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It is estimated that around three quarters of Earth’s first generation continental crust had been produced 
by the end of the Archaean Eon, 2.5 billion years ago. This ancient continental crust is mostly composed 
of variably deformed and metamorphosed magmatic rocks of the tonalite–trondhjemite–granodiorite 
(TTG) suite that formed by partial melting of hydrated mafic rocks. However, the geodynamic regime 
under which TTG magmas formed is a matter of ongoing debate. Using a filtered global geochemical 
dataset of 563 samples with ages ranging from the Eoarchaean to Neoarchaean (4.0–2.5 Ga), we 
interrogate the bulk rock major oxide and trace element composition of TTGs to assess evidence for 
secular change. Despite a high degree of scatter in the data, the concentrations or ratios of several 
key major oxides and trace elements show statistically significant trends that indicate maxima, minima 
and/or transitions in the interval 3.3–3.0 Ga. Importantly, a change point analysis of K2O/Na2O, Sr/Y and 
LaN/YbN demonstrates a statistically significant (>99% confidence) change during this 300 Ma period. 
These shifts may be linked to a fundamental change in geodynamic regime around the peak in upper 
mantle temperatures from one dominated by non-uniformitarian, deformable stagnant lid processes to 
another dominated by the emergence of global mobile lid or plate tectonic processes by the end of the 
Archaean. A notable change is also evident at 2.8–2.7 Ga that coincides with a major jump in the rate 
of survival of metamorphic rocks with contrasting thermal gradients, which may relate to the emergence 
of more potassic continental arc magmas and an increased preservation potential during collisional 
orogenesis. In many cases, the chemical composition of TTGs shows an increasing spread through the 
Archaean, reflecting the irreversible differentiation of the lithosphere.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Much of Earth’s continental crust was produced during the Ar-
chaean Eon, 4.0–2.5 billion years ago, forming the ancient cratonic 
nuclei, although a large proportion of this crust has since been 
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recycled back into the mantle (Belousova et al., 2010; Dhuime 
et al., 2012; Hawkesworth et al., 2010). Exposed Archaean conti-
nental crust is dominantly composed of deformed and metamor-
phosed sodic granitoids of the tonalite–trondhjemite–granodiorite 
(TTG) suite. TTGs were produced by partial melting of relatively 
low-MgO hydrated basaltic rocks (amphibolites; Foley et al., 2002;
Johnson et al., 2014), and represent first-generation continental 
crust. Understanding how TTGs formed throughout the Archaean 
is to comprehend much about the origin and evolution of Earth’s 
continental crust.

Most TTGs formed at pressures sufficiently high to stabilise gar-
net (Moyen, 2011), requiring minimum melting depths of around 
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20 km (Johnson et al., 2017). Some consider that TTGs formed 
mainly by partial melting of subducting oceanic lithosphere in a 
process analogous to the formation of modern-day adakites (Arndt, 
2013; Drummond and Defant, 1990; Foley et al., 2002; Martin, 
1999; Martin and Moyen, 2002; Polat et al., 2015). Others favour 
non-uniformitarian models, at least in the early Archaean, in which 
TTGs formed in the lower levels of thick (>30 km) plateau-like 
mafic crust following protracted multistage reworking of primitive 
high-MgO primary crust (Bédard, 2006; Johnson et al., 2014, 2017; 
Kamber, 2015; Sizova et al., 2015; Smithies, 2000; Smithies et al., 
2003; Van Kranendonk et al., 2015a).

A fundamental control on geodynamics is the rheology of the 
lithosphere, which is strongly dependent on the temperature of 
the mantle, commonly expressed as the mantle potential tem-
perature, Tp (Herzberg et al., 2010; Putirka, 2016). Petrological 
modelling of tholeiitic basalts (as a proxy for ambient mantle 
temperatures) and plume-related rocks such as komatiites implies 
that mantle temperatures were up to 250 ◦C warmer in the Ar-
chaean compared with the present day (Herzberg et al., 2010;
Putirka, 2016), consistent with thermal models that suggest Tp
may have peaked at around 3.0 Ga (Labrosse and Jaupart, 2007).

Although there is evidence for localised episodes of some 
form of subduction in the early Archaean (Jenner et al., 2009;
O’Neil et al., 2011; Turner et al., 2014), melting in the lower levels 
of a thick, deformable, more-or-less continuous mafic crust (de-
formable stagnant lid or plutonic squishy lid regime) is arguably a 
more likely setting for formation of most TTG magmas, at least 
before the Mesoarchaean (Gardiner et al., 2017; Johnson et al., 
2014, 2017; Rozel et al., 2017; Sizova et al., 2015; Smithies et al., 
2003, 2007; Van Kranendonk et al., 2015a). Importantly, the exis-
tence of different geodynamic environments on Earth at any point 
in time is to be expected considering that the upper mantle tem-
perature may have varied around the globe by 120 ◦C or more in 
the Archaean, as it does today (Herzberg et al., 2007). Nevertheless, 
there is a growing consensus that some form of subduction be-
came the dominant mechanism of lithospheric recycling at some 
time during the late Archaean (Hawkesworth and Brown, 2018;
Korenaga, 2013).

Regional studies report field, structural, geochemical and/or 
geophysical data that have been used to support interpretations 
of convergent margin processes from as early as the late Eoar-
chaean in Greenland, from 3.5 Ga in the Kaapvaal Craton (South-
ern Africa), from 3.2–3.1 Ga in the Pilbara Craton (Western Aus-
tralia) and southern India, and during the Neoarchean in the Su-
perior Province of North America and the North China Craton 
(Calvert et al., 1995; Cawood et al., 2006; de Wit et al., 2018; 
Friend and Nutman, 2005; Kusky et al., 2016; Santosh et al., 2015;
Smithies et al., 2007; Van Kranendonk et al., 2015b). On a global 
scale, statistical analysis of the chemical composition of continental 
igneous rocks with ages spanning 3.8 Ga to the present day reveals 
patterns consistent with secular cooling of the mantle since the 
late Archaean (Keller and Schoene, 2012). The zircon record and 
the median Rb/Sr ratios and SiO2 contents of crustal rocks have 
been attributed to the widespread appearance of subduction at 
around 3.0 Ga (Dhuime et al., 2012, 2015, 2017; Tang et al., 2016). 
This is consistent with the widespread survival of metamorphic 
rocks with contrasting thermal gradients since the Neoarchean that 
may indicate the beginning of subduction and consequent colli-
sional orogenesis at that time, although there is little evidence 
before the Neoproterozoic for the cold collision and deep sub-
duction of continental crust that characterises the modern plate 
tectonic regime (Brown and Johnson, 2018). In summary, there is 
a growing body of evidence that the continental lithosphere was 
stabilised in the Mesoarchean during a transition to some form of 
global plate tectonic regime.
The changing chemical composition of TTGs potentially pro-
vides a window into secular change of mantle temperatures and 
geodynamics during the Archaean. Based largely on the SiO2 con-
tent and Mg# [Mg# = 100 * atomic Mg/(Mg + Fe2+)] of Archaean 
TTGs and modern (Cenozoic) adakites, Smithies (2000) found no 
geochemical evidence for subduction prior to ca 3.0 Ga, although 
he did identify a clear contribution from a mantle component in 
some Neoarchaean TTGs from the Superior Province of Canada. Us-
ing a large dataset of whole rock chemical analyses of (meta)gran-
itoid rocks with crystallization ages spanning the Archaean, Martin 
and Moyen (2002) also noted an overall increase in Mg#, along 
with Ni, Cr, Sr and Na2O + CaO, with decreasing age from 
4.0–2.5 Ga. Increases in Mg#, Ni and Cr were interpreted by these 
authors to record an increasing degree of interaction of ascending 
TTG magmas with the mantle wedge, whereas increases in Sr and 
Na2O + CaO were considered to reflect a successive reduction and 
eventual absence of plagioclase in the TTG source rocks, consistent 
with an increasing depth of melting (Martin and Moyen, 2002;
Smithies, 2000). Thus, these compositional indicators were in-
terpreted within a uniformitarian framework in which secular 
cooling of the upper mantle drove the onset of melting of the 
downgoing slab to successively deeper levels (Martin and Moyen, 
2002). However, basaltic source rocks for some Paleoarchaean TTGs 
are unlikely to have crystallised from primary mantle melts, but 
were themselves derived via protracted reworking of pre-existing 
crust along apparent geotherms that were much warmer than can 
be reasonably ascribed to a subduction setting (Johnson et al., 
2017). In addition, the episodicity in the age distribution of Ar-
chaean continental crust (Fig. 1) may in part reflect enhanced 
periods of juvenile magmatism, at least locally, rather than sim-
ply enhanced preservation during collision (Condie et al., 2018;
Hawkesworth et al., 2018). If this was the case, it is inconsis-
tent with a supra-subduction origin for TTG magmas, in particular 
in the early Archaean when evidence for significant juvenile in-
put is generally lacking (Gardiner et al., 2017; Naeraa et al., 2012;
Walzer and Hendel, 2013).

Here we re-evaluate the secular change recorded in the ma-
jor and trace element composition of TTGs using published whole 
rock data from samples with ages ranging from the Eoarchaean 
to the Neoarchaean. We apply simple quadratic and/or linear fits 
along with more sophisticated time series and change point anal-
ysis to evaluate the evidence for statistically meaningful changes 
in TTG compositions with time. Where such relationships exist, we 
interpret these changes within the context of the secular evolution 
of mantle temperature and the rheology of the lithosphere that 
ultimately led to subduction and the emergence of global plate tec-
tonics during the late Archaean.

2. Methods

The whole rock geochemical dataset for TTGs used in this 
study is a subset of a larger published global dataset of Archaean 
(meta)granitoids (n = 431 of 1098 from Moyen, 2011) augmented 
with analyses of (mainly older) Archaean felsic rocks from the Pil-
bara Craton, Western Australia (n = 73; GSWA), the Yilgarn Craton, 
Western Australia (n = 15; GSWA), southwest Greenland (n = 24; 
Hoffmann et al., 2011, 2014) and the Acasta Gneiss Complex, 
Northwest Territories, Canada (n = 20; Reimink et al., 2016). We 
only consider samples for which crystallisation ages are known, 
mainly via U–Pb dating of magmatic zircon. Although there is 
no strict quantitative compositional definition of TTG, to elimi-
nate more evolved granitic rocks (sensu stricto), and sanukitoids 
and felsic cumulate rocks, we only consider those samples with 
SiO2 ≥ 65%, K2O/Na2O ≤ 0.8 and Sr/Y ≥ 30. We have also ex-
cluded from the Moyen (2011) dataset the gneiss samples of Garde
(1997) with assumed ages of 3.11 Ga, as the age of these rocks is 
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Fig. 1. Histogram (0.02 Gyr bin width) and probability curve (0.02 Gyr bandwidth) for the magmatic ages of the 563 TTG samples used in this study (Supplementary Data 
Table 1) plotted against age. The samples are colour-coded by craton/cratonic fragment. NAC = North Atlantic Craton. (For interpretation of the colours in the figure(s), the 
reader is referred to the web version of this article.)
uncertain and the assumed age is very poorly represented in the 
spectrum of magmatic U–Pb zircon ages (e.g. Roberts and Spencer, 
2014).

The final TTG dataset used in this study comprises 563 samples 
with magmatic ages spanning 3.8–2.5 Ga, the age (in 20 million 
year bins) and locations (in terms of craton or cratonic fragment) 
of which are shown in Fig. 1. Of these samples, 28 are Eoarchaean 
(>3.6 Ga), 154 are Paleoarchaean (3.6–3.2 Ga), 153 are Mesoar-
chaean (3.2–2.8 Ga), and 228 are Neoarchaean (2.8–2.5 Ga) in age 
(the dataset is given in Supplementary Data Table 1). A probability 
density function for these data (Fig. 1) shows pronounced peaks at 
3.50–3.45 Ga, 3.25–3.20 Ga, 2.75–2.70 Ga, and 2.55–2.50 Ga, less 
pronounced peaks at 3.75–3.70 Ga and ca 3.00 Ga, and clear min-
ima at ca 3.65 Ga, 3.35 Ga, 3.10 Ga and 2.60 Ga.

Plots of selected major oxides, Mg# and major oxide ratios ver-
sus age are shown in Fig. 2. Plots of selected trace elements and 
trace element ratios [some normalised against the composition of 
CI chondrite from McDonough and Sun (1995)] versus age are 
shown in Fig. 3. As many samples contain analyses of only a re-
stricted set of trace elements, the data density varies from plot 
to plot. In each case, individual data points are superimposed on 
smoothed kernel density estimates of the data—the blue ‘clouds’—
that simply reflect the density of data in compositional–time space. 
We focus on those major oxides, trace elements and/or ratios con-
sidered to have particular significance for TTG petrogenesis, in par-
ticular in terms of characterising: (i) the degree of partial melting 
of their source rocks (e.g. using K2O contents or K2O/Na2O ratios); 
(ii) the presence of particular minerals, for example garnet, plagio-
clase, hornblende or rutile, in the source rock residues (e.g. using 
Sr/Y, La/Yb, Zr/Sm, Nb/Ta or Th/Nb ratios) from which the depth of 
partial melting is commonly inferred; and (iii) the degree of any 
interaction of the TTG melts with the mantle (e.g. using Ni or Cr), 
all of which have consequences for the geodynamic environment 
in which the TTG magmas formed (Drummond and Defant, 1990;
Foley et al., 2002; Martin and Moyen, 2002; Moyen, 2011).

Initially, we are concerned with whether or not there is a 
temporal maximum or minimum in the data and/or any gradual 
change with time. To establish whether any statistically signifi-
cant maximum or minimum exists, we first apply a quadratic fit 
of the form y = a + bx + cx2, where y is the concentration of an 
element/oxide or a ratio between elements/oxides, and x is time. 
Statistical significance is assessed based on calculated P values. For 
each of the quadratic terms (a, b and c), a calculated P value ≤0.05 
falsifies the null hypothesis that this term has no statistical signifi-
cance. A quadratic fit (solid black line in Figs. 2 and 3) is shown in 
data plots where P values for both the b and c terms are ≤0.05. In 
cases where either (or both) of these values exceed 0.05, we show 
a simple linear fit of the form y = a + bx (dotted black line in 
Figs. 2 and 3) only where the P value for the b term (the slope) is 
≤0.05. If P values for both quadratic (b and/or c term) and linear 
fits (b term) exceed 0.05, no fit is shown. Where statistically mean-
ingful fits exist, we show the associated mean prediction bands at 
a 95% confidence level (white bands in Figs. 2 and 3). In all plots, 
we also show time series data examining any evidence for more 
complex changes. In each case, the solid red line shows the mov-
ing median of the data calculated every 20 Myr using a 0.2 Gyr 
moving window.

3. Results

3.1. Major oxides

Most TTG compositions in the dataset have <75 wt% SiO2 (not 
shown), for which there is no meaningful trend with age. For TiO2
contents (mostly between 0.2 and 0.6 wt%), there is no statisti-
cally meaningful linear or quadratic fit to the data, but the moving 
median falls to a minimum at ca 3.2 Ga (Fig. 2a). Concentrations 
of Al2O3 (mostly between 14 and 17 wt%) show a linear fit in 
which average concentrations reduce slightly with decreasing age, 
whereas the overall spread in the data increases (Fig. 2b). Concen-
trations of both FeOT (mostly 1–4 wt%, considering all Fe as FeO; 
Fig. 2c) and MgO (mostly <2 wt%; Fig. 2d) define weak trends 
of increasing concentration with decreasing age. The moving me-
dian for FeOT defines a minimum at ca 3.2 Ga. A plot of Mg# 
(mostly 40–60) against time shows a statistically meaningful peak 
at ca 2.9 Ga (Fig. 2e). K2O contents, which exhibit a wide de-
gree of scatter up to 4 wt%, show no statistically significant linear 
or quadratic fit, although notably the moving median is generally 
higher after 3.0 Ga than before and the range in concentrations in-
creases with decreasing age (Fig. 2f). Concentrations of Na2O show 
a clear decrease with decreasing age (on average from ∼5.5 wt% 
to ∼4.5 wt%; Fig. 2g), whereas the ratio of K2O/Na2O (Fig. 2h) 
shows a statistically significant minimum (with values of ∼0.3) 
at ca 3.3 Ga. Finally, a plot of the aluminium saturation index 
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Fig. 2. Plots of selected major oxides (as weight %) and major oxide ratios (as logarithmic values) versus age. Individual data points are superimposed on smoothed kernel 
density estimates (blue ‘clouds’). The solid black lines show quadratic fits where these are considered to be statistically significant. The dotted black lines show simple linear 
fits in cases where the quadratic fits are not statistically meaningful. In both cases the white bands show the mean prediction bands calculated at a 95% confidence level. 
Solid red lines show moving medians and dashed red lines show the upper fence, both of which are calculated every 20 million years using a 0.2 Ga moving window. (For 

interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
[ASI = molecular Al2O3/(CaO + Na2O + K2O] indicates that the 
TTGs have compositions that straddle the boundary between per-
aluminous and metaluminous and define a maximum (i.e. highest 
peraluminosity) at around 3.2 Ga (Fig. 2i).

3.2. Trace elements

Ni contents (Fig. 3a) show wide variability, but define a lin-
ear trend increasing from an average of ∼9 ppm at 3.8 Ga to 
∼16 ppm at 2.5 Ga. Notably, the range of Ni concentrations in-
creases significantly with decreasing age. A similar linear increase 
in average values and an increase in the spread of concentra-
tions with decreasing age is shown by Ba (mostly <1500 ppm; 
Fig. 3b). Sr contents (mostly <1000 ppm; Fig. 3c) are not associ-
ated with any simple statistically meaningful fits. However, like Ni 
and Ba, the range of Sr concentrations increases significantly with 
decreasing age, within which the kernel density estimate defines 
a cloud of decreasing Sr concentrations with decreasing age from 
around 3.5 to 2.7 Ga (Fig. 3c). The moving median for Sr shows 
minima at ca 3.7 Ga and ca 3.1 Ga. Similarly, there are no statis-
tically meaningful linear or quadratic fits for LaN/YbN (elemental 
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Fig. 3. Plots of selected trace elements (as parts per million, ppm) and trace element ratios (as logarithmic values, some normalised against CI chondrite) versus age. Individual 
data points are superimposed on smoothed kernel density estimates (blue ‘clouds’). The solid black lines show quadratic fits where these are considered to be statistically 
significant. The dotted black lines show simple linear fits in cases where the quadratic fits are not statistically meaningful. In both cases the white bands show the mean 
prediction bands calculated at a 95% confidence level. Where neither quadratic nor linear fits are statistically meaningful, no fit is shown. Solid red lines show moving 
medians and dashed red lines show the upper fence, both of which are calculated every 20 million years using a 0.2 Ga moving window. (For interpretation of the colours 

in the figure(s), the reader is referred to the web version of this article.)
values normalised against CI chondrite) or Eu/Eu∗ with age. How-
ever, the moving median for LaN/YbN shows a minimum at around 
3.2 Ga (Figs. 2d, e). Although data are relatively scarce, particu-
larly for Ta, the quadratic fit to the Nb/Ta ratios defines a clear 
minimum between 3.3 and 3.2 Ga (Fig. 3f). Notwithstanding that 
the Sr/Y ratios show a high degree of scatter and no simple lin-
ear or quadratic fits, the range of values increases with decreasing 
age and the moving median defines a minimum at ca 3.35 Ga, 
rising to much higher values at 3.2–3.15 Ga (Fig. 3g). The Zr/Sm ra-
tio also shows no meaningful trend with age, although the spread 
of data increases with decreasing age (Fig. 3h). Importantly, with 
the exception of one datum in the Paleoarchaean and another in 
the Mesoarchaean, the only data with Zr/Sm values lower than 
primitive mantle (Zr/Sm < 25.2, shown as the horizontal dashed 
line, Sun and McDonough, 1989) are Neoarchaean in age (n = 16; 
Fig. 3h). The quadratic fit to the Th/Nb ratios shows a statistically 
meaningful minimum between 3.3 and 3.2 Ga, and the moving me-
dian for these data defines a minimum at ca 3.05 Ga (Fig. 3i). Using 
the calibration of Boehnke et al. (2013), calculated Zr saturation 
temperatures (T Zr) are mostly <800 ◦C and define a linear trend 
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Fig. 4. Cumulative sum (CUSUM) change-point analysis for selected geochemical 
proxies. Note that the time axis is non-linear and a function of the density of data 
within particular time intervals. For all the proxies shown here, abrupt shifts are 
evident in the period 3.0–3.3 Ga.

with decreasing age (not shown) in which T Zr decreases slightly 
from around 720 ◦C at 3.8 Ga to around 690 ◦C at 2.5 Ga.

3.3. Change point analysis — step changes in the Earth system

To further assess evidence for significant shifts in the data, and 
determine the most likely age, magnitude, and statistical confi-
dence bounds associated with any such shifts, we use a cumulative 
sum (CUSUM) change-point analysis on selected geochemical dis-
criminants based on a mean shift model (Mustonen et al., 2012). 
This approach has previously been applied to oxygen isotopes in 
zircons from the Pilbara Craton to assess evidence for increased 
crustal recycling at ca 3.2 Ga (Van Kranendonk et al., 2015b). For 
each data point, the CUSUM is calculated by summing all the val-
ues within the time series, with the first cumulative sum set to 
zero. Subsequent cumulative sums in the time series are consid-
ered by adding the difference between the current value and the 
average to the previous sum and visualized on a CUSUM chart 
(Fig. 4). A segment of the CUSUM chart with an upward slope in-
dicates a period where the values tend to be above the overall 
average and vice versa. A sudden change in direction of the CUSUM 
indicates a sudden shift or change in the average, whereas periods 
during which the CUSUM chart follows a relatively straight path 
indicate a period where the average changed little. A confidence 
interval on shifts within the dataset is calculated by bootstrapping, 
involving random reordering of the data to mimic the behaviour of 
the CUSUM value — performing a large number of bootstrap sam-
ples allows an estimate on the change in CUSUM for a condition of 
no change. Values in excess of the bootstrapped random trail indi-
cate that a change has not occurred by chance alone. Bootstrapping 
results in a distribution-free approach with a single assumption, 
that of an independent error structure.

The CUSUM charts for K2O/Na2O, Sr/Y and LaN/YbN (Fig. 4, 
top, middle and bottom panels, respectively), which are commonly 
used as discriminants to elucidate TTG petrogenesis, suggest that 
the period 3.3–3.0 Ga is important, marking an episode during 
which statistically significant (>99%) change occurred. Within this 
time span, the CUSUM values (which are not equivalent to the 
measured values of the discriminant in question) for K2O/Na2O in-
crease sharply from a near minimum value at ca 3.3 Ga to the 
maximum value at ca 3.1 Ga. For Sr/Y the opposite trend is ob-
served, and the period 3.3–3.1 Ga includes both the maximum and 
minimum CUSUM values and a step function to significantly lower 
values with decreasing age close to 3.1 Ga. The plot for LaN/YbN
shows CUSUM values increasing across a ‘plateau’ over the pe-
riod 3.3–3.0 Ga, with a maximum value at ca 3.0 Ga. In summary, 
statistically significant change in the K2O/Na2O, Sr/Y and LaN/YbN
values occurs across the period 3.3 to 3.0 Ga, which is marked by 
the grey band in Fig. 4.

4. Discussion

Modern (Phanerozoic) juvenile mafic volcanic rocks from known 
tectonic settings have distinct compositions, reflecting their deriva-
tion by: (i) partial melting at depth of fertile undepleted mantle 
(e.g. to produce ocean island basalts or continental rift basalts); 
(ii) partial melting of dry depleted upper mantle (i.e. to produce 
mid ocean ridge basalt, or MORB) and; (iii) fluid-fluxed melting 
of the mantle wedge in suprasubduction zone settings (to produce 
oceanic and continental arc rocks). By contrast, mafic igneous rocks 
of Archaean age generally have compositions intermediate between 
those produced by these three end-member scenarios (Moyen and 
Laurent, 2018), suggesting that: (a) Archaean mafic rocks, at least 
those that formed in the early Archaean, were sourced from a 
mantle that was much less differentiated (i.e. neither very depleted 
nor enriched) than that of the modern Earth (Condie et al., 2016), 
and; (b) the Archaean Earth was characterised by a geodynamic 
regime in which the dominant tectonic environments were differ-
ent, most notably lacking any clear distinction between the ‘arc’ 
and ‘non-arc’ settings that are characteristic of the modern Earth 
(Moyen and Laurent, 2018).

Archaean TTGs represent ancient first generation continental 
crust that was derived by partial melting of long-lived hydrated 
basaltic crust (Gardiner et al., 2017; Johnson et al., 2017; Moyen 
and Laurent, 2018). The chemical composition of TTGs reflects: 
(i) the composition of their mafic source rocks; (ii) the degree 
of partial melting of the source rocks; (iii) the depth of melting 
of the source rocks, (iv) fractionation of the TTG magmas during 
ascent and emplacement; (v) contamination of the TTG magmas 
with their mantle and/or crustal host rocks during ascent and em-
placement; and (vi) post-emplacement processes, potentially in-
cluding high-grade crustal metamorphism and partial melting. In 
turn, these fundamental controls are a function of, among other 
things, the geothermal gradient and the availability and composi-
tion of fluids, all of which may change gradually, episodically or 
cyclically.

As a consequence of some or all of these processes, the geo-
chemical signals encoded in TTGs, which reflect the geodynamic 
setting in which the magmas (and/or their source rocks) formed, 
are difficult to disentangle. Despite these complications, some pat-
terns are evident that are statistically, and probably geologically, 
meaningful.
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4.1. Secular change in TTG compositions and the role of fractionation

Notwithstanding that there are concerns regarding the robust-
ness of P values in evaluating scientific hypotheses (Baker, 2016), 
this test when applied to the dataset of TTG rock compositions 
suggests that some discriminants, in particular K2O/Na2O, ASI, 
Nb/Ta and Th/Nb, show statistically meaningful minima or max-
ima in the interval ca 3.3–3.0 Ga (Figs. 2 and 3). Although the 
variations are modest, minima are also evident when plotting the 
moving median for some of the geochemical proxies we consider, 
in particular TiO2, FeOT, MgO, K2O/Na2O, LaN/YbN, Eu/Eu*, Th/Nb 
and, when excluding the (scarce) data older than 3.6 Ga, K2O and 
Sr. Other major oxide and trace element compositions and/or ratios 
exhibit statistically meaningful linear trends, most notably MgO, 
Ni and Ba, which all increase with decreasing age, and Na2O that 
(along with ZrT) decreases (Figs. 2 and 3).

It is likely that most TTGs underwent some degree of fraction-
ation, involving crystallisation of hornblende and/or plagioclase as 
the TTG magmas ascended and cooled (Martin and Moyen, 2002). 
Furthermore, we cannot exclude the possibility that some TTGs in 
the dataset may have partially melted due to subsequent high-
grade metamorphism. In both of these cases, average/median com-
positions may not be as useful in discriminating the petrogenesis 
of the magmas as the maximum values (for oxides/elements/ratios 
with bulk mineral/melt partition coefficients > or �1, and there-
fore compatible in the residua) or minimum values (for discrimi-
nants with bulk mineral/melt partition coefficients < or �1). For 
example, using partition coefficients appropriate for partial melt-
ing of amphibolite (Table 1 of Bédard, 2006), different mixtures of 
residual plagioclase and hornblende will generally result in a de-
crease in Mg#, Ni, Sr, Sr/Y and an increase in Ba, K2O, K2O/Na2O 
and Zr/Sm in the evolved melts. Consequently, the highest val-
ues of Mg#, Ni, Sr, Sr/Y and LaN/YbN, and the lowest values of 
Ba, K2O, K2O/Na2O and Zr/Sm may be regarded as being repre-
sentative of the most primitive TTG magmas (i.e. those reflecting 
the highest degrees of partial melting and/or the lowest degrees 
of fractional crystallization), which may most clearly preserve evi-
dence for the original source characteristics and petrogenetic pro-
cesses. The highest or lowest values correspond to the upper and 
lower envelope of the data, respectively, and, excluding outliers, 
are most easily visualized using the blue kernel density clouds.

The data and kernel density estimates for these selected geo-
chemical discriminants are shown in Fig. 5, along with ‘eye-
ball’ best-fit lines to the top or bottom of the kernel density 
clouds as appropriate. In many cases (e.g. for Mg#, K2O and 
K2O/Na2O; Fig. 5a–c), the visual fits show inflections during the 
period 3.3–3.0 Ga, which again emphasise the significance of 
change during this period, as highlighted by the quadratic fits, 
the moving medians and, in particular, the change point anal-
ysis (Figs. 2–4). For the elements Ni, Ba and Sr, and for Sr/Y, 
these visual fits highlight a more-or-less linear increase with time 
(Fig. 5d–g). For the ratios Zr/Sm and LaN/YbN (Fig. 5h, i), more 
complex patterns may indicate changes that are obscured when 
using simple quadratic or linear fits or a moving median of the 
data. In many cases, in addition to the inflection (maximum or 
minimum) at 3.3–3.0 Ga, a second inflection is evident at ca
2.8–2.7 Ga (Fig. 5a, b, c, g, i). Importantly, even without considera-
tion of rocks >3.6 Ga in age, for which data are scarce, the spread 
(range) of data at any time for many of the geochemical proxies 
increases towards younger samples (Fig. 5).

4.2. Secular change in TTG compositions and the role of pressure and 
temperature of melting

Our statistical evaluation of the data used in this study shows 
that a fundamental change in TTG compositions occurred dur-
ing the period 3.3–3.0 Ga. This period corresponds with an in-
ferred maximum in upper mantle temperatures based on other 
petrological data and thermal modelling (Herzberg et al., 2010;
Labrosse and Jaupart, 2007; Putirka, 2016), which is inferred by 
some to overlap with, or have been preceded by, a major episode 
of plume activity and/or a mantle overturn event (Griffin et al., 
2014; Smithies et al., 2018).

Of the major oxide/trace element compositions and/or ratios 
exhibiting maxima or minima, some are taken to be of particu-
lar petrogenetic significance. The K2O/Na2O ratio, which is low in 
TTGs due to their origin as melts derived from mafic precursors, 
is inversely proportional to the degree of partial melting of the 
hydrated mafic source rocks (Johnson et al., 2017). Thus, the ap-
parent minimum in K2O/Na2O at ca 3.3 Ga (Fig. 2h, Fig. 5c) could 
be interpreted to reflect a temperature maximum.

Of the trace elements, Sr/Y, Nb and Nb/Ta reflect the combined 
role of garnet (which sequesters Y), plagioclase (which sequesters 
Sr), rutile and Ti–Fe oxides (which sequester Ti, Nb and Ta and, in 
the case of rutile, partitions Nb from Ta) and hornblende (which 
preferentially sequesters Nb over Ta, affecting the Nb/Ta ratio), 
which are mostly used to infer the pressure (and depth) of melting 
(Bédard, 2006; Foley et al., 2002; Moyen, 2011). Coinciding with 
the minimum values of K2O/Na2O at ca 3.3 Ga: (i) the moving me-
dian for Sr/Y shows a sharp increase from minimum values around 
3.35 Ga to much higher values from ca 3.3 Ga to ca 3.15 Ga; (ii) the 
moving median for LaN/YbN reaches a minimum at ca 3.2 Ga; and, 
(iii) the quadratic fit for Nb/Ta defines a minimum between 3.3 
and 3.2 Ga (the variability of the moving median for Nb/Ta is a 
function of the scarcity of data). Combined, these data could be in-
terpreted to reflect, on average, an increase in the depth of melting, 
to depths where rutile was stable, the mode of garnet was higher 
in the residue, and plagioclase had become relatively scarce. Al-
though consistent with higher pressures, elevated Sr/Y values could 
also reflect increased consumption of plagioclase in melting reac-
tions due to higher temperatures, more Sr-enriched source rocks 
and/or increased fluid influx (i.e. ‘wet’ melting), and lower Nb/Ta 
ratios may reflect a greater abundance of hornblende in the source 
rocks (and melt residues). Thus, changes in petrogenetically impor-
tant geochemical proxies in the interval 3.3–3.0 Ga are consistent 
with both higher pressure and temperature, and are not necessar-
ily indicative of any particular tectonic setting.

For many of the geochemical discriminants investigated, the 
density clouds of data show inflections at 2.8–2.7 Ga (Fig. 5). This 
period correlates with a peak in the abundance of measured zircon 
ages (Condie and Aster, 2010; Roberts and Spencer, 2014), which 
has been interpreted by some to record a major pulse in the pro-
duction of continental crust due to an increase in plume activity 
and/or a mantle overturn event at this time (Griffin et al., 2014;
Smithies et al., 2018). Alternatively, during this period TTGs could 
have been derived from ‘contaminated’ source rocks that were 
modified by earlier subduction-like events (Sizova et al., 2015), 
rather than having been produced directly in association with sub-
duction. However, for this period we note that the dataset used 
in this study is dominated by samples from the Superior craton 
(Fig. 1), and thus the inflections shown in Fig. 5 may simply reflect 
a local rather than a global event. Finally, the interval 2.8–2.7 Ga 
coincides with a major change in the rate of survival of metamor-
phic rocks with contrasting thermal gradients (Brown and Johnson, 
2018). This may indicate that Neoarchean TTGs were related to 
the emergence of more compositionally evolved (Si, K and Zr-rich) 
granitic continental arc magmas that were both more likely to 
saturate in Zr during crystallisation and have an increased preser-
vation potential during collisional orogenesis (Cawood et al., 2013;
Hawkesworth et al., 2018). This is consistent with a modest but 
statistically significant fall in T Zr with decreasing age.
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Fig. 5. Plots of selected geochemical data, showing individual data points superimposed on smoothed kernel density estimates (blue ‘clouds’). The red lines are ‘eyeballed’ 
best-fit lines to the top or bottom of the kernel density clouds based on whether the proxy would be depleted or enriched in the magma by fractional crystallisation of 
hornblende and plagioclase. The grey bands highlight the period 3.3–3.0 Ga that is argued to record a fundamental transition (see text and Figs. 2–4). (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)
4.3. The emergence of global plate tectonics

A growing body of petrological and geochemical (including iso-
topic) evidence from diverse datasets has been interpreted to indi-
cate the widespread appearance of subduction in the Mesoarchean, 
ultimately leading to stabilisation of the lithosphere and a glob-
ally linked network of plate boundaries (i.e. plate tectonics) by the 
end of the Archaean (Bercovici and Ricard, 2014; Brown and John-
son, 2018; Dhuime et al., 2012, 2015, 2017; Griffin et al., 2014;
Hawkesworth and Brown, 2018; Moyen and Laurent, 2018; Naeraa 
et al., 2012; Smithies et al., 2018; Van Kranendonk et al., 2015b). 
For the TTG dataset discussed here, we have emphasised a statis-
tical approach that has identified clearly the importance of some 
fundamental change across the interval 3.3–3.0 Ga, which is par-
ticularly clear in the change point analysis (Fig. 4).

The emergence of global plate tectonics is likely to have been a 
manifestation of secular cooling of the upper mantle after 3.0 Ga. 
In a mobile lid regime, which may have become global during 
the Neoarchaean, continental crust is more likely to have been 
produced in association with subduction. As a result, during the 
late Archaean, when upper mantle temperatures were significantly 
warmer than at present, TTGs may have been produced from direct 
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melting of the hydrated basaltic crust at the top of the downgo-
ing slab, in a similar manner to that proposed for the produc-
tion of some adakites on the contemporary Earth. Such a mech-
anism implies a mantle contribution as the slab melts traverse 
the mantle wedge, consistent with the data for MgO (Fig. 2d), Ni 
(Fig. 3a) and Cr (not shown). These geochemical discriminants all 
increase with decreasing age, consistent with secular cooling driv-
ing melting of the downgoing slab to successively deeper levels, 
thereby allowing the TTG melts/magmas to interact with a greater 
thickness of mantle wedge on ascent (Martin and Moyen, 2002;
Smithies, 2000). The correlation between these discriminants and 
Ba suggests some form of fluxed melting. Although this may be 
consistent with an increasing contribution from the mantle wedge, 
it may also indicate an increasing role for remelting of a modi-
fied lithospheric mantle component, for which subduction is not 
required (Bédard, 2018).

If the period 3.3–3.0 Ga marks a transition to the start of sec-
ular cooling of the upper mantle and the eventual emergence of 
global plate tectonics, an increase in the depth of melting of the 
downgoing slab with time should result in an increase in appro-
priate pressure/depth-sensitive geochemical proxies. Notably, the 
upper bounds of the data density clouds for LaN/YbN, Sr/Y and 
Sr, which should increase with depth due to the enhanced sta-
bility of garnet and reduced stability of plagioclase (Moyen, 2011), 
all increase with decreasing age (Fig. 5f–h). Moreover, the mov-
ing medians for these discriminants increase from 3.2–3.1 Ga to 
ca 2.9 Ga or younger (in the case of Sr), although both LaN/YbN
and Sr/Y decline after 2.9 Ga, possibly as a result of a postulated 
mantle plume/overturn event at 2.8–2.7 Ga (Griffin et al., 2014;
Smithies et al., 2018).

Notwithstanding that the plot of Zr/Sm versus age shows no 
simple statistically meaningful fit, the moving median for these 
data decline with time, as does the lower bound to the kernel 
density cloud (Fig. 3h; Fig. 5i). The large majority of data points 
with values below primitive mantle (16 of 18) are Neoarchaean 
in age, although these data exhibit a very large spread (Fig. 3h). 
Sub-primitive mantle values of Zr/Sm are characteristic of island 
arc basalts (Foley et al., 2002; their Fig. 1a). Given that the com-
position of TTGs in part reflects that of their source rocks, such 
primitive values are consistent with a significantly increased role 
for subduction, or for subduction-modified sources, in the genesis 
of TTGs after 2.8 Ga.

Lastly, subduction-related basalts on the modern Earth are as-
sociated with Th/Nb ratios that are elevated relative to those from 
within-plate settings (Pearce, 2008). Although Th/Nb ratios show 
a broad continuum in magmatic rocks of Archaean age (Moyen 
and Laurent, 2018), and such ‘arc-like’ signatures must be treated 
with caution when ascribing particular tectonic settings to Ar-
chaean rocks (Johnson et al., 2017; Pearce, 2008), for Archaean 
TTGs this ratio shows minimum values between 3.3 and 3.0 Ga 
(Fig. 3i) that might reflect a preponderance of within-plate basaltic 
source rocks at this time. A similar feature is shown on a plot of 
Th/Nb ratios from 3.8–2.7 Ga (predominantly) mafic rocks (Fig. 4 
of Hawkesworth et al., 2018), in which low Nb/Th ratios from 3.5 
to 3.0 Ga are dominated by data from the Pilbara craton, with a 
single datum from Barberton. Although the TTG data presented 
here considers more localities, the 3.6–3.1 Ga data are dominated 
by samples from the Pilbara and Kaapvaal cratons (Fig. 1). Thus, 
whether or not the Th/Nb ratios of Archaean TTG record a local 
rather than global signature is equivocal.

In summary, data from this study and elsewhere indicate that 
the first two billion years of Earth’s history were marked by fun-
damental changes culminating in a transition from a deformable 
stagnant lid, probably with localised episodes of ‘proto-subduction’, 
to some form of global plate tectonic (mobile lid) geodynamic 
regime (Bédard, 2018; Bercovici and Ricard, 2014; Hawkesworth 
and Brown, 2018; Sizova et al., 2015). During this period, the crust 
likely evolved from one that was dominantly mafic in the Hadean 
and Eoarchaean (Johnson et al., 2018; O’Neil and Carlson, 2017;
Reimink et al., 2016; Tang et al., 2016) to one that was more differ-
entiated in the Neoarchaean. It has been argued elsewhere that the 
first voluminous TTG magmas formed at the base of increasingly 
thick plateau-like units of mafic crust in the late Eoarchean to Pa-
leoarchean, leading to stabilisation of the first ancient continental 
nuclei (Johnson et al., 2017). Growth of first generation continen-
tal crust continued as mantle temperatures reached a peak in the 
late Paleoarchean to Mesoarchean. Thereafter, cooling of the upper 
mantle led eventually to the widespread appearance of subduction 
and the emergence of global plate tectonics. The modern style of 
plate tectonics, which is characterised by cold collision and deep 
subduction of continental crust, did not begin until the Neopro-
terozoic (Brown and Johnson, 2018).

4.4. The irreversible differentiation of the lithosphere

Other than the evidence for a significant change across the in-
terval 3.3–3.0 Ga, perhaps the most striking feature of the data is 
the increase in compositional variability with time, which is par-
ticularly clear by visual inspection of the data density clouds for 
Al2O3, MgO, K2O, Ni, Ba, Sr, Eu/Eu*, Nb/Ta, Sr/Y and Zr/Sm (Fig. 5). 
The notable increase in the spread of data with time is consis-
tent with a greater degree of reworking of pre-existing crustal 
rocks (Gardiner et al., 2017). Thus, we interpret these observa-
tions to indicate that the compositional range of hydrated basaltic 
TTG source rocks increased with time, and that early formed TTGs 
may have remelted to produce more granitic melts leaving behind 
plagioclase-and hornblende-rich residua. This suggestion is con-
sistent with the decrease in ZrT with time and the increase in 
preserved zircon in the Neoarchean.

5. Conclusions

Interrogation of a global database of TTG magmatic rocks in-
terpreted to represent first generation Archaean continental crust 
(i.e. derived from the partial melting of hydrated metabasic rocks) 
reveals the following:

(i) Although the data exhibit a high degree of scatter, the con-
centrations or ratios of several key major oxide and trace ele-
ments show statistically significant trends that indicate max-
ima, minima and/or transitions in the interval 3.3–3.0 Ga. 
Importantly, a change point analysis of K2O/Na2O, Sr/Y and 
LaN/YbN demonstrates a statistically significant (>99% confi-
dence) change during the period 3.3–3.0 Ga.

(ii) The period 3.3–3.0 Ga coincides with an inferred peak in up-
per mantle temperatures such that the fundamental change 
in geodynamic regime may be linked to the onset of secular 
cooling of the mantle. Although any link between chemical 
composition and geodynamic regime is tenuous for the Ar-
chaean, our results are consistent with other studies.

(iii) Another notable change at 2.8–2.7 Ga may relate to the emer-
gence of more potassic continental arc magmas and an in-
creased preservation potential during collisional orogenesis.

(iv) The chemical composition of TTGs shows an increasing spread 
through the Archaean, reflecting the irreversible differentia-
tion of the lithosphere.
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