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Abstract: The carbon cycle is an important process that regulates Earth’s evolution. We compare two typical periods, in the
Paleoproterozoic and Neoproterozoic, in which many geological events occurred. It remains an open question when modern
plate tectonics started on Earth and how it has influenced the carbon cycle through time. In the Paleoproterozoic, intense
weathering in a highly CO, and CH,4 rich atmosphere caused more nutritional elements to be carried into the ocean.
Terrestrial input boosted high biological productivity, deposition of sediments and the formation of an altered oceanic crust,
which may have promoted an increase in the oxygen content. Sediment lubrication and a decrease in mantle potential
temperature made cold and deep subduction possible, which carried more carbon into the deep mantle. Carbon can be stored
in the mantle as diamond and carbonated mantle rocks, being released by arc and mid-ocean ridge outgassing at widely
different times. From the Paleoproterozoic through the Neoproterozoic to the Phanerozoic, the carbon cycle has promoted

the evolution of a habitable Earth.
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1 Introduction

Carbon plays a significant role in the development of
the Earth system. Carbon not only participates in the
construction of the biosphere as the most basic element of
life, but also influences Earth’s evolution. In the
atmosphere, the content of CO, and CH,; has affected
global climate change throughout Earth’s history. Being
an important agent for carbonatite metasomatism, it
influences the lithospheric mantle oxygen fugacity through
deep subduction and forms carbon reservoirs at different
depths in the form of diamonds and other carbon-bearing
rocks, causing mantle heterogeneity (Dasgupta and
Hirschmann, 2010). The carbonated mantle at different
depths has reciprocally produced various magmas (basalt
magma, carbonatite magma, etc.) during different
geological periods, slowly releasing the carbon which was
previously stored in the deep mantle, thus affecting the
carbon content of surface-atmosphere composition and
cycling over a protracted period (Penman et al., 2020).
Therefore, by studying the carbon cycle, we can explore
how Earth’s surface and the deep earth have interacted
during important geological events, thus profoundly
influencing the interaction and co-evolutionary process
between the realms of Earth’s surface and the deep earth.

The diversity of carbon forms can be represented in gas,
liquid and solid phases of carbon in different spheres (CO,
and CHy in the atmosphere, carbon-based organic matter
in the biosphere, carbonate, carbonate ion in the
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hydrosphere and carbonatite magma, diamond, carbonated
peridotite in the mantle, etc.) and their respective special
isotopic compositions during Earth's material cycle.
However, the exchange of materials and energy between
different reservoirs and spheres can be reflected through
the changes in carbon phases and geochemical properties.
With the exception of carbon, other elements with high
abundance on Earth do not exhibit these characteristics,
such as potassium, sodium, calcium, magnesium, iron,
aluminum, phosphorus, silicon, nitrogen, and so on. As
hydrogen, oxygen, and nitrogen cannot exist as typical
rocks in the deep earth, it is challenging to identify their
possible sources in Earth’s deep parts. Furthermore, with
the exception of carbon, the deep mantle has no
independent huge reservoir reflecting these characteristics
of the elements, making it difficult to define their
migratory processes. Therefore, carbon is the best
information carrier for earth's material cycle. This process
is also reflected in Earth's surface environment as CO, is
exhausted from the atmosphere to solution ions in the
form of CO;*> and HCO; , then flows into the sea with
surface runoff. In the ocean, the terrestrial weathering
materials enriched with C, Fe, Na, P, Mg and other
biological nutrient elements promote  biological
reproduction and carbon fixation of marine organisms,
which resulting in the deposition of organic carbon and
carbonate rocks on the ocean floor (Ganade De Araujo et
al., 2014). Simultaneously, the elevated contents of K",
Na’, CO;> and HCO; in the ocean also promote the
weathering of the ocean floor, forming carbonated basalt
and peridotite. During subduction, these carbon-rich
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materials deposited on the ocean floor can be released and
either re-fixed at different depths of the subduction zone,
or subducted into the deep mantle (Plank and Manning,
2019). In the shallow part of the subduction zone, due to
changes in temperature and pressure, partially-
consolidated carbon re-enters the atmosphere through
decarbonation processes such as dissolution and melting,
as with metamorphism and island arc magmatism,
regulating the greenhouse gas content of the atmosphere
and affecting Earth’s surface temperature (McKenzie et
al., 2016). The changes in Earth’s surface temperature
reciprocally promotes or suppresses the weathering
process. In the deep mantle, the overlying mantle
lithosphere is metasomatized by carbon-rich melts and
fluids formed by the dissolving and melting of subducting
plates and the carbonatite metasomatic lithospheric mantle
is transformed into a huge sink storing large amounts of
carbon (Tappe et al., 2017). This transformed carbon-
bearing mantle is also a source of atmospheric CO, via
intraplate volcanism over a longer time scale than from
shallow decarbonation. Thus, climate change on a global
scale is profoundly affected by the deep carbon cycle.

The atmosphere of the early Earth (>2.5 Ga) was full of
carbon-rich gases such as CO, and CH, (Pavlov et al,
2000), rather than an atmosphere dominated by nitrogen
and oxygen, as in the Phanerozoic eon. The early process of
carbon being removed from the atmosphere and entering the
mantle for sequestration has profoundly affected the
evolution of both the atmosphere and of Earth's interior.
The starting time and operating mechanism of this process
is still unconstrained. However, the modern plate
subduction mechanisms can effectively make carbon-
bearing materials to be subducted into the deep mantle to
complete the carbon cycle on different sphere time scales
(Dasgupta and Hirschmann, 2010). Whether or not carbon
can be transported to Earth’s depths by plate subduction has
been a research topic explored by geologists for decades. In
fact, under the ‘thermal subduction’ system of high-
temperature gradients, carbon-rich rocks in the shallow
subduction zone undergo decarbonation and carbon release,
so it is difficult for carbon to enter the deep parts of the
earth. Therefore, only a ‘cold subduction’ mechanism,
similar to the current form of plate subduction, could send
carbon-rich materials into the deep earth (Dasgupta and
Hirschmann, 2010). Recent studies have shown that the
current form of global plate subduction first appeared in the
early Paleoproterozoic (Xu et al., 2018; Li et al., 2023).
Thus, when and how carbon uptake from the atmosphere
was first subducted into the deep mantle and how the
carbon cycle coupled with the evolution of a habitable
Earth, are under debate. This paper reviews through
summarizing the interactive relationships amongst the
carbon cycle, oxidation events and modern plate
subduction, in order to stress the important role of the
carbon cycle in promoting the habitable evolution of Earth.

2 The Coupling of the Carbon Cycle and Oxidation
Events

The great oxidation event (GOE) is a geological event
that has attracted much attention in the past 20 years.

Earth's surface-atmosphere was anoxic in Archaean and
older periods, until 2.4-2.3 Ga, when the oxygen content
increased significantly (Lyons et al., 2014). The change of
oxygen in the atmosphere can be fully reflected in the
mass-independent fractionation of sulfur isotopes (S-MIF)
in sedimentary rocks. Before the great oxidation event, the
atmosphere lacked an ozone layer, thus sedimentary rocks
were produced with abnormally large °°S deposits.
Indeed, the generation and preservation of this &S
anomaly (S-MIF signal) required a very low atmospheric
oxygen concentration (Farquhar et al., 2000). In the <2.2
Ga sedimentary rocks, the disappearance of the S-MIF and
the increase of variable valence elements such as U and
Mo indicates that the concentration of oxygen in the
atmosphere at that time increased significantly, even
exceeding 10% of the current atmospheric oxygen level
(Luo et al., 2016). However, in the Mesoproterozoic, the
oxygen concentration decreased rapidly, although it was
not low enough for the 0°°S anomaly to be detectable.
Some redox-sensitive elements such as U, Cr and Mo in
shale show that the atmospheric oxygen content at this
time had decreased to a greater extent than that before the
great oxidation event and remained stable at this level for
a long time. In the Neoproterozoic, the oxygen
concentration in the atmosphere again significantly
increased and reached the level of 10%-50% of the
current levels, which represents the second Earth oxidation
event, the ‘Neoproterozoic oxidation event’, when
oxidation appeared in the deep-sea for the first time
(Alcott et al., 2019). Geologists have given different
explanations for the origin of oxygen. Some reseachers
believe that hydrogen produced by the photolysis of water
and methane escaped into outer space, resulting in the
gradual oxidation of Earth's atmosphere (Lehmer et al.,
2020). Others found through high temperature and high-
pressure tests that partial melting of the FeO, accumulated
at the core-mantle boundary might have promoted the
oxidation of the surface and the GOE (Hu et al., 2016).
Some studies found a discontinuity of geochemical
elements in the 2.5 Ga period. The Fe in tonalite-
trondhjemite-granodiorite (TTG) formed by partial
melting of sodium clinopyroxene and garnet prior to 2.5
Ga was controlled by the distribution coefficient and had a
low Fe*'/Fe*" content, which made it balanced with the
reducing gas and hindered the oxidation of the atmosphere
until TTG was no longer generated after 2.5 Ga (Keller
and Schoene, 2012). Some researchers concluded that the
increase of terrestrial volcanoes at 2.5 Ga and the decrease
of ocean floor volcanoes and their reducing gases
promoted the increase of oxygen composition in the
atmosphere (Kump and Barley, 2007). Studies also
indicated that the transformation of the 3.0-2.5 Ga
continental composition from mafic to felsic reduced the
oxidation rate of the surface and was conducive to the
accumulation of oxygen. From Paleoproterozoic to
Neoproterozoic, the release of the continental carbon sink
over the past billion years has promoted weathering and
burial of organic carbon, resulting in the second increase
of oxygen content (Lee et al., 2016). The transformation of
continental composition has also led to a significant
reduction in the flux of Ni into the ocean. Ni is an
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essential element for methanogens. The lack of Ni in the
ocean has reduced the rate of microbial methane
production, leading to the increase in oxygen (Konhauser
et al.,, 2009). However, these explanations cannot find a
common link between the GOE (Paleoproterozoic) and the
NOE (Neoproterozoic) which have many similarities.

The rise in oxygen requires not only the increases of
oxygen but also burial of the reducing substances. Intense
weathering consumed CO, and brought nutrient elements
of life such as C, P, Mg, Fe, K and so forth, into the ocean,
which promoted oxygen production and cyanobacteria
reproduction. The Lomagundi event, marked by a
carbonate positive 0'°C excursion, indicates massive burial
of organic carbon. Furthermore, weathering products
increased the burial of organic carbon, which led to the net
accumulation of oxygen (Campbell and Allen, 2008).
Experimental petrology shows that organic carbon might
be graphitized in the subduction zone without
decarburization, thus allowing it to be carried into the deep
mantle, facilitating the rise and maintenance of
atmospheric oxygen (Duncan and Dasgupta, 2017; Eguchi
et al., 2020). Organic carbon subducted into the deep
mantle maintained a high oxygen content longer than
burial in the crust, causing the ‘boring billion’ to maintain
a higher oxygen content than before the GOE. Especially
in the Phanerozoic, organic carbon was subducted into the
deep mantle by the modern subduction system, helping to
maintain an oxidizing atmosphere. The periods of
weathering were consistent with the oxidation events (Fig.
1). Thus, both the Paleoproterozoic and Neoproterozoic
had intense weathering, oxidation events and a positive
0"C excursion, which imply a coupling effect between the
carbon cycle and the oxygen cycle.

3 Carbon Subducted into the Deep Mantle by Modern
Subduction

At present, metamorphic rocks formed in the Archean
with high pressure and low temperature (<500 °C/GPa)
relating to subduction and collision have not been found,
but high pressure and ultra-high pressure rocks have been
found all over the world in many Paleoproterozoic
orogenic belts related to the formation of the Columbia
supercontinent (Brown et al., 2020). Eclogite with oceanic
crust characteristics was found in the 2.0 Ga Usagaran
orogenic belt and the 1.8 Ga Ubendian orogenic belt,
Tanzania (Boniface et al., 2012). The eclogites found in
the Eburnian Transamazonian orogenic belt in the
Democratic Republic of Congo were produced in mafic
rocks that underwent high-pressure and low-temperature
conditions at 2.0 Ga (Frangois et al., 2018; Loose and
Schenk, 2018). Eclogites from the Kola Lapland orogenic
belt of Russia, the Nagssugtogidian orogenic belt of
southeastern Greenland, the trans-Hudson orogenic belt of
North America, the snowbird structural belt of Canada and
the Central Orogenic Belt of the North China Craton have
a similar age of 1.9 Ga (Moller et al., 1995; Baldwin et al.,
2004; Ganne et al., 2012; Glassley et al., 2014; Weller and
St-Onge, 2017; Yu et al., 2017; Miiller et al., 2018; Xu et
al., 2018; Zhang et al., 2020). Seismic and paleomagnetic
evidence from six continents have revealed that the
carliest global plate movements occurred at 2.0 Ga (Wan
et al., 2020). Study of Paleoproterozoic orogenic belts and
metamorphic rocks indicates that there are obvious
concentrations in the occurrence of low-temperature and
high-pressure metamorphic rocks in different orogenic
belts at 2.1-1.8 Ga (Fig. 2). The study of mantle potential
temperature showed that the temperature of the mantle
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Fig. 1. Oxygen content (Lyons et al., 2014), Sr isotope and carbon-bearing sediments.

The black line represents the oxygen content of the atmosphere. The blue bars represents ice ages. The red dashed line shows Sr isotopes of carbonates in
geological history and indicates weathering intensity (Shields and Veizer, 2002). The green shadows represent sediment flux. Orange bars and grey-blue
bars represent the mineral-locality occurrence of anhydrous carbonates and hydrous carbonates, respectively (Husson and Peters, 2017; Hazen et al., 2019).
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increased slowly from Earth’s formation until Earth’s
temperature began to decrease slowly in the early Archean
(Herzberg et al., 2010). Although the mantle potential
temperature in the late Archean was about only 100°C
higher than at 2.0 Ga, the lithosphere was thin because the
continental crust was still in the early stage of thickening
(Dhuime et al., 2015) and the 7/P was high. Before the
late Archean, the subduction plate and its plate-carried
sediment experienced a high degree of melting under the
hot mantle’s potential temperature, so it was difficult to
carry out continuous subduction to the deep mantle (Palin
et al, 2020). In the period of the Paleoproterozoic
orogenic belt (2.0-1.8 Ga), the continental crust had
sufficient thickness and multiple cratons were formed
(Perchuk et al., 2020). With the continuous reduction of
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Fig. 2. Temperature and pressure of metamorphic rocks in
geological history (Brown and Johnson, 2018; Brown et al.,
2020).

Blue dots represent low 7/P eclogite and orange dots and red dots represent
middle and high 7/P rocks like granulite or amphibolite. The black line
represents the mean 7/P of metamorphic rock. Green bars represent the 7/P
of the Paleoproterozoic and Neoproterozoic cold subduction of around 800
°C/GPa in these periods.

mantle potential temperature, the global metamorphic 7/P
ratio decreased significantly (Holder et al., 2019; Brown et
al., 2020). The 2.0 Ga global metamorphic 7/P ratio is
equivalent to and approaches the 0.8 Ga metamorphic
temperature pressure ratio (Fig. 2). At 0.8 Ga, a large
number of typical cold, deep subduction rock
assemblages, such as blueschists and ultra-high pressure
metamorphic rocks, had begun to appear, as well as the
eruption of a large number of kimberlites related to plate
deep subduction (Stern et al., 2016), which indicates that
the presence of the typical modern plate tectonic
mechanism of global continental cold, deep subduction in
the 1.0 Ga period is beyond doubt (Brown et al., 2020).
Due to the combined effects of continental weathering,
biological processes and post-glacial denudation
weathering, the subducted oceanic crustal plate in the
Paleoproterozoic carries much thicker sediments than in
the Archean. The significantly reduced eyf isotope and
increased oxygen isotopes of worldwide detrital zircon in
2.3-2.1 Ga indicate the increased contribution of recycled
sediments (Dhuime et al., 2012; Spencer et al., 2017) (Fig.
3). This massive amount of sediment can act as a lubricant
in the subduction zone, thus facilitating the plate
becoming steadily subducted into the deep mantle
(Stephan and Brown, 2019), which was also been verified
by the 2.1 Ga global alkaline magma (Liu et al., 2019a). A
peak period of continental large igneous provinces occurs
at about 1.8 Ga (Li et al., 2019). Numerical simulation
results show that the possible formation of many mantle
plumes related to large igneous provinces was caused by
the subduction of plates disturbing the bottom of the
convective mantle, the transition zone and even the core—
mantle boundary (Steinberger and Torsvik, 2012).
Therefore, the peak of the 1.8 Ga large igneous province
may be formed by deep mantle disturbances caused by
cold, deep subduction of the Paleoproterozoic oceanic
crust (Stephan and Brown, 2019). From the evidence of
rock samples, the thermal structure of the subduction zone,

T
Rise of crust conrnent

Columbia

-20%

1rcons

Rodina Gbnwégna

15%

180 in detrital z

0

&, 1n detrital zircons

s

4000 3000 2000
Age (Ma)

T
1000 0

Fig. 3. Hf and O isotopes of detrital zircon and igneous zircon distribution in geological history (Cawood et al.,

2013; Spencer et al., 2017).

The blue line shows the §'*0 trend in detrital zircon and the red line shows the ey trend in detrital zircon. The purple dashed outlined
box represents the rising process of the continent (Bindeman et al., 2018; Liu and He, 2021).
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the ‘lubrication’ of the massive overlying sediments, the
isotopic records of significant recycling and the response
of the deep mantle, the Paleoproterozoic instead of the
Archean has the first global cold, deep subduction
(Stephan and Brown, 2019). Thus, the Archean subduction
into the deep mantle is not comparable to the
Paleoproterozoic orogenic event in terms of scale and
depth. Paleoproterozoic cold, deep subduction may be the
carliest global event that brought surface materials into the
deep mantle for recycling and had a far-reaching impact
on Earth’s long-term evolution. Although modern
subduction was suspended during the ‘boring billion’,
there is no doubt that modern subduction appeared again
in the Neoproterozoic and operates to the present. Modern
-style plate tectonics in the Neoproterozoic is
characterized by the global operation of both cold
subduction and hot rifting along narrow plate boundaries
and weak mobile belts. Blueschist was discovered in Aksu
dating to 700-800 Ma (Xia et al., 2019) and eclogite can
be found close to the Neoproterozoic orogenic belt. With
decreasing mantle potential temperature, carbon was
casily subducted into the deep mantle by cold subduction
in the Neoproterozoic.

4 The Coupling of Depth and Period of Carbon in
Deep Subduction

4.1 Carbon release from the arc

After a period of a tectonic-magmatic lull during 2.3—
2.2 Ga, the eruption period of magma began to appear
from 2.2 Ga, which was reflected in the sudden emergence
of a large number of magmatic zircons in different
Paleoproterozoic orogenic belts, representing intense
island arc magmatic activity during subduction (Spencer et
al., 2018). Island arc magma is an important method of
carbon release. Metamorphic  decarbonation and
dissolution decarbonation of carbon-bearing sediments in
the subduction zone occurred in front of, under and behind
the arc, which separated carbon from the plate and
released it back into the atmosphere through island arc
magma (Mason et al., 2017; Cui et al., 2021). The large
amount of carbon dioxide emitted by island arc magma
may be the main driving force to end the Makganyene ice
age (McKenzie et al., 2016). Although carbon dioxide was
released briefly during this period, the intense weathering
after the end of the ice age could keep it relatively stable.
Due to the high potential temperature of the mantle in the
Archean, all sedimentary carbonates and amounts of
carbon in altered ocean crust (AOC) were removed during
subduction (Dasgupta, 2013). Although some of the
carbon could be released from the island arc in the form of
carbon dioxide during Paleoproterozoic subduction, more
carbon-bearing sediments would continue to migrate to the
deep mantle with AOC, which is reflected in the
significant reduction of carbon dioxide partial pressure in
the Paleoproterozoic atmosphere (Table 1).

4.2 Carbon released from carbonatite and kimberlite
The first appearance of Archean kimberlites and

carbonatites may be related to the melting and release of

melts after the delamination of the thick Archean

Table 1 CO, content in the Archean and Proterozoic Eons

Content Time References

0.03-0.15 bar 2.77 Ga Catling and Zahnle, 2020

0.02-0.75 bar 2.75 Ga Catling and Zahnle, 2020

0.003-0.015 bar  2.69 Ga Catling and Zahnle, 2020

0.05-0.15 bar 2.46 Ga Catling and Zahnle, 2020
CO, <0.8 bar 3.8-2.4 Ga Catl@ng and Zahnle, 2020

<4% Late Archean Catling, 2013

<30 mbar Late Archean Charnay et al., 2020

20-140 mbar Late Archean Lehmer et al., 2020

2-30 PAL 1.4 Ga Crockford et al., 2018

<0.4% Mesoproterozoic  Catling, 2013

>20 ppmv >2.4 Ga Catling and Zahnle, 2020
CH, >5£)OO ppmv 3.5Ga Catling and Zahnle, 2020

10” ppmv Late Archean Catling, 2013

10° ppmv Mesoproterozoic _ Catling, 2013

Note: PAL =280 p.p.m. CO.

lithospheric mantle at 2.7 Ga, likely having nothing to do
with the subduction process (Kopylova et al., 2011). This
is consistent with the thinning of the late Archean
lithosphere, as obtained from big data statistical analysis
(Keller and Schoene, 2012). Due to the high Archean
temperatures, the deep magma was still dominated by
komatiite and high-magnesium magma. Until the
temperature dropped continuously for about 2 Ga,
carbonatites and kimberlites reflected the nature of the
continental deep carbonated lithosphere (Tappe et al,
2018). Conversely, the Archean mantle is highly reductive
and CO, melts are difficult to preserve to form a large
number of carbonatite melts in the deep parts of the
Archean high-temperature and highly reductive mantle
(Aulbach and Stagno, 2016).

Recent studies have revealed that in the past 1.0 Ga, the
thickness of the craton had been thinned by as much as
150 km, which indicates that the Paleoproterozoic craton
was thick and the thinning of the craton might be related
to the deep subduction of the carbonated oceanic crust
(Sun and Dasgupta, 2020). According to the evolution of
mantle potential temperature, the 2.1 Ga mantle potential
temperature was 160—175°C higher than the present. At
this temperature, the plates continued to subduct into the
deep mantle (Liu et al., 2019a), providing volatiles such as
CO; and H,O for the mantle source of kimberlite and
carbonatite. According to the P-T conditions of the global
subduction zone, it was previously accepted that a large
number of kimberlites after 1.0 Ga indicated the beginning
of modern plate tectonics (Stern et al., 2016; Zheng and
Zhao, 2020). However, recent studies showed that the
global metamorphic P-T conditions in the 2.0 Ga period
were lower than those in the 1.0 Ga period (Brown et al.,
2020) (Fig. 2). Continental rifts and cold subduction are
the determinants of kimberlite magma generation (Tappe
et al., 2018). The carbonatites and kimberlites distributed
in the 2.1-1.8 Ga orogenic belts do not possess the
characteristics of continental rifting, but of the eruption of
carbonatites and kimberlites caused by cold, deep
subduction that created the linear distribution of
carbonatite and kimberlite in North America (Duke et al.,
2014a). 1.8 Ga carbonatite has obvious ¢''B isotope
characteristics of 5''B > —4%,, which may also imply the
participation of crust-derived sediments, caused by
subduction in the source area (Hulett et al., 2016).
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It has been reported that many diamond, kimberlite and K
-Mg lamprophyre source areas are related to subduction.
The Venetia kimberlite that erupted at 0.5 Ga and the
Premier kimberlite that erupted at 1.2 Ga in the Kaapvaal
craton of South Africa contain diamonds formed at 2.0 Ga
(Richardson and Shirey, 2008; Richardson et al., 2009).
Most of the diamond-bearing eclogite inclusions were
formed later than 2.2 Ga (Shirey and Richardson, 2011).
The Jericho kimberlite that erupted in 173 Ma contains 2.0—
2.7 Ga diamonds with obvious organic carbon
characteristics (Smart et al., 2011). The source area of the
Gaussberg K-Mg lamprophyre that erupted at 56 ka in
Antarctica shows the characteristics of 2.0-3.0 Ga
sediments. The extremely thick cratonic lithospheric mantle
formed by 3.0-2.5 Ga also provides favorable conditions
for diamond formation (Perchuk et al., 2020). Among them,
the diamond ages of the Siberia Craton and the Kaapvaal
craton are mostly 2.1-1.8 Ga. Although the diamond age of
the Kimberley craton in Western Australia is about 1.58 Ga,
it may be related to the 1.8 Ga oceanic crust subduction and
the subsequent formation and cratonization of the King
Leopold Orogen (Smit et al., 2010).

4.3 Carbon released from OIB

It is generally believed that HIMU (high ‘x’, where 1 =
238U/204Pb) has the lowest SiO, content, the highest CaO/
ALO; and the lowest *’Sr/*°Sr content (Jackson and
Dasgupta, 2008) (Fig. 4). The existence of carbonate

12
@ pmy
™0
EM-II
.10 o o
o, AK
it 0.9 + X
Q o
© s - ¢ A
M?)RB
0.7 u
0.6 Eii_l
05 L . . . .
40 42 44 46 48 50
SiO, (wt%)
215
©
210 HIMU
X
205
(o)
20.0
O
& A oA
Q—231945 O+ AX o
&
& 19.0 EM-II
185 u
MORB
180} %‘I
050 060 070 080 090 100 110
CaO/ALQ,

A Azores o Marquesas © Cook-Austral
x St Helena

Samoa = Pitcairn

1.20

inclusions in HIMU peridotite phenocrysts and trace
elements demonstrated that the source area of HIMU must
have the participation of carbonate (Weiss et al., 2016),
which not only leads to the production of carbonatite
metasomatic melt, but also promotes the melting of
carbonated eclogite/pyroxenite below the peridotite
solidus to generate the melt of the HIMU end component
(Jackson and Dasgupta, 2008). There is a slight debate
about whether its source area is carbonated eclogite,
carbonated peridotite, or just carbonate rock, with
different opinions existing regarding the age of its source
area. According to the S-MIF characteristics in the HIMU
basalt, the HIMU source is believed to be caused by
subduction prior to the GOE (Cabral et al, 2013).
However, a number of lines of evidence suggest that the S
-MIF of sediments disappeared in 2.2 Ga instead of 2.5 Ga
(Poulton et al., 2021). Through the two-stage model age, it
is considered that the La Palma basalt source with HIMU
characteristics was formed at 1.92 Ga (Andersen et al.,
2015). Sr-Nd-Pb-Hf and other isotopic means show that
the source area of the St. Helena alkaline basalt with
HIMU characteristics remains 2.8—-1.2 Ga in the mantle
(Kawabata et al., 2011). According to the K/U ratio of
OIB, the required deep source area should be less than 2.2
Ga (Nielsen, 2010). 2.0-3.5 Ga end element composition
is required, based on the Hf-Nd-Pb isotopes of OIB basalt
on Mangaia Island (Nebel et al., 2013). The study of the
Os-Nd-Pb-Hf isotopes of the HIMU basalt in the Cook-
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Austral island chain suggests that its source region was
formed between 2.0 Ga and 3.0 Ga (Hanyu et al., 2011).
The mantle thermal structure and high magnesium
andesite indicate that ocean crust plate trapped in the
mantle can produce components with HIMU
characteristics after 2.5-1.7 Ga (Kimura et al., 2016).

The carbonated AOC is characterized by high U, due to
the similar atomic properties of Th and U, which are
generally less differentiated in the system. In an oxygen-
rich weathering environment, U changes from insoluble
U*" to soluble U®", while Th only has Th*', which is
insoluble in water. Weathering in the aerobic environment
induces the differentiation of U and Th, the great oxidation
event of 2.33 Ga providing just such an oxygen-rich
weathering environment, which greatly reduced the Th/U
ratio in river water and seawater (Andersson et al., 1995).
After aerobic weathering, U®" mainly exists in water as a
steady-state and water-soluble uranyl carbonate complex
[UOz(CO3)347] (Liu et al., 2019b). The preexisting form of
U in the ocean is accompanied by carbonate. In the
formation of AOC, a process of ocean crust carbonation,
uranium enters AOC with a large amount of carbonate
compared with thorium, resulting in a significant
reduction in the Th/U ratio. According to ocean-drilling
cores, the average Th/U of the upper and middle oceanic
crust of AOC can be as low as 0.33 (Staudigel et al.,
1996), which is far lower than that of MORB (2.5-2.7).
The distribution coefficients of Th and U are similar to the
activity in water, making the volcanic rocks formed by the
melting of the mantle wedge have slightly similar
characteristics of low Th/U, so that more Th and U will
enter the deep mantle with the characteristics of low Th/U
(Liu et al., 2019b). This low Th/U feature is reflected in
many OIBs with HIMU and EM end elements, including
Hawaii, Iceland, French Polynesian islands and other deep
mantle sources. These OIBs have an ancient (~2 Ga)
provenance and the low Th/U feature of the provenance
might be affected by the GOE (Andersen et al., 2015).
However, U is enriched in sediments due to the valence
change of the great oxidation event, while there is no
obvious change in Pb, resulting in HIMU characteristics.
Similarly, the S-MIF in Mangaia and Cook Islands basalts
with HIMU characteristics were previously considered to
be caused by Archean subduction (Cabral et al., 2013),
though the Archean described in the previous section
cannot favor deep subduction. Recent studies have offered
more evidence that the source area of HIMU is located in
the transition zone (Mazza et al., 2019; Huang et al,,
2020), combined with the chemical characteristics of
HIMU and EM. Therefore, the source area of Mangaia and
Cook Islands basalts might also be the Paleoproterozoic
ocean crust with carbonate rocks.

5 The Implications for the Evolution of a Habitable
Earth

In the Archean, the atmosphere was full of CO, and CHa.
With crustal evolution, continental thickening and uplift
made weathering and surface erosion easy, especially at the
end of ‘snowball Earth’, consuming much atmospheric
CO,. During the Paleoproterozoic and Neoproterozoic,

intense weathering and surface erosion not only brought
nutrients into the ocean and promoted prokaryotes to
produce more oxygen, but also promoted sediment
deposition, which is helpful for modern subduction. The
CO, and CH, content of the atmosphere declined for a long
time, implying more carbon was deposited in sediments and
subducted into the deep mantle than before. In the Archean
and the short-term carbon cycle (<10 Ma), carbon was
released from arcs. Differing from the Archean carbon
cycle, which was limited to Earth’s surface, in the
Paleoproterozoic and Neoproterozoic modern subduction
could effectively carry massive carbon into the deep mantle
over the long term (from 100 Ma to 2 Ga). Carbon was
subducted into the deep mantle then contributed to
carbonatite and kimberlite exposed in the Paleoproterozoic
and the Neoproterozoic orogenic belt. Carbon-bearing melts
reacted with the mantle, forming a large number of
diamonds that exist in the mantle root of the ancient craton
lithosphere and returned to the ground for several hundred
to a billion years. The deep lithosphere delamination
metasomatized by carbonatite or the carbon-rich ocean crust
stagnant in the transition zone might be the sources of ocean
island basalt featuring extreme HIMU (Fig. 5). HIMU type
OIB indicates carbon stored in the deep mantle and returned
into the atmosphere up to almost 2 billion years later (Fig.
6).

The effective Paleoproterozoic silicate weathering,
carbon sequestration and the deep carbon cycle on a large
time-space scale may have prevented an uncontrolled
greenhouse effect on Earth. Venus is also located in the
habitable zone of the solar system and may possess the
Archean plate subduction caused by mantle plumes
(Davaille et al., 2017). Venus is full of greenhouse gases,
leading to a ‘runaway greenhouse’ effect after the solar
intensity reaches a certain threshold. The uncontrolled
positive feedback mechanism, by which CO, and water
vapor fill the atmosphere, results in very high
temperatures (7' = 740 K) and atmospheric pressures (P =
92 bar) (Lapdtre et al., 2020). In the Paleoproterozoic,
when Earth's solar brightness was only 70% —75%
compared to now (Feulner, 2012), the CO, atmospheric
partial pressure might have been between 0.05-0.15 bar or
even higher (Catling and Zahnle, 2020). The model
predicts that, under current sunlight intensity, 100 times
the levels of CO, (30000 ppmv = 0.03 bar) can cause the
uncontrollable greenhouse effect (Goldblatt et al., 2013).
Due to the effective operation of carbon storage and deep
subduction in the Paleoproterozoic, a runaway greenhouse
effect was not triggered on Earth, unlike on Venus. Unlike
Mars, carbon stored in different depths slowly and
continuously released CO, into the atmosphere, inhibiting
the ice age and creating the necessary conditions for liquid
water. Oceanic liquid water continues to exist on the
surface of Earth, which is necessary for the formation and
evolution of life. As for the Neoproterozoic, modern
subduction increasingly brought carbon into the deep
mantle. The deep carbon cycle process in the
Paleoproterozoic and Neoproterozoic and the negative
feedback regulatory mechanism not only ensured the
emergence of liquid water on Earth’s surface for a long
time, but also provided the guarantee of a relatively stable
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temperature for the evolution of long-term life on Earth
(Fig. 5). The Paleoproterozoic and Neoproterozoic carbon
cycles promoted the increase of oxygen in the atmosphere,
that played a vital role in the evolution of life on Earth.
Although the first great oxidation event did not increase
the amount of oxygen to current levels, it provided the
basis for the Neoproterozoic great oxidation event.

As a carbon buffer with different time scales and
reserves, the mantle was fueled with carbon for the first
time in the Paleoproterozoic deep subduction and the
second time in the Neoproterozoic, up to the present. To
date, the mantle is still playing a role in regulating the
distribution of carbon by releasing carbon dioxide. The
carbon deep cycle is not only the complete exchange of
material and energy processes of different earth spheres
linked by carbon, but also promotes the evolution of the
habitable Earth (Fig. 6).
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