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We integrate an updatedworldwide compilation of U/Pb, Hf-isotope and trace-element data on zircon, and Re–Os
model ages on sulfides and alloys inmantle-derived rocks and xenocrysts, to examine patterns of crustal evolution
and crust–mantle interaction from 4.5 Ga to 2.4 Ga ago. The data suggest that during the period from 4.5 Ga to ca
3.4 Ga, Earth's crust was essentially stagnant and dominantly mafic in composition. Zircon crystallized mainly
from intermediatemelts, probably generated both bymagmatic differentiation and by impact melting. This quies-
cent state was broken by pulses of juvenile magmatic activity at ca 4.2 Ga, 3.8 Ga and 3.3–3.4 Ga, which may
represent mantle overturns or plume episodes. Between these pulses, there is evidence of reworking and resetting
of U–Pb ages (by impact?) but no further generation of new juvenile crust. There is no evidence of plate-tectonic ac-
tivity, as described for the Phanerozoic Earth, before ca 3.4 Ga, and previousmodelling studies indicate that the early
Earth may have been characterised by an episodic-overturn, or even stagnant-lid, regime. New thermodynamic
modelling confirms that an initially hot Earth could have a stagnant lid for ca 300 Ma, and then would experience
a series of massive overturns at intervals on the order of 150 Ma until the end of the EoArchean. The subcontinental
lithosphericmantle (SCLM) sampledonEarth todaydidnot exist before ca 3.5 Ga. A lull in crustal production around
3.0 Ga coincides with the rapid buildup of a highly depleted, buoyant SCLM, which peaked around 2.7–2.8 Ga; this
pattern is consistent with one or more major mantle overturns. The generation of continental crust peaked later in
two main pulses at ca 2.75 Ga and 2.5 Ga; the latter episode was larger and had a greater juvenile component. The
age/Hf-isotope patterns of the crust generated from 3.0 to 2.4 Ga are similar to those in the internal orogens of the
Gondwana supercontinent, and imply the existence of plate tectonics related to the assembly of the Kenorland (ca
2.5 Ga) supercontinent. There is a clear link in these data between the generation of the SCLM and the emergence of
modern plate tectonics; we consider this link to be causal, as well as temporal. The production of both crust and
SCLM declined toward a marked low point by ca 2.4 Ga. The data naturally divide the Archean into three periods:
PaleoArchean (4.0–3.6 Ga), MesoArchean (3.6–3.0 Ga) and NeoArchean (3.0–2.4 Ga); we suggest that this scheme
could usefully replace the current four-fold division of the Archean.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The state of the crust–mantle systemduring theHadean period is still
unclear; the only recognised relics of the Hadean crust are a few zircons,
with ages mostly 4.1–4.3 Ga, recovered from much younger rocks
(Fig. 1). However, even these traces have been the subject of several
different tectonic interpretations, ranging from the modern to the cata-
clysmic. Large populations of zircons, in younger sediments or datable
rocks, only begin to appear well into EoArchean time, from about
3.7 Ga. However, the oldest dated rocks from the subcontinental litho-
spheric mantle (SCLM) are only about 3.5 Ga old (Griffin et al., 2009),
and it is not clear on what type of substrate these earliest crustal rocks
might have rested.

The conventional subdivision of the Archean into EoArchean,
PaleoArchean, MesoArchean and NeoArchean is shown in Fig. 1. The
transition from the Hadean to the EoArchean is conventionally set at
4.0 Ga. Ideally such boundaries should be defined by a geologically
important (or at least definable) event; in this case none have been
identified, although dynamic modelling (see O'Neill et al., 2007, in
press) offers some insights.

In this report we examine the zircon record (ages, Hf and O isotopes,
trace elements) using a database of N6500 analyses with ages N2.0 Ga,
and theOs-isotope data derived fromboth the in situ analysis of sulfides
andOs–Ir phases in peridotite xenoliths, andwhole-rock Re–Os analysis
of such xenoliths. We couple our observationswith dynamic modelling,
to propose mechanisms for the evolution of the crust–mantle system
through the Hadean and Archean periods. Finally, we also suggest a
new subdivision of the earliest part of the geological time scale, based
on currently recognisable patterns in the data, inferred to mark signifi-
cant tectonic events from 4.5 Ga to 2.4 Ga.

2. Methods and databases

2.1. Zircon data

Data on zircon ages and Hf-isotope ratios are taken from the database
described by Belousova et al. (2010), supplemented by more recently
published analyses (Geng et al., 2012; Naeraa et al., 2012) and our
unpublished data. This database (n = 6699) is built largely on detrital-
zircon suites, but also includes many zircons separated from igneous
rocks. All analytical data were recalculated using the same parameters.
For the calculation of εHf, we have used the chondritic values of Bouvier
et al. (2008) and the decay constant (1.865 × 10−11 yr−1) of Scherer
et al. (2001). The Depleted Mantle (DM) curve (Fig. 1) is that defined
by Griffin et al. (2000; 176Lu/177Hf = 0.0384).

To examine the distribution of “juvenile” Hf-isotope ratios, we have
taken all data within a band corresponding to ±0.75% around the
Depleted Mantle curve (Belousova et al., 2010; Fig. 1). Such “juvenile”
geochemical signatures indicate that the source rock for the zircon was
derived directly from the convecting mantle, or had only a very short
crustal residence time after formation from mantle-derived magma.
The described procedure reduces the exaggeration of the younger peaks
that would be produced by the Expanding difference through time be-
tween the Chondritic Earth (εHf = 0) line and the Depleted Mantle
(Fig. 1) where trace-element data are available on single zircon grains,
we have classified them in terms of rock type, using a modified version
of the discrimination scheme outlined by Belousova et al. (2002).
Where zircons are extracted from igneous rocks, the composition of
those rocks is recorded in the database.

Oxygen-isotope data can, likeHf-isotope data, allow an evaluation of
the juvenile vs recycled nature of the source region of the zircon's host
magma. In nearly all cases, the two isotopic systems are in agreement.
O-isotope data are available for relatively few zircons in the dataset;
these are discussed where relevant. Analyses of Th/U ratios have been
used to exclude clearlymetamorphic zircons, and thus the ages reported
here are considered to reflect the timing of igneous crystallisation, except
as discussed below.

2.2. Re–Os data

Re–Os data on sulfide andOs–Ir phases have been obtained by in situ
LA-MC-ICPMS analysis, essentially as described by Pearson et al.
(2002) and Griffin et al. (2004a, 2004b). The database includes pub-
lished analyses from kimberlite-borne xenoliths in S. Africa, Siberia
and the Slave Craton (Aulbach et al., 2004, 2009; Griffin et al., 2002,
2004a, 2004b, 2011, 2012; Spetsius et al., 2002) as well as new
data on sulfides included in olivine xenocrysts from the Udachnaya
kimberlite (Yakutia) and sulfides included in chrome-pyrope garnet
xenocrysts from the Mir kimberlite (Yakutia). We have added our
unpublished analyses of sulfides in xenoliths from other localities in
N. America and Asia. An overview of whole-rock Re–Os analyses of
mantle-derived peridotite xenoliths is given by Carlson et al. (2005).

2.3. Numerical modelling

To assess the potential behaviour of the plate-mantle system under
evolvingHadeanmantle conditions,we employ the visco-plasticmantle
convection codeUnderworld (Moresi et al. 2007).We solve the standard
convection equations for conservation of mass, momentum, and energy
under the Boussinesq approximation, with varying Rayleigh number
(i.e. varying basal temperatures) and internal heating. The mantle itself
is a modelled as a viscoplastic fluid, with an extremely temperature-
dependent viscosity that varies, using a Frank-Kamenetski approxima-
tion, from 1 at the base to 3 × 104 at the cold upper boundary (see
O'Neill et al., in press, for details). Deformation in the near-surface is
accommodated by plastic yield using a Byerlee criterion for yield stress
(scaled so the cohesion is 1 × 105, and the depth-coefficient is 1 × 107

for a Rayleigh number of 1 × 107; see Moresi and Solomatov (1998)
for details). We do not consider phase transitions or depth-dependent
properties in these models. All our units are non-dimensionalised



(a)

(b)

(c)

Fig. 1. εHf vs age for zircons worldwide, divided by region. The database (n = 6699) is attached as Appendix A1; it builds on the data of Belousova et al. (2010) updated with N2000 analyses
published, and/or produced in our laboratories, after 2009. The conventional subdivision of theHadean andArchean is shown along the X axis. (a) Zircon age distribution shownas a histogram
and a cumulative-probability curve. (b) Distribution of Hf-isotope data. The “juvenile band”, defined as±0.75% of the εHf of the DepletedMantle line at any time, is shown as a grey envelope.
Evolution lines from4.5 Ga are shown for reservoirs corresponding to typicalmafic rocks (176Lu/177Hf = 0.024), the average continental crust (176Lu/177Hf = 0.015), and zircons, approximated
by 176Lu/177Hf = 0. (c) shows these evolution lines and a simplified explanation (see text).
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before being incorporated into the model, in the manner of Moresi and
Solomatov (1998).

The initial condition for the simulation is from an equilibrated model
with an internal heat generation of Q = 8 (non-dimensional, present day
Q ~ 1), and a basal temperature of Tbase = 1.2 (present day Tbase ~ 1).
The model initially is in a hot stagnant-lid regime as a result of these
properties, which are meant to represent the hot Hadean mantle with
contributions from high radioactive heat production, a hot core, and sig-
nificant primordial heat. We then allow the internal heat generation and
basal temperatures to decay through time. While short-lived radioactive
isotopes, like 26Al, may contribute to the thermal state of the initial
model, theydecay too rapidly to be incorporated into long-termevolution
models, and we solely consider the decay of 40K, 238U, 235U, and 232Th. We
also adopt a simple core-evolution model based on the results of Nimmo
et al. (2004). If we assume present-day temperatures at the core-mantle
boundary are around Tbase ~ 1, then according to Nimmo et al. (2004), at
the beginning of the Hadean they would have been around Tbase ~ 1.2.
The temperature evolution of the core is pseudo-linear in these models,
and we project this evolution forward along this trend.

3. Geochemical data

3.1. Zircon data: U–Pb ages, Hf isotopes, trace elements

The full zircon dataset (n = 6699), coded by geographical region, is
shown in Fig. 1, and the numbers of zircons with εHf N 0 in each time



Fig. 2. Cumulate-probability curve and age histogram for all zirconswith εHf falling within
0.75% of theDepletedMantle curve in Fig. 1. Inset uses an expanded scale to show detail in
the oldest datasets.
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slice are shown in Fig. 2. The cumulative-probability plot of Fig. 2 shows
a small peak around 4.2 Ga, a larger one at ca 3.8–3.6 Ga, another at ca
3.4–3.1 Ga, and then a buildup to a major peak at 2.75 Ga, which is
closely followed by a final sharp, larger peak at 2.5 Ga. Wewill describe
the nature of each “event”, as revealed by the isotopic data, in turn;
speculations on mechanisms will be deferred to the Discussion.

3.1.1. Hadean zircons
The Hadean zircon record is dominated by material from Western

Australia, but has recently been supplemented by a few data from Asia
and N. America (Fig. 1). The most striking aspect of this record is the
relative paucity of juvenile signatures; the peak at 4.2–4.1 Ga in Fig. 2
represents ca 5% of the zircons in that age band, and none of the oldest
zircons (4.45–4.25 Ga) has significantly suprachondritic Hf-isotopes.
This may suggest that the Depleted Mantle model is not relevant to
the earliest Earth, prior to ca 4.25 Ga, but the data are too limited for
firm conclusions. The very low εHf of many of the oldest zircons might
suggest the reworking of older material, but this would require that
the older reservoir had evolved with Lu/Hf = 0 since 4.55 Ga, which
seems unlikely. Alternative explanations are that these zircons crystal-
lized from magmas derived from a non-chondritic reservoir, or that
their ages have been reset by later metamorphic events, which left the
Hf-isotope signatures unchanged (see Discussion below).

Many of the younger Hadean zircons (Fig. 3) lie in a band extending
downward from the DM line. This trend, which extends down to ages as
young as 3.9 Ga, could be interpreted as the result of reworking of the juve-
nilematerial represented by the 4.2-Ga “peak”. Thiswould require that the
4.2 Gamaterial wasmore felsic (176Lu/177Hf ≈ 0.01) than the present-day
mean continental crust (176Lu/177Hf ≈ 0.015; Griffin et al., 2000). Grains
falling in the lowerpart of the bandwould require evenmore felsic sources.

Cavosie et al. (2005) give trace-element data for 40 zircon grains (3.8–
4.4 Ga) from Jack Hills; 75% classify as derived from intermediate rocks
(b65% SiO2). Sevendated grains (allwith ages N4.1 Ga) classify as derived
from mafic rocks, and three grains, all with ages b4.1 Ga, classify as de-
rived from felsic granitoids (N70% SiO2). Inclusions of quartz, feldspar
and muscovite in the zircons have been used to suggest their derivation
from intermediate to felsic rocks, although later studies (Rasmussen
et al., 2011) suggest thatmany such inclusions aremetamorphic in origin.
A few zircons fromN. America andAsia,with ages near 4.0 Ga, come from
felsic rocks (Geng et al., 2012; Pietranik et al., 2008).

3.1.2. Early- to mid-Archean zircons
The first major peak in juvenile input occurs at 3.8 Ga, followed by a

series of minor peaks to ca 3.5 Ga (Fig. 2); this is defined by data from
Asia and N. America (including Greenland) with a few from Africa
(Fig. 3). While most of the zircons with ages 3.85–3.75 Ga have εHf N0,
consistent with derivation from a Depleted Mantle source, very few of
the younger ones in this age band have εHf N0 (Fig. 3). Most of the
zircons with ages 3.7–3.4 Ga have low εHf, lying in a band with a slope
corresponding to 176Lu/177Hf ≈ 0.01; this suggests that their host
magmas could be derived by reworking of the 3.8 Ga juvenile material.
Naeraa et al. (2012) have argued that the data for a set of zircons from
W. Greenland fit a shallower trend consistent with derivation from a
“TTG crust” (187Lu/188Hf = 0.024) corresponding to the 3.8 Ga juvenile
material from the same area. On a larger scale, the N. America dataset in
Fig. 3a suggests a more felsic crust, or at least remelting of the more
felsic portions. Data from other continents scatter more widely, but
the mean data from each continent are consistent with those from
N. America, suggesting a global process.

The next evidence of juvenile magmatic activity is the peak at
3.35–3.15 Ga (Fig. 2). This is represented by material mainly from
Asia, N. America and S. America (Fig. 4a). Unlike the earlier peaks,
many of the zircons with juvenile Hf-isotope signatures appear to be de-
rived frommafic andmetamorphic rocks (Fig. 4b).Many zircons from this
time range fall along a trend extending toprogressively lower εHf, possibly
corresponding to the progressive reworking of reservoirs 3.3–3.35 Ga old
with 176Lu/177Hf ≈ 0.01. Interestingly, most of the zircons in the lower
part of this band are detrital (from metasediments, no trace elements)
whereas most of those with identified host magmas lie in the upper
part of the band. The proportion of zircons from granitoid rocks appears
to increase further in this time slice.

In this age range, there are few of the older zircons with εHf near the
Lu/Hf = 0 line. However, there is a significant populationwith very low
εHf, which may be derived from remelting of the ca 3.8 Ga population.

3.1.3. NeoArchean zircons
The NeoArchean zircon record is marked by two major, sharply

defined peaks at 2.75 Ga and 2.55 Ga (Fig. 2). The buildup to the older
peak is marked by minor shoulders at 2.9 Ga and 2.8 Ga; only the first
may be significant. The older peak is dominated by material from N
and S America, Asia and Europe; the younger peak is mainly made up
of zircons from Asia and Australia. However, nearly all regions have con-
tributed material to both age peaks. The burst of magmatic activity at
2.55 Gamarks the end of the Archean as traditionally defined; the overall
abundance of zircons in the database decreases markedly from ca
2.45 Ga, and zircons with juvenile Hf isotopes disappear almost entirely,
marking the start of a worldwide period of quiescence (low mantle-
derived magmatic activity) that lasted for about 300 Ma (Fig. 1).

The data also appear to reflect a change in themechanisms involved in
the large-scaleNeo-Archeanmagmatism; thewhole rangeof εHf increases
in the last 0.5 Gaof theArchean (Fig. 1). The agepeaks at 2.75 and2.55 Ga
are also peaks of juvenile input to the crust (Fig. 2). However, while the
juvenile inputs are clearly important, the record also suggests a more in-
tense reworking of the older crust than is seen in earlier episodes, as
reflected in the large proportion of zirconswith εHf b0 (Fig. 5). The lowest
of these are consistent with derivation of their host magmas from “mafic
crust” up to 4.5 Ga in age, or younger but more felsic crust (Figs. 1, 5).

Zircons from granitoid rocks feature prominently in both of the
major NeoArchean magmatic episodes, but especially in the younger
one; those in the younger peak generally have higher εHf.

3.2. Os-isotope data

3.2.1. Sulfides and platinum group minerals
The Os budget of mantle-derived peridotites (whether sampled as

massifs or xenoliths) resides in minor phases; these are typically base-
metal sulfides, but in some cases, especially where the peridotites
carry lenses of chromitite (e.g. Gonzalez-Jimenez et al., 2012a; Shi
et al., 2007) Platinum Group Minerals (PGMs), such as Os–Ir alloys
and Platinum Group Element (PGE) sulfides may be abundant (see re-
view by Gonzalez-Jimenez et al., 2013). The samples included in the



Fig. 3. εHf vs age for all zircons in the age range 4.5–3.5 Ga. (a) by region; (b) by rock type, either estimated from trace-element data, or taken from the sample. The dark blue line
in (b) shows the evolution of a mafic reservoirs with 176Lu/177Hf = 0.024 (see text for explanation); the solid green line shows the evolution of a reservoir 4.56 Ga old, with Lu/Hf = 0
(i.e. ancient zircons). The “unknown” category in (b) corresponds to suites of detrital zircons with no trace-element data. (c) as from Fig. 1.
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following discussion have been screened: all have very low Re/Os, and
their Os-isotope values therefore are taken as recording the composi-
tion of Os in the melts or fluids that deposited them. The Re-depletion
model ages (TRD) calculated from individual mineral analyses can give
an indication of the timing of melt depletion in their host rocks, or the
timing of metasomatic activity derived from the convecting mantle
(Gonzalez-Jimenez et al., 2012b; Griffin et al., 2004a, 2004b; Shi et al.,
2007). Our previous studies have shown that most peridotite xenoliths,
andmanymassif peridotites, contain Os-bearing phases with a range of
TRD, reflecting a complex history of fluid-related processes (Griffin et al.,
2004a, 2004b;Marchesi et al., 2010). These include bothmelt extraction
and multiple overprinting by metasomatic fluids of different origins
(O'Reilly and Griffin, 2012). While model-age peaks commonly match
with events in the overlying crust, these fluid-rock interactions

image of Fig.�3


Fig. 4. εHf vs age for all zircons in the age range 3.5–3.0 Ga. (a) by region; (b) by rock type, either estimated from trace-element data, or taken from the sample. The light red dashed lines in
(b) show the evolution of reservoirswith 176Lu/177Hf = 0.01 (see text for explanation). The “unknown” category if (b) corresponds to suites of detrital zirconswith no trace-element data.
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undoubtedly lead to grains of mixed origins, withmodel ages that do not
correspond to any real event.

The full xenolith dataset is shown in Fig. 6; as noted above, it is dom-
inated by samples from South Africa, Siberia and the Slave Craton in
Canada. The most striking observation, compared with the zircon data,
is the absence of Hadean or Eo-Archean model ages; we have no evi-
dence in the sulfide data for the existence of any SCLM for the first billion
years of Earth's history. The earliest significant peak in TRD appears at
3.4–3.2 Ga, corresponding to the second major peak in TDM from the
zircon data (Figs. 2, 6). This is part of a buildup to the major peak in

image of Fig.�4


Fig. 5. εHf vs age for all zircons in the age range 3.0–2.3 Ga. (a) by region; (b) by rock type, either estimated from trace-element data, or taken from the sample. The red lines show the
evolution of reservoirs with 176Lu/177Hf = 0.01 (see text for explanation). The “unknown” category if (b) corresponds to suites of detrital zircons with no trace-element data.
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sulfide TRD at ca 2.8 Ga; this peakmay bemildly bimodal with sub-peaks
at 2.85 Ga and 2.7 Ga, coinciding with the Neo-Archean explosion of
magmatic activity shown by the zircon data. This peak drops off sharply
toward younger ages, mirroring the “shutdown” in magmatic activity
from ca 2.4 Ga, as shown by the zircon data.
3.2.2. Whole-rock analyses of peridotites
The TRD of whole-rock samples that have experienced no metasoma-

tism following their originalmelt depletionmay record the timing of that
depletion event. The Os-isotope compositions of any samples that have
been metasomatised by (Os-bearing) melts or fluids must necessarily
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represent mixtures, and their TRD will not be meaningful in terms of
dating an event. Since all of the samples discussed here come from
the subcontinental lithospheric mantle (SCLM), they provide informa-
tion only on the timing of formation andmodification of the SCLM, rather
than the convecting mantle. A review by Carlson et al. (2005) on the
geochronology of the SCLM shows only three whole-rock xenoliths (all
from South Africa) that give TRD ages around 3.6 Ga (Fig. 6). There
is a sharp increase from 3 Ga, leading up to a pronounced peak at
2.5–2.75 Ga, mirroring the sulfide data. As with the sulfide/alloy
data, there is no evidence for the existence of significant amounts of
SCLM prior to 3.5 Ga. A long tail of TRD ages down to ca 1 Ga probably
reflects the abundance of younger sulfides in repeatedlymetasomatised
xenoliths (c.f. Griffin et al., 2004a, 2004b).

4. Discussion

The data presented above suggest that juvenile addition to the
continental crust in the Hadean–EoArchean, as preserved in the zircon
record, occurred primarily as pulses at ca 4.2 Ga, 3.8 Ga and 3.3–3.4 Ga.
Between these pulses of activity, zircon appears to have crystallised
primarily from intermediate melts. The zircon data suggest the surface
was largely stagnant and tectonically quiescent during the interval from
4.5 Ga to 3.4 Ga, interspersed by short bursts of surface tectonic–
magmatic activity. Is this pattern simply an artefact of limited sampling
or preservation, or could it reflect the real behaviour of the early Earth?
Before proceeding with a discussion of the data, it is useful to consider
some aspects of Earth's early evolution, as revealed by dynamic
modelling.

4.1. Numerical modelling of the early Earth

Previousmodelling byO'Neill et al. (2007) suggested amechanismby
which plate activity itself could have been episodic in the Precambrian,
without appealing to internal phase transitions or other mechanisms.
This model was based on the idea that the high internal temperatures
of the early Earth would have resulted in lower mantle viscosities,
decreasing the coupling between the mantle and the plates. The simula-
tions showed first a transition into an episodic overturn mode – long
periods of tectonic quiescence interspersed by rapid intervals of subduc-
tion, spreading, and tectonic activity – and eventually another transition
into a stagnantmodewhere the internal stresses are too low to generate
any surface deformation. These initial models have been largely borne
out by later work, including the conceptual approach of Silver and
Behn (2008) and the numerical models of van Hunen and Moyen
(2012), and Gerya (2012), which focus on different aspects of themech-
anism, but reach the same conclusion. They are largely consistent with
more recent geological (Condie and O'Neill, 2010; Condie et al., 2009)
and paleomagnetic constraints (Piper, 2013). Further complexities such
as the dehydration of the depleted residuum after melt extraction have
been suggested to assist (Korenaga, 2011) or hinder (Davies, 2006) Ha-
dean tectonics, and given the lack of constraints we do not consider it
further.

Here we expand these earlier models to consider the temporal evolu-
tion of the Hadean Earth, from its earliest thermal state to the end of the
EoArchean, including the effects of waning radioactive decay, loss of pri-
mordial heat, and cooling of the core.We adopt the approach outlined by
O'Neill et al. (in revision), expanding those models to high-aspect-ratio
simulations to examine how the Earth system would adjust to cooling
through time.

A representative model of Hadean to EoArchean evolution is shown
in Fig. 7. The four time slices show an evolution from a hot initial state
(a), characterised by a hot, thin stagnant lid and vigorous convection
beneath it, through an overturn event where the initial lid is largely
recycled and a large proportion of the initial heat is expelled (b, c), to
another stagnant lid (d) that develops and stops the surface activity.
This timeline extends from 4.55 Ga to roughly the end of Eo-Archean
time at 3.5–3.6 Ga.

An important component to thesemodels is the interaction between
the evolving basal temperature and waning heat production, through
time. High basal temperatures result in greater buoyancy forces —

effectively a higher basal Rayleigh number. This enhances the tendency
towards lid mobilisation. However, greater heat production within the
mantle also tends to promote stagnation of the lid. The balance between
these two forces as a planet evolves largely controls its tectonic evolu-
tion. We have adopted a simple linear core-evolution model, and an
exponential decay of heat production, and the tectonic scenario in
Fig. 7 is insensitive to minor perturbations in these factors (O'Neill
et al., in revision).

A second critical factor is the initial condition. O'Neill et al. (in
revision) noted that the initial conditions in evolutionarymantlemodels
can fundamentally affect the apparent evolution of a model planet. They
showed that for the same evolving core temperatures and heat produc-
tion curves, a planet may follow widely divergent tectonic paths
depending on the amount of initial (primordial) heating. Models with a
“hot” initial condition (Q ~ 8, similar to Fig. 7) show transitions from
stagnant, to episodic overturn, to a mobile-lid regime and eventually to
a cold stagnant-lid regime.Models starting from a “cold” initial condition
(Q b 4, roughly in equilibriumwith radioactive heat production,without
any significant primordial heat) may begin in a plate tectonic regime,
and then never leave it until the internal temperatures decay to the
point that the lid becomes too thick to mobilise, and the model enters
a cold stagnant-lidmode. However, it is highly probable that heat gener-
ation during Earth's accretion was significant — the sum of accretional
impact energy, gravitational energy from core segregation, and heat
from the decay of short-lived isotopes such as 60Fe and 26Al was enough
to raise the temperature of the entire Earth by thousands of degrees
(O'Neill et al., in revision). Therefore, the initial conditions shown in
Fig. 7a are probably the most relevant, and it is likely that the earliest
Earth was largely stagnant.

The curve in Fig. 8b illustrates the evolution of the Nusselt number
(convective heat flux) through time, for the simulation shown in
Fig. 7. The initial mode of heat loss is stagnant-lid – characterised by in-
efficient heat loss through the conductive lid (Fig. 7a, c.f. Debaille et al.,
2013). It is likely that voluminousmafic–ultramafic volcanismwould be
associated with such a regime with a thin, hot, stagnant lid. Eventually,
ongoing convergence triggers a convective instability, and thefirst over-
turn event happens (Fig. 7b). This is associated with an enormous spike
in the heat flux (Fig. 8b), as much of the trapped primordial heat and
generated radioactive heat is dumped during the active-lid episode.
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Fig. 7. Simulation of the evolution of a mantle convection model, from a hot initial condition, in a stagnant-lid regime (a), through an overturn event where the majority of the crust is
recycled (b and c), and into a subsequent stagnant lid again (d). The colours in the plots reflect the temperature field, from an invariant surface temperature of 0 (290 K) to a basal
core-mantle boundary temperature of 1.2, which varies as outlined in the text. Black arrows denote velocities, and their length velocity magnitude.

10 W.L. Griffin et al. / Lithos 189 (2014) 2–15
The episode is short— on the order of 30 Ma, though the activity probably
is localised in different areas at different times, and the surface velocities
are extremely high. It seems likely that most of the proto-lid would be
recycled into the convecting mantle.

After this initial recycling of the proto-lid, the new lithosphere is
thin, hot, and comparatively buoyant, and subduction ceases (Fig. 7d).
The lid stagnates, convection re-establishes itself beneath the immobile
lithosphere, and heat flux subsides to low (stagnant-lid) levels. As the
convective planform evolves, convection thins some portions of the
lithosphere and thickens others, until a critical imbalance is once
again attained and a subduction event ensues. The second event is
marginally more subdued, as a large fraction of the initial heat was
lost in the first episode. However, extremely high heat fluxes are
seen throughout the 900 million years of evolution covered in this
model.

It should be emphasised that thismodel is not attempting to replicate
Earth's precise evolution, but rather to provide some insights into the
plausible range of dynamics of an Earth-like system, under a thermal
evolution similar to Earth's during its earliest history. However, it is
interesting to note that the time lag between the initialization of the
model and its first overturn is ~300 Myr, and the overturn events in
this example are spaced at ~150 Myr intervals. This is of the same
magnitude of the recurrence rate observed in the zircon data (see
below), but it should be noted this spacing is very sensitive to rheology
and mantle structure, which are not explored in detail here.

4.2. Evolution of the crust–mantle system

The distribution of zirconU–Pb ages from the Archean–Hadean period
is reasonably well-known. As shown in Fig. 1, the ca 6700 available
analyses worldwide (Table A1) define a small peak in the late Hadean
(probably over-represented due to its inherent interest), another
broad low peak in the EoArchean and a third in the PaleoArchean, be-
fore a steady climb from ca 3.0 Ga to the major peaks at 2.7 and
2.5 Ga. When compared with the much smaller dataset of zircons
with juvenile Hf-isotope compositions (Fig. 2) there are two striking as-
pects: the low proportion of juvenile input (4.5% of all analyses; 20%
have εHf N 0) prior to 3 Ga, and the dramatic rise in that proportion
during the youngest Archean activity. These two observations in them-
selves underline the stark differences between Hadean/Archean and
modern crust–mantle relationships, and the evolution of those processes
from the Hadean through to the end of the Archean. However, there are
several questions that must be asked about the nature of the zircon
record, and the sort of events that it may define.

4.2.1. The Hadean Hf-isotope record — magmatic, metamorphic, or both?
There are essentially no zircons with juvenile Hf-isotope signatures

before the small “bloom” at 4.2 Ga. Older zircons have very low εHf; this
would commonly be interpreted as suggesting that they were generated
by remelting of much older material (back to 4.5 Ga). However, many
can only be modelled on the basis of a 4.54 Ga source with Lu/Hf = 0.
The small peak of juvenile input at 4.2 Ga is followed by a large group
of zircons with εHf b 0 extending down to ca 4.0 Ga (Fig. 3). Again,
some can be modelled as produced by reworking of mafic to felsic
material produced during the 4.2 Ga “event”, but some of these
4.2–4.0 Ga zircons also would require a source that retained a very low
Lu/Hf since at least 4.2 Ga.

This appears unlikely; the most obvious alternative is that the U–Pb
ages ofmanyof these ancient zirconshavebeen resetwithoutmeasurable
disturbance of the Hf-isotope system, leading to artificially low εHf. Beyer
et al. (2012) demonstrated that zircons from the Archean (N3 Ga)
Almklovdalen peridotite in western Norway give a range of U–Pb ages
stretching from396 to 2760 Ma, but all have the sameHf-isotope compo-
sition, corresponding to a TDM of 3.2 Ga (similar to whole-rock Re–Os
model ages); the lowest εHf is −49. They interpreted this pattern as
reflecting metamorphic resetting (probably through several episodes) of
the primary 3.2 Ga ages, without affecting the Hf-isotope composition.

Nemchin et al. (2006) have argued thatmany of the Jack Hills zircons
no longer retain truemagmatic compositions, either elementally or isoto-
pically, due to weathering, metamorphism or other causes. Rasmussen



Fig. 8.Upper) The evolution of core temperatures (dashed line) and heat production Q, for
the model shown in Fig. 7. Both heat production and core temperatures wane through
time according to the evolution shown, affecting the thermal state of the evolving simula-
tion. Time is non-dimensional in these simulations, andwe keep our results in that format
to facilitate comparison between codes— here a time interval of 0.1 is equivalent to ~1Ga
of real evolution. lower) Evolution of Nusselt number (convective heat flow), for the
model shown in Fig. 7. Four overturn events are apparent, where the lid was rapidly
recycled into the mantle, resulting in the creation of new lithosphere and high resultant
heat fluxes.
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et al. (2010) used xenotime-monazite geochronology and Wilde (2010)
used zircon geochronology, to document several episodes of deposition,
volcanism and low-grade metamorphism through the Jack Hills belt.
Rasmussen et al. (2011) have shown that many of the silicate
(quartz + muscovite) inclusions in the ancient Jack Hills zircons are
metamorphic in origin, and probably have replaced primary inclusions
of apatite and feldspar. Some inclusions with such metamorphic assem-
blages are connected to the grain surface by microcracks, but others are
not, suggesting small-scale permeation of the zircons by fluids. Monazite
and xenotime in the zircons give ages of 2.6 or 0.8 Ga, and temperatures
of 350–490 °C. If fluids have been able to penetrate the zircon grains to
this extent, it is unlikely that the U–Pb systemswould remain unaffected.
Kusiak et al. (2013) have recently demonstrated that Hadean ages, as
well as anomalously young ages, in some Antarctic zircons are artefacts
of the redistribution of Pb within single grains, probably in response to
metamorphic heating and the activity of fluids.

An obvious question is whether this process also could modify the
O-isotope composition of the zircons. Ushikubo et al. (2008) documented
extremely high Li contents, and highly fractionated Li isotopes, in the
Hadean zircons from Jack Hills. They identified this as the signature of
extreme weathering, but then argued for remelting of highly weathered
material to produce the parental magmas of the zircons. However, it
must be questioned whether in fact the high Li represents a secondary
effect on the zircons themselves, as documented by e.g. Gao et al.
(2011).

Wilde et al. (2001) noted correlations between LREE enrichment, in-
creased δ18O and lower U–Pb age within a single grain; although this
was interpreted in terms of evolvingmagma composition, it is also con-
sistent with the infiltration of pre-existing zircon by crustal fluids.
Cavosie et al. (2005) extended the inverse age-δ18O correlation to the
whole population of grains with ages of 4.4–4.2 Ga. The δ18O values of
grains that retain zoning progressively depart from the mantle value
as apparent age decreases, and even larger dispersions of δ18O occur
in grains with disturbed CL patterns. However, Cavosie et al. (2006)
still argued that most of the Jack Hills zircons have magmatic REE
patterns, with only a small proportion showing LREE-enrichment.
Although these were also grainswith disturbed age patterns, the authors
appeared reluctant to consider them as altered by fluid processes.

Valley et al. (2002, 2006) and Pietranik et al. (2008) summarised
published O-isotope analyses of the Jack Hills zircons. A comparison of
the data distributions of O-isotope and Hf-isotope data suggests that
the zircon populations dominated by low εHf values also showa predom-
inance of heavy O-isotopes (δ18O N 6 permil). Lower values appear
mainly in time-slices that contain more zircons with more juvenile Hf.
However, in the dataset reported by Kemp et al. (2010) zircons with
δ18O N 6 permil appear to be present in most time slices.

Valley et al. (2006), Pietranik et al. (2008) and Kemp et al. (2010)
interpreted the high values of δ18O as reflecting the subduction or burial,
leading to remelting, of felsic or mafic rocks that had been altered by
surface water. However, the question remains whether burial and
melting were necessarily involved. Instead, the scatter of high-δ18O
values may represent alteration of zircons by surface (or shallow-
crustal) processes, either throughweathering or during themetamorphic
disturbances documented by Rasmussen et al. (2011). Another question
is whether the inferred high P and T represent long-term burial, or the
effects of large meteorite impacts, producing felsic melts like those
found at the Sudbury impact crater (e.g. Zeit and Marsh, 2006).

Many of the above studies demonstrate the confusion that can arise
from a focus on εHf in isolation. A more nuanced viewmay be gained by
considering the trends in the “raw data”, i.e. the simple variation of Hfi
with time. Fig. 9a shows that the data for the Jack Hills zircons group
into two populations, each with a very small range of Hfi but a wide
range (ca 300 Ma) in age. This effect also has been demonstrated in
single zoned grains, in which younger rims have 177Hf/176Hf similar to
that of the core (Kemp et al., 2010). Fig. 9b shows a similar trend
extending horizontally from ca 3.8 Ga. Another, but less well-defined,
trend may extend horizontally from ca 3.35 Ga. These trends are similar
to, though less extended in terms of age, to those described by Beyer et al.
(2012) in zircons from the Almklovdalen (Norway) peridotites.

We suggest that each of the trends in Fig. 9 represents a single
crustal-formation event (?4.5 Ga; 4.2–4.3 Ga; 3.8–3.9 Ga; ? 3.3–3.4 Ga),
and that most of the age spread in each population reflects (possibly re-
peated) metamorphic disturbance of the U–Pb systems. In contrast,
reworking of a crustal volume with a non-zero Lu/Hf would produce a
noticeable rise in the overall Hfi through time; no such rise is obvious in
either of the two populations outlined in Fig. 9a. The partial resetting of
the U–Pb ages may have occurred during the Proterozoic events docu-
mented by Grange et al. (2010) and Rasmussen et al. (2011), but may
also reflect the events (e.g. impact melting) that grew rims on some
zircons at 3.9–3.4 Ga (Cavosie et al., 2004). Kempet al. (2010) recognized
many of these problems, and attempted to filter their U/Pb–Hf isotope
data on Jack Hills zircons to account for them. They concluded that the
εHf-age correlation in their filtered data is consistent with the evolution
of a mafic crustal reservoir; a similar trend can be seen in the larger
dataset (Fig. 3b). This raises the possibility that further high-precision
datasets, with multiple isotopic systems measured on the same spots of
carefully selected zircons, will be able to define real crustal-evolution
trends in specific areas. At present, the data shown in Fig. 9 do not require
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Fig. 9. Plots of U–Pb age vs 177Hf/176Hf in ancient zircons. Ovals enclose single populations of zirconswith similar Hf-isotope ratios but a range in age.We suggest that each of these trends
represents a single original population of zircons (ca 4.5 Ga, 4.2 Ga and3.8 Ga), inwhich the ages have been reset by surficial ormetamorphic processes, withoutmodifying theHf-isotope
compositions (cf Beyer et al., 2012). More typical plate-tectonic processes appear to begin around 3.4 Ga.
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real crustal reworking, in the sense of burial and remelting, to have
occurred prior to ca 3.5 Ga.

4.2.2. Composition of the earliest crust
Numerous students of the Jack Hills zircons have argued that they

document the presence of a felsic crust and a cool planet early in the
Hadean period (Harrison et al., 2005, 2008; Pietranik et al., 2008;
Valley et al., 2002, 2006). However, as noted above, some of the miner-
alogical evidence for this idea has been questioned. The data of Kemp
et al. (2010) suggest a generally mafic composition for the Hadean
crust. The trace-element data of Cavosie et al. (2006) indicate that
b10% of the analysed grains came from felsic rocks, while 75% of the
40 zircons studied crystallized from intermediate (SiO2 b 65%) melts,
which could represent differentiates of large mafic complexes. Another
possibility is the generation of felsic melts by large-scale meteorite
impact, followedbymagmatic fractionation (e.g. the Sudbury complex).

A “Late Heavy Bombardment” around 4.0–3.8 Ga (Fig. 10a) has been
widely accepted as a mechanism for supplying the upper Earth with a
range of elements (such as the PGE) that are overabundant relative to
the levels expected after the separation of Earth's core (Maier et al.,
2010). However, Bottke et al. (2012) have argued that the heaviest
bombardment would have been earlier, during Hadean time; it would
have begun tapering off by ca 4 Ga, but would have remained a
prominent feature of the surface environment down to ca 3 Ga
(Fig. 10a), andwould have produced large volumes of shallow, relatively
felsic melts, especially during the Hadean and early Archean periods.

4.2.3. Early Archean crustal development
From the discussion above,wewould argue that the existingHadean

zircon data carry no information requiring “crustal reworking” (other
than by impact melting) and cannot be used to infer the presence of
subduction or othermanifestations of plate tectonics; similar conclusions
have been reached by other recent studies (e.g. Kemp et al., 2010).

The same is true of the next juvenile peak at ca 3.85 Ga; in this case
most of the zircons with ages from 3.8 to 3.55 Ga, and some younger
ones, have been modelled as reflecting the reworking of felsic material
produced around 3.85 Ga, with little other juvenile input (e.g. Pietranik
et al. (2008). However, a large proportion of the zircons with ages from
3.85 to 3.4 Ga again define a population (Fig. 9b) that has essentially
constant Hfi over that range of ages, rather than the rising Hfi expected
of an extended crustal-reworking process. Zircons from the 3.4 to
3.6 Ga age range, which represent the “tail” of the population, mostly
have δ18O N6 (Valley et al., 2002). This pattern also is perhaps best
interpreted as the crustal modification of a single population of juvenile
zircons, rather than reworking of large crustal volumes through burial
and melting.
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Fig. 10. Summary of crust–mantle evolution. Grey histogram shows distribution of all zircons in the database for the time period shown; red line shows the probability distribution of these
ages. Green line shows distribution of Re–Os TRDmodel ages for sulfides inmantle-derived xenoliths and xenocrysts. The revised distribution ofmeteorite bombardment intensity (Bottke
et al., 2012) and a generalized summary of older interpretations of the “Late Heavy Bombardment” are shown as LHB. The homogenization of PGE contents in komatiites from 3.5 to 2.9 Ga
(Maier et al., 2010) may mark the major mantle-overturn/circulation events discussed in the text. The O-isotope shift noted by Dhuime et al. (2012) marks the beginning of a quiescent
period, or perhaps the destruction of the crust during the major overturns from 3.5 to 2.9 Ga.
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The situation appears to change significantly beginning with the
juvenile peak at 3.35–3.4 Ga (Figs. 5; 9b). There are still populations
that can be defined by constant Hfi over a range of ages, but there also
is a clear rise in the mean values of Hfi from ca 3.3 to 3.1 Ga. This period
also includes many more zircons derived from truly felsic melts
(Fig. 4b), in contrast to the earlier periods. The pattern suggests a pulse
of juvenile input, followed by 200–300 Ma of real crustal reworking
with continuing minor juvenile contributions.

Overall, the Hadean–MesoArchean Hf-isotope pattern, defined by
several peaks in juvenile material followed by long tails of resetting (or
reworking), is not that of Phanerozoic subduction systems (e.g. Collins
et al., 2011). We suggest that the pattern of the data from 4.5 Ga to ca
3.4 Ga (Fig. 1) represents an essentially stagnant outer Earth (c.f. Kemp
et al., 2010), affected by two interacting processes. One is large-scale
meteorite bombardment, producing localised reworking at each major
impact site, as observed in the Sudbury complex but probably on even
larger scales. The second is the periodic overturn of the asthenospheric
mantle beneath the stagnant lid, bringing up bursts of new melt to
disrupt, recycle and replenish the lid, at intervals of 150–200 Ma, as illus-
trated in Figs. 7 and 8.

4.2.4. Late Archean — the formation of the SCLM (and plate tectonics)
In contrast, the markedly different pattern shown by the NeoArchean

zircons, with a continuous wide range of εHf over 100–200 Ma, is more
consistent with a subuction-type environment.
The original crust, now repeatedly reworked, is still evident in the
data until ca 3.4 Ga (εHf values down to −15 ≈ −20; TDM model ages
≥3.8 Ga), but is less obvious after that. In several ways, the 3.4 Ga “over-
turn” may mark the beginning of a different tectonic style. The sulfide
data presented above (Figs. 6, 10a) suggest that most of the SCLM was
formed between 3.3 and 2.7 Ga. This is consistent with the results of
the Global Lithosphere Architecture Mapping project, which has con-
cluded that at least 70% of all existing SCLM had formed before 2.7 Ga
(Begg et al., 2009, 2010; Griffin et al., 2009, 2011). The Archean SCLM is
unique; it differs clearly from later-formed SCLM in having anomalously
low Fe contents (relative to Mg#). This is a signature of very high-
degree melting at high P (4-6 GPa; Griffin et al., 2009; Herzberg and
Rudnick, 2012), which is consistent with the melting of deep-seated
peridotitic mantle during rapid upwelling.

As noted above, there is a gap in the zircon data as a whole (Fig. 1),
and in the degree of juvenile input (Fig. 2) around 3.1–2.9 Ga, coinciding
with the rapid buildup of the SCLM recorded in the sulfide data (Fig. 10a).
A recent summary of most existing compositional data on crustal rocks
(Keller and Schoen, 2012) shows amarked change in crustal composition
at ca 3 Ga. MgO, Ni, Cr, Na and Na/K are high in the most ancient rocks
and drop sharply at ca 3 Ga; from 3.0 to 2.5 Ga indicators of more felsic
crust increase steadily (Fig. 10b). Dhuime et al. (2012) have defined a sig-
nificant change in the O-isotope compositions of crustal zircons at 3 Ga,
corresponding to a “marked decrease in production of juvenile crust”
(Fig. 10). This time period also coincides with the late stages of mixing

image of Fig.�10


14 W.L. Griffin et al. / Lithos 189 (2014) 2–15
between older (mantle) and newer (surficial, from meteorite bombard-
ment) PGE reservoirs, as recorded in komatiite data (Maier et al., 2010;
Fig. 10a).

We suggest that the apparent gap in the zircon record around this
time reflects larger, more rapid mantle overturns, during which most
of the SCLM was produced. This could cause very chaotic conditions at
the surface, resulting in the loss of contemporaneous crust. In the
upper mantle, it could lead to the mixing observed in the komatiite
PGE record, and to the homogenization and loss of the Hadean mantle
reservoir as a source of crustal magmas (Figs. 1 and 10).

We also infer from these data that the intense magmatism of the
2.9–2.5 Ga period may reflect not only continued mantle overturns,
but the advent of a modern form of plate tectonics. A comparison of
Figs. 1 and 2 shows a marked difference in the relative heights of the
2.75 Ga and 2.5 Ga peaks; the younger episode of magmatism contains
a much higher proportion of juvenile material. In contrast to the earlier
pattern of growth spurts followed by long periods of quiescence, the
overall pattern of the data in this time period shows both intense
reworking of older material (low εHf) and increased input of juvenile
material (high εHf). In the Phanerozoic record, this pattern is seen in the
orogens internal to the assembly of Gondwana (Collins et al., 2011),
and contrasts with the upward trend of the data from external orogens
(i.e. Pacific rim-type settings). These patterns may be related to the
2.9–2.5 Ga assembly of a supercontinent (Kenorland) and imply that
much of the surviving crust from that period represents NeoArchean in-
ternal orogens involved in that assembly.

Naeraa et al. (2012) used zircon data (included here) from the
ancient rocks of W. Greenland to argue for a major change in the
dynamics of crustal growth at this time, a suggestion confirmed by
data from many other regions (Fig. 1). The rapid appearance of large
volumes of highly depleted (and thus both rigid and buoyant) SCLM
moving up to, and about, the surface of the planet would provide a
mechanism for the initiation of modern-style plate tectonics. These
volumes of buoyant SCLM also would provide “life rafts” that would
enhance the possibility of preserving newly formed (and some older)
crust.

In summary, the combined zircon and sulfide data suggest that during
the Hadean and earliest Archean periods, Earth's surface was essentially
stagnant, and probably dominated by mafic rocks. This crust probably
was continually reworked by meteorite bombardment to produce a
range of mafic to felsic melts, analogous to those exposed in the Sudbury
intrusion. The Hadean and early Archean were marked by a series
of mantle overturns or major plume episodes, each followed by
150–300 Ma of quiescence. This regime may have continued up to at
least 3.5 Ga, after which one or more large melting events (mantle
overturns) finally produced the buoyant, highly depleted residues that
formed the first stable SCLM. This activity peaked in the Neo-Archean
and then ceased abruptly by 2.4 Ga. The end of this activity may have
marked the final assembly of the Kenorland supercontinent. Piper
(2013), using paleomagnetic data, has argued that most of the crust
existing by2.5 Ga accumulated into this landmass, resulting in a dramatic
drop inmeanplate velocities,which could in turn be linked to themarked
decrease in magmatic activity from 2.4 to 2.2 Ga (Fig. 2).

4.3. Revising the geologic time scale

The International Geologic Time Scale sets the Hadean–Archean
boundary at 4.0 Ga, and divides the Archean into four approximately
equal time slices (Fig. 1): Eo-Archean (4.0–3.6 Ga), Paleo-Archean (3.6–
3.2 Ga), Meso-Archean (3.2–2.8 Ga) and Neo-Archean (2.8–2.5 Ga.
There is no obvious basis in the present datasets for these divisions, and
we suggest a simplified subdivision, based on the apparent changes in
tectonic style (Fig. 8) at identifiable times.

In the absence of better data, we accept the Hadean–Archean
boundary at 4.0 Ga, although we suggest that the stagnant-lid regime
may have continued for another 500–800 Ma. We propose that the
term Eo-Archean be dropped, since there is little preserved evidence of
magmatic activity between 4.2 Ga and 3.8 Ga, and that PaleoArchean
be used for the period 4.0–3.6 Ga, which contains the oldest preserved
crust, and perhaps evidence for one major overturn. MesoArchean
could be applied to the period 3.6–3.0 Ga, during which overturns
became more prominent, ending with the buildup towards the major
2.8–2.55 Ga magmatism that accompanied the building of the bulk of
the Archean SCLM. NeoArchean can be usefully applied to the period
3.0–2.4 Ga, whichmarks a new tectonic stylewith frequent plume activ-
ity, the beginning of some form of plate tectonics, and the preservation
of large volumes of continental crust. The zircon data suggest that this
activity continued up to ca 2.4 Ga, and then ceased rather abruptly,
marking a natural end to the Neo-Archean period.

This suggested revision appears to be a natural one in terms of the
datasets summarised in Fig. 10. It will be interesting to see how well it
stands the test of time, as more data sets emerge.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2013.08.018.
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