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Abstract

The lithospheric mantle beneath Archean cratons is conspicuously refractory and thick compared to younger continental
lithosphere (Jordan, 1988; Boyd, 1989; Lee and Chin, 2014), but how such thick lithospheres formed is unclear. Using a large
global geochemical database of Archean igneous crustal rocks overlying these thick cratonic roots, we show from Gd/Yb–
and MnO/FeOT–SiO2 trends that crustal differentiation required continuous garnet fractionation. Today, these signatures
are only found where crust is anomalously thick (60–70 km), as in the Northern and Central Andes and Southern Tibet.
The widespread garnet signature in Archean igneous suites suggests that thickening occurred not only in the lithospheric man-
tle but also in the crust during continent formation in the late Archean. Building thick crust requires tectonic thickening or
magmatic inflation rates that can compete against gravitational collapse through lower crustal flow, which would have been
enhanced in the Archean when geotherms were hotter and crustal rocks weaker. We propose that Archean crust and mantle
lithosphere formed by thickening over mantle downwelling sites with minimum strain rates on the order of 10�13–10�12 s�1,
requiring mantle flow rates associated with late Archean crust formation to be 10–100 times faster than today.
� 2019 Published by Elsevier Ltd.
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1. INTRODUCTION

A number of observations indicate that major continen-
tal crustal growth may have happened in the Archean. Both
detrital zircon U-Pb ages (e.g., Voice et al., 2011; Parman,
2015) and mantle xenolith Re depletion model ages (e.g.,
Carlson et al., 2005; Pearson et al., 2007; Griffin et al.,
2014) show prominent peaks between 2.5 and 3.0 Ga.
Transition metal chemistry of terrigenous sedimentary
rocks supports conclusions made from mantle xenolith
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and detrital zircon observations, suggesting a rapid change
in crust composition (Tang et al., 2016) and massive sub-
aerial crust expansion (Bindeman et al., 2018) in the late
Archean [Note that recent work on the Ti isotopes of shales
suggested an Archean crust dominated by felsic rocks
(Greber et al., 2017), though this interpretation is now com-
plicated by the recognition that Ti isotopes do not follow a
single igneous differentiation trend (Deng et al., 2019)].

The mechanism(s) that drove this rapid continental crust
growth remains largely unknown. Although mantle melting
provides the ‘‘building blocks” for the crust, the formation
and differentiation of the continental crust, which has an
intermediate, calc-alkaline average composition (Kelemen,
1995), appear to be closely related with orogenic processes
(Lee et al., 2007; Karlstrom et al., 2010; Ducea et al., 2015;
on drove massive crustal thickening in the late Archean. Geochim.

https://doi.org/10.1016/j.gca.2019.03.039
mailto:tangmyes@gmail.com
https://doi.org/10.1016/j.gca.2019.03.039
https://doi.org/10.1016/j.gca.2019.03.039


2 M. Tang et al. /Geochimica et Cosmochimica Acta xxx (2019) xxx–xxx
Tang et al., 2018; Tang et al., 2019). Coupling continental
crust formation and orogenic processes in early Earth is
challenging because orogens are readily destroyed by grav-
itational collapse, erosion and weathering. To probe
ancient orogenic processes, we studied garnet-sensitive geo-
chemical indices in Archean igneous differentiation suites.

Garnet appears on the liquid line of descent only at rel-
atively high pressures. For example, in granitic melts, gar-
net crystallizes at 0.8–1.0 GPa (Moyen and Stevens,
2013); in andesitic melts, garnet crystallizes at �1.2 GPa
(Alonso-Perez et al., 2009); in basaltic melts, the pressure
at which garnet crystallizes appears to be �2 GPa (Green,
1982; Elthon and Scarfe, 1984; Presnall, 1999). Magmatic
garnet-bearing cumulates have been observed in the
exposed lower sections of thickened arc crust in the Sierra
Nevada (USA) (Lee et al., 2006) and Kohistan (Ringuette
et al., 1999; Jagoutz and Schmidt, 2013). During melting
or crystallization, the presence of garnet in the residual/
crystallizing assemblage will impart distinctive geochemical
signatures to the magmas. For example, heavy rare earth
element and Mn concentrations are sensitive to garnet
because these elements strongly partition into it (Fujimaki
et al., 1984; Rudnick and Taylor, 1986; Pertermann et al.,
2004). Combining these diagnostic garnet geochemical sig-
natures with P-T constraints on garnet stability offers the
possibility to track crustal thickness through the composi-
tional changes accompanying igneous differentiation. Here
we apply this method to Archean igneous rocks and show
that garnet signatures dominate the entire Archean igneous
differentiation spectrum (from basalt to granite) and that
this signature largely disappears after the Archean, except
in regions of anomalously thick crust.

2. SAMPLES AND METHODS

The Archean database (n = 11,627) used here combines
the database used by Tang et al. (2016) and our updated
compilation of Archean granitoids. This database, which
is available in the Supplementary file, incorporates samples
that experienced various degrees of metamorphism
Fig. 1. [Gd/Yb]N– and MnO/FeOT–SiO2 trends in modern arc volcanic
3000 m and >3000 m), which reflects the local crustal thickness (Lee et al.,
as a function of SiO2 in 0.5 wt.% increments. [Gd/Yb]N denotes chondrite
are provided in the Supplementary file.
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including Archean gray gneisses. We did not remove these
gneisses, as their MnO/FeOT and REE ratio signatures
should largely reflect their igneous origins. We excluded
komatiite, lamprophyre, kimberlite, harzburgite, peridotite,
phonolite and wehrlite from the database when plotting
and discussing Archean igneous differentiation because they
are not significant components of continental crust. The
modern arc database (n = 36,947) is taken from Farner
and Lee (2017), which only incorporates Pleistocene to
Holocene age volcanic rocks so that the rock compositions
reflect the crustal thickness when the lavas erupted. When
calculating the SiO2 binned mean values, we filtered out
samples falling within the highest 10% of the ratio of inter-
est (e.g., [Gd/Yb]N, MnO/FeOT), as well as samples falling
within the lowest 10%. Adding these extreme samples back
will increase the uncertainties, but has no effect on the aver-
age differentiation trends.

3. RESULTS

3.1. Prevalent garnet fractionation signatures in Archean

igneous suites

As magmas differentiate from mafic to felsic composi-
tions, fractionation between middle and heavy REEs
(MREE/HREE) is controlled by crystallization of
amphibole, garnet, and accessory phases such as apatite.
Amphibole and apatite fractionation result in decreasing
MREEs/HREEs ratios in the magma because both phases
preferentially take up MREEs; garnet fractionation, how-
ever, depletes HREEs and increases the MREEs/HREEs
ratio in the magma (Fujimaki et al., 1984; Rudnick and
Taylor, 1986; Davidson et al., 2013). Garnet fractionation
is reflected in distinct Gd/Yb–SiO2 relationships in modern
arcs with high elevation volcanos that are built on thick
crust (Fig. 1a). Likewise, MnO/FeOT–SiO2 relationships
(the subscript T denotes total iron content in the form of
FeO) also record crustal thickness via garnet fractionation.
At low pressure, oxide fractionation depletes Fe in magmas
(Zimmer et al., 2010; Tang et al., 2018) but has little effect
rocks. The samples are grouped by their elevation (submarine, 0–
2015), and are plotted as mean and two standard error uncertainties
(Sun and McDonough, 1989) normalized Gd/Yb ratio. Scatter plots
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on Mn (see Supplementary file for compiled Fe and Mn
partition coefficients), resulting in an increasing MnO/FeOT

ratio with differentiation in most arcs (Fig. 1b). However,
when garnet fractionation is involved, as would be the case
for high-pressure differentiation, the strong partitioning of
Mn and Fe into garnet (see Supplementary file) causes
rapid depletion of both elements in the melt, leading to
nearly constant MnO/FeOT ratio with differentiation
(Fig. 1b).

Today, garnet-dominated differentiation is only
observed in high elevation areas (>3000 m) (Fig. 1), such
as the Central-Northern Andes where the crust is 60–
70 km thick. By contrast, these garnet signatures appear
to be the norm in Archean igneous differentiation suites
and are evident in all major Archean cratons (Fig. 2).
Although the tectonic settings are poorly constrained for
many Archean igneous suites and unravelling intracrustal
differentiation processes is complicated, the garnet signa-
tures inferred from the Gd/Yb and MnO/FeOT–SiO2 trends
largely reflect the pressure of igneous differentiation at that
time.

We note that there is a difference between the Gd/Yb-
SiO2 trends of the Archean igneous rocks and modern arcs
with thick crust as the magmas become more silicic. The
samples from modern arcs with thick crust show increasing
Gd/Yb with differentiation until SiO2 reaches �56 wt.%,
after which Gd/Yb remains constant with further differen-
tiation; in the Archean igneous suites, however, the
Gd/Yb keeps increasing throughout the SiO2 range
(Fig. 2a). We suggest this could be due to a difference in
sampling depth between the two groups. Because modern
arc samples used here are young (<2.58 Ma) volcanic rocks,
they reflect both high-pressure lower crust and low-pressure
Fig. 2. [Gd/Yb]N– and MnO/FeOT–SiO2 trends in Archean igneous ro
uncertainties for samples as functions of SiO2 in 1 wt.% increments. Sca
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upper crust differentiation signatures imparted as magmas
ascend and differentiate in thick arc crust. Amphibole
fractionation at shallower depth decreases Gd/Yb, which
suppresses the garnet signature during late stage differenti-
ation. By contrast, in the Archean igneous suites, felsic
samples are dominated by tonalite-trondhjemite-granodior
ite (TTG) intrusive rocks, most of which equilibrated with
garnet-bearing residues at great depths (Moyen and
Martin, 2012). Considering the rapid surface erosion during
orogenic processes (Roering et al., 2007), it is possible that
the preserved Archean igneous suites are biased, because
shallow volcanic rocks from the ancient upper crust that
experienced low pressure differentiation are missing. This
argument is speculative and should be further tested, but
the decreasing average Gd/Yb from volcanic to plutonic
rocks in the Kohistan arc appears to support this hypothe-
sis (see Supplementary file).

3.2. The origin of the garnet fractionation signatures in

Archean igneous differentiation

Of interest here is the origin the garnet fractionation
signature. One possibility is that it is generated by partial
melting of subducted oceanic crust, leaving behind a
garnet-bearing eclogitic slab residue (Martin, 1986). Many
Archean TTGs have been suggested to be slab melts
(Martin and Moyen, 2002). However, it seems unlikely that
slab melting could impart a garnet signature across the
entire compositional spectrum of Archean igneous rocks,
as generating a basaltic andesite melt from a basaltic source
would require >50% melting (Pertermann and Hirschmann,
2003), diluting any effect of garnet in the residue. Further-
more, modern magmas that may derive from slab melting
ck suites. Shown in the plots are mean and two standard error
tter plots are provided in Supplementary file.
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(e.g., many adakites) usually have Mg#s (atomic ratio
Mg/(Mg + FeT)) high enough to be near equilibrium with
peridotitic mantle, despite their felsic compositions
(Martin et al., 2005). The high Mg# in otherwise intermedi-
ate magmas is a signature of interaction of silicic slab melts
with mantle peridotite in the mantle wedge. This high Mg#
signature is not observed in Archean intermediate rocks
(Fig. 3). Instead, Archean igneous differentiation mimics
that seen in the Andean arc magmas, where igneous differ-
entiation is largely driven by crystal fractionation in the
crust (Lee and Bachmann, 2014). The lack of high Mg#s
in the Archean andesitic rocks suggests that most of the
Archean intermediate magmas never interacted with mantle
peridotites, and were therefore not formed by slab melting,
but rather by intracrustal differentiation.

It is also possible that these apparent garnet-
differentiation trends are artifacts of magma mixing
between basalts and slab-derived TTG melts, but a mixing
origin is not supported by P2O5–SiO2 systematics (Lee and
Bachmann, 2014). Mixing between felsic and mafic magmas
should generate linear arrays in P2O5–SiO2 space, but the
Archean igneous suites define an arcuate array, which is
more consistent with crystal fractionation, wherein magmas
are initially under-saturated in apatite and therefore exhibit
an initial increase in P2O5 with increasing SiO2 until the
magma reaches apatite saturation, after which P2O5

decreases with further differentiation (Lee and Bachmann,
2014) (Fig. 4).
Fig. 3. Average Mg#�SiO2 trends in Archean and Andean arc igneou
Andean arc data are plotted as SiO2 binned average Mg#. Errors bars
individual samples. The compiled adakite data are provided in the Supp

Fig. 4. Average P2O5–SiO2 trends in Archean igneous differentiation. Dat
Errors bars are two standard error of mean.
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We conclude that the garnet signatures seen in Archean
igneous rocks, at least those representing basaltic to andesi-
tic differentiation (SiO2 = 50–60 wt.%), were most likely
produced by high-pressure igneous differentiation in a thick
crust. The similarity of [Gd/Yb]N– and MnO/FeOT–SiO2

trends between the Archean and central-northern Andes
igneous suites suggests that orogenic processes were preva-
lent in the Archean. It is worth noting that our Archean
igneous database is dominated by samples with ages
between 2.7 and 3.1 Ga (Fig. 5). Therefore, the thick crust
inferred from garnet signatures related to igneous differen-
tiation may be restricted to the late Archean. To determine
whether massive crustal thickening also occurred in the
early Archean will require many more analyses of
>3.0 Ga samples (see Fig. S4 in the Supplementary file
for plots that delineate late Archean (2.5–3.0 Ga) vs. older
samples).

4. DISCUSSION

4.1. Geothermal gradients in thick Archean crust

Owing to higher mantle heat flux and higher amounts of
radioactivity earlier in Earth’s history, it seems reasonable
to expect the Archean crust to be hotter than today’s crust
for any given composition. Here we calculate the
geothermal gradients for a 70 km thick crust and underly-
ing lithospheric mantle at 3.0 Ga assuming steady state
s differentiation compared with Cenozoic adakites. Archean and
are two standard error of mean; Cenozoic adakites are plotted as
lementary file.

a are plotted as SiO2 binned average P2O5 contents. ‘‘Ap” is apatite.

on drove massive crustal thickening in the late Archean. Geochim.
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Fig. 5. Age distribution of Archean mafic, intermediate and felsic igneous rocks from the geochemical database. Not all samples in our
dataset have radiometric ages. We assume that the samples with radiometric ages (56% of the total) are representative of the age distribution
of the entire dataset.
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conductive heat transfer. We searched for the coldest
geotherms that intersect the Archean mantle adiabat with
a surface potential temperature of 1550 �C (1823 K)
(Herzberg et al., 2010).

D2T
dz2

¼ �A
k

ð1Þ

where T is temperature (K), z is depth (m), A is volumetric
heat production in (W m�3) and k is thermal conductivity
in (W m�1 K�1). The volumetric heat production in the
crust is:

Aj ¼
X
j

F jq
X
i

H iCi
je

�ki t ð2Þ

where i = 40K, 232Th, 235U and 238U, j indicates mafic and
felsic crust, F is volumetric proportion, q is the density
(2800 kg m�3), ki is the decay constant (yr�1), t is time
before present (yr), Hi is heat production (mW m�3), Ci is
the present-day concentration. To calculate heat produc-
tion, we only considered samples having complete data
for K2O, Th and U, and filtered out the highest 10% and
lowest 10% (as described above). Archean mafic rocks
(SiO2 = 40–52 wt.%) have average K2O, Th and U concen-
trations of 0.29 ± 0.01 wt.%, 0.52 ± 0.02 ppm and 0.15
± 0.01 ppm (2 se), respectively, which are not significantly
different from the median concentrations (0.27 wt.%,
0.50 ppm and 0.15 ppm for K2O, Th and U, respectively).
The average concentrations give average K/U and Th/U
ratios of 16,042 and 3.5, respectively. We used these average
K2O, U and Th concentrations as representative of
Archean mafic crust. For felsic crust, we took the average
K2O, Th and U concentrations in TTG reported by
Moyen and Martin (2012), which are 1.7 wt.%, 5.72 ppm
and 1.42 ppm, respectively, yielding K/U = 9934 and
Please cite this article in press as: Tang M., et al. Rapid mantle convecti
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Th/U = 4.0, respectively. Volumetric heat production in
the Archean lithospheric mantle was set at 0.04 mW m�3,
which is roughly twice that observed today in lithospheric
mantle beneath Archean cratons (Rudnick et al., 1998).
The thickness of the lithospheric mantle is determined such
that the coldest conductive geothermal gradient (minimum
Moho heat flux qm) intersects the adiabatic geothermal gra-
dient at <250 km. Thermal conductivity k is temperature
and pressure dependent. Following Chapman (1986), we let

kjjT ;z ¼
kj;0 1þ cjz

� �
1þ bjðT � 273KÞ ð3Þ

kjT ;z ¼
X
j

F jkjjT ;z ð4Þ

where k0 is the thermal conductivity measured at 0 �C and
one atmosphere pressure. For mafic crust, k0 = 2.6 W m�1

K�1, b = 1.0 � 10�4 K�1, and c = 1.5 � 10�3 km�1; for
felsic crust, k0 = 3.0 W m�1 K�1, b = 1.5 � 10�3 K�1, and
c = 1.5 � 10�3. Thermal conductivity in the mantle was
assigned as a constant of 3.4 W m�1 K�1. We considered
the Moho heat flux qmoho in the range of 0–50 mWm�2, and

dq ¼ Adz ð5Þ
The calculated geothermal gradients are shown in

Fig. 6a. The Archean crust becomes significantly hotter
with increasing amounts of TTG in the crust. Even with
minimum mantle heat flux, the temperature can readily
reach 1000 �C or higher at the Moho of a 70 km thick
Archean crust. At such high temperature, the lower part
of the thick Archean crust is likely melt-bearing with weak
rheology.

In summary, the geochemical data show conclusively
that Archean igneous rocks formed in a thick crust where
garnet was stable, yet such a thick crust at that time would
on drove massive crustal thickening in the late Archean. Geochim.
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Fig. 6. Calculated thermal structure and rheology of the Archean thickened crust. (a) Minimum steady state geothermal gradients with 0–40%
TTG in the upper half of the thickened crust. With over 20% TTG by volume in the upper 35 km, the crust reaches typical crustal dehydration
melting temperature in the plagioclase stability field. (b) Depth profiles of crustal flow velocity at uplifting, stable, and collapsing stages. (c and
d), Crust/mantle flow velocity near Moho and strain rate of crustal deformation as functions of total crustal thickness and effective viscosity in
the flow channel.
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be inherently weak due to its radioactivity. These observa-
tions highlight the need for tectonic compression, related to
plate convergence and orogeny, to maintain a thick and hot
crust at the end of the Archean. In the next section, we use
these observations to place constraints on the magnitude of
the strain rates that are required to produce such a thick-
ened crust, and speculate about what internal processes
may have given rise to such high stain rates.

4.2. Constraints on mantle convection rates in the late

Archean

Given that hot crust is weak, gravitational collapse
through lower crustal flow would be more efficient (Kruse
et al., 1991; Clark and Royden, 2000; Jamieson et al.,
2011; Wang et al., 2012), potentially limiting the thickness
and elevation of Archean crust. Such thermal weakening
could be reduced if the amounts of radiogenic isotopes in
the crust were low, as would be the case for a dominantly
Please cite this article in press as: Tang M., et al. Rapid mantle convecti
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mafic crust (Fig. 6a). But this alone may not be sufficient
to maintain a thick crust if heat flow was high in the past,
or if crustal thickening was also associated with magma-
tism, a source of advective heat. What seems necessary is
a process by which this weak but thickened crust was sup-
ported by tectonic compression, as occurs in modern oro-
genic belts. Clues to this process may come from the
inferred pressure increases observed in Archean cratonic
peridotites. The subsolidus pressures of Archean cratonic
peridotites are 1–2 GPa (30–60 km) higher than their
igneous protolith pressures (Lee and Chin, 2014). It seems
that Archean mantle peridotites were first melted and
depleted at shallow depths, and then transported to greater
depths beneath Archean cratons. Such a process could hap-
pen at mantle downwelling sites, where convergent mantle
flow generates lateral compression (Fig. 7).

To estimate the magnitude of such compression, we con-
sider a simple model by which crustal thickening is driven
by basal shear via mantle downwelling (Fig. 7). We use
on drove massive crustal thickening in the late Archean. Geochim.
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Fig. 7. Cartoon (not to scale) showing lithospheric thickening at mantle downwelling sites. Mantle downwelling occurs as a result of negative
buoyancy due to cooling. Mantle downwelling propagates lateral shear to the crust and drives crustal thickening. As the crust thickens, its
elevation increases, which induces gravitational collapse through mid to lower crustal flow. Steady-state crustal thickness is reached when the
power of crustal thickening equals that of gravitational collapse. Mantle overturn is one possible scenario that results in extremely fast mantle
convection and causes large-scale orogenic processes and topographic change at the surface. The remnants of the downwelling mantle might
have formed the thick lithospheric mantle found beneath Archean cratons that we observe today.
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Couette and Poiseuille flow models to approximate crustal
thickening and collapsing processes, respectively. Because
the crust generally reaches the critical temperature for chan-
nel flow at �30 km (Fig. 6a), we assume that the top of the
lower crustal channel is at 30 km depth. Assuming lower
crustal flow is coupled to mantle flow, the mantle-driven
lower crustal flow rates can be approximated using Couette
flow:

vc ¼ vm 1� z
h

� �
ð6Þ

where z is vertical distance from the Moho; vm is the lower
crustal flow velocity at Moho, h is the thickness of the low
viscosity channel and vc is the flow velocity in the channel at
z. Crustal collapse through a lower crustal ‘‘channel” can
be approximated by Poiseuille flow (Turcotte and
Schubert, 1982):

vp ¼ � 1

2l
dp
dx

z2 � hz
� � ð7Þ

where vp is the flow velocity; l is viscosity in the channel,
which was assumed to be constant; p is differential pressure
and x is lateral distance. The pressure gradient is controlled
by topography (Th), such that:

dp
dx

¼ 2qcgT h

L
ð8Þ

where L is the width of the convergent region. Th is given by
Airy isostatic equilibrium:

T h ¼ DH 1� qc

qm

� �
ð9Þ

where qm and qc are densities of mantle (3300 kg/m3) and
crust (2800 kg/m3) and DH is the difference in thickness
between the thickened (=70 km) and reference crust
(30 km, (Herzberg and Rudnick, 2012). We set the width
of the orogen (L) to an upper bound of 1000 km. The nar-
rower the orogen, the greater the pressure gradient will be
Please cite this article in press as: Tang M., et al. Rapid mantle convecti
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for a given elevation or crustal thickness. We can define
the minimum basal shear stress needed to support an excess
crustal thickness of DH by equating the thickening and col-
lapsing fluxes, Ucollapsing = Uthickening:Z h

0

vcdzþ
Z h

0

vpdz¼ 0 ð10Þ

Solving equations (7)–(11), we obtain the minimum
crustal strain rate _e or mantle velocity vm at the base of
the crust:

_e � vm
h

� qcghDH
3lL

1� qc

qm

� �
ð11Þ

The above equation shows that high strain rates are
needed to support thickened crust. For a 70 km thick crust
in the Archean and reasonable geotherms (assuming a min-
imum basal heat flux), the crust is hot. With over 20% of
the upper crust as TTG, partial melting of the crust can
occur at 25–40 km depth (Fig. 6a), and the weak lower crus-
tal channel might be as thick as �40 km. Typical effective
viscosity in a melt-bearing lower crustal channel is on the
order of 1018–1019 Pa s�1, and may be further reduced with
increasing temperature and/or melt fraction (Kruse et al.,
1991; Clark and Royden, 2000; Husson and Sempere,
2003; Jamieson et al., 2011). The lower part of the thick-
ened Archean crust can reach >1000 �C and is likely melt-
bearing even if the composition is mafic. Under these con-
ditions, crustal and mantle strain rates are on the order of
10�13–10�12 s�1, corresponding to ‘‘plate” velocities of
102–103 mm/yr (Fig. 6d). These crustal strain rates and
velocities are 10–100 times higher than today’s. We did
not consider erosion and lower crustal foundering in the
model, both of which would result in crustal thinning.
Lower crustal foundering also drives the bulk crust compo-
sition from mafic to felsic (Kay and Mahlburg-Kay, 1991;
Rudnick and Fountain, 1995; Rudnick, 1995; Lee, 2014;
Tang et al., 2015). If erosion and lower crustal foundering
on drove massive crustal thickening in the late Archean. Geochim.
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were operative, it would lead to even greater crustal thick-
ening rates, thus higher crust and mantle strain rates, as
implied in our model.

The occurrence of thick continental crust in the Archean
requires more rapid mantle convergence rates, which likely
occur preferentially over mantle downwellings (Cooper and
Miller, 2014; Wang et al., 2016). Because most of the
Archean igneous samples compiled here have ages younger
than 3.0 Ga (Fig. 5), we cannot determine whether rapid
convergence characterized the entirety of the Archean, or
whether it reflects an unusual pulse in the late Archean.
More vigorous mantle convection throughout the Archean
is consistent with higher mantle temperatures in the past
(Christensen, 1985; Herzberg et al., 2010), although it has
been also proposed that plates would be more sluggish on
a hotter Earth (Korenaga, 2013). Rapid convergence could
also be the result of major mantle overturn events
(Christensen and Yuen, 1985; Tackley et al., 1993; Stein
and Hofmann, 1994; Breuer and Spohn, 1995; O’Neill
et al., 2007; Crameri and Tackley, 2016). Such major man-
tle overturn events may have been the driver of accelerated
continental crust formation in the late Archean due to
extensive partial melting and formation of mafic crust
above upwelling zones, followed by massive crustal thicken-
ing and differentiation of such crust over downwellings
(e.g., Stein and Hofmann, 1994). We speculate that a major
mantle overturn might serve as a stimulus to initiate plate
tectonics (Crameri and Tackley, 2016), with spreading cen-
ters forming above upwelling sites and subduction initiated
near downwelling sites. Whether the massive orogenic pro-
cesses recognized here represent a prelude or response to
the initiation of plate tectonics cannot be determined from
our data. If plate tectonics was operating in the late
Archean, an interesting question is the role of slab pull.
High melting degrees may generate much thicker oceanic
crust in the Archean (Herzberg and Rudnick, 2012). Sub-
duction of this thick oceanic crust at convergent margins
may generate stronger slab pull than in modern subduction
zones, and how this enhanced slab pull would contribute to
mantle convection and orogenic processes in the upper
plate awaits future studies.

Interpreting the geologic record of the Archean orogenic
processes is generally non-unique and ancient orogens may
not be well preserved due to rapid erosion and gravitational
collapse. We suggest that after the passage of a mantle over-
turn event, mantle convection rates decrease, diminishing
lateral compressive forces in the crust, which results in the
gradual gravitational collapse of the thickened crust. How-
ever, the underlying mantle lithosphere that was signifi-
cantly melted at shallow depths, and then thickened
during rapid mantle downwelling, may survive and be pre-
served as the thick mantle keels observed today beneath
ancient cratons–the core of continents (Boyd, 1989;
Jordan, 1988).

4.3. Implications for atmospheric oxygenation

Vigorous orogenic processes can have profound influ-
ences on surface dynamics in the Archean, including
enhanced chemical weathering, organic carbon burial,
Please cite this article in press as: Tang M., et al. Rapid mantle convecti
Cosmochim. Acta (2019), https://doi.org/10.1016/j.gca.2019.03.039
hydrologic cycle, etc. Magmatic orogens serve as both a
source and sink of CO2 through magmatic degassing and
enhanced erosion/weathering, causing greenhouse/icehouse
effects (Lee et al., 2013; Lee and Lackey, 2015; Lee et al.,
2015; McKenzie et al., 2016). Orogeny may increase organic
carbon burial efficiency, and induce pulsed atmospheric
oxygenation (Campbell and Allen, 2008; Planavsky,
2018), which may explain the ‘‘whiffs of oxygen” in the late
Archean (Anbar et al., 2007). Perhaps more importantly,
the changes in crust composition (Tang et al., 2016), and
the expansion of subaerial crust (Bindeman et al., 2018)
and continental shelf areas following orogeny may
fundamentally shift the long-term balance between oxygen
production through photosynthesis and oxygen consump-
tion through oxidative reactions (Husson and Peters, 2017).

5. CONCLUSIONS

Archean igneous rocks show prominent garnet fraction-
ation signatures from basalt to granite, namely, rising
Gd/Yb and constant MnO/FeOT with increasing SiO2 con-
tent. Such garnet signatures were likely formed during
intracrustal differentiation (crystal fractionation and/or
crustal remelting) rather than subducted slab melting
because of the lack of high Mg# in the majority of the dif-
ferentiated samples. These garnet signatures are seen in
igneous rocks from all major Archean cratons, suggesting
widespread orogenic processes in the Archean.

To support a thick continental crust and drive such vig-
orous orogenic processes in the Archean, the strain rate of
the convecting Archean upper mantle was at least an order
of magnitude higher than today and may have been the
manifestation of mantle overturn towards the end of the
Archean.
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