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The emergence of subaerial landmasses should have inevitably modulated the
chemical composition of the atmosphere-ocean and long term climate. However,
it remains controversial when major subaerial landmasses first emerged in Earth’s
history. Herewe show that themeanK/La of globally continentalmafic volcanic rocks
declined from a fairly high value (∼2125) to a magmatic background (∼582, indicated
by continental mafic plutonic rocks) during 3.0–2.7 Ga. It can only be explained by
a progressive reduction in the proportion of submarine hydrothermally altered mafic
volcanic samples and thus records a gradual rise of major subaerial landmasses from
3.0 to 2.7 Ga, likely to a present day level since 2.7 Ga. The rise and maintaining of
major subaerial landmasses were intrinsically controlled by a dynamic balance of
mountain building processes dominantly driven by plate tectonics and subsidence
due to weathering erosion and thermal relaxation.
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Introduction

Determining when major subaerial landmasses first emerged
and how they rose is the key to understand secular evolution
of Earth’s ecosystem, but remains challenging. Static models
considering multiple parameters (e.g., crustal thickness, density
andmantle potential temperature) suggest the rise of major sub-
aerial landmasses from the late Archean to the Neoproterozoic
(Flament et al., 2008; Lee et al., 2017). Exposed landmasses have
been traced back to as early as∼3.5 Ga (e.g., detrital sediments in
the East Pilbara Craton; Buick et al., 1995; Campbell and Davies,
2017), as indicated by geological records of uplift-subsidence
cycles (e.g., in the East Pilbara Craton during ∼3.5–3.2 Ga;
Campbell and Davies, 2017). Early subaerial landmasses may
have experienced subsidence and eventually submerged below
sea level again, due to crustal erosion and thermal relaxation
of continental lithospheric mantle root (Lee et al., 2017).
Accordingly, it remains unclear to what extent sporadic geologi-
cal records can reflect the relative proportion of subaerial land-
masses with time.

An increase in subaerial large igneous provinces (LIPs)
and a stepwise change of trip-oxygen-isotope (Δ17O) composi-
tion of shales indicate major landmasses could have rapidly
emerged above sea level at the Archean-Proterozoic boundary
(Kump and Barley, 2007; Bindeman et al., 2018). Most in-
triguingly, it was coincident with Earth’s first blast of molecular
oxygen (i.e. the Great Oxidation Event (GOE)) and has been
proposed as a key driving force for theGOE, probably by increas-
ing oxidised subaerial volcanic gases (Kump and Barley, 2007;
Gaillard et al., 2011) and decreasing O2 sinks (e.g., H2, CH4) of
weathering and alteration (Smit and Mezger, 2017). Both the

number of subaerial LIPs and the Δ17O values of shales, how-
ever, appear too muted to reveal the emergence of subaerial
landmasses. Here we show the mean K/La of global continental
mafic volcanic rocks as a novel proxy to unravel the emergence
history of subaerial landmasses.

Rationale & Results

As highly incompatible elements, K and La do not fractionate
from each other significantly during mafic magma processes.
In contrast, K and La behaviour are very different during weath-
ering and alteration at the surface. K is water-soluble and can
thereby be easily removed during chemical weathering, while
La is largely insoluble and thus immobile in this process.
Weathered subaerial mafic rocks thus on average have depleted
K/La (Ma et al., 2007). With input from riverine runoff and high
temperature (>100 or 150 °C) submarine hydrothermal proc-
esses (Hofmann and Harris, 2008; Staudigel, 2014), K is highly
enriched relative to La in seawater. For submarine magma erup-
tions, the K/La of altered mafic volcanic rocks can be strongly
elevated during low temperature hydrothermal alteration
(<100 or 150 °C) with seawater (e.g., hydrothermally altered
basalts; Fig. 1) (Hofmann and Harris, 2008; Staudigel, 2014;
Supplementary Information). Therefore, mafic volcanic rocks
in submarine eruptions are expected to possess systematically
higher K/La compared to subaerial eruptions. Accordingly, the
mean K/La of global continental mafic volcanic rocks could be
an ideal proxy to track the relative proportion of submarine to
subaerial eruptions over time.
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The weighted bootstrap re-sampling method with Monte
Carlo simulations was applied to reveal secular changes in the
K/La of less differentiated (SiO2: 43–51 wt. %) global continental
mafic volcanic and plutonic rocks (Fig. S-1) (Keller and Schoene,
2012; Supplementary Information). Mean K/La values of
continental igneous rocks were calculated in 100 Ma bins with
uncertainty of 1 standard error of the mean (1 s.e.m.) (Fig. 2a,
Table S-1). Mafic plutons intruded at depths and thus have
been least affected by superficial seawater-rock interactions
(Fig. S-2). Accordingly, these rocks can serve as a magmatic
background, which yields a nearly constant mean K/La since
3.6 Ga (582 ± 92, 1 standard deviation; 1 s.d.), whereas the mean
K/La of mafic volcanic rocks exhibits a substantial change
through time. What is striking in mafic volcanic rocks is much
higher mean K/La at pre-3.0 Ga—yielding an average value of
2125 ± 309 (1 s.d.)—that progressively decline to near the mag-
matic background (584 ± 83, 1 s.e.m.) at 2.7 Ga. Three transient
positive excursions of K/La have been identified for post-2.7 Ga
mafic volcanic rocks, i.e. at 0.4, 0.8 and 2.6 Ga, coincident
with global tectono-magmatism lulls (Voice et al., 2011;
Hawkesworth et al., 2017). Without considering these excur-
sions, the mean K/La of post-2.7 Ga mafic volcanic rocks yield
an average of 536 ± 74 (1 s.d.) statistically lower than the mag-
matic background (t test, p< 0.01). It indicates distinguishable K
depletion relative to La in post-2.7 Ga volcanic rocks relative to
their intrusive equilibrants (Fig. 2a).

Discussion

With the development of plate tectonics (Tang et al., 2016),
differentiation in subduction zones and recycling of crustalmate-
rials created substantial mantle heterogeneity. On the one hand,
influx ofmore K relative to La into themantle wedge via aqueous
fluids derived from subducted sediments and oceanic slabs
(Kelemen et al., 2014), tends to produce arc basalts with ele-
vated K/La (e.g., average of continental arc basalts; Fig. 2a).
On the other hand, recycling of dehydrated crustal materials
can account for some intra-plate basalts with depleted K/La

(e.g., average K/La values of Deccan Traps and Siberia LIPs
are∼201 and∼161, respectively; Farmer, 2014). However, devel-
opment of mantle reservoirs with differentiated K/La (e.g., OIB,
N-MORB, E-MORB; Sun andMcDonough, 1989) appears not to
have significantly changed the mean K/La of global mafic mag-
mas with time, as illustrated by nearly constant mean K/La of
mafic plutons since 3.6 Ga (Fig. 2a).

Crustal contamination can elevate K/La of continentalmafic
magmas to various extents by interaction with felsic continental
crust with a higher K/La (Fig. 2a). On the contrary, K2O/Na2O
of felsic continents increases since ∼3.0 Ga reaching a modern

Figure 1 K/La of fresh and hydrothermally altered basalts, exem-
plified by DSDP and ODP sites 417A, 417D, 418A, 801C, 843B,
1140D and 1149B (see Supplementary Information). Mean normal
mid-ocean ridge basalts (N-MORB) and enriched mid-ocean ridge
basalts (E-MORB) are from Sun and McDonough (1989).

Figure 2 (a) Secular mean K/La evolution of global continental
mafic volcanic andplutonic rocks. Error bars show1 s.e.m.uncertain-
ties. Modern geological reservoirs are shown as grey arrows with
numbers: (1) upper continental crust, (2) continental arc basalts,
(3) lower continental crust, (4) primitive mantle, (5) E-MORB,
(6) ocean island basalts (OIB), (7) N-MORB (Sun and McDonough,
1989; Kelemenet al., 2014; Rudnick andGao, 2014). Secular changes
in (b)normalised seawater 87Sr/86Sr curve (Shieldset al., 2007), (c) the
juvenile continental crustal thickness (Dhuime et al., 2015), (d) the
upper continental crustal mass (Tang et al., 2016), and (e) atmos-
pheric O2 level (Lyons et al., 2014) are also shown for comparison.
Global detrital zircon U-Pb age distribution (Voice et al., 2011) is
plotted at the top of the figure, with the periods of supercontinents
assembly (Hawkesworth et al., 2017).
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value at ∼2.5 Ga (Fig. S-3). Contamination by felsic continental
crust thus cannot explain the nearly contemporaneous decline
in the mean K/La of mafic volcanic rocks. Further, mean K/La val-
ues of global mafic volcanic rocks at pre-2.7 Ga are too high
(∼1039–2580; Table S-1) to be explained by crustal contamination,
as the mean K/La of the modern upper continental crust is only
∼750 (Rudnick and Gao, 2014; Fig. 2a). Archean mafic volcanic
andplutonic samples could both have been subjected tometamor-
phism. However, the nearly invariable mean K/La of mafic plu-
tonic rocks over time indicates that metamorphism may have
not significantly changed mean K/La of global mafic rocks.

The mean K/La of mafic volcanic rocks prior to ∼3.0 Ga is
too high to be subjected to any magmatic and metamorphic ori-
gin. Instead, such high values, to our knowledge, can only be
explained by influence of widespread low temperature sea-
water-rock interactions on these mafic volcanic rocks (Figs. 1,
S-2). Therefore, the remarkably elevated mean K/La of pre-3.0
Gamafic volcanic rocks reveals magma eruptions predominantly
at a submarine environment (Fig. 3a), supporting the consensus
that most early Archean landmasses were still below sea level
(Bindeman et al., 2018). The mantle-like seawater 87Sr/86Sr com-
positions in pre-3.0 Ga (Shields, 2007; Fig. 2b) may also reflect
limited erosion of proto-landmasses and a largely submarine
state for early Archean landmasses.

Potassium mobility could be quite different during anoxic
versus oxic alteration of basalts (Jagoutz, 2012). Saponite forms in
anoxic altered basalts while celadonite forms in oxic altered
basalts. The former mineral contains a much lower K2O content
than the latter one. Therefore, transition fromwidespread anoxic
to oxic alteration across the GOE would predict a systematic
increase in the K/La of global mafic volcanic rocks, which is
inconsistent with the reverse trend observed in Figure 2a.
Instead, the progressive decrease in mean K/La of mafic volcanic
rocks during ∼3.0–2.7 Ga may reflect a gradual decline in the
proportion of magmas that erupted at submarine environments
and experienced hydrothermal alteration, in other words, the
emergence of subaerial landmasses (Fig. 3b). After this transi-
tion, the relatively steady mean K/La of mafic volcanic rocks
suggests that, on the whole, the area of subaerial landmasses
has not significantly changed since ∼2.7 Ga. Statistical analysis
on the mean K/La of global mafic volcanic and plutonic rocks
thus provides a compelling record for the rise of major subaerial
landmasses during ∼3.0–2.7 Ga, likely to a present day level
since ∼2.7 Ga (Figs. 2a, 3b).

The gradual rise of major subaerial landmasses during
∼3.0–2.7 Ga can be supported by multiple geological observa-
tions. Emergence of large subaerial landmasses initially occurred
at ∼3.0 Ga at the Kaapvaal craton (e.g., Pongola-Wiwatersrand

Figure 3 Schematic diagrams illustrating submarine versus subaerial states of landmasses in the Archean era. (a) Largely submarine state of
proto-landmasses at pre-3.0Ga. (b)Rise of subaerial landmasses during∼3.0–2.7Ga, likely drivenby initiation of plate tectonics and assembly
of the first supercontinent. These tectono-magmatic events can create high elevations as happens at present day (c) Tibet and (d) Andes
plateaus (see Supplementary Information).
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Basin; with an area of hundreds of square kilometres of exposed
surface; Kump and Barley, 2007; Korenaga et al., 2017) that then
extended to various cratons at ∼2.7 Ga (e.g., Kalgoorlie-
Kambalda, Abitibi, Slave, Dharwar, Zimbabwe, Wyoming,
Kaapvaal and Pilbara; Kump and Barley, 2007; Campbell and
Davies, 2017). Increasing seawater 87Sr/86Sr isotopic ratios since
∼3.0 Ga may reflect more extensive chemical weathering of
exposed landmasses at that time (Fig. 2b). The earliest mature
detrital zircon age distributions at ∼3.0–2.8 Ga also indicates
widespread rise of subaerial continents at that time (Reimink et al.,
2021).

The area of global subaerial landmasses in Earth’s history
is regulated by water volume in the hydrosphere, topography
differentiation driven by tectono-magmatic events (likely what
happens at present day Tibet and Andes plateaus; Fig. 3c,d) as
well as processes that eliminate topography difference, e.g.,
weathering erosion and subsidence due to thermal relaxation
of continental lithospheric mantle root (Lee et al., 2017). More
than 50 % water in the hydrosphere has been suggested to be
returned back to the mantle through subduction in the past
(Korenaga et al., 2017). Here we consider that the decline in
the total water volume of the hydrosphere was minor during
the rise of major subaerial landmasses, as Archean subduction
zones, if they existed, were hot and deep subduction of water
should have been prevented by prevailing slab melting (Rapp
et al., 2003).

Crustal thickness plays an important role in controlling
continental elevations (Lee et al., 2017). Rapid growth of crustal
thickness as well as felsic components since ∼3.0 Ga (Tang et al.,
2016; Dhuime et al., 2015) should have increased continental ele-
vations. However, static models with consideration of the crustal
thickness, density and mantle potential temperature predict the
rise of major subaerial landmasses until the Neoproterozoic
(Lee et al., 2017). Instead, the rise of major subaerial landmasses
during∼3.0–2.7Ga can be explained by initiation of plate tecton-
ics (∼3.0 Ga; Tang et al., 2016) and assembly of the Earth’s
first supercontinent (Kenorland), which was marked by the first
burst of felsic magmatism at ∼2.7–2.5 Ga (Voice et al., 2011;
Hawkesworth et al., 2017; Fig. 2). Continuous subduction with
the episodic assembly of supercontinents could have provided
persistent mountain building processes globally, which must
have largely overcome weathering erosion and thermal sub-
sidence to keep the area of global subaerial landmasses nearly
constant since ∼2.7 Ga. The three K/La positive excursions of
mafic volcanic rocks may have recorded several periods with
a shrunken area of global subaerial landmasses, which can be
explained by weaker orogeny during tectono-magmatic lulls
(Fig. 2a).

Submarine landmasses universal in the early Archean,
indicated by the extremely high mean K/La of mafic volcanic
rocks (Figs. 2a, 3a), with widespread submarine hydrothermal
processes and serpentinisation of ultramafic-mafic rocks could
have buffered a reduced atmosphere (Smit et al., 2017) and pro-
vided proper environments (e.g., N2, Hþ, temperature) for early
life (Sleep et al., 2011). For instance, H2-rich fluids were likely to
support the prosperity of methanogens and promote complex
organic compounds (biotic or prebiotic life) in pristine seas
(Hofmann andHarris, 2008). Intriguingly, the emergence of sub-
aerial landmasses has been proposed as a key driving force for
the GOE (Kump and Barley, 2007; Gaillard et al., 2011). A “time
lag” is identified here between the rise of major subaerial land-
masses and the initiation of the GOE (Lyons et al., 2014; Fig. 2e).
This time lag may not be explained by the delayed response of
the surficial systems to evolution of the solid Earth, if a steady
atmospheric oxygen level could be established at a time scale
<50 Ma (Laakso and Schrag, 2014). Accordingly, the emergence

of subaerial landmasses during ∼3.0–2.7 Ga most likely acted as
a precondition rather than a trigger for the GOE. This study sug-
gests alternative mechanisms, e.g., the evolution of oxygen
photosynthesis, sedimentary burial of organic carbon (Lyons
et al., 2014) and/or deep oxygen cycles driven by volatiles
(He et al., 2019), have eventually triggered the GOE.
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