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PERSPECTIVES

When Continents Formed

GEOCHEMISTRY

Bruno Dhuime, 1, 2 Chris Hawkesworth, 1 Peter Cawood 1  

Island arc rocks provide a better constraint 

on when the continental crust was generated.

        W
hen and how the 

continental crust 

was generated 

remains a fundamental ques-

tion in Earth sciences. It has 

been widely believed that 

the trace element–enriched 

continental crust and the 

depleted upper mantle are 

complementary reservoirs, 

and that the continental crust 

has grown from the depleted 

upper mantle ( 1,  2). Model 

ages for neodymium (Nd) 

and hafnium (Hf) isotopes 

reflect when new continen-

tal crust was generated ( 2), 

and traditionally they have 

been calculated for crust 

derived from the depleted 

mantle (see the figure, left 

panel). The implication is 

that the isotope composi-

tion of the depleted mantle 

is similar to that of new con-

tinental crustal material as it 

is extracted from the mantle. 

However, the isotope com-

position of island arc rocks, 

and hence of new continental 

crust, is different from that 

of the depleted mantle ( 3,  4). We argue that 

model ages should be calculated using the 

composition of new continental crust, which 

is generally more enriched isotopically than 

the depleted mantle.

Mass balance calculations indicate that 

at least 80% the continental crust was gen-

erated along destructive plate margins ( 5). 

This implies that magmas generated along 

destructive plate margins should be used to 

constrain the isotope composition of new 

crust at the time of its formation. The Hf iso-

tope records from modern island arcs world-

wide are thought to be more representative 

of the isotope ratios of new crust being gen-

erated from the mantle than are magmas 

generated along active continental margins, 

which are more prone to shallow-level pro-

cesses of crustal contamination. The Hf (and 

Nd) isotope ratios in island arcs are on aver-

age lower than the present-day value for the 

depleted mantle (see the fi gure, right panel) 

( 3,  4,  6,  7), primarily because of contribu-

tions from subducted sediment ( 3,  4,  8).

Zircons are the only widely used record 

available for the fi rst 500 million years of 

Earth history, and the development of in situ 

analyses of integrated U-Pb and Hf isotopes 

in zircon has had a major impact in studies 

of the evolution of the continental crust ( 1). 

Hf isotope ratios are expressed as ε
Hf

,which 

denotes the deviation of the 176Hf = 177Hf 

ratio of the sample from the contempora-

neous ratio of the chondritic uniform reser-

voir (CHUR), multiplied by 104. Thousands 

of analyses are now available, and zircons 

present in sediments and sedimentary rocks 

provide more representative records than 

the zircons in igneous rocks ( 1). Analyzing 

the Hf isotope composition and crystalliza-

tion age of thousands of zircons worldwide 

shows that very few zircons plot close to the 

depleted mantle ( 1) and hence have model 

ages similar to their crystallization ages. For 

instance, there is widespread agreement that 

appreciable volumes of new crust were gen-

erated in the late Archean around 2.7 billion 

years ago ( 9), but late Archean samples all 

plot appreciably below the depleted mantle 

curve ( 1). These observations reaffi rm that 

the model ages of continental crust for-

mation should not be calculated from the 

depleted mantle composition, but rather 

should be calculated relative to the isotope 

composition of material that represents new 

continental crust at the time of its extraction 

from the mantle (see the fi gure, left panel).

The best estimate for the present-day 

composition of the average new crust is ε
Hf

 

= 13.2 ± 1.1, the weighted average of the 

means of 13 modern island arcs worldwide 

(see the fi gure, right panel). The secular evo-

lution of the new continental crust is repre-

sented by the red curve in the left panel. Its 
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Setting a date. (Left) Graphical representation of the Hf isotope evolution of the depleted mantle (DM) and of new continental 
crust (NC). The DM and NC evolution curves are those for linear evolution from a chondritic uniform reservoir (CHUR) value at 
Earth’s formation [i.e., 0 at 4.56 billion years ago (Ga)] to ε

Hf
 = 17 at the present for the depleted mantle ( 6,  7), and ε

Hf
 = 13.2 

for the new crust (see right panel). Hafnium “model ages” represent when new continental crust was generated, and they are typi-
cally calculated using an average 176Lu/177Hf ratio for the crustal source of the magma analyzed. Hafnium model ages are younger 
when calculated from the evolution curve for new continental crust (T

NC
 ages) than for the depleted mantle (T

DM
 ages). (Right) A 

worldwide compilation of Hf isotopes in volcanic rocks from 13 modern island arcs (whole-rock analyses, n = 534; GEOROC online 
database compilation, http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html). Red vertical bars represent the average value (at 
2-SD precision) for each island arc. The weighted average of the means of 13 arcs (ε

Hf
 = 13.2) is taken as a proxy for the composi-

tion of the present-day new continental crust.
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A New Twist for Electron Beams
PHYSICS

Rodney Arthur Herring

Passing an electron beam through carefully prepared holograms creates electron vortex beams 

that improve resolution and allow samples to be manipulated.

        T
he transmission electron microscope 

(TEM) has primarily been used by 

physical and life scientists for imag-

ing structures and compositions ranging 

in size from atoms to cells. New applica-

tions are likely to emerge from recent dem-

onstrations that it is possible to change the 

nature of the primary electron source used 

to create images. Normally, an electron is 

emitted from its source in a TEM as a plane 

wave. However, as shown on page 192 of 

this issue by McMorran et al. ( 1) as well 

in recent studies by Verbeeck 

et al. ( 2), passing the elec-

tron plane wave through a 

hologram that contains a dis-

location causes it to undergo 

diffraction and split into an 

electron vortex beam. This 

type of electron beam can be 

used to create higher-resolu-

tion images and to manipu-

late the structure and proper-

ties of the sample.

When an electron beam 

diffracts from these holo-

grams, it has a singularity in 

the quantum mechanical phase along the cen-

ter of the beam; the phase is not well defi ned. 

Interference effects cause the central beam 

intensity to vanish, creating instead a vortex 

of twisted beams spiraling around this node 

that passes through the microscope (see the 

fi gure, panel A). The absence of intensity at 

the beam center can be used to improve the 

resolution of the scanning mode of electron 

imaging, because resolution is determined 

by the beam’s spot size, and the central beam 

is the most diffi cult to focus.

Mechanical Engineering, University of 
Victoria, Victoria, British Columbia V8W 
3P6, Canada. E-mail: rherring@uvic.ca

linear evolution is consistent with models 

for continental growth in which new conti-

nental crust is continuously generated along 

destructive plate margins ( 1,  10). Rela-

tively few zircons (<2%) plot between the 

depleted mantle and the new crust curves 

( 1), which suggests that incorporation of 

preexisting crustal material into the mantle 

source of the pristine continental crust has 

been a long-standing feature, at least since 

the onset of plate tectonics and the develop-

ment of supercontinents around 3.0 billion 

years ago ( 11).

Model ages calculated from the compo-

sition of the new crust are up to 300 million 

years younger than model ages tradition-

ally calculated from the depleted mantle. As 

a result, new crust ages are generally more 

consistent with the geological record, which 

opens new perspectives in crustal evolution 

studies based on radiogenic isotopes. 
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Another useful property of these vortex 

electron beams is that they have an associ-

ated orbital angular momentum (OAM). 

Like an ice dancer doing a spin, the spiral-

ing wavefront of the electron vortex beam 

carries OAM. However, the electron beams 

are charged, so the OAM can couple with 

electrons, electrostatic charges, and mag-

netic potentials in the sample. Electron vor-

tex beams could be used to induce currents 

in superconductors, apply magnetic fi elds at 

the nanoscale, and make or break electronic 

bonds. New types of electron beam lithog-

raphy may enable the building of three-

dimensional nanostructures in which atoms 

are picked up, moved, and set in place rap-

idly and accurately.

The singularity at the center of the elec-

tron vortex also has a topological charge 

of m that is a measure of the number of the 

twists per electron wavelength. Here, m 

increases with the higher-order diffracted 

beams and enables greater coupling with the 

atomic structures. The holograms are nano-

fabricated gratings with a dislocation where 

one or more lines are added to half of the 

grating. A dislocation core that adds one line 

(one grating line forks into two) produces m 

= 1 for the fi rst diffracted beam, m = 2 for 

the second diffracted beam, and so forth. 

McMorran et al. created a hologram with 25 

lines added at the dislocation that has m = 25 

for the fi rst diffracted beam, m = 50 for the 

second diffracted beam, and up to m = 100 

for the fourth diffracted beam. However, this 

higher topological charge comes at a price—

the intensity of the diffracted beam is lower, 

and may be too low for adequate coupling 

with some types of structures.

These limitations aside, an immediate 

application of electron vortex beams is to 

produce new types of communication and 

A
B C

2.2 nm

Crystal defects underlie new microscopy tools. (A) Electron beams that pass through a 
hologram containing a dislocation form a vortex of diffracted beams. A simulation by McMor-
ran et al. of a higher-order diffracted beam illustrates the helical structure of the wavefronts. 
(B) A hologram is created from a GaAs crystal bearing a dislocation by the interference of the 
000 beam (a plane wave) with a diffracted beam (an electron vortex beam) (6). (C) The recon-
structed phase image of the hologram (amplifi ed by a factor of 8) shows a singularity at the 
position of the dislocation core.C
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