crustal rocks are residual after melt extraction, and/or have
been modified by granulite facies metamorphism. However, Fig. 1
implies that, on average, the lower crust is similar in composition to
unmodified basalts, and this conclusion is insensitive to the choice of
different within-plate basalt end-members. It has therefore been
inferred19 that the average lower crust is broadly representative of
the protolith to the continents.
It has been proposed, and it could be inferred from Fig. 1a, that the
model new continental crust may be simply represented as a mixture
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Differentiation of the continental crust is dominated by igneous
processes19. The degree of differentiation constrains how the rates
at which the upper crust is generated relate to those at which new
crust is generated, and the amounts of residual crustal material
recycled back into the mantle. The degree of differentiation can be
estimated from the compositions of model new crust and the upper
continental crust19. Calculations reveal that the upper crust reflects
,14% partial melting, or the analogous amount of fractional crystallization, of average new basaltic crust (Table 1). Inevitably, the
residual composition is very different from the average lower crust
in that it has strongly depleted incompatible-element abundances
(for example, U, Th, Pb, La, Zr) and relatively high Ti contents; in
other words, it is more refractory and genuinely residual. Relative
depletions in certain elements during crustal differentiation reflect
the principal mineralogical controls in the differentiation of the continental crust. Specifically, Eu and Ti highlight the role of residual
plagioclase and a Ti-rich phase, and there is little evidence for residual
garnet during crust differentiation, which would lead to lower contents of Y and heavy rare-earth elements. This is consistent with NdHf isotope studies on the lower crust (see, for example, refs 29 and
30), highlighting that most of the continental crust differentiated at
depths that were too shallow for significant amounts of residual
garnet. Differentiation, and perhaps the generation of significant
volumes of new crust, does not appear to have been associated with
areas of thickened continental crust.
A consequence of the estimated proportions of new and upper
crustal material is the large volume of residual material after differentiation. The upper crust is ,12.5 km thick in crust with an average
total thickness of 40 km (ref. 3). If the upper crust is the product of
14% melting, the corresponding residue would be 77 km thick,
resulting in a total crustal thickness of ,100 km, including the middle crust. There is no geophysical evidence for a contemporary mafic
lower crust of this thickness3, and the appropriate melt-depleted
compositions are uncommon in the spectrum of exposed lower crustal lithologies25. Such a thick residual layer would be gravitationally
unstable under most geothermal conditions, owing to phase transformations that produce dense minerals like garnet31–33. It is therefore
concluded that the volumetrically dominant crustal residue of upper
crust formation has largely foundered into the mantle16,17,23,31–33, with
the consequence that the residence time of material in the lower crust
is much shorter than in the upper crust. This reinforces arguments
that delamination of residual lower crustal material is critical for
establishing the andesitic composition of the average continental
crust (Fig. 1). The residual material returned to the mantle would
have had relatively high Sr/Nd and low Rb/Sr, Sm/Nd and Th/La
ratios13,18,32,34,35, and it has been invoked as the cause of trace-element-enriched material in the source of some OIB35,36.

Reconciling the sedimentary and igneous records
Fine-grained detrital sedimentary rocks such as shales provide the
most representative samples of the upper continental crust. They
have been used to determine average compositions for the abundances of at least the insoluble elements in the upper crust14,43 and
to constrain the Nd isotope evolution of the continental crust44–46.
1.4
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0.8
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Differentiation of the continental crust

If the average residence times of elements in the lower crust are so
much less than those in the upper crust, probably at least five times
less19, what are the geological implications? When is material lost
from the lower crust? Crustal differentiation is a logical thermal
consequence of crust generation, as seen for example in the
Andes37 and eastern Australia17,19, particularly where crustal melting
is driven by basaltic under/intraplating (see, for example, refs 38–40).
Rapid processing of the lower crust, and delamination of the residual
material, may therefore largely occur at the sites of active crustal
growth32,33,41, and perhaps less frequently in response to lithospheric
thickening linked to compressional tectonics42.
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of ,8% OIB and ,92% IAB13,21. This would in turn appear to reinforce the importance of convergent margin processes in the generation of continental crust14,16. However, such figures should be
regarded with caution. For example, in the Archaean, significant
volumes of new crust were associated with the emplacement of the
tonalite-trondhjemite-granodiorite (TTG) intrusive suites that are
characteristic of this time period17,26. The TTG are thought to have
been generated by partial melting of hydrated basalt27, and in such
melting processes low Nb/La ratios are associated with low Ti/Zr
ratios (see, for example, ref. 17). This differs from recent subduction
settings where tholeiitic basalts with low Nb/La are commonly generated without an associated fractionation of Ti. The significance is
that in the Archaean, low Nb/La ratios could have resulted from
remelting basaltic source rocks even if those rocks were generated
in a within-plate setting (Fig. 1a). This highlights the potential pitfalls
in assessing how the proportions of new crust generated in different
settings may have changed with time28.

Upper crust
magma composition
New crust
Residue
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1
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Rb

U
Th

Nb
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Ce
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Gd
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Figure 1 | Trace-element ratios and abundances. a, A plot of the traceelement ratios Nb/La versus Sr/Nd, following refs 13 and 19. It illustrates
how the estimated composition of model new continental crust is taken to lie
at the intersection of the differentiation trend between the bulk continental
crust, the upper and the lower crust, and the array between basalts generated
in within-plate and subduction-related settings. The composition of model
new continental crust is similar to previous estimates for the lower
continental crust3. MORB, mid-ocean ridge basalt; OIB, ocean island basalt;
and TTG, tonalite-trondhjemite-granodiorite. The steep vector to average
TTG illustrates a general model for generating TTG from the remelting of
hydrated basalt. b, Mantle normalized minor- and trace-element
abundances of the estimated composition of model new continental crust
and the composition of granites with Eu/Eu* of 0.7 that is very similar to
average upper crust3 (Table 1). The complementary residue composition is
also shown. Assuming that the distribution coefficients for elements like Rb
and Th are close to zero, the upper crust represents 14% partial melt of new
crust, or an analogous degree of fractional crystallization19.
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Figure 2 | Generation of continental crust through time as estimated from
different approaches. The histogram shows the ages of igneous rocks with
mantle-like initial isotope ratios that may therefore be taken to represent the
generation of new continental crust (n is the number of samples)47. This
distribution of ages is contrasted with selected curves for estimates of the
increase in the volume of stable continental crust with time. Curve A is based
on Nd isotopes in shales44, B on Pb isotopes77 and C is from ref. 78.

However, it has proven more challenging to reconcile the picture of
crustal evolution obtained from the sedimentary reservoir with the
complementary information available from the igneous rock record.
Compilations of emplacement ages of isotopically juvenile (mantle-derived) igneous rocks, exposed on different continents, show
striking peaks around 2.7, 1.9 and 1.2 Gyr ago47,48 (Fig. 2). It is possible that these peaks simply reflect the preservation history of old
rocks, but they have been interpreted as periods of accelerated crust
formation, each spanning several hundred million years. It is difficult
to conceive how global pulses of crustal growth might occur in response to conventional Wilson-style plate tectonics15, particularly
because there are no age peaks in the past billion years when we
may surmise that subduction-related magmatism dominated the
generation of new crust (Fig. 2). An alternative is that periodicity
in igneous activity reflects rapid crust formation during thermal
pulses associated with the emplacement of mantle plumes15,47–50.
There is geological support for this in the plume affinity of basaltic
rocks associated with vast tracts of juvenile crust formed over short
time periods, such as in the Birimian (2.1 Gyr ago) terranes of West
Africa49 and the Arabian-Nubian Shield50. More widely, this reaffirms
the distinction between crust generated predominantly in response to
deep-seated disturbances in the Earth, and that generated by shallowlevel processes, as in some form of plate tectonics.
In sharp contrast, models for the volume of the continental crust
result in smooth curves through time, with as yet no sign of marked
episodicity4–12 (Fig. 2). The curves are smooth in part because these
models are typically based on radiogenic isotope ratios in sediments
and sedimentary rocks. Such samples reflect the history of the crust
over long periods of time43–46,51, but they may also result in hybrid
crust generation ages that are the result of mixing processes rather
than real magmatic events. Igneous rocks preserve the ages of the
specific events in which new continental crust may have been generated (as in Fig. 2), although this record is undoubtedly incomplete
and may not be representative of the true growth history of the
continents. The key therefore is to have an archive in which the
evolution of sediments and igneous rocks can be studied separately.
The accessory mineral zircon offers such an archive. Zircons crystallize from medium- to high-silica magmas and are robust under
most crustal conditions, being able to survive intense metamorphism
and prolonged sedimentary recycling. Detrital zircons in sediments
thus encapsulate the geological history of the continental crust51–54,
back even as far as 4.4 Gyr ago55,56. Zircons can be dated precisely
using U-Pb isotopes57, and are amenable to in situ analysis of both Hf
and O isotopes51,58. Hf isotopes are analogous to Nd isotopes in that
they indicate whether a rock was derived from the mantle or from the

0

0

1.0

2.0
U-Pb age (Gyr)

3.0

Figure 3 | Histogram of detrital and inherited zircon crystallization ages
from southeast Australia overlain with crust formation ages inferred from
the Hf-O isotope compositions of the same grains. Data from ref. 66. The
thick vertical dashed line shows the crystallization ages of the granitic rocks
that contained the inherited zircons. The major magmatic events recorded
by the detrital and inherited zircons (blue histogram: ,500 Myr ago and
,1 Gyr ago) were not obviously associated with peaks in the generation of
new continental crust, which instead largely occurred in two major episodes
at ,1.9 Gyr ago and 3.3 Gyr ago (low-d18O samples). The samples with
higher d18O (greenish-brown line) are inferred to have hybrid crust
formation ages. d18O 5 [(18O/16O)sample/(18O/16O)standard 2 1] 3 1,000; the
VSMOW standard is used.

pre-existing crust. However, zircons are less prone to isotope disturbance of the kind that has hampered studies of old bulk rocks59,60,
and they preserve 176Hf/177Hf isotope ratios close to the isotope ratio
of the magma at the time of crystallization61. This initial ratio can
then be used to calculate a model Hf crustal residence age, which is
the average time at which the source rock(s) of the magma from
which the zircon crystallized were derived from the mantle52–54,62–66.
These model Hf ages are thus commonly referred to as crust formation ages.
The d18O values of materials recycled at the Earth’s surface are
higher than those of igneous rocks that have escaped low temperature
interactions with the hydrosphere. Thus oxygen isotopes in zircons
can be used to distinguish those that crystallized from magmas that
contained a contribution from sediments from those derived from
infracrustal igneous source rocks51,58,65,66 (Fig. 3). The former, those
with higher d18O values, may yield hybrid Hf model ages that are
difficult to interpret, and hence may not reflect particular crustforming events. However, the Hf model ages from zircons with low
d18O values are thought to record the Hf isotope ratios of magmas
derived from igneous precursors, whereupon they are much more
likely to reflect particular crust forming events.
This approach has recently been illustrated with detrital and inherited zircons from Palaeozoic rocks of southeast Australia66. The main
observations of this study are summarized in Fig. 3. There were major
magmatic episodes at ,0.5 and 1 Gyr ago, but these did not involve
the generation of new crust because these crystallization ages do not
coincide with the Hf crust formation ages. The zircons with low d18O
are from magmas derived from igneous sources. The Hf model ages
of these grains therefore indicate periods of new crustal growth at 1.9
and 3.3 Gyr ago. In contrast, the zircons with high d18O crystallized
from magmas with a sedimentary component, and thus may have
mixed age source rocks. The Hf model ages of these zircons peak at
2.2–2.6 Gyr ago, and represent a mixture of the rocks generated at 1.9
and 3.3 Gyr ago. The oxygen isotope data allow us to infer that the
2.1–2.6 Gyr age peak represents mixing in the sedimentary environment, rather than a real crust-forming event. More generally, with
this approach we can now contrast the evolution of the igneous and
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sedimentary reservoirs in the continental crust, and compare the
information from zircons with the models for the evolution of the
continental crust based on Nd isotope ratios in shales44.
Figure 4 summarizes the data from zircons and shales from
Australia on a graph of the model Nd or Hf age (that is, the crust
formation age for each isotope system), plotted against the sedimentation age or the age of the individual zircons, respectively.
The decrease in the model Nd age with the age of sedimentation
for the shales indicates that significant volumes of new crust were
generated as least until the middle Proterozoic. Models for the evolution of the crust were based on assumed episodes of generation of
new crust every 0.5 Gyr, and required this new material to have been
rapidly eroded into the sedimentary reservoir44. Yet the available data
from the ages of rocks (Fig. 2) and zircons (Figs 3 and 4) now indicate
that the crust may have been generated in fewer and more widespread
events, at least in the period 2.9–1.2 Gyr ago.
On Fig. 4, zircons that crystallized from magmas that were new
additions to the crust have the same crystallization and crust formation age, and so plot on the black diagonal line. But very few zircons
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Radiogenic isotopes constrain the volumes of continental crust that
were stable for long enough for the radiogenic isotopes to change in
response to radioactive decay, and the rates of increase in the volume
of such stable crust. They do not constrain the overall rates of generation of continental crust. The latter have instead been investigated
using magma addition rates at volcanic arcs and intra-plate hotspots,
and the residence times of elements in the upper crust. The estimated
rates at which basaltic magma is added to the continental crust range
from 1.65 km3 yr21 (ref. 68) to 3.7 km3 yr21 (ref. 69) if destruction of
continental crust by forearc erosion and sediment subduction is
taken into account70. Such data are inevitably restricted to the recent
geologic past, and it is widely accepted that the rates of crust generation were higher earlier in the history of the Earth71.
Another approach links the annual flux of new material into the
continental crust to the residence times of elements in the crust
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Figure 4 | Hf and U-Pb model ages. a, b, Hf model ages, or the Hf crust
formation ages, plotted against the U-Pb crystallization ages of different
zircon suites66. The dashed horizontal lines represent particular times of
crust formation, and the diagonal black line indicates 1:1 correspondence
between zircon U-Pb crystallization ages and the ‘model’ crust formation
ages inferred from Hf isotopes. a, The red circles represent low-d18O zircons,
and the yellow circles are the high-d18O zircons. The latter are inferred to
contain a contribution from sediments, and as such their model ages may be
hybrids that reflect mixing rather than specific crust forming events. The
green dashed line is from a plot of Nd model age versus sedimentation age for
average Australian shale compositions44. The inset shows the fraction (f ) of
1.9-Gyr crust contributing to the sedimentary reservoir as a function of time,
as modelled from the high d18O zircon trend (orange curve). b, An
alternative interpretation of the evolution of the upper crust, in which new
crust can take up to 1 Gyr to dominate the sedimentary record (arrowed
brown curve). The solid red bars mark times of crust generation, whereas the
dashed red bar represents a magmatic event in which little new crust formed.

Residence time (Gyr)

a

actually plot on that line, which may highlight a time difference
between generation of new continental crust and the formation of
granitic magmas that can crystallize zircon. Once new crust has been
formed, zircons that crystallize from magmas generated from that
crust plot on a horizontal array, reflecting the ages of subsequent
thermal events. It is very striking that evidence for the generation
of new crust at 3.3 Gyr ago is retained in zircons that crystallized over
the subsequent 2 Gyr (Fig. 4).
As with Fig. 3, the low-d18O zircons in Fig. 4 define the crustforming events at 1.9 Gyr ago and 3.3 Gyr ago. To reproduce the
Nd isotope curve in sediments from only a few crust-forming events
implies that the slope of that curve in part reflects the rate at which
new crust enters the sedimentary record. Although the data set is still
small, the results from the high-d18O zircons also indicate that it may
take a long time, perhaps up to , 1 Gyr, for new crustal material to
dominate the sedimentary record (Fig. 4). Such relative rates of erosion of different aged source terrains are difficult to reconcile with the
development and envisaged rapid erosion of mountainous areas, as
typically form along destructive plate boundaries. The implication is
that much new crust is emplaced within the pre-existing crust by
under- or intraplating38,67. This delays its erosion and contribution
to the sedimentary record, and it is consistent with significant
volumes of crust being generated in within plate settings.

Ref. 68
10
Ref. 69
Nd isotopes
1.0
Ref. 68 Ref. 69

0.1
0.01

0.1
1
Annual flux into upper crust (km3 yr–1)

10

Figure 5 | The relationship between the residence time of elements in the
upper crust and the annual rates of crust generation. This was calculated
using the present-day volume of continental crust, and assuming that the
rate of upper crust generation was 15% of the rate of new crustal addition.
For a residence time of 2 Gyr in the upper crust (the model Nd age of the
upper crust), the rates of crust generation are .6 times those in the recent
geologic past, and 2-3 times greater than the average rates inferred from
radiogenic isotopes. Also shown are residence times calculated from crust
generation rates obtained from refs 68 and 69.
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(Fig. 5)19. For the rare earth elements, the residence time can be taken
to be the average model Nd age of the upper crust, ,2 Gyr (ref. 44). A
critical step is to determine how the rates of generation of the upper
crust compare with those for the generation of bulk new continental
crust. As discussed above, the annual flux into the upper crust is
,14% of the rate at which new crust is generated. Thus the estimated
rates of magma addition to the continental crust of 1.65 and
3.7 km3 yr21 (refs 68, 69) are equivalent to values of 0.23 and
0.56 km3 yr21 for the rate of formation of new upper crust. These
correspond to upper crustal residence times of 11 Gyr and 4.7 Gyr,
respectively, which are unrealistic as they exceed the age of the Earth.
These calculations highlight how the rates of continental crust generation, and of the fluxes of differentiated magma into the upper
crust, must have been greater earlier in Earth history than in the
relatively recent geologic past. In contrast, a residence time of
2 Gyr for elements in the upper crust converts to an average rate of
generation of 1.3 km3 yr21 for the upper crust (Fig. 5), and of
9.3 km3 yr21 for the bulk continental crust. This value is substantially
higher than the average rate of crustal growth if the present volume
has been generated since 3.5 Gyr ago, which is 2.2 km3 yr21. But given
that crustal material is recycled into the mantle, the true rates of crust
generation are inevitably higher than the rates at which volumes of
continental crust were stabilized.

mafic crust formation provided that the degree of melting is reasonably small (,10%). Preliminary thermal models indicate that it is
difficult to envisage a hotter Earth in which basaltic crust is not
remelted to form high-silica crust. New insights may be available
from the Nd and Ca isotope ratios in other well dated mineral
archives, such as titanite74, in the Archaean, and the isotope composition of elements fractionated in the hydrosphere and returned to
the mantle, such as Li (ref. 75). The ways forward include improving
those models for melt generation in the early Archaean, and determining the distribution of crystallization and crust formation ages as
they were at different times in the Archaean from integrated Hf-O
isotope studies of detrital and inherited zircons in old rocks.
1.

2.

3.
4.

5.
6.

Future directions
There is increasing evidence that the rates of generation of the continental crust, and the ways in which it has been generated, have
changed with time. The average rates were higher in the past, and
the data from the rock record and from zircons also indicate that
there were periods of relatively rapid crustal growth, and periods
when much less crust was generated (Fig. 2). The implication is that
the pulses of rapid crustal growth were linked to thermal instabilities
within the Earth, perhaps manifest as superplumes. Such pulses are
much less obvious in the past 1 Gyr of Earth history when it is presumed that the generation and reworking of continental crust were
more closely associated with plate tectonics and magmatism along
destructive plate margins.
Developments in the in situ analysis of zircon have made it possible
separately to investigate the igneous and sedimentary reservoirs in
the continental crust. These also indicate that significant volumes of
continental crust were generated in major episodes in the Archaean
and the early Proterozoic, and they highlight that long periods of time
may be required before the new crust begins to dominate the sedimentary record. This modifies models for erosion of the continental
crust. It is argued that the residence times of elements in the upper
crust are much greater than in the lower crust. The annual flux of
material into the upper crust can in principle be inferred from its
volume and the residence times of elements in the upper crust. A
maximum value of the latter is provided by the model Nd age of the
upper crust of 2 Gyr, and this indicates that the average rates of crust
generation (,9.3 km3 yr21) are in excess of six times those in the
recent geologic past, and 2–3 times greater than the rates inferred
from radiogenic isotopes. Simple calculations based on this establish
that more than half the K, and a quarter of the Li, in the silicate Earth
may have been processed through the continental crust over the past
4 Gyr (ref. 19).
Such arguments bring us back to the difficulties in assessing the
past volumes of continental crust, particularly in the Archaean. Relict
outcrops of rocks containing exceptionally old zircons, such as at Jack
Hills in Australia55,56, provide little constraint as there is no indication
of how representative these zircons may be. The isotope evidence for
depleted upper mantle by 3.8 Gyr ago and possibly 4 Gyr ago72,73
indicates that crust had been extracted by that time, and the parent/daughter element ratios are more readily fractionated in the generation of continental rather than basaltic oceanic crust. Widespread
depleted mantle therefore offers encouragement to ideas of significant volumes of continental crust, although it may be residual after
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