GEOLOGY |

THE GEOLOGICAL SOCIETY
OF AMERICA®

© 2022 Geological Society of America. For permission to copy, contact editing@geosociety.org.

https://doi.org/10.1130/G49793.1

Manuscript received 26 April 2021
Revised manuscript received 18 October 2021
Manuscript accepted 12 December 2021

Published online 25 February 2022

Long-lasting viscous drainage of eclogites from the cratonic

lithospheric mantle after Archean subduction stacking

Zhensheng Wang'*, Timothy M. Kusky'?* and Lu Wang'
State Key Laboratory of Geological Processes and Mineral Resources, and Center for Global Tectonics, School of Earth Sciences,
China University of Geosciences, Wuhan 430074, China
°Three Gorges Research Center for Geohazards, China University of Geosciences, Wuhan 430074, China

ABSTRACT

The origin of early continental lithosphere is enigmatic. Characteristics of eclogitic com-
ponents in the cratonic lithospheric mantle (CLM) indicate that some CLM was likely con-
structed by stacking of subducted oceanic lithosphere in the Archean. However, the dynamic
process of converting high-density, eclogite-bearing subducted oceanic lithosphere to buoyant
CLM remains unclear. We investigate this process through numerical modeling and show that
some subducted and stacked eclogites can be segregated into the asthenosphere through an
episodic viscous drainage process lasting billions of years. This process increases the chemical
buoyancy of the CLM, stabilizes the CLM, and promotes the preservation and redistribution
of the eclogites in the CLM, explaining the current status of early subduction relicts in the
CLM revealed by geophysical and petrological studies. Our results also demonstrate that the
subduction stacking hypothesis does not conflict with the longevity of CLM.

INTRODUCTION

The origin of cratonic lithospheric mantle
(CLM) remains controversial (Lee et al., 2011;
Herzberg and Rudnick, 2012). Cratonization
and craton growth by subduction stacking in
Archean suture zones (Fig. 1), where oceanic
mantle and crust are stacked beneath growing
lithosphere (Helmstaedt and Schulze, 1989;
Kusky, 1993), is suggested by petrological and
geochemical observations (Lee et al., 2011;
Herzberg and Rudnick, 2012). This hypothesis
is also supported by geophysically detected
subduction-related dipping structures in many
continental regions of Archean to Phanerozoic
age (Calvert et al., 1995; Bostock, 1998; Hum-
phreys et al., 2015) and is further confirmed by
some deep-seated eclogites, transformed from
oceanic crust at depths >~45 km (1.2 GPa),
showing subduction-related low-pressure ori-
gins and/or geochemical features of seawater al-
teration (Jacob, 2004). With the addition of new
evidence from geophysics, petrology, and geo-
chemistry (e.g., Kopylova et al., 2016; Aulbach
et al., 2020; Smart et al., 2021), the subduction
stacking hypothesis has become increasingly
the most reasonable model for craton growth,
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as supported by multi- and cross-disciplinary
data sets.

However, this hypothesis only describes the
initial static status of slab stacking, in which
large volumes of oceanic crust are transformed
to high-density eclogites (Helmstaedt and Schul-
ze, 1989) in dipping layers and are distributed
from the top to the base of the CLM with ap-
proximately equal abundance (Fig. 1). This lim-
its the acceptability of the hypothesis because
these predictions are not in all cases consistent
with the presently observed abundance and
distribution of CLM eclogites (Kopylova et al.,
2016; Aulbach et al., 2020), which represent
products of the initial stacking plus the results
of billions of years of geodynamic evolution. For
instance, eclogites in some cratons are estimat-
ed to be mainly concentrated at specific depths
(Kopylova et al., 2016; Aulbach et al., 2020)
and are not all correlated with detected dipping
geophysical anomalies (Kopylova et al., 2016).
Thus, if the CLM was constructed by subduction
stacking, the billions of years of dynamic evolu-
tion after CLM formation is non-negligible and
may have changed the initial geometry of slab
stacking, removing or redistributing the eclog-
ites in the CLM.

Previous research has been mainly on
eclogites in the lower crust, which sink rapidly

through the more buoyant mantle peridotites
by virtue of their negative buoyancy (e.g., van
Thienen et al., 2004; Percival and Pysklywec,
2007; Johnson et al., 2013; Sizova et al., 2015;
Fischer and Gerya, 2016; Piccolo et al., 2019).
Eclogites subducted to CLM depths are specu-
lated to have similar potential to generate litho-
spheric sinking and removal (Lee et al., 2011;
Herzberg and Rudnick, 2012), thus preserving
few eclogites, in contrast with their common
occurrence in CLM xenoliths (Kopylova et al.,
2016; Aulbach et al., 2020). Recent studies have
started to specifically focus on the sinking of
eclogite and its preservation in the CLM via
simple dynamic modeling but with very lim-
ited temporal and spatial resolution (Luo and
Korenaga, 2020). Thus, the continuous evolu-
tion of eclogite removal and redistribution and
their influences on CLM thickness and stability
are actually not modeled (Luo and Korenaga,
2020) yet are the most problematic issues with
the slab-stacking hypothesis (Lee et al., 2011;
Herzberg and Rudnick, 2012). We use two-di-
mensional geodynamic numerical modeling via
the Underworld2 finite-element code (Moresi
et al., 2003; https://underworld2.readthedocs
.io/en/latest/) to investigate these fundamental
questions, combining different geological and
physical conditions in the Archean. This allows
us to reproduce Archean slab-stacking behav-
iors revealed by previous studies (Kusky, 1993;
Calvert et al., 1995) and quantitively assess the
evolution of eclogites and lithospheric thickness
for billions of years to compare with geological
and geophysical observations.

NUMERICAL MODELS AND RESULTS
All our models contain two convergent plates
(Fig. 2) overlying an Archean ambient mantle
with different mantle potential temperatures (7})
higher than at present (AT, = 135-250 K in dif-
ferent models) (Herzberg et al., 2010; Ganne and
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Figure 1. Conceptual model for construction of cratonic lithosphere via Archean subduction
stacking (Helmstaedt and Schulze, 1989; Kusky, 1993). Domains with dark green color are
newly or previously stacked slab eclogites (PSSE); those with light gray color are cratonic
lithospheric mantle (CLM) peridotites. Gap mantle is made up of asthenospheric, mantle

wedge, or arc materials.

Feng, 2017) under secular cooling (Wang et al.,
2018). The pro-plate contains a leading oceanic
slab and a trailing cratonic block, whereas the
retro-plate contains a cratonic block. The two
cratonic blocks are composed of upper crust,
lower crust, and CLM, whereas the oceanic slab
contains a crustal layer and a chemically buoy-
ant peridotite layer. The thickness of the oce-
anic crust and depletion of mantle peridotites
are functions of melt extraction along different
mantle adiabats, while their density and rheol-
ogy are experiment-based functions, considering
influences of eclogitization and depletion (see
the Supplemental Material') (Jin et al., 2002;
Capitanio et al., 2020). Additionally, we adopted
different convergence rates (1-10 cm/yr), stack-

ISupplemental Material. Supplemental text, Fig-
ures. S1-S8, Tables S1 and S2, and Movies SO-S13.
Please visit https://doi.org/10.1130/GEOL.S.18823967
to access the supplemental material, and contact edit-
ing@geosociety.org with any questions.
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ing dip angles (15°—45°), and thermal slab thick-
nesses (50-150 km) in different models so as
to obtain different slab thermal structures and
thus different density and rheology structures
(Perchuk et al., 2020). Considering water- or
strain-related weakening and episodic modifi-
cation events, we also tested different weaken-
ing effects (strength factor f = 0.01-1.0) of the
eclogitic (f.ciogie) and peridotitic (feigone) lay-
ers (Herzberg and Rudnick, 2012; Wang et al.,
2018) (see the Supplemental Material and Tables
S1 and S2 therein for model parameters). After
collision, the convergence rate is set to 0, then
the evolution of the eclogitic crust is driven by
its negative buoyancy and resistance from the
adjacent peridotite.

Viscous Drainage

In the first 100 m.y. of the models, the
geotherm of the convergent zone is gradual-
ly changed from a subduction-stacking type
(Fig. 2B) to a cratonic type (Fig. 2D). Thus,
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the eclogites in the stacked slab become heated
up, thermally weaker, and more removable. As
a consequence, some unstable eclogites near
the newly formed lithospheric base gradually
move downward due to their negative buoyancy,
which makes them and their adjacent perido-
tites drain into the asthenosphere (Fig. 2C).
This process is named viscous drainage (Lee
et al., 2011), which initializes and reaches its
peak approximately tens to hundreds of mil-
lions of years after stacking and episodically
lasts billions of years (Fig. 3; Figs. S3-S8,
Movies S0-S13 [model runs O through 13]).
Our results show that faster viscous drainage
can be caused by hotter mantle temperatures,
younger slab ages, larger stacking dip angles,
and weaker slab peridotites (Fig. 3).

Lithospheric Thinning and Craton
Longevity

The drainage of eclogites in the lower CLM
can entrain some adjacent peridotites into the as-
thenosphere (Fig. 2C). This can lead to thinning
of the chemical (eclogites and lithospheric peri-
dotites hereby) and thermal (<1350 °C) CLM
(Fig. 2C), which has been suggested as one of
the important mechanisms for cratonic litho-
sphere thinning (Lee et al., 2011). However, we
find that the entrainment and thinning processes
are strongly influenced by the CLM peridotite
strength factor, whereas other parameters tested
here are not so influential (Fig. 3).

In most of our models with strong slab peri-
dotites (Figs. 3A-3J, 3M-3N), the lithospheric
thinning is very limited; only <20 km after
~2500 m.y. of model evolution. This is because
dense eclogites under these conditions separate
efficiently from strong buoyant CLM peridotites

Figure 2. Snapshots for
material and viscosity
(n) fields of the reference
model, with mantle poten-
tial temperatures (T,)
higher than at present
(AT, =135 K), stacking
dip angle = 15°, slab ther-
mal thickness =100 km,
strength factor of eclogite,
feciogites = 1.0, and perido-
tites, fperidotiles =1.0. (AsB)
Subduction stacking and
formation of stacking-type
geotherm. (C,D) Viscous
drainage during forma-
tion of cratonic geotherm.
(E,F) Relicts of viscous
drainage after ~2500 m.y.
of evolution. Histograms
are the volume fraction of

0.0 0.2 0 o000 eclogites versus depth.
Abundance fraction T(°C) Contour lines in B, D, and
F are isotherms; plot dia-
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(Fig. 2D), mainly making eclogites eventually
foundered into the asthenosphere.

In contrast, in several of our models with
weak slab peridotites (Figs. 3K-3L), strong thin-
ning (50-100 km) of the chemical CLM can be
achieved by efficient removal of eclogites and
their adjacent buoyant CLM peridotites, which
is accompanied or followed by cooling of the
ambient and/or mixed mantle below the thinned
chemical CLM and reestablishment of a thick
thermal CLM (Figs. 3K-3L).

Eclogite Preservation and Redistribution
After billions of years of gravitational ef-
fects, via viscous drainage, some eclogites can
still be preserved in the CLM (Figs. 2 and 3).
The eclogite’s preservation is sensitive to man-
tle potential temperature (7,) and CLM peri-
dotite strength factor. Higher mantle 7, values

can result in larger melting degrees and thicker
oceanic crust (Herzberg and Rudnick, 2012) and
thus larger residual eclogite volume fraction
(Figs. 3A-3C). Weaker CLM peridotites can
result in easier viscous drainage of the denser
eclogites and thus a smaller residual eclogite
volume fraction (Figs. 3A, 3K-3L). Accord-
ing to our models, the residual eclogite volume
fraction in the CLM would be ~0.02-0.12 after
~2500 m.y. of viscous drainage.

The eclogites are sensitive to all the param-
eters tested during their redistribution (Fig. 3)
and can be mostly divided into two parts ac-
cording to their morphological features and
depths (Figs. 2 and 3). One main part consists
of eclogites below Moho depths, retaining the
original dipping structure of subduction stack-
ing to a depth of 50-120 km in the upper CLM
after ~2500 m.y. of viscous drainage. The
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second part consists of eclogites dispersed be-
low the first part (Figs. 2 and 3), with single
or multiple concentration depths in the lower
chemical CLM, influenced by most tested pa-
rameters. These dispersed deeper eclogites show
very weak spatial or geometric correlations with
the shallowly dipping structure.

DISCUSSION

Eclogites in the CLM have negative buoy-
ancy similar to that of eclogites in the lower
crust. However, their effects on CLM evolution
are different, given that the latter tend to trigger
rapid delamination (van Thienen et al., 2004;
Percival and Pysklywec, 2007; Johnson et al.,
2013; Fischer and Gerya, 2016), whereas CLM
eclogites formed during subduction stacking
are shown here to trigger long-lasting viscous
drainage (Lee et al., 2011), which is verifiable
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according to its unique relicts (dipping struc-
ture, eclogite abundance and distribution). The
modeled dipping structure is consistent with
the geophysical observations in the Archean
Superior craton (Canada), in which dipping
structures are shallower than 120 km (Figs. 4A
and 4C) (Calvert et al., 1995), compatible with
subduction-related eclogites (Smit et al., 2014)
but different from the early conceptual model of
subduction stacking in which stacked eclogitic
crust can be preserved to much greater depths
(Helmstaedt and Schulze, 1989). The predicted
residual eclogite volume fraction in the CLM
(0.02-0.12) is close to recently estimated values
(<0.2) based on geophysical and xenolith stud-
ies (Garber et al., 2018), which may be method
dependent. The modeled concentration of scat-
tered eclogites in the lower CLM is roughly
consistent with recognized concentrations of
subduction-related Archean eclogites at inter-
mediate depths (~3-6 GPa) of some Archean
cratons (Fig. 4B) (Aulbach et al., 2020; Smart
et al., 2021), although with slight differences
resulting from sampling bias and uncertainties in
depth estimation of xenoliths (Lee et al., 2011).

i Dlppmg strugture in A?

Interestingly, eclogites in the geophysically re-
vealed dipping structure are rarely sampled by
deep xenoliths, likely also indicating some sam-
pling bias or influences of other parameters. For
instance, the untested mid-lithosphere discon-
tinuity and entrained buoyant sediments may
also influence the redistribution of subducted
eclogites (Aulbach et al., 2020).

The thinning and longevity of CLM are influ-
enced by both its intrinsic properties and adja-
cent geological events (Lee et al., 2011). Eclog-
ites addressed here mainly influence the intrinsic
properties of the CLM, including its buoyancy
and rheology. However, the eclogite-peridotite
separation process modeled here can reduce the
influence of eclogites (Herzberg and Rudnick,
2012) and make cratons in some cases achieve
similar stability as those of previous studies
without such eclogites (e.g., Lenardic et al.,
2003; Wang et al., 2018). This answers queries
about the longevity of subduction stacking-re-
lated lithosphere (Lee et al., 2011; Herzberg and
Rudnick, 2012). Later episodic plume and plate-
tectonic processes and their related heating and
melt and fluid infiltration can weaken the CLM

eclogite distribution in our
models after ~2500 m.y. of
evolution. See Figure 2 for
legend.

Eclogites
sampled

0 0.2

(Leeetal., 2011; Liu et al., 2021). Weakening of
CLM peridotites is here shown to result in rapid
enhancement of viscous drainage and thinning
of the chemical CLM, whereas the thermal CLM
can be thickened again during secular cooling
(Figs. 3K and 3L). This is consistent with the
observed stratification phenomenon in which the
chemical CLM is in some cases thinner than its
thermal CLM (Eaton et al., 2009; King, 2005).
The influence of different adjacent events on the
evolution of CLM with such preserved eclog-
ites still needs extensive analysis. For example,
plume activities have been shown to have sig-
nificant influence on the stability of cratons
with high-density CLM eclogites, potentially
changing their thickness and topography (Hu
et al., 2018).

Our results show that viscous drainage is
feasible for a broad range of mantle potential
temperature (7},), covering reasonable values
from 4 Ga to present (Herzberg et al., 2010).
According to the limited data available, eclog-
ite-bearing kimberlitic diamonds have first
been recognized in samples younger than 3 Ga
(Shirey and Richardson, 2011), and the oldest
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known dipping structure in the Superior CLM
formed at ca. 2.7 Ga (Fig. 4A) (Calvert et al.,
1995); however, other indicators of subduc-
tion are known to have formed much earlier
(e.g., Windley et al., 2021). Thus, this slab
stacking and eclogite viscous drainage model,
with Archean mantle temperatures, is suitable
to explain some CLM formation processes at
least between 3 and 2.5 Ga. Actually, similar
processes are suggested to have taken place in
the Slave craton (Canada) and Wyoming craton
(U.S. and Canada) during the Proterozoic and
Mesozoic, respectively, where newly subducted
slabs stacked below thick cratons and then re-
leased some eclogites to greater depths (Bos-
tock, 1998; Humphreys et al., 2015; Kopylova
et al., 2016) to form deeper layers of concen-
trated eclogite (Kopylova et al., 2016). Thus,
slab stacking and the eclogite viscous drainage
model, complimenting the shallow breakoff and
viscous underplating models (Perchuk et al.,
2020), is likely a more common case for both
cratonization (Herzberg and Rudnick, 2012)
and recratonization (Liu et al., 2021) from 3 Ga
to present. If slab subduction and stacking are
also valid before 3 Ga (Windley et al., 2021),
our viscous drainage model suggests that some
eclogites or their metamorphic analogues may
be still preserved as undetected dipping layers
or scattered relicts in the CLM.
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