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A Change in the Geodynamics of
Continental Growth 3 Billion
Years Ago
Bruno Dhuime,1,2* Chris J. Hawkesworth,1 Peter A. Cawood,1 Craig D. Storey3

Models for the growth of continental crust rely on knowing the balance between the generation
of new crust and the reworking of old crust throughout Earth’s history. The oxygen isotopic
composition of zircons, for which uranium-lead and hafnium isotopic data provide age constraints,
is a key archive of crustal reworking. We identified systematic variations in hafnium and
oxygen isotopes in zircons of different ages that reveal the relative proportions of reworked crust
and of new crust through time. Growth of continental crust appears to have been a continuous
process, albeit at variable rates. A marked decrease in the rate of crustal growth at ~3 billion years
ago may be linked to the onset of subduction-driven plate tectonics.

The timing, rates, and the geodynamical
conditions of continental crust generation,
destruction, and reworking remain a topic

of considerable debate (1–7). The variations in
radiogenic isotope ratios in detrital rocks and
minerals are a key archive of the continental
record (3–5, 8), and the rapid increase in the
numbers of U-Pb and Hf isotope analyses of
predominantly detrital zircons have provided
new constraints for models of crustal evolution
(4). Hf isotopes in U-Pb–dated zircons are com-
monly used to characterize the nature of the
source of the magma from which the zircon
crystallized and to determine the time since this
source separated from the upper mantle, com-
monly referred to as the model age of crust for-
mation (9–11). However, individual model ages
may not represent true periods of crust formation
(12) because the crustal material analyzed may
represent mixtures of older “reworked” and new

juvenile material. Continental growth models
based simply on U-Pb and Hf isotopes in zircon
therefore have a large uncertainty over the pro-
portions of new continental crust generated in
different magmatic episodes, and hence over the
shape of the continental growth curve (4).

Combining stable isotopes, such as oxygen,
with the radiogenic isotopes of U-Pb and Lu-Hf
(6, 13) may reduce uncertainties surrounding the
proportion of new and reworked crust. “Mantle-
like” zircons, that is, zircons that crystallized from
mantle-derived magmas, have a narrow range of
18O/16O (expressed as d18O relative to Vienna stan-
dard mean ocean water), typically d18O = 5.3 T
0.6‰ (per mil) (2 SD) (14). When their parent
magmas contain a contribution of sedimentary
material or source rocks altered by low- (or high-)
temperature hydrothermal activity, the d18O in
zircons can range to higher (or lower) values
(15). In principle, periods of juvenile crust for-
mation should be characterized by zircons
with mantle-like d18O and similar radiogenic Hf
model ages (6). Conversely, periods dominated
by crustal reworking result in the generation of
“supracrustal” zircons, typically with elevated d18O
values and varying Hf model ages (13, 15, 16).
To the extent that Hf isotope ratios of supracrustal
zircons represent mixtures, they will not record

true periods of crustal growth (6). There are
relatively few studies in which U-Pb and Hf
isotopes are combined with O isotopes in zircon
(6, 7, 17, 18), and evaluating crustal growth mod-
els based on large data sets of zircons remains
difficult, especially when constraining the pro-
portions of new crust formation ages to those
that are arguably hybrid ages (4, 8, 19).

d18O values are plotted as a function of Hf
model ages in 1376 detrital and inherited zircons
from Australia, Eurasia, North America, and South
America (Fig. 1A) (11). These data are taken to
be representative of the Hf-O isotope record avail-
able for Earth's continental crust. Overall supra-
crustal zircons with Meso/Paleo-Proterozoic Hf
model ages show a greater range of d18O values
than those with older or younger model ages, and
they are more abundant than mantle-like zircons.
The proportions of mantle-like zircons and supra-
crustal zircons in turn determines the relative pro-
portions of new crust formation ages and hybrid
model ages induced by crustal reworking pro-
cesses in the distribution of Hf model ages (Fig.
1B). The proportion of new crust formation ages
does not change substantially in the first billion
years of Earth’s history, with a median value
~73%. From ~3.2 billion years ago (Ga), the
proportion of new crust formation ages gradu-
ally decreases down to ~20% at ~2 Ga, and it
then increases to ~100% toward the present day
(Fig. 1B). Assuming that these observations char-
acterize the continental crust as a whole, this pa-
rameterization allows us to predict the proportion
of new crust and hybrid model ages throughout
Earth’s evolution and, hence, access the large U-Pb
and Hf isotope data sets that do not include d18O
data (4, 8, 19).

Young sediments typically contain zircons
with a wide range of ages, so they appear to
provide records that are more representative of
the magmatic history of the crust than zircons
in igneous rocks or in old sediments (5). A com-
pilation of 6972 analyses of detrital zircons with
deposition ages ranging from the late Paleozoic
to the present day (11) results in a distribution of
Hf model ages that does not simply reflect the
generation of new crust, because it still includes
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Fig. 1. (A) d18O versus Hf model ages in 1376
detrital and inherited zircons (11) from Australia [this
study, n = 458; and (6), n = 106], Eurasia (18, 29)
(n= 488), North America (7, 17) (n= 232), and South
America (30) (n = 92). Zircons with d18O within error
of the mantle-like zircons domain [d18O = 5.3 T
0.6‰, 2 SD (14)] are referred to as mantle-like
zircons. Their Hf model ages record periods when
new crust is generated. Other zircons are referred to
as supracrustal. Their Hf model ages are referred to
as “hybrid,” because they may not record true
periods of new crust formation. Model ages are
calculated using the reference line for the Hf isotope
evolution of the new crust of (9) and 176Lu/177Hf =
0.015 for the crustal source. The calculated model
ages are sensitive to the values chosen, but the shape
of the age distributions are much less so (figs. S1 and
S2). (B) O isotopes are used to distinguish hybrid
model ages (grey bins, supracrustal zircons data)
from model ages that represent periods of new crust
generation (green bins, mantle-like zircon data). The
data points represent the proportion of Hf model
ages associated with new crust generation in the
worldwide zircon record, calculated for 100-million-
year time intervals, and when there are n ≥ 3
analyses for each time interval. The red and brown
dots define a relationship through time (black curve)
that is defined by Eqs. 1 and 2, respectively (the
white-filled red dot was not included in the
calculation of Eq. 1).

New crust
formation ages

Hybrid ages

Eq. 1: y = 2.894E-07x2 - 1.085E-03x + 1.243
R2 = 0.91

Eq. 2: y = 0.73
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Fig. 2. (A) Distribution of the Hf model ages,
calculated new crust ages, and reworked crust ages
through time, from a worldwide database of 6972
U-Pb and Hf analyses of zircons from young
sediments, with deposition ages ranging from the
late Paleozoic to the present day (11). All calcu-
lations are presented for every 100-million-year
time interval starting from 200 million years ago
(Ma). The youngest bin is for 200 Ma because of
uncertainty over the range of deposition ages of
the sediments. The brown curve represents the
variation in the rates of reworking of the conti-
nental crust through time, calculated from the
distributions of the proportions of reworked crust
(orange histogram) and new crust (green histo-
gram). (B) Continental growth curves calculated
from the same database as (A). The cumulative
volume of crust is calculated for 100-million-year
time intervals. Curve I (black) is calculated from the
cumulative proportions of the Hf model ages
through time [black histogram in (A)]. Curve II
(red) integrates the variations of the reworking
rates [brown curve in (A)] in the calculations of the
cumulative proportions of the newly formed crust
through time. The blue curve highlights the main
variations observed in curve II. The overall shape of
this curve is not substantially affected by the se-
lection of the Lu/Hf ratios in the crust and the Hf
isotope ratios of new continental crust in the cal-
culation of individual model ages (figs. S1 and S2).
The curve obtained by Belousova et al. (4) from a
U-Pb-Hf database of 13,844 zircons of various ages
and origin is reported for comparison.
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hybrid model ages (Fig. 2A). However, using
these data, and our relation that characterizes the
proportion of new crust and hybrid model ages
through time (Fig. 1B, Eqs. 1 and 2), we were
able to calculate the distribution of new crust
formation ages (Fig. 2A).

The net volume of new continental crust gen-
erated during magmatic episodes depends on the
variations in the proportion of newly formed and
reworked crust that is preserved through time. A
broader proxy for the variations of the reworked
crust through time is given by the distribution of
the crystallization ages of zircons with Hf model
ages greater than their crystallization ages (Fig.
2A). These variations may be linked to times of
supercontinent assembly, periods that are charac-
terized by both increased crustal reworking and
preservational bias (8, 20, 21). The variation in
the rates of crustal reworking through time, which
is given by the variations in the proportions of the
reworked crust versus calculated new crust, re-
veals low crustal reworking rates (< 20%) from
the Hadean to the Meso-Archean. A rapid in-
crease to around 75% reworking is observed at
~3 Ga, and then relatively high reworking rates
(>50%) are observed until the present day.

This parameterization has several implica-
tions for models of the rates of growth of the
continental crust (Fig. 2B). The distribution of Hf
model ages, irrespective of their oxygen isotope
ratios and the extent to which they include hybrid
model ages (Fig. 2A), provides an estimate of the
minimum volume of the preserved continental
crust that was present through time, because it
does not integrate the variations in the propor-
tions of reworked and new crust. If, however,
the model integrates crustal generation and re-
working rates (Fig. 2A), we see that ~65% of the
present-day volume of the crust was established
by 3 Ga (Fig. 2B) and that there was a sharp
change in the net rates of growth of the con-
tinental crust at that time. These features are not
observed in continental growth curves calculated
from large U-Pb and Hf in zircon databases in the
absence of O isotope data (4).

Based on this analysis, we propose a two-
stage model for continental growth (Fig. 2B).
Stage 1 (>4 Ga to ~3 Ga) is characterized by
relatively high net rates of continental growth.
Given the present-day volume of the continen-
tal crust of 7.109 km3 [e.g., (22)], the average
net rate of growth of the continental crust for
Stage 1 was ~3.0 km3 year−1. This is similar to
the rates at which new crust is generated and
destroyed at the present time (22, 23). The aver-
age net growth rate for Stage 2 (~3 Ga to the pre-
sent day) is ~0.8 km3 year−1, and the inflection
in the rate of crustal growth curve at ~3 Ga in-
dicates a fundamental change in the way the con-
tinental crust was generated and preserved. The
difference in the net rates of crustal growth in
Stages 1 and 2 can be accommodated by high
rates of destruction of continental crust in Stage 2
compared with Stage 1 (Fig. 2A). The inferred
high crustal destruction rates in Stage 2 strongly

suggest that it reflects the onset of subduction-
driven plate tectonics and discrete subduction
zones at ~3 Ga, consistent with independent argu-
ments from recent studies (24–26). Geodynamical
processes thatmight have dominated in Stage 1 in-
clude shallow subduction and delamination (27)
or “intraplate” lithospheric extension/mantle up-
welling (26, 28), both of which could produce
crust at rates similar to today (~3.0 km3 year−1).
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The Multielectron Ionization
Dynamics Underlying Attosecond
Strong-Field Spectroscopies
Andrey E. Boguslavskiy,1* Jochen Mikosch,1* Arjan Gijsbertsen,1,2* Michael Spanner,1

Serguei Patchkovskii,1 Niklas Gador,3 Marc J. J. Vrakking,2,4 Albert Stolow1†

Subcycle strong-field ionization (SFI) underlies many emerging spectroscopic probes of atomic or
molecular attosecond electronic dynamics. Extending methods such as attosecond high harmonic
generation spectroscopy to complex polyatomic molecules requires an understanding of
multielectronic excitations, already hinted at by theoretical modeling of experiments on atoms, diatomics,
and triatomics. Here, we present a direct method which, independent of theory, experimentally
probes the participation of multiple electronic continua in the SFI dynamics of polyatomic molecules.
We use saturated (n-butane) and unsaturated (1,3-butadiene) linear hydrocarbons to show how
subcycle SFI of polyatomics can be directly resolved into its distinct electronic-continuum
channels by above-threshold ionization photoelectron spectroscopy. Our approach makes use of
photoelectron-photofragment coincidences, suiting broad classes of polyatomic molecules.

To date, measurements of attosecond elec-
tronic dynamics in atoms and molecules
(1) have typically involved strong laser-

field processes. Even pump-probe spectroscopies
using isolated attosecond pulses rely on the
presence of a phased, strong (~1013 W/cm2) laser
field (2–4). The process of high harmonic gen-

eration (HHG), which can probe electronic wave
packets on attosecond time scales (5–9), is en-
tirely based on strong-field ionization (SFI), as
is the use of subcycle electron recollision for prob-
ing dynamics (10, 11). In the interpretation of
experiments, broad use is made of the three-step
model (12) wherein SFI adiabatically releases, via
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