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Abstract: The continental crust is the primary archive of geological history, and is host to
most of our natural resources. Thus, the following remain critical questions in Earth
Science, and provide an underlying theme to all of the contributions within this volume:
when, how and where did the continental crust form? How did it differentiate and evolve
through time? How has it has been pre- served in the geological record? This introductory

review provides a background to these themes,

contributions contained within this volume.

The Earth is covered by a bimodal distribution
of thin oceanic crust (5 - 15 km) and thick
continental crust (30 - 70 km). While basaltic
magmas can be found on all of the terrestrial
planets, including the Moon, the andesitic to
granitic continental crust appears to be
unique within our Solar System (Campbell &
Taylor 1983). The continental crust is also far
more ancient than the oceanic crust. The oldest
areas of continental crust are c. 4 Ga old
with single zircon crystals as old as 4.4 Ga
(Wilde et al. 2001; Crowley et al. 2005;
Harrison 2009; Hawkesworth et al. 2010). In
contrast, the oldest oceanic crust is less than
250 Ma old. Thus, the con- tinental crust is the
primary archive of the Earth’s geological
history. Furthermore, the continents are
where we live and where most of the natural
resources that we use are stored. Not
surprisingly, when, how and where the
continental crust formed are critical questions
in Earth science. A clear con- sensus has not
been reached on many of these ques- tions
about the formation of the continental crust,
and they remain topics of active debate
(Bowring

& Housh 1995; Condie 1998; Nutman 2001;
Rino et al. 2004; Martin et al. 2005; Valley et al.
2005; Watson & Harrison 2005; Van
Kranendonk et al. 2007b; Hawkesworth et al.
2010; Kemp et al. 2010; Roberts 2012). In
addition to understanding its formation,
understanding how the continental crust
differentiated and evolved through time, and

and provides an outline of the

how it has been preserved in the geological
record are key topics. These questions are
central themes underlying all of the
contributions within this vol- ume. The purpose
of this introductory paper is to provide a brief
background to these themes, and to provide an
outline of the contributions contained within
this volume.

The continental crust

The continental crust is typically divided into
a two- or three-layer structure based on
geochemical and geophysical modelling, and on
studies of rare, exposed, crustal sections,
featuring upper and lower + middle crust (e.g.
Rudnick & Gao 2003). The upper crust is
dominated by sedimentary basins, igneous
intrusions and volcanic rocks, and meta-
morphosed equivalents of these. The lower
crust is more enigmatic, but is generally
thought to be mafic in composition,
comprising granulitic min- eral assemblages.
The middle crust is transitional between the
upper and middle crust, is probably formed
from amphibolite-facies mineral assem- blages,
and comprises predominantly igneous intru-
sions and lesser metamorphosed sedimentary
and volcanic rocks (Fig. 1).

The average continental crust is andesitic
in composition (60.1% SiO,; Rudnick &
Fountain
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(a) Simplified cross section of the continental crust (after Cawood et al. 2013). (b) Geochemical

composition of the continental crust shown as primitive mantle normalized plots. Upper, middle and lower
continental crust averages are from Rudnick & Gao (2003); Ocean lIsland Basalt and N-MORB are from Sun &
McDonough (1989). (c) Lower Continental Crust compared to that of Ocean Island Basalt, Island Arc Basalt and
‘New Crust’ (Hawkesworth & Kemp 2006), see text for explanation.

1995). In general, the upper continental
crust is more Si- and K-rich (granitic) than the
lower crust, which is more basaltic in

composition (see Fig. 1). Andesitic magmas
are primarily found in subduction zones, and
so from the first recognition of plate tectonics,
the formation of continental crust has been
linked to subduction (Gill 1981). The early
debates centred around whether andesitic
melts were produced by melting the downgoing
slab (which was being heated as it
subducted) or by meltingin the mantle wedge
(which was being cooled but also hydrated by
the slab). Early exper- imental studies of
mantle melting supported the idea that the
andesitic continental crust was pro- duced by
direct melting of mantle wedge fluxed by H,0
released from the downgoing slab (Kushiro
1974). However, more recent experimental
studies have shown that hydrous melts of the
Earth’s peri- dotitic mantle are basaltic (Gaetani
& Grove 1998; Parman & Grove 2004).

This creates a major mass balance
problem. If the magmatic inputs into the
continental crust are basaltic, how then did it
acquire its andesitic compo- sition? There is no
clear answer at this point (e.g. Taylor 1967;
Taylor & MclLennan 1985; Kelemen 1995;
Hawkesworth & Kemp 2006). The most

widely held view is that basaltic magmas pond
at the crust—mantle interface (MOHO), which
is a major density boundary (Jagoutz & Behn
2013). There they cool and crystallize, forming
dense amphibole, olivine and garnet
cumulates, pushing the magma composition
towards andesitic compo- sitions (e.g. Rudnick
1995). The dense cumulates are negatively
buoyant and eventually sink back into the
mantle, leaving the continental crust andesi- tic
(Bird 1979; Kay & Kay 1993). Basalts that fully
crystallize at the MOHO and then subsequently
melt would produce the same result of
andesitic melts and dense residues (Rapp &
Watson 1995). Other ideas include melting of
the eclogitic subducting crust (Drummond &
Defant 1990), Si addition to the mantle wedge
from the slab (Kelemen et al. 1998) and direct
accretion of buoyant felsic material that has
been recycled through the mantle and risen
through diapirism (Hacker et al. 2011).

The continental crust is enriched in
incompatible elements compared with mid-
ocean ridge basalts (MORB). In particular, the
large ion lithophile elements (LILE: Rb, Cs, Th,)
are strongly enriched, as are the light rare
earth elements (LREE: La, Ce, Sm; see Fig. 1).
Relative to the LILE and LREE, the high-field-
strength elements (Nb, Ta,
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Zr, Hf, Ti) are strongly depleted in the
continental crust (Pearce et al. 2005). This is a
unique chemical signature of subduction zone
magmatism and strongly implies a causal
relationship. Hawkesworth

& Kemp (2006) showed that the composition
of the lower continental crust can be generated
by addi- tion of 8% Ocean Island Basalt
composition to that of 92% average Island Arc
Basalts (‘New Crust’ in Fig. 1). The depleted
mantle (as reflected by N-MORB, normal Mid
Ocean Ridge Basalt; Fig. 1) is depleted in LILE
and LREE. Adding the continental crust back
into the depleted mantle would make it
nearly chondritic in composition, indicating
that it was extracted from the mantle by partial
melting (Hofmann 1988), and is not, for
example, the remnant of a flotation crust as
seen on the Moon.

Tectonic settings

Continental crust can form in different tectonic
environments; the relative contribution of
these to the total current crustal budget has
been esti- mated by various workers (e.g. Clift
& Vannucchi 2004; Scholl & von Huene 2007,
2009; Clift et al. 2009; Stern 2011). Figure 2
shows an estimate of fluxes between different
crustal reservoirs, and reveals that the
majority of new continental crust is currently
made in volcanic arcs (c. 75%). The accretion
of oceanic plateaux makes up most of the
rest, and addition through continental intra-
plate magmatism only makes up a very small
component (Clift et al. 2009).

Volcanic arcs are typically divided into
island arcs and continental arcs. Intra-oceanic
island arcs are those built entirely on oceanic
crust, and account for some 40% of active
subduction zones today (Leat & Larter 2003).
Growth of continental crust can occur in both
island and continental arcs, but modelling
shows that newly formed oceanic arcs

3. Chemical weathering solute

have the greatest volume of juvenile growth

(Stern
& Scholl 2010). Continental arcs such as those
of the Andes feature continental growth

through mag- matic addition, with the long-term
rates of magma production being similar to that
in island arcs (Clift et al. 2009; DeCelles et al.
2009). Magma pro- duction is increased in
continental arcs during high- flux periods (‘flare-
ups’), although the rate of new continental
growth may not be significantly altered since
these events involve the reworking of pre-
existing crust (DeCelles et al. 2009).

The creation of continental crust at the
base of volcanic arcs is difficult to observe
geologically, as there are few exposures of
lower arc crust. How- ever, substantial
advances have been provided by recent
studies of the accreted island arcs of Talk-
eetna and Kohistan, which provide excellent
expo- sures of both upper and lower arc crust
(Petterson
& Treloar 2004; Jagoutz et al. 2006; Debari &
Sleep 1991; Greene et al. 2006). In general,
these studies support the idea that the
continental crust is formed by differentiation of
basaltic inputs. The arc crust sections exhibit a
relatively simple stratigraphy formed by igneous
differentiation of mantle-derived material.

Simplified, this comprises, from top to
bottom, volcanic rocks, upper-crustal
intrusions, mid-crustal intrusions and lower-

crustal cumulates (Fig. 3). It is more difficult
to observe the lower crust within thicker
continental arcs, but xenoliths reveal that they
are also dominated by cumulate assemblages
formed by magmatic differentiation (Ducea &
Saleeby 1998). The creation of this pri- mitive
continental crust occurs through process- ing
and maturation of initially mafic crust (e.g.
Tatsumi et al. 2008; Stern & Scholl 2010).
This process is currently ongoing in island arcs
of the western Pacific. In the lzu—Bonin arc,
seismic studies have revealed a felsic middle
crust, and a stratigraphy that is similar to that
of the exposed Kohistan/Talkeetna arc sections
(see Fig. 3). Col- lision of an oceanic arc with a
continental margin
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Fig.3. (a) Simplified model of crust generation inisland arcs (after Stern & Scholl 2010; Tatsumi et al. 2008). (b)
Izu— Bonin arc section based on seismological studies (after Kodaira et al. 2007; Takahashi et al. 2007). (c)
Talkeetna island arc stratigraphy based on field and petrological observations (after Greene et al. 2006).

is associated with voluminous enriched
magmatism that acts to displace the bulk
composition of the accreted crust towards
andesitic averages (Draut et al. 2002). During
later continental collision, the layered
stratigraphy of the continental crust s
deformed, folded and interleaved, so that
orogenic belts have a more complicated
architecture  of crustal lithologies and
assemblages.

Rather than being discrete events, it is
recog- nized that individual magmatic arcs are
parts of a longer cycle of convergent margin
tectonics that occurs in accretionary orogens.
Although accretion- ary orogens differ greatly in
their geometry, size and lifespan, there are key
features common to all of them. One of these
is the accretion of island arcs to continental
margins. This may occur through the simple
accretion of oceanic arcs to a passive or active
margin (Brown et al. 2011; Draut & Clift
2013), as most clearly demonstrated in modern
Taiwan (Teng 1990; Byrne et al. 2011).
However, arc accretion may occur though a
more complex cycle of rifting of continental
crust to form fringing arcs and ribbon
continents, and the re-accretion of these to
the continental margin, as has been
observed in the western US Cordilleran
margin

(Fig. 4; Busby 2004; Lee et al. 2007). Briefly,
sub- duction rollback and trench retreat lead to
extension of the continental margin and
formation of a fringing island arc that hosts
mafic to intermediate magmatism. Subsequent
trench advance leads to accretion of this
island arc to the continental mar- gin. After
accretion occurs, continued compression will
lead to crustal thickening. It is during this
latter stage when large volumes of felsic
magmatism are produced. Dense garnet-
bearing cumulates will form and may
eventually delaminate; the return of this mafic
crust to the mantle drives the overlying crust
to a more felsic average composition (Lee et
al. 2007). Similar delamination of lower crust
occurs during crustal thickening in Taiwan-
style arc—continent collision zones (Clift et al.
2003). In this model, the two-stage process of
crust for- mation mentioned previously is driven
by horizontal tectonics; that is, basalt—andesite
crust is extracted from the mantle above
subducting plates to form island arcs, and
differentiation to felsic magmatism occurs upon
maturation of the arc in a thickened
continental setting.

Volcanic plateaux comprise a large fraction
of current crust production (see Fig. 2). The
accretion
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Fig. 4. Model of continental crust formation based
upon rifting and accretion of fringing arcs, as
observed in the Western US Cordillera (after Lee et
al. 2007).

of these to continental margins within
accretionary orogens will typically lead to
maturation and dif- ferentiation of the crust, as
with the aforementioned accretion of arcs
(White et al. 1999; Kerr et al. 2000). Thus,
although volcanic plateaux are gener- ally
thought of as forming in intra-plate settings
above mantle upwellings, many of the largest
occur in oceanic settings and their addition to
the growth of continental crust is thereby via
convergent mar- gin processes. A key question
is how large an ocea- nic plateau has to be
before it can become accreted as opposed to
being subducted and recycled into the upper
mantle, as is the case with oceanic sea- mount
chains (Cloos 1993). Continental Large Igneous
Provinces (LIPs) and rift-related volcanism also
contribute to the growth of the continents, but
the volumes are minor compared with arc
volcanism and oceanic plateau accretion (Fig.
2).

Uniformitarianism

The fluxes shown in Figure 2 are probably
appli- cable to the last 200 Ma or so (Scholl &
von Huene 2007; Clift et al. 2009). A
fundamental observation is that the rate of
additions (4.9-6.7 km® a*!) roughly balance
the rate of removal (4.5 km® a?%).

At present, there appears to be little to no net
crustal growth! This requires that growth
rates in the past were higher than today, either
because the rate of addition was greater, or
because the rate of removal was lower, or
some combination of both (Hawkesworth &
Kemp 2006). Thus, a key question is how has this
balance of crustal growth in different settings
changed through time? Condie & Kréner
(2013) have examined accretionary orogens in
detail to determine the make-up of crust
generated in different settings (see Fig. 5). Their
study shows that continental arcs make up the
greatest proportion of crust, and that this
greatly outweighs oceanic islands arcs. This
may in part be due to the fact that island
arcs are not always preserved, but as shown
in Figure 4, may be transformed into conti-
nental arcs upon their accretion to a
continental margin. Although these accreted
terranes can some- times be recognized, it is
possible that they will go undetected in ancient
orogens and be categorized as continental
arcs. This is also true for oceanic plateaux,
and thus the estimates for both oceanic
plateaux and oceanic arcs may be minima.
Magma- tism related to continental rifts and
even continental flood basalt provinces is also
minor, agreeing with the mass balance shown
in Figure 2.

Figure 5 shows the variation in the
geological constituents of accretionary orogens
as a function of age, ranging from the Cenozoic
(Sundaland), to the Palaeoproterozoic—
Mesoproterozoic (SW North America). There
appears to be a general decrease in the
proportion of continental arcs from old to new.
However, if microcratons are ignored, as these
themselves must have originated as crust
formed in a particular setting, then it can be
seen that the general dominance of
continental arc settings has not changed
greatly through time. Extending this diagram
into older orogens would be of great use, but
is significantly hampered by the fact that it
becomes increasingly difficult to recognize and
dis- tinguish lithological characteristics in
ancient orogens that can be used to determine
the origin of different units.

Another reason why Figure 5 cannot be
extended throughout Earth history with
confidence is that the actual processes by
which crust generation and reworking occur
become more indiscriminant and more
debated as we look past ¢. 2.5 Ga. This is part a
consequence of the ongoing debate
concerning when plate tectonics started, with
estimates for its onset ranging from the

Hadean to the Neoprotero- zoic (e.g. Smithies

et al. 2007; Harrison 2009; Stern 2005, 2008;

Dhuime et al. 2012; Hamilton 2011; Shirey &

Richardson 2011; Van Kranendonk 2011).
Although some workers advocate similarities to
the modern day (e.g. Harrison 2009), there is a
gen- eral consensus amongst many that the
Hadean (c.

4.56-4.0 Ga) was characterized by crust formation
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Fig. 5. The contribution of different units within accretionary orogens (after Condie & Kréner 2013).

via processes different from today. The original
mafic crust that covered the Earth after its
forma- tion must have at some point begun to
differenti- ate to produce more felsic
components. It is within the Hadean that this
probably first occurred, as evidenced by the
geochemical characteristics of Hadean zircons
found as detrital grains within Mesoarchaean
metasedimentary rocks (e.g. Wilde et al. 2001;
Valley et al. 2014). These zircons provide the
only direct evidence of potential crust- forming
processes at this time, and the interpretation of
such limited evidence is highly debated. Nebel
et al. (2014) recently reviewed the evidence
from the Hadean zircons (see also Roberts &
Spencer 2014), and provided a model that aimed
to encapsu- late all of the available evidence.
Their model (see Fig. 6a; also Kemp et al. 2010)
features a thick mafic protocrust that is altered
by surficial processes, including water. Vertical
tectonic pro- cesses have been proposed for
this period and feature plumes of hot mantle
that led to koma- tiite— basalt lava eruptions
and down-sagging (i.e. the sagduction, or
dripping-down) of crust as a result of continued
magmatic accretion associated with stationary
‘heat pipes’ (Moore & Webb 2013). In these
models, low-degree felsic melts are minor and
generated in regions where the mafic crust
extends beyond c. 700 8C geotherms. It is
possible that horizontal tectonic processes were
also active at this time, although a driver for this
is not apparent

in the mafic protocrust model, since plate
move- ments today are driven by sinking of
dense mafic plates below buoyant felsic plates.
However, verti- cal movements would also lead
to horizontal expan- sion and small-scale burial
and thickening of crust, which may have led to
crustal melting to produce felsic compositions.

The earliest fragments of continental crust
are of Archaean age (4.0 - 2.5 Ga). Only two
fragments of early Archaean crust survive — the
4.0 Ga Acasta gneisses (Bowring et al. 1989)
and the 3.9 Ga Isua supracrustal belt
(Moorbath et al. 1973; Nutman et al. 1996).
Larger areas of 3.7-3.4 Ga crust are preserved
in the Pilbara and Kaapvaal cratons and
provide the clearest view of early crustal
growth (Van Kranendonk 2010). By 2.7 Ga,
fairly large areas of continental crust are
exposed in the Supe- rior, Yilgarn and Belingwe
cratons, amongst others. Archaean crust is
somewhat different in character than modern
continental crust. It is dominated by K-poor
(grey) granitic rocks of the tonalite—
trondjemite—  granodiorite (TTG) suite.
Interspersed amongst the large areas of TTG are
greenstone belts composed of supracrustal
volcanic and sedimentary rocks. (Windley &
Bridgwater 1971).

Evidence for some form of plate tectonics
is found as far back as 3.6 Ga, in rocks from
the West Greenland part of the North Atlantic
Craton (Polat et al. 2002; Nutman et al. 2002,
2007), and becomes more common through
time. However, it
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is widely considered that plate tectonics in the
Palaeoarchaean (at least) differed from the
modern style of steeply dipping slabs of old,
cold oceanic lithosphere, owing to thicker,
more buoyant ocea- nic crust, and higher
mantle heat flow that resulted in smaller
plates colliding  across shallow-dipping
subduction zones (Bickle 1978; Davies 1992;
Martin et al. 2005; Van Kranendonk 2011).

The generation of Archaean granite—
greenstone crust is more controversial, but there
is growing con- sensus that both plate tectonics
and mantle plumes played a role in the
formation of this type of crust (e.g. Polat et al.
1998; Percival 2007; Van Kranen- donk et al.
2007a, b, 2014; Van Kranendonk 2010; Smith et
al. 2012; Bédard et al. 2013). Higher man- tle
heat and more radiogenic-bearing granitic rocks
created overall more mafic and less rigid crust,
characterized by thick volcanic successions domi-
nated by basaltic and komatiitic lavas, with
subordi- nate felsic volcanic rocks and lesser
volumes of sedimentary rocks compared with
post-Archaean crust. Granitic rocks in granite—
greenstone terrains are dominated by TTG, but
rather than having been derived exclusively from
subducted oceanic crust as in modern
subduction settings, a number of stud- ies
indicate a more varied origin for Archaean TTG,
largely through infracrustal melting (Fig. 6b—c;
Martin et al. 2005; Champion & Smithies 2007;
Smithies et al. 2009; Zeh et al. 2011; Bédard et
al. 2013). Indeed, a number of Archaean
granite— greenstone terrains are interpreted as
volcanic pla- teaux, either truly oceanic or built
on a substrate of older, at least in part sialic,
crust (Fig. 6b; Polat et al. 1998; Van Kranendonk
et al. 2007a, 2014; Tessa- lina et al. 2010;
Reimink et al. 2014). The timing of the first
true continents is difficult to ascertain, whether
continental crust was derived in arc envi-
ronments or in volcanic plateaux, it would
require significant global plate motions to
amalgamate these into large continental blocks
(Fig. 6d; Santosh et al. 2009). Certainly by the
late Archaean, the geological record suggests
that many large continents or cratons had
formed (Bleeker 2003).

Growth rate

The rate at which continental crust has been
gener- ated has long been debated. Two
significant features that have been observed in
the geological record are that crustal growth
rate comprises a strong episodi- city and that
the crustal growth rate has slowed through
time. The episodic nature of crustal growth is
evident in compilations of age, model age and
iso- topic compositions of minerals and rocks
(e.g. Gastil 1960; Condie 1998; Kemp et al.
2006; Parman

2007; see Fig. 1, Roberts & Spencer 2014).
Model- ling of growth rates based on these
compilations has

led many to the conclusion that the current
volume of continental crust was achieved very
early on in Earth history (e.g. Armstrong &
Harmon 1981), or that a large proportion was
formed by the end of the Archaean (Belousova
et al. 2010; Dhuime et al. 2012). The control
on growth rate will be the balance between
different settings of continental addition v.
continental loss (see Fig. 2). This bala- nce will
change through orogenic cycles (Collins et al.
2011; Roberts 2012; Roberts & Spencer 2014,
see Fig. 9), and through supercontinent cycles
(Hawkesworth et al. 2009; Spencer et al.
2013). Some workers have speculated that
crustal growth rate will increase during
supercontinent formation (Condie 1998),
whereas others have suggested an increase
during supercontinent breakup (Stern &
Scholl 2010; Roberts 2012, 2013). The direct

role of mantle plumes (upwellings) and
avalanches of subducting slabs into the
mantle (downwellings) upon crustal growth

remains contested (Stein & Hofmann 1994;
Condie 1998; Rino et al. 2004; Arndt &
Davaille 2013), but mantle convection plays a
role regardless, since it is intrinsically linked to
the supercontinent cycle.

Contributions to this volume

This volume comprises 13 contributions that
use a range of methods to study the evolution
of the con- tinental crust. Two review papers,
O’Neill et al. and Roberts & Spencer, use
contrasting methods - numerical modelling
and detrital zircon isotopes, respectively — to
look at continent formation from a global
perspective throughout geological history.
Papers by Bastow et al. and Piper use
alternative geophysical methods - seismology
and palaeomag- netism, respectively — to look
at geodynamics during the Proterozoic and
Archaean. Four papers, Van Kranendonk et al.,
Nutman et al., Dey et al. and Kleinhanns et al.,
use a combination of field- based studies and
primarily geochemistry and geochronology to
look at processes of continent formation
from the Palaeoarchaean to the Palaeo-
proterozoic. Six further contributions use in-
situ zircon isotope analyses to determine the
crustal evolution of different regions ranging in
age from the Eoarchaean to the Phanerozoic.

The balance between different techniques
across these contributions is probably a fair
representation of the current and recent
literature. On one hand, zircon-based and
geochemical studies are easily accessible and
affordable to those with access to lab- oratories,
whereas on the other hand, large seismic
networks and lengthy field-based studies can
be expensive and time-consuming ways of data
collec- tion. However, both have increased our
knowledge of the continental crust and its
history, and future
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research to further our understanding will
continue to require a wide range of integrated
methods and expertise.

Geophysicsand numerical modelling

O’Neill et al. (2013) investigate the episodic
nature of Earth’s geological record through
numerical modelling, providing a
comprehensive review of some of the major
features of Earth’s evolution, such as
magmatism, orogeny and plate motion.
Although the rock record is perhaps affected
by selective preservation (e.g. Hawkesworth et
al. 2009, these authors argue that records of
mantle evolution - such as the Helium
depletion record (Parman 2007) - are primary
records of episodic tectonic behaviour varying
between plate tectonic and stagnant lid
modes. The authors wuse a number of
geodynamic numerical models to help
understand the possible causes and effects of
such episodic behaviour on Earth, and find
that the dynamics of subducting slabs are a
likely source. Numerous mechanisms are
proposed, but at present, the domi- nant
mechanism is not constrained; these include
episodic subduction, mantle avalanches and
dyna- micsinthe basalt—eclogite transition.

Bastow et al. (2013) present a geophysical
study of Precambrian continental crust that
contrib- utes to our understanding of the
crustal structure of Archaean to Proterozoic
regions; this study reviews the results from a
seismic network deployed over little-known
Precambrian crust of the Canadian Shield in
the Hudson Bay area (the Hudson Bay
Lithospheric Experiment). Receiver function
ana- lysis reveals a different structure between
Archaean and Proterozoic lithosphere, with the
Archaean having a simple, uniformly thick felsic
crust (37 km), and the Palaeoproterozoic crust
(that of the Trans Hudson Orogen) having a
thicker (46 km) and more complex structure.
Additionally, an anisotropy study reveals plate-
scale fabrics within the litho- sphere that are
c. 1.8 Ga in age, and interpreted as plate
tectonic features formed at this time. The
authors suggest that the Archaean crust in this
region does not resemble crust made via arc
and accretionary processes, but perhaps more
probably by vertical accretion processes, such
as plumes and delamination.

Piper (2013b) reviews palaeomagnetic data

for the Neoproterozoic era, and uses this as a
basis for discussion of plate tectonics through
time. Piper’s compilation of palaeomagnatic
poles for 0.8-
0.6 Ga shows that these conform to a single
apparent polar wander path, which he uses as
support for a model whereby the continents
at this time were notindividually moving, as in
a traditional plate tec- tonic regime, but were
part of a supercontinental lid.

This work builds on Piper’s previous posit that

the continents have been part of a large
continental lid since the Archaean (‘lid
tectonics’), and that modern-day-style plate

tectonics did not start until after 0.6 Ga (Piper
2013a).

Geology and geochemistry

Van Kranendonk et al. (2014) review the pro-
cesses of crust formation over the period
3.5-

3.2 Ga in the Pilbara (Australia) and Kaapvaal
(southern Africa) cratons. They discuss and
com- pare the stratigraphy, structure, petrology
and geo- chemistry of these terranes, and find
that vertical tectonic processes dominate over
horizontal pro- cesses. These authors provide
a model for crust generation that involves a
thick volcanic plateau that develops via
voluminous mantle-derived mag- matism, and
involving the formation of dome-and- keel
structure in the upper to mid crust as a result
of a process known as Partial Convective
Over- turn. Tonalite— trondjemite— granodiorite
suites in this model are inferred to form from

infracrus- tal melting. Mantle-derived
magmatism includes komatiite—  basalt
eruptions, and delamination of eclogitic

residues drives further crustal differen- tiation.
In this model, a thick depleted (and buoy- ant)
mantle lithospheric keel is formed via melt
depletion, synchronous with crustal growth,
aiding the preservation of continental crust
formed in this manner. The authors caution,
however, that Palaeo- archaean crust
generation was not exclusively through these
processes, and that complementary horizontal
subduction-related processes were likely to be
contemporaneous, before they became more
dominant after 3.2 Ga.

Nutman et al. (2013) discuss continent-
forming processes in the Eoarchaean. They
present a review of geochemical,

geochronological and lithological relations from
the Isua Supracrustal Belt of west Greenland.
These authors present a model of crust
formation in what they term ‘proto-arcs’. These
proto-arcs have similarities to modern island
arcs, in that oceanic crust is subducted, and
buoyant intermediate-felsic crust is generated in
the over- riding plate. The major differences in
the model of proto-arcs to modern-day arcs are
that shallow sub- duction leads to stacking and
imbrication of oceanic plate fragments, rather
than deep subduction into the asthenosphere,
and that felsic magmatism is domi- nated by
tonalite— dacite compositions that are formed
by melting of metamorphosed mafic rocks. A
corollary of the proto-arc model is that, since
the residues of TTG crust generation would not
have been recycled into the mantle, the
generation of a depleted mantle reservoir in
terms of Lu—Hf would be delayed.
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Dey et al. (2013) present a study of
continent formation in the eastern Dharwar
craton of |India, using geochemical and

geochronological data from the Neoarchaean
Kadiri Greenstone Belt. The belt comprises
basalts, andesites and dacites/rhyolites, which
are interpreted as forming through plume-
related oceanic plateau magmatism, supra-
subduc- tion continental arc magmatism, and
deep intra-arc crustal-melt-related magmatism,
respectively. A model is proposed whereby an
oceanic plateau col- lided with a continental arc,
and subsequent crustal thickening in a
compressional regime led to exten- sive crustal
melting. These authors advocate a ‘hot orogen’
scenario for this setting, and their results imply
similarities between the Neoarchaean geody-
namics with modern-day-style plate tectonics.

Kleinhanns et al. (2013) present a
geochrono- logical and geochemical study of
the Kamanjab Inlier, a Palaeoproterozoic
region within NW Namibia. The region in
question is located on the edge of the Congo
Craton. Granitoids formed in the 1.86-1.83 Ga
time period, and have geochemis- try that is
interpreted as a result of formation in a
continental arc environment. Late-stage
anatectic melts intruded the crust at a slightly
younger time, at 1.80 Ga, and are proposed
by the authors to have formed from water-
saturated crustal melting coincident with high-
temperature metamorphism. Granitoids with a
similar history are found in other basement
complexes along the Congo Craton, sug- gesting
the accretion of at least a 1500 km length of
magmatic arc onto its margin at 2.0-1.8 Ga.
The described setting and processes of
continent formation lack any contrasts from
those occurring in the Phanerozoic.

Zircon

Roberts & Spencer (2014) present a review of
the major contributions that zircon-based
studies have had on our understanding of
continental evolu- tion. Topics covered include
the style of continent formation in the Hadean
and Archaean, the onset of plate tectonics and
subduction, the rate of crus- tal growth and
the preservational bias that may exist in the
zircon record. The authors argue that changes
in geodynamic regimes occurred at 4.0 and
2.5 Ga, and mark the onset of an Archaean geo-
dynamic environment and a more modern-day-
style one with collisional orogenesis and
supercontinents, respectively. The Archaean
regime is not explicit from the zircon data
alone, but features continuous juvenile growth
across different regions, and a gradual change
to subduction-dominated continent formation.
Individual orogens feature variable crus- tal
growth rate, based on the balance between
crus- tal growth and crustal destruction
(return to the

mantle). The balance of these orogens, and
thus crustal growth rate, is shown to be
controlled by the supercontinent cycle.

Claesson et al. (2014) present an isotopic

study of Archaean domains exposed in the
Ukrainian Shield to understand the crustal
evolution of this region. Both the Podolian
and Azov domains of this shield contain
Eoarchaean (c. 3.75 Ga) com- ponents, dated
by U-Pb and isotopic model ages. The zircon U-
Pb data are variably discordant, but Hf isotopic
compositions point to single sources with
model ages around 3.75-3.9 Ga; this study
highlights the utility of combining in-situ U-Pb
and Hf isotopes to wunderstand heavily
reworked rocks. A second episode of crust
formation in the Azov domain is represented
by zircons from meta- sedimentary rocks, with
model ages of 3.25-
3.1 Ga. In the Podolian domain, zircon
overgrowths caused by metamorphic events
are dated at c. 2.8 and c. 2.04 Ga. The Podolian
and Azov crustal domains have contrasting
histories, and were thus probably
amalgamated into the Ukrainian Shield during
the later Archaean and Palaeoproterozoic.
The authors make the point that Eoarchaean
ages are now common in many cratons, and
thus recon- structions of past continents (e.g.
Bleeker 2003) cannot be based purely on the
coincidence of U-Pb ages.

Lancaster et al. (2014) study the timing of
crust generation across cratons of the North
Atlan- tic region. These authors use zircon
data from a granitic wunit and various
sedimentary rocks from across NW Scotland to
produce crustal extractions ages (model ages).
The 4160-1420 Ma model ages from across the
southern, central and northern regions of NW
Scotland imply crust generation during the
Eoarchaean, perhaps across multiple regions of
basement. Crystallization ages range from 3670
to 1070 Ma, with peaks at 2700 and 1700
Ma. Similar distributions of crystallization and
model ages are found in other regions across
the North Atlantic, for example, Greenland,
Canada and northern Scandinavia, suggesting
that Eoarchaean crust generation may have
been exten- sive across this region.

Petersson et al. (2013) study the timing of
crust generation in SW Fennoscandia using zircon
U—Pb and Hf isotopes from various igneous units.
The region in question was variably reworked
during the Sveconorwegian orogeny at 1.1-0.9
Ga. These authors analyse zircons from 1800 to
1200 Ma gran- itoids that were formed in the
preceding stages of accretionary orogenesis.
Using the combined U— Pb and Hf data, they
show that early (c. 1800 Ma) granitoids were
formed from crust mixed with a juvenile 2.1-1.9
Ga component. Furthermore, they show that
subsequent magmatism to 1400 Ma fea- tured
reworking of this same crust, and that an
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influx of juvenile magma is recorded at 1200
Ma. The model for this region features a long-
lived accretionary margin, with magmatism in
continental arc environments; this study
indicates that magma- tism is dominated by
crustal recycling, rather than crustal growth.

Boekhout et al. (2013) address continental
growth along the pre-Andean convergent
margin using a compilation of igneous and
detrital zircon data. The authors compare
changes in the Hf-isotope compositions of
zircons through time with the geo- dynamics of
the continental margin and show a link between
arc migration, slab retreat and advance, and the
resulting isotopic composition of magmatism.
The data show an overall trend towards more
juven- ile compositions throughout much of
the Phanero- zoic, which the authors interpret
as recording an overall increase in continental
growth rate. Trends in isotope space that
represent a greater degree of crustal
reworking correlate with known periods of slab
advance within a compressional regime.

Hiess et al. (2014) study the genesis of
Phanero- zoic paragneiss and orthogneiss units
from the Western Province of New Zealand.
The protoliths to the paragneisses are
interpreted to be passive margin sediments
deposited on the Gondwana margin. These
rocks have variable trace element and
isotopic signatures compatible with a range of
sources. Devonian orthogneisses have hafnium
and oxygen isotope signatures indicative of
incorpor- ation of supracrustal materials to the
magmatic pro- toliths and are compatible with
deep melting and assimilation of older
basement rocks by primitive arc magmas. One
Cretaceous orthogneiss has a signature
compatible with melting of a Devonian
source. Other Cretaceous orthogneisses have
more primitive signatures, and are interpreted
to be related to extensional rift-related
magmatism. This work shows that the chemical
and isotopic compo- sition of gneisses can be
retained through amphibo- lite-facies
metamorphism, so that information on the
protoliths can be gleaned through such studies.

Summary and outstanding questions

A general conclusion that may be drawn from
the papers presented in this special volume is
that there is more than one way to make

continental crust, both within periods of
geological time, as well as across geological
time, with different contri- butions from

primitive, or subduction-enriched, mantle and

recycled continental crust depending on
tectonic environment, lending unique
character- istics to different regions. This

variability naturally reflects the kind of variability
found in the formation of recent (Phanerozoic)
crust — from the typical mode of lateral
accretion at convergent plate

margins, to thick plateaux formed over hot
spots, to more complex scenarios involving
extension, transpression and transtension.

Perhaps the biggest, single advance in
recent years is the recognition of the limitations
of the uni- formitarian principle as applied to
tectonics and crustal growth, particularly
relating to early Earth. There in increasing
evidence from a number of ter- rains that the
onset of modern-style (i.e. steep and deep
subduction of old, cold oceanic lithosphere)
commenced at c. 3.2 Ga (e.g. Smithies et al.
2005, 2007; Van Kranendonk 2010; Shirey &
Richardson 2011; Van Kranendonk 2011;
Dhuime et al. 2012). Prior to the
Mesoarchaean emergence of modern- style
plate tectonics, it appears that, although sub-
duction and plate tectonics were operative, the
com- bination of higher mantle heat flow and
resultant thicker oceanic lithosphere meant
that subduction style was distinct,
characterized by shallow dips and a lack of
mantle wedge involvement in magma genesis
(Smithies 2000; Foley et al. 2003; Martin et al.
2005; Nutman et al. 2013). A higher degree of
mantle involvement in magmatism resulted in
the formation of anomalously thick por- tions of
continental lithosphere via construction as
volcanic plateaux (e.g. Bastow et al. 2013; Van
Kra- nendonk et al. 2014). As a counterpart,
high-grade gneiss terranes were forming in
settings where crust was recycling back into
the mantle (e.g. Nutman et al. 2007, 2013; Van
Kranendonk 2010). Over time, gradually
decreasing mantle heat led to compositional
changes in the subcontinental man- tle
lithosphere (Griffin et al. 2009), reflecting (in
part) changes in the style of continental crust
for- mation and evolution of plate tectonic style
(Sizova et al. 2014; Brown 2014). This secular
change is highlighted by the other main
advance in under- standing of planetary
evolution, namely the poten- tially episodic
nature of tectonics on Earth (and other
planets; Turcotte 1993; Condie 1998; O’Neill et
al. 2007, 2013). The style and rate of plate tec-
tonics are now known to have changed over
time, even through the Proterozoic and into the
Phanero- zoic (Moores 1993; Van Kranendonk
& Kirkland 2013; Piper 2013a). Rates of crustal
growth are vari- able on all scales, from
individual orogens (e.g. Boekhout et al. 2013)
to the entire global budget (Roberts & Spencer
2014).

A third major advance in the understanding
of continental growth over time is the
increasing evi- dence of Eoarchaean crust
involved in the formation and stabilization of
continental lithosphere from many parts of the
world (e.g. Claesson et al. 2014; Lancaster et al.
2014; Nutman et al. 2013). This has important
implications for crustal growth models
through time, with increasing evidence for very
rapid, early growth of continental crust, fol-
lowed by recycling.
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One of the major outstanding questions that
affects our understanding of secular change in
plate tectonics, estimates of crustal growth
rate and associated episodic records of Earth
evolution is the role of crustal preservation. It
has been proposed that the episodic nature of
many geological records locked up in the
continental crust are biased, because the
continental crust itself has been variably
preserved through Earth’s history (Cawood &
Hawkesworth 2013). Hawkesworth et al.
(2009) present a conceptual model that links
superconti- nent formation with the increased
preservation of continental crust. Although the
idea of preservation bias during orogenic and
supercontinent cycles is yet to be fully tested
and explored, it has long been postulated
that much of the continental crust is recycled
into the mantle and lost from the geologi- cal
record (e.g. Armstrong 1968, 1991). Thus, the
crust we observe and study today provides
only a glimpse into the record of Earth history.
Until we can be sure how representative this
crust is, many aspects of our understanding of
the evolution of con- tinental crust will have a
prevailing uncertainty.
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