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MOBILE CRATONS, SUBCRETION TECTONICS AND FORMATION OF
TTGs

SUMMARY

The formation of Archean cratonic lithosphere and TTG (Tonalite-Trondjemite-
Granodiorite) suites is not well understood, in part because the style of global
tectonics active at that time is uncertain. The non-plate tectonic hypothesis for
formation and evolution of continents we test in this study involves: intense
magmatism above mantle upwellings in an unstable single plate regime to form
cratonic nucleii; imbrication and anatexis of crust-dominated oceanic lithosphere at
convergent margins driven by mantle flow, with build-up and thickening of cratonic
keels by collisions. We use 2D numerical geodynamic models to investigate whether
differential motion between the convecting mantle and cratonic keels can induce
horizontal motion of a craton to form an accretionary orogen. Using the convection
code StagYY, we attempt to model a self-consistent subcretion of oceanic
lithosphere pushed by a pre-imposed craton. Initially, 40 km thick basaltic crust,
accompanied by 20 km thick sub-oceanic lithosphere, is introduced on both sides of
the 230 km thick cratonic lithosphere, with an initial potential mantle temperature of
1750 K. The domain is divided by 64 vertical cells and 512 lateral cells
corresponding to 660 km depth and 2000 km length. Both for upper and lower
boundary, free-slip surface conditions are used. Left and right boundaries are
periodic. Velocities are forced to be zero until a critical depth of 60 km, after that, a
sub-lithospheric mantle flow of 4 cm/yr imposed into the model. Diffusion creep has
chosen to be the main deformation mechanism for computational reasons. Our study
involves investigating the effects of different parameters on the evolution of the
experiments, such as; reference mantle viscosity, eclogite phase transition depth,
yield stress of the oceanic lithopshere, and a change in the deformation mechanism.
Our experimental results indicate that, cratonic keels can be mobilized by the sub-
lithospheric mantle winds. We chose a reference model with typical yield stress (20
MPa), mantle viscosity (10%° Pa s), and eclogite transition depth (40 km) values,
where craton becomes mobilized after ~160 Myr from model initiation, and oceanic
lithosphere becomes subcreted at the cratonic margin. It has been found that,
reference mantle viscosity has a significant impact on the exact time that the craton
has become mobilized. Experiments with a 10? Pa s reference mantle viscosity
yielded in faster mobilizaiton times by a factor 22 — 23 times. In these models,
subcretion of oceanic lithosphere at continental margins did not occur, but thickened
oceanic lithosphere parts created downwellings resembling to subducting oceanic
slabs. Lower mantle viscosities (10%° Pa s), however, could not generate sufficient
stress to drift the craton away, but they led to a more vigorous convection and
thermally eroded the cratonic roots. Increasing yield stresses from 20 MPa to 25 MPa
and 30 MPa, made the oceanic lithosphere stronger and elongated the time needed
for cratonic mobilization. Increasing it to 40 MPa led to a stable tectonic state, where
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craton did not become mobilized. Experiments with increased surface yield stresses
did not provide an environment for subcretion tectonics, instead, lithospheric
removal was due to eclogitic dripping where oceanic lithosphere became thick
enough. Removal of the oceanic lithosphere changes velocity and orientation of the
flows within the asthenosphere. In relation to that, evolution of some experiments
contained convection cells generated within the mantle that ceased the motion of the
craton, and even pushed it backwards for brief amount of time in some cases.
Experiment performed to investigate the effect of deformation mechanism reflected
the best example for this. In this case, rigthward moving craton traveled backwards at
some point, created a subcretion on the left margin, and then, it started to move
forward again to create a secondary subcretion, which has been classified as
asynchronous double-sided subcretion. Our results indicate that, lithospheric removal
mechanisms and craton mobilization times can vary with different parameters, but a
displacement of 1350 km takes place in 30 to 40 Myr in all experiments, when the
craton becomes mobile. Subcretion tectonics can only start in a narrow window,
where surface yield stress is 20 MPa and reference mantle viscosity is 10%° Pa s, with
the exception of eclogite transition depth being 60 km. Results indicate that
subcretion mechanism can be achieved under given conditions, and TTG genesis via
this mechanism can be valid when certain P-T conditions are met.
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MOBIL KRATONLAR, BiRiKME TEKTONIGIi VE TTG OLUSUMU

OZET

Giiniimiiz kitalarinin atalar1 olarak kabul edilebilecek Arkeen ddnemi kratonik
litosferinin, ve TTG (Tonalit-Tronjemit-Granodiyorit) kayalarinin olusumu, o
donemdeki tektonik rejim iyi bilinmediginden net olarak anlasilamamistir. Diinya
kitasal kabugunun yaklasik %16’s1 Arkeen yashdir. Ayrica, Arkeen kratonlarin
manto litosferleri oldukca tilkenmis materyalden olusurlar ve buna bagli olarak
yiizebilirlikleri yiiksek oldugundan uzun doénemler boyunca durayli kalabilme
Ozelligine sahiptirler. Arkeen yash kita kabugunun ¢ogunlugu Tonalit-Tronjemit-
Granodiyorit (TTG) serisi kayalarindan olusmaktadir. Bu tip kayalarin SiO- igerikleri
cogunlukla %70’den biiylikk olmakla birlikte, giinlimiiz granitik kayalariyla
kiyaslandiginda yiksek NaO ve diisiik KO igerikleri ile karakterize olurlar. Iz
element desenlerinde gorilen negatif Nb ve Ta anomalisi bu kayalarin kita ici
bolgelerdense, orojenik ortamlarda olustuklarini isaret etmektedir. TTG tipi kayalarin
kimyasal 6zellikleri yapilan ¢alismalar ile sinirlandirilmis olsa da, levha tektoniginin
nasil ve ne zaman bagladiginin kesin olarak bilinmemesi, olustuklari tektonik rejim
ve ortam acisindan farkli yorumlara sebebiyet vermektedir. Bu nedenle diinyanin
tektonik olarak 6li halde kabul edilebilecek tek plakali bir rejimden nasil levha
tektonigine gectigini anlamak, TTG olusumu tartismalarina da agiklik getirebilir.
Arkeen yash ultra yiiksek basing kayalarinin (mavi sist), ofiyolitlerin ve yatay
sikigma bolgelerinde olmasi beklenen bindirme faylari ile kivrimlanmalarin yoklugu;
bu donemde levha tektoniginin olmadigi Ongorisiinii  giiglendirmektedir. Bu
caligmada test edilen levha tektonigi olmayan diinya teorisi; duraysiz, tek plakali bir
dunyada, manto yiikselmeleri dolayisiyla ag¢iga ¢ikan yogun magmatizmanin kratonik
cekirdekleri olusturmast ve c¢ogunlugu okyanusal kabuktan olusan okyanusal
litosferin, manto akiglar1 tarafindan tetiklenmis hareketi sonucu bindirme ve
anaergimesiyle kratonik kokleri kalinlagtirip giiclendirmesi tizerinde durmaktadir. 2-
boyutlu jeodinamik modeller kullanilarak, konveksiyon halindeki manto ve kratonik
kokler arasindaki diferansiyel hareketin, kratonu hareket ettirerek akresyonel bir
orojen olusturup olusturamayacagi incelenmistir. Calismada kullanilan StagYY
konveksiyon kodu ile, model igerisine yerlestirilmis bir kratonun okyanusal kabugu
ittirmesi sonucu istikrarli bir birikim ve yigisim hareketinin modellenmesi
amaclanmistir. Model baslangicinda, potansiyel manto sicakligit 1750 K olacak
sekilde; 230 km kalinliginda bir kraton ve, kratonun sag ve sol kisminda ona eslik
eden 20 km’lik okyanusal manto litosferiyle birlikte 40 km’lik okyanusal bazaltik
kabuk yerlestirilmistir. Ust ve alt sinir igin serbest kayma sinir kosulu kullanilmistir.
Sag ve sol simirlar ise periyodiktir. Periyodik siir kosullarinda bir sinirdan ¢ikan
materyal diger kistmdan girdiginden, igeri akan yeni materyalin fiziksel ve kimyasal
Ozelliklerinin kontrol edilmesi gerekmemektedir. Hizlar 60 km’lik bir kritik derinlige
kadar 0 olmaya zorlanmis, bu derinlikten sonra 4 cm/y1l’lik litosfer alti manto akis
hizlar1 kullanilmistir. Bilgisayar sayisal islem sorunlar1 dolayisiyla, ana deformasyon

xXiii



mekanizmasi olarak yaymimli siiriinme (Newtonsal akis) tercih edilmistir. Calisma;
referans manto viskozitesi, eklojit faz doniisiim derinligi, okyanusal litosferin stinme
gerilmesi ve deformasyon mekanizmasindaki degisimlerin etkisinin incelenmesini
icermektedir. Deneysel sonuglar, kratonik govdelerin litosfer altt manto riizgarlari
yardimiyla hareket ettirilebilecegini gostermistir. Kratonun model baslangicindan
160 milyon yil sonra mobil hale gectigi, okyanusal litosferin kraton kenarinda
biriktigi ve, sinme gerilimi (20 MPa), manto viskozitesi (10%° Pa s) ve eklojit
dontistim derinligi (40 km) icin tipik degerlerin kullanildig1 deney, referans model
olarak secilmistir. Devaminda, referans manto viskozitesinin kraton mobil hale
gecme zamaninda 6nemli bir rol oynadig: tespit edilmistir. 10?! Pa s referans manto
viskozitesine sahip modellerde mobillesmenin 22-23 kat daha hizli gergeklestigi
tespit edilmistir. Bu modellerde okyanusal litosferin kita kenarinda birikmesi
gerceklesmemistir ancak, okyanusal litosferin kalinlasan kesimlerinde yiten
okyanusal levhalara benzeyen parcalarin asagi yonlii hareketi gézlenmistir. Daha
diisiik manto viskozitesinin (10° Pa s) kullanildig1 modellerde ise, kratonu hareket
ettirecek yeterli streslere ulasilamamig, ancak, manto igerisinde olusan kuvvetli
akiglar sonucu kratonik koklerin termal erozyonu gerceklesmistir. Viskozite artisi
kratonun harekete baslayisin1 hizlandirsa da, toplam hareket siiresini 6nemli 6lgiide
etkilememektedir. Modellerin tiimiinden alinan sonuglara gore, manto akislar
sayesinde harekete baslayan kratonlar model kutusunun bir sinirindan diger sinirina
olan yatay hareketini 30 — 40 milyon yilda tamamlamaktadir. Sinme gerilimini 20
MPa’dan 25 MPa ve daha sonra 30 MPa’a ¢ikarildigi modellerde okyanusal litosferin
giiclenmesi sonucu kraton harekete ge¢me siiresinin uzadigi goézlenmistir. 40 MPa’a
¢ikarildigi durumda ise kraton stabil bir tektonik durumda kalmis ve hareket
etmemistir. Siinme  gerilmesinin  artirildigt  modellerde  birikmeli  tektonik
gbézlenmemis onun yerine, okyanusal litosferin kalinlagtigi yerlerde gozlenen
eklojitik manto damlamalari olusmustur. Stinme gerilimindeki goreceli olarak kiguk
(5-10 MPa) degisikliklerin model evriminde tektonik agidan onemli degisiklikler
yaratmi§ olmast, siinme gerilimi degerinin farkli tektonik rejimler arasinda keskin bir
gecis oldugunu gostermektedir. Okyanusal litosferin bir sekilde astenosferin icerisine
taginmasi, manto icerisindeki akislarin hizin1 ve yoniinii etkileyebilmektedir. Buna
bagli olarak bazi modellerin evrimi siiresince agiga c¢ikan konveksiyon hiicreleri
kratonun hareketini durdurmus ve hatta bazi modellerde kisith bir siire boyunca
kratonu geriye dogru stiriiklemistir. Deformasyon mekanizmasinin etkisini inceleyen
model, bu durumun en giizel 6rnegini ortaya koymustur. Bu durumda sag yonde
hareket eden kraton bir noktada ters yone hareket etmeye baslayarak okyanusal
litosferi kita kenarinda biriktirmis, ve devaminda kesilen sag yonlii hareketini
stirdiirmesiyle sag kisimdaki okyanusal litosferi biriktirmistir. Bu durum es zamanl
olmayan ¢ift tarafli birikme adi verilmistir. Sonuglara gore, farkli parametreler
altinda litosfer tasinma tiplerinin ve kraton mobillesme siirelerinin degistigi
gozlemlense de, kratonik gdvdelerin harekete basladiktan sonra yaptiklari 1350
km’lik yer degistirmenin 30 ila 40 milyon y1l arasinda gerceklestigi tespit edilmistir.
Eklojit faz dontisiimii derinliginin 60 km oldugu model istisnai olmakla birlikte,
birikme tektoniginin; sinme gerilmesinin 20 MPa ve referans manto viskozitesinin
10 Pa s oldugu dar bir aralikta gerceklestigi tespit edilmistir. Model sonuglari,
artan viskozitenin model evrimi siiresince gozlenen tektonik rejimlerde degisime yol
actigii gostermektedir. Diisilik viskoziteden yiiksek viskoziteye dogru artig esnasinda
tek plakali bir rejimden levha tektonigine gecise benzeyen bir gegisin s6z konusu
oldugu tespit edilmistir. Modellerdeki viskozite artis1, mantonun sogumasina bagl
olarak gerceklesen viskozite artisiyla iliskilendirilebileceginden, niimerik deneyler
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tek plakali rejimden levha tektonigine gecisin viskoziteyle baglantili olabilecegini
gostermektedir. Uygun oldugu belirlenen parametreler altinda, gerekli sicaklik-
basing kosullar1 saglanmasi kaydiyla, birikme tektonigi TTG’lerin olugsmasina sebep
olabilir.
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1. INTRODUCTION

Descendants of the oldest continental pieces, cratons, are the foundation of modern-
day continents. They are the most stable and least deformed places on the Earth.
Their deep, depleted and stable roots combined with their uncommon crustal
lithology and their economic significance because of the diamond-bearing kimberlite
pipes, makes them a conspicuous study case in earth sciences. (Groves et al., 1987;
Shirey et al., 2004).

Roughly 16% of the Earth’s continental crust is composed of rocks that are Archean
in age (Artemieva, 2011). Mantle lithosphere of Archean cratons are made up by
highly depleted material, which makes them neutrally buoyant and stable for very
long time (Jordan, 1978). Roots of these peculiar structures can reach down into the
mantle about 200-300 km deep (King, 2005; Wen & Anderson, 1997).

Middle Proterozoic

Late Proterozoic

Paleozoic

Figure 1.1 : Ages of continental lithospheres around the world (Artemieva, 2011).

Archean age continental crust mainly consists of TTGs, a series of rocks which
mostly have 70% or more SiO> content. They are characterized by high Na>O content
(3.0-7.0 wt% Naz0) and low K>O/Na:O ratio (<0.5). They have relatively low

potassium content when compared with modern granitic rocks. Generation of modern



granitoids shows a differentiation during potassium enrichment, while TTGs do not

follow a trend (Figure 1.2).

K Anorthite

Na Ca Albite Orthoclase

Figure 1.2 : a) Anorthite-Albite-Orthoclase triangle showing the K-rich modern
granitic rocks (red area) and TTGs (green dots), b) K-Na-Ca triangle shows K-
enrichment during the formation of continental granitoids (red). TTGs does not show
a clear trend (modified after Moyen & Martin, 2012)

Major minerals in the rock; quartz, oligoclase and biotite are accompanied by the
accessory minerals allanite, apatite, zircon, titanite and titanomagnetite. They have
an average Mg# of 43, which leads to conclusion that they are poor in

ferromagnesian components (Moyen & Martin, 2012).

They are more enriched in LREE compared with the modern granitoids. Both TTGs
and new generation of granitic rocks have negative Nb and Ta anomalies, indicating
that they should have been formed in an orogenic environment rather than intra-plate

regions (Figure 1.3) (Kelemen et al., 1998).

100

10F

ROCK / PRIMITIVE MANTLE

RbBaTh U K NbTa La CeSrNdZr Hf SmEuGdTi Dy Y ErYb V Cr Ni

Figure 1.3 : Primitive mantle normalized spider diagram for trace elements of TTGs
(green) and modern crustal rocks (red) (after Moyen & Martin, 2012).



According to Moyen and Martin (2012), most accepted model for the formation of
TTG parental magmas starts with partial melting of mantle material to generate
basalts. These basalts then experience eclogitization under the suitable P-T
conditions, which can give rise to generation of tonalitic magmas, if partially melted.
Differentiation of the tonalitic magmas with the extraction of hornblende +
plagioclase might have affected some suites, leading to the genesis of different types
of more evolved TTG magmas (Martin, 1987; Moyen et al., 2007).

Archean aged subcontinental lithospheric mantles (SCLM) are highly viscous, Fe-
depleted, refractory and buoyant. They are the most stable regions in Earth with no
or little internal deformation (Aulbach et al., 2011; Bédard, 2006; Griffin et al.,
2009) . Dominant mineral of the Archean SCLM is olivine, which has an unusual
composition compared with its modern-day counterparts, has uncommonly high
MgO/(MgO+FeQ) ratios (Fog2-94). This type of magnesian olivine cannot be
produced with the modern-day mantle temperatures, thus, mantle temperatures
should have been higher (~150 - 250 °C) in Archean (Arndt et al., 2009; Sizova et
al., 2015). Starting from this point, formation of this unusual minerals require at least
one of the followings: melting under extremely hot conditions, transformation of the
less magnesian olivine into forsterite-rich olivine under the influence of tectonic
events, separation of forsterite-rich olivine from its opposite by some physical
process (Arndt et al, 2009).

(Lenardic & Moresi, 1999) suggested that, buoyancy by itself cannot be the only
reason for the extreme durability of the cratons. Instead, combination of buoyancy
and absence of volatiles in magnesian minerals (olivine and orthopyroxene) in the

cratonic roots can lead to long-term stability of the cratons.

1.1 Former Studies and Plate Tectonics Problem in Archean

1.1.1 Plate tectonics vs. stagnant-lid

Formation mechanism for the Archean terrane is not well understood, in part because
the global tectonic regime active that time is uncertain. In relation to this particular
problem, scientists working on the topic are divided into two groups. First group of
workers claims that, there was no subduction in Archean because, there is not enough

compelling evidence for Archean aged ophiolites and ultra-high pressure



metamorphic rocks (blueschists) (Bédard, 2006, 2018; Stern, 2008). While the
advocates of plate tectonics state that, Archean crust cannot be formed without
subduction, and remnants of Archean aged arc-type magmatism, thrust and isoclinal
folds, and accretionary complexes are solid evidences for subduction (Smithies et
al., 2005; van Kranendonk, 2011).

Stagnant-lid defines a state that can be considered as tectonically dead. It forms on
top of a convective layer which is temperature dependent, and has a viscosity that is
at least 10* less viscous than the overlying lid (Breuer, 2011). As a result, defining
tectonic settings that comprise a type of deformation (i.e. rifts and/or gravitational
downwellings and/or upwellings) needed new names such as, “heat-pipe regime”
(Moore & Webb, 2013), “plutonic squishy lid” (Rozel et al., 2017), “plume-lid”
(Fischer & Gerya, 2016), and “sluggish-lid” (O’Neill & Roberts, 2018). All these
names, even though they differ in numerous ways from each other, refers to a single
plate regime. Timing of transition from single plate to modern day plate tectonics is a
subtopic of the Archean plate tectonics controversy. It is still a highly debated
subject, and different studies suggest different evidences for initiation of subduction.
A compilation of times suggested for the onset of plate tectonics is given in Table
1.1

Stern (2018) suggests that, in order to have plate tectonics, lithosphere must be
denser than the asthenosphere, parts of lithosphere must be rheologically strong
enough to stay in one piece without breaking (i.e. so it can pull down the rest of the
lithosphere sufficiently), and it must also contain rheologically weak zones so rifts
and ridges can form to break continental pieces. He states that, all these conditions
have not been met until the Neoprotorezoic due to absence of petrotectonic clues.
Furthermore, it is well documented that, potential mantle temperatures in Archean
must have been 150 — 200 °C higher than modern day mantle temperatures (Condie et
al., 2016; Herzberg et al., 2010). Under these conditions, mantle lithosphere was
probably thinner, rheologically weaker, and more buoyant. Even if there was
subduction in Archean, it was probably episodic and short-lived (Sizova et al., 2015;
Ueda et al., 2008). Arndt (2013) argues that, plate tectonics started as early as 4.0 Ga
and subduction zones are the only candidate that can generate Archean crustal rocks.



Table 1.1 : The onset of plate tectonics according to different studies (Modified after Arndt, 2013).

When did plate
tectonics start?

Studies Evidence

Absence of lawsonite-bearing metamorphic rocks, blueschists, ophiolites and

~800 Ma (Hamilton, 1998, 2011), (Stern, 2008, 2018) . \
glaucophane-bearing eclogites.
1827 Ga (Brown, 2007), (Bédard, 2006, 2018; Absence of thrust and fold belts, blueschists, flysch and molasse deposits, and
' ' Bédard et al., 2003) (Rollinson, 2010) mélanges.

2.7 Ga or Before

(van Hunen & Moyen, 2012), (Moyen &

Martin, 2012), (Condie & KrGner, 2008) Existence of Archean aged arc or arc-like compositions (boninites), lateral

(Cawood et al., 2006), (Polat, 2012), accretion on Archean provinces, high-pressure metamorphic rocks.

3.0Ga (Condie & Benn, 2013)
33_35Ca (van Kranendonk, 2007, 2011), (Smithies et  Radical change in the composition of sub-continental mantle lithosphere ~3
' ' al., 2007), (Zegers and Keken, 2001) Ga, and eclogite inclusions found in diamonds.
40-43Ga (Harrison et al., 2008), (Nicholas T Arndt, Evidence for recycling of crust into the mantle from isotopic and trace
' ' 2013),(Hastie & Fitton, 2019) element data acquired from Archean aged zircon grains.




1.1.2 Formation of TTGs and cratonic mantle lithosphere

Different interpretations of structural, compositional and isotopical evidences
mentioned in the previous chapter, gave birth to various hypotheses that are trying to
explain the craton formation, generally fall into three categories: (i) wide range of
volcanism above an extremely hot plume activity (Arndt et al., 2009; Gerya, 2014;
Lee, 2006), (ii) repetitive imbrication of oceanic lithosphere at convergent
boundaries (Helmsteadt & Schulze, 1989; van Kranendonk, 2011), and (iii)
thickening of cratonic keels with continental collision (Cooper et al., 2006; Gray &
Pysklywec, 2012).

Volcanism generated by hot plume impingement hypothesis advocates, high degrees
of polybaric melting can lead to formation of forsterite-rich olivine closer to base of
the plume, while more fertile peridotitic rocks are located at the margins (Lee, 2006).
Magnesian part of this isopycnic area forms the depleted SCLM, whilst Fe-bearing,
fertile parts at the margins gets ejected because of the gravitational instability (Arndt
et al., 2009).

Imbrication of oceanic lithosphere at arc-like environments based on the idea of
stacking of oceanic lithosphere under continents with low-angle lateral tectonic
movements. The hypothesis suggests that the accretion of subducting slabs, which
are mostly formed by low-pressure peridotite provides explanation for the presence
of thick, low-pressure origin of SCLM peridotites (Arndt et al., 2009; Gerya, 2014).

Thickening of cratonic keels by the thrust stacking is claimed to be the reason for the
stability of the cratons due to increasing yield strength (Gerya, 2014). Gray &
Pysklywec (2012) performed a series of numerical experiments to test the viability of
collisional scenario under the Neoarchean conditions. They classified three different
styles of deformation based on varying rheology and radioactive heat production
(RHP): (a) imbrication, (b) pure-shear thickening and (c) underplating. They stated
that, when lower crust is rheologically weak and RHP is sufficiently low,
deformation is due to imbrication, while pure-shear thickening arises from high RHP
and low-degree of coupling between lower crust and the mantle lithosphere. In the
case where lower crust is rheologically strong, high degree of coupling between the
crust and mantle lithosphere prevents the imbrication and/or shear thickening and

leads to underplating.



Another mechanism suggested for the formation of Archean cratons is based upon
the idea of mantle overturns. Bédard (2018), suggested that the Earth was in a single
plate regime in the Archean. This single plate regime restricted the efficient cooling
of the Earth to upper mantle. Small-scaled, unstable thermal convection cells located
at the upper mantle prevented the formation of a thick sub-oceanic lithospheric
mantle (SOLM), while heat coming from the core and radioactive heat production in
the mantle, accumulated and generated a large-scale thermal upwelling, “Overturn

Upwelling Zone (OUZO)”, rising from core-mantle boundary to surface (Figure 1.4).
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Figure 1.4 : Overturn Upwelling Zones (Bédard, 2018).

OUZO creates a traction in the sub-lithospheric mantle as it rises and, leads to the
mobilization of distant continents/cratons. If OUZO encounters with a pre-existent
continent, it recycles and reworks it. Continents mobilized by the traction starts to
subcrete oceanic lithosphere at the margins. Thermal erosion created by the
convection cells prevents the formation of a thick negatively buoyant sub-oceanic
lithospheric mantle beneath the oceanic crust. Hence, unsubductable oceanic



lithosphere thickens by subcretion at the continental margin. Subcreted basaltic
oceanic crust metamorphose into eclogite as it sinks down, because of forces created
by moving continent. Partial melting of these eclogitic parts form the TTG parental

magmas (Figure 1.5).
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Figure 1.5 : Subcretion of oceanic lithosphere, and formation TTGs by the melting
of eclogitic rocks (Modified after Bédard, 2018).

1.2 Objectives

Main focus of our study is to bring an approach for understanding an Archean
tectonic setting, where plate tectonics considered inactive. Volume of crustal rocks
that have formed in the Archean should have been extensive due to higher mantle

temperature, yet, the amount that has been preserved is lower than expected

(Johnson et al., 2014). In addition to this, TTGs, which comprise half to two-thirds of
the crustal rocks which are formed in the Archean, are thought to be formed by a
hydrated basaltic source. This indicates that there must be a form of crustal recycling

even though there was no plate tectonics.
Obijectives we are trying to accomplish in this study can be summarized as:

1) Achieve the mobilization of the cratons with stresses applied by the sub-
lithospheric mantle winds on the cratonic keels,

2) Testing the effects of different reference mantle viscosities, eclogite phase
transition depths, and surface yield stresses to the mobilization of cratons.



3) Testing the viability of subcretion of basaltic oceanic lithosphere at the
continent-ocean borders,

4) Classifying the geodynamic regimes that have been identified within the
parameter sweep, which can lead to crustal recycling under Archean
conditions,






2. METHODS

Numerical experiments performed with convection code StagYY. It is a
compressible code allowing parallelisation. It includes phase transitions,
compositional variations, non-newtonian rheology and a set of different types of 2D
and 3D geometries (Tackley, 2008). Conservation of mass, moment and energy are

given, respectively;

V.(pu) =0 2.1
—V(2ne(w)) + VP = p(T)g (2.2)
6_T +uVT —V(kVT) =y (2.3)

Jt

will be handled by the MUMPS solver within the PETSc package (Rozel et al.,
2017), where, u is the fluid velocity, P is pressure (Pa), T is temperature (K), 1 is

viscosity of the material (Pa s) and ¢ is rate of deformation (1/s). The parameters «,
. 2 1 . -
y,and g are the thermal conductivity (m s ), thermal expansion coefficient (1/K),
. -1
and gravity vector (ms ).

Petrological components of the mantle are 25% basalt and 75% harzburgite. It
consists of 60% olivine and 40% pyroxene-garnet. The code has phase transitions at
410-520 km (Olivine-Wadsleyite) and 520-660 km (Wadsleyite-Ringwoodite) depth;
while eclogite transformation of the basaltic crust starts 40-60 km depth. On the
upper part of the eclogitization zone, olivine is 160 kg m= denser than basalt.
Beneath the eclogite transformation zone, eclogite originated from basaltic source

becomes 190 kg m= denser than olivine (Lourenco et al., 2016; Rozel et al., 2017).

Box geometry used for the model domain is divided into 64 vertical and 512 lateral
cells, corresponding to 660 km in depth and 2000 km in length. Both for the upper
and lower boundary, free-slip boundary conditions have been used. Left and right
boundaries of the box have periodic boundary conditions. Initial model geometry
comprises a 230 km thick cratonic keel (Rolf & Tackley, 2011), surrounded by 40
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km thick basaltic crust accompanied by 20 km thick oceanic mantle lithosphere
(Bédard, 2018). Center of the craton located at x = 500 km, and uppermost part of the
craton is 300 km wide. A sub-lithospheric mantle flow of 4 cm/yr is imposed in the
model to create mantle traction. Velocities are forced to be zero from surface to a
critical depth of 60 km. A rift on the left and a thermal anomaly on the right side of
the craton were implemented. The rift on the left margin of the craton is needed to
imitate the separation between oceanic lithosphere and the craton on the left margin,
which is thought to be a result of mobilization of a cratonic keel (Bédard, 2018).
Thermal anomaly is to help localize the deformation (Figure 2.1).

No flow 25 km Continental Crust 40 km Oceanic (Basaltic) Crust
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Figure 2.1 : Reference model setup.

Viscosity is considered temperature and depth (pressure) dependent, following

Arrhenius Law:

(2.4)

(E;+PVy) E
RT RT,

Naiff (T, P) = nodn;exp (

where, 1o is the reference mantle viscosity (10?! Pa s) at zero pressure and reference
temperature To. Ani is the factor used for viscosity jumps between layers. E; is the
activation energy in layer i, P is the pressure, V;jis the activation volume, R is the gas
constant (8.314 J mol* K1), and the T is the absolute temperature (Rozel et al.,
2017). The cratonic root is 200 times more viscous than the surrounding mantle,
while the continental crust emplaced over the cratonic root is 10 times more viscous
than the mantle. Standard visco-plastic approach has been used to perform yielding.

Yield stress calculations have both brittle and ductile components;
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Oprittie = € + fP (2.5)
Oguctile = Ty T PT;/ (2.6)

where c is cohesion (Pa), f is the friction coefficient, z,, is the yield stress (Pa), Tj, is

the yield stress gradient, and f is the friction coefficient.

Yield stress gradient is set to a low value (0.005) to efficiently yield the lithosphere.
Even though, it has no physical meaning, it is needed in the geodynamic models to
yield the lithosphere and generate downwellings. The yield stress is increased for the
cratonic root to prevent deformation. 1.2 GPa yield stress has been used for the

craton while the yield stress gradient is same as elsewhere (0.005).

In the mantle, an adiabatic temperature profile has been used, starting at a surface
potential temperature of 1750 K (i.e., about 150 K warmer than present day value).
The surface temperature is 300 K, while the bottom boundary fixed at 2100 K

(Figure 2.2).
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Figure 2.2 : Geothermal gradients for oceanic (blue) and continental (orange)
lithospheres
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3. EXPERIMENTAL RESULTS & DISCUSSION

3.1 Reference Model (Experiment Al)

Experiment A1 has chosen to be reference model due to its consistency with the
proposed subcretion mechanism. In this model a cratonic root with 300 km radius
had imposed into the model with a sub-lithospheric mantle flow of 4 cm/yr. Surface
yield stress is 20 MPa while reference mantle viscosity is 10?° Pa s. Deformation
depends on diffusion creep and there is no grain size evolution throughout the model.
Eclogitization of basaltic crust starts at a depth of 40 km. All other model parameters

are given in Table 3.1.

Table 3.1 : Model parameters for Experiment Al

Experiment # Al
Reference Mantle Viscosity 10%° Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1
Thermal Anomaly Size 0.5
Eclogite Phase Transition Depth 40 km
Cohesion 103 Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

In this experiment, cratonic keel becomes mobilized at 160.207 Myr (Figure 3.1).
After craton starts to drift away, asthenosphere rises to the surface from the left side
of the craton. This leads to formation of a structure resembling to mid-ocean ridges.
Rising asthenosphere leads to thickening of the oceanic lithosphere on the left-hand
side, basaltic oceanic crust turns into eclogite, gets denser and starts to sink. While
the denser parts are sinking, they pull down left of the basaltic oceanic crust, just like
slab-pull forces that are acting on modern-day subduction systems. An eroded part of

the cratonic root can also be seen as viscous dripping. Oceanic lithosphere covers the
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both side of the craton. A structure resembling to a mid-ocean ridge forms on the

right side of the craton, which mantle material rises through (Figure 3.2).
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Figure 3.1 : Craton becomes mobilized at t = 160.207 Myr.

Moving craton continues to imbricate oceanic lithosphere as it moves and creates
another eclogitic drip right on the periodic boundary. At t=186.449 Myr, moving
craton subcretes oceanic lithosphere, resulting in formation of an eclogitic viscous

drip on the right margin of the craton. (Figure 3.3).
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Velocity vectors show that, both rift system on the left side and thickening of the
oceanic crust on the right side contributes to the formation of this secondary drip.

Sunken parts of denser oceanic lithosphere can be seen near the bottom right corner
(Figure 3.4).
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Time: 175.683 Myr

Figure 3.2 : A rift opens on the left side of the craton while some parts of oceanic
lithosphere, located on the left and the right side of the craton, drifts away with the
moving craton.
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Drip formed by compression leads to even further lithospheric recycling. Which
eventually leads to fertilized mantle rocks and lowered melting temperatures. Vector
arrows show the direction of moving mantle and crustal rocks. There are two distinct

convection cells are also observed near the model ending.
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Time: 186.449 Myr

Figure 3.3 : Hot asthenospheric rocks rises through the opening near the left
boundary, and oceanic lithosphere becomes subcreted at the right margin of the
craton.
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Figure 3.4 : Oceanic lithosphere gets compressed on the periodic boundary, gets
thicker and eclogitizes.

3.2 Effects of Deformation Mechanism (Experiment A2)

In experiment A2, dislocation creep has been used to understand the effect of change
in the deformation mechanism with respect to the reference model Al. To provide a

suitable comparison between the two models all parameters are kept same with the
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reference model except for the deformation mechanism. This means that, surface
yield stress has chosen to be 20 MPa. All other model parameters used in numerical

calculations are given in (Table 3.2).

Table 3.2 : Model Parameter for Experiment A2

Experiment # A2

Reference Mantle Viscosity 10% Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 10° Pa
Deformation Mechanism Dislocation
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

Craton starts to drift away approximately around 190 Myr. Movement of the craton
creates a counter-clockwise convective motion in the mantle, on the right side of the
keel. Near the right boundary, oceanic lithosphere thickens while a rift starts to open
next to the left boundary. Vector arrows shows an undulation near the bottom

boundary. (Figure 3.5).

Phase transition from basaltic oceanic crust to eclogite near the right boundary takes
place around ~200 Myr. Eclogitized oceanic crust becomes denser and develops a
gravitational instability in the form of a viscous drip. Rift forming on the left side
enlarges while a small part of oceanic lithosphere drifts away with the craton. Small
scaled overturn created by the eclogitic drip leads asthenosphere through the surface,
possibly leading to formation of new basaltic crust due to decompression melting

(Figure 3.6).

When t = 205.981 Myr, oceanic basaltic lithosphere moving attached to the craton,
starts to get thicker by subcretion under the influence of sub-lithospheric mantle
flow. Eclogitized basaltic crust forms another drip on the left margin of the craton.
Meanwhile, asthenospheric rocks cools down to form new generation of oceanic

crust on the right side of the box (Figure 3.7).
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Subcreting oceanic lithosphere on the right side, eventually gets sufficiently thick
enough to form another eclogitic drip. Vector arrows reflect an increase in the

acceleration on the dripping zone (Figure 3.8).
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Figure 3.5 : Dislocation creep extends mobilization time around ~35 Myr.

Change from diffusion creep to dislocation creep, creates a stiffer oceanic

lithosphere. As a result, deformation of the oceanic lithosphere is clearer, especially
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at the cratonic margins. Stresses needed to deform the craton is much higher, and as a
result, oceanic part attached to the left side of the craton due to mantle winds,
subcretes at the margin.
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Figure 3.6 : Phase transition of the oceanic parts into eclogite creates an eclogitic
drip on the right, and a rift opens on the left side where the oceanic crust became
weaker and thinner
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Results indicate that, subcretion does not always necessarily has to be on the right
side which the cratonic keel is drifting, when the proper conditions are met under the

influence of a counter-clockwise directed convective movement.
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Figure 3.7 : Oceanic lithosphere attached to the craton, subcretes and eclogitizes at

the left margin. Another rift starts to open on the right side of the craton. Craton
stalls (and even moves a bit backwards) due to direction of convecting cells.

23



Temperature (K)
3.1e+02 600 900 1200 1500 1800 2.1e+03

Viscosity (Pa's)
1.0e+18 le+19 le+20 le+2] le+22 le+23 le+24 1.0e+25

b L

kbbbl kel

Strain Rate (1/s)
2.1e-21 1e-20 le-19 le-18 le-17 le-16 le-15 le-14 le-13 3.3e-12
————————————————————

=

Time: 219.215 Myr

Figure 3.8 : Asthenospheric rocks rising from the rift located on the right, helps to
the subcretion of oceanic lithosphere.

3.3 Effects of Surface Yield Stress (Experiments B1, B2 & B3)

In this experiment set, three different models; Experiment B1, Experiment B2 and
Experiment B3 had been conducted to investigate the effect of yield stresses with

respect to reference model. Yield stress can easily change the evolution of the model,

24



because it defines the strength of the oceanic lithosphere. Higher yield stresses
results in stronger oceanic lithosphere while its decline can make crustal and

lithospheric rocks easily deformable.

3.3.1 Experiment B1

Parameters used for the Experiment Bl are given in Table 3.3 for comparison.
Surface yield stress has chosen to be slightly higher than the reference model. As a
result, strength of the craton is a bit higher than the reference model. Craton starts to
drift away at t=207.426. Faulting occurs near the ocean-continent border and

offshore oceanic lithosphere parts near the right boundary (Figure 3.9).

5 MPa difference in the yields stress delays the mobilization of the craton 47 Myr.
After 20 Myr, craton migrated around 500 km from its starting position, a ridge have
formed on the left side of the craton, and thickened oceanic lithosphere have sunk in
the asthenosphere in the form of viscous Rayleigh-Taylor drips. Erosive nature of the
hot mantle rocks, creates insignificant deformation at the base of the strong durable

cratonic root (Figure 3.10).

Strengthen oceanic lithosphere does not subcrete on the edge of the craton like it
does on the reference model. It drifts away with the craton until it thickens due to
craton push and counterclockwise motion of the convection cell located on left-hand

side on Figure 3.11.

Table 3.3 : Model parameters for Experiment B1.

Experiment # B1

Reference Mantle Viscosity 10%° Pas
Surface Yield Stress 25 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 10° Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km
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Sunken parts of the oceanic lithosphere can also transport crustal material, volatiles
and incompatible elements into the mantle. Temperature field shows that rising hot
mantle rocks contributes to the cooling of the inner Earth. Which can decrease the

mantle temperatures in time and decrease viscosity of the mantle rocks.
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Figure 3.9 : The craton starts to drift away at t = 207.436 Myr.
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Figure 3.10 : Thickened parts of oceanic lithosphere drips away, and a ridge forms
on the left side of the craton

Although viscosity is temperature dependent in numerical calculations, temperature
change due to cooling was not implemented in models. Thus, one model is not
enough to make assertive claims. Nonetheless, separate models combined can draw a
clear picture for further implications and deductions.
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Time: 238.707 Myr

Figure 3.11 : A drip along the periodic boundary forms due to craton push and
counterclockwise convection cell.

3.3.2 Experiment B2

For Experiment B2, surface yield stress has chosen to be 30 MPa, and deformation
depends on diffusion creep. Reference mantle viscosity, is the same as the previous

model. Friction coefficient, eclogite phase transition depth and cohesion values are

given in Table 3.4.

Increased surface yield stress results in rheologically stronger oceanic lithosphere

compared with the reference model. As a result, mobilization of the craton does not
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occur until 318 Myr. Faulting near the ocean-continent boundary forms due to
compression caused by movement of the craton. Undulation of the vector arrows
near the bottom boundary are most likely due to small thermally eroded parts from
cratonic keel and/or oceanic lithosphere Sudden decrease in the viscosity of some of
the oceanic lithosphere parts are represented with a light red in the viscosity gradient

color scheme (Figure 3.12).

Table 3.4 : Model Parameters for Experiment B2

Experiment # B2

Reference Mantle Viscosity 10%° Pas
Surface Yield Stress 30 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 103 Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

At t=323.19 Myr, two distinct convection cells are observed near the left and the
right boundaries, one is counter-clockwise while the other one is clockwise,
respectively. Flows generated within the asthenosphere due to these convection cells,
thickened the crust and led to formation of an eclogitic drip. Meanwhile, two rift
systems are formed because of the direction of motion of the convection cells, next to

left and right margins of the craton (Figure 3.13).

Results obtained from Experiment B2 show that, even 10 MPa difference in surface
yield stresses can create a significant difference relative to the reference model.
Throughout the evolution of the model, oceanic lithosphere is deformed by the
eclogitization when the needed P-T conditions are met, but any type of orogenic
activity have not been observed as seen on the several other models mentioned

previously.

Drastic changes resulted from small difference in the parameter space prove that
there is a sharp boundary in the between subcretion and drip dominated geodynamic

regime aside from the elongated mobilization times. Around 320 Myr vector arrows
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in the model show that fast flow is limited to the lower mantle until the craton starts
to move. Upper stagnant part also effects velocities on the bottom of the lithosphere.
Mantle flows coming in contact with these parts slow down and perturbations
beneath the ocean-continent border creates small-scaled thermal convection cells,
which might be a leading factor in pulling oceanic lithosphere down, even though

that is not the case in this particular experiment.
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Figure 3.12 : Craton becomes mobilized ~150 Myr later from previous models.
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Sunken oceanic parts disturb the mantle flows as they are going down. This may
create an upwelling in the mantle rocks, which can lead to higher heat flux through a
particular region. Increased heat flux may lead to high degrees of melting which in

turn, create more dense mafic rocks along these regions.

Temperature (K)
3.1e+02 600 900 1200 1500 1800 2.1e+03

| |

Viscosity (Pa s)
1.0e+18 le+19 1e+20 le+21 le+22 le+23 le+24 1.0e+25

T T T T ¥ T T

Strain Rate (1/s)
2.1e-21 1e-20 le-19 le-18 le-17 le-16 le-15 le-14 le-13 1.3e-12

T ————————————

Figure 3.13 : Rifting on the left side results in generation of new oceanic crust.
Meanwhile, oceanic lithosphere becomes thicker near the right boundary.
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3.3.3 Experiment B3

Experiment B3 is conducted even with higher yield stresses to fill up the parameter
space. Other related parameters are given in Table 3.5. Expectedly, stronger oceanic
lithosphere had not yielded this time and craton stayed stable until the last time step
(476 Myr).

Table 3.5 : Model Parameters for Experiment B3

Experiment # B3

Reference Mantle Viscosity 10% Pas
Surface Yield Stress 40 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 10° Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

Through the end of the model, a rift, an important candidate to trigger deformation,
on the periodic boundary appears to be forming (Figure 3.14). If even that is the case,
10 MPa difference in the surface yield stress can result in ~100 Myr stalling in the
mobilization of craton.  Arguably, reference mantle viscosity might not be
sufficiently high to apply the needed pressure onto the cratonic keels. Therefore,
orogeny related deformation of rheologically stronger oceanic lithosphere requires

further investigation under various mantle viscosity values.

Experiment B3 implies that, between the 30 MPa and 40 MPa, there is a sharp
boundary. On the higher side of this boundary oceanic lithosphere becomes almost
undeformable for ~500 Myr (i.e. valid for the given parametric conditions). This also
indicates that transition from stagnant-lid to plate tectonics (or episodic subduction)

might be due to these small changes in the yield stresses.

Yield stresses of rocks can become lower due to increasing temperatures.
Temperature increase might be due to hot upwellings caused by previous
downwellings and/or mantle plumes. Heated rocks allow for a easily deformable

environment which can create subductions on the Earth.
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Figure 3.14 : When surface yield stress is 40 MPa, craton does not drift away under
given conditions.

3.4 Effects of Eclogite Transition Depth (Experiment C1 & Experiment C2)

Eclogite phase transition depth controls the eclogitization depth of basalts within the
model. Eclogite facies can be stable on a widely ranging scale of temperature and

pressure, usually when temperatures are above 500 °C and pressures are more than
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1.2 GPa (Hacker, 1996). Consequently, impact of variations in the phase transition
depths of eclogite are observed in this experiment set, varying from 40 km, the depth
used in the reference model, to 50 km and 60 km in Experiment C1 and C2,

respectively.

3.4.1 Experiment C1

In Experiment C1, eclogite phase transition starts at a depth of 50 km. All of the
other parameters are same as the reference model to clearly see the effect of eclogite
phase transition depth (Table 3.6). In this case, craton starts to move after ~136 Myr.
Drifting craton starts to apply stress on the oceanic lithosphere. This creates stacking
and faulting along the relatively weaker parts on the oceanic lithosphere. At the
ocean-continent border there is a fault moving through the continental crust. The
faults are reaching through the mantle along oceanic lithosphere due to relatively

brittle nature of the basaltic crust (Figure 3.15).

Table 3.6 : Model Parameters for Experiment C1.

Experiment # C1

Reference Mantle Viscosity 10%° Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 50 km
Cohesion 103 Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

Around 4-5 Myr later, oceanic lithosphere gets thicker at edges and it starts to sink
into the asthenosphere. Clockwise moving convection cell near the right boundary,
steers mantle wind upwards as can be seen by the velocity vectors. A part of oceanic
lithosphere becomes attached on the left side of the craton due stresses applied by the
upwelling mantle rocks, while another part is pushed away by the craton as it moves.
Because of this there are two distinct faults formed around the craton. Upwelling
mantle on the left and right sides near the boundaries force oceanic lithosphere

downwards (Figure 3.16).
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Figure 3.15 : Craton starts to drift away at t=136.035 Myr.

Deflected asthenospheric mantle winds drive the craton backwards until the point
that the convection cell deflecting the mantle winds fades away. After that point,
craton continues its rightward movement and subcretes oceanic lithosphere at its
margin as seen on the reference model. It pulls down a thin layer of oceanic
lithosphere with it while sinking. Meanwhile, accretion along the oceanic parts near

the right boundary occurs. Mantle flow velocities drastically drops near the lower
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mantle because of the interruption caused by downwelling parts of oceanic
lithosphere. On the other hand, upper parts near lithosphere-asthenosphere boundary,
do not seem to be affected much by the disturbance caused by removed lithospheric

parts (Figure 3.17).
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Figure 3.16 : Eclogitic drip forming on the periodic boundary due to crustal
thickening.
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Subcretion of oceanic lithosphere fertilize the mantle rocks with incompatible
elements and water. As the model suggests it is not the only viable mechanism for

crustal recycling, but it can be a viable mechanism for the formation of TTG suites.
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Figure 3.17 : Subcreted basaltic oceanic crust becomes denser due to eclogitization
and sinks as a viscous drip.
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3.4.2 Experiment C2

Only difference between the reference Experiment C2 and Experiment C1 is that
eclogite phase transition starts at a 60 km depth. Other parameters used in numerical
calculations such as reference mantle viscosity, surface yield stress and friction

coefficient are given in Table 3.7.

Table 3.7 : Model Parameters for Experiment C2.

Experiment # C2

Reference Mantle Viscosity 10% Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 60 km
Cohesion 10° Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

Craton starts to drift away around 150 Myr and rising asthenosphere from the left
leads to crustal thickening and eclogitization of basaltic crust. Viscosity of big
chunks of oceanic lithosphere decrease due to heat coming from rising

asthenospheric rocks located on the right side of the craton (Figure 3.18).

At t = 178.531 Myr, oceanic lithosphere near the right boundary gets thicker due to
compressional forces applied by the drifting craton. A narrow rift opens up on the
left-hand side of the moving craton. While a stacked terrane starts to form on the
right-hand side of the craton due to compressional forces caused by the cratonic
mobilism. Because of the higher eclogitization depth oceanic lithosphere stays more
intact compared with the previous model (Experiment C1). Stacking of the oceanic
lithosphere resemble to early stages of continent-continent collision (e.g. India-
Eurasia collision). Yet the absence of another continental fragment did not allow for a
similar evolution (Figure 3.19). It can be argued that with the implementation of
another continental part, a fully developed stacked terrane would develop resembling
to modern day Himalayan orogenic belt. However, continental collision and

topography caused by it is beyond the scope of this study.
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Figure 3.18 : Asthenosphere rises through the rift formed on the left-hand side.
Basaltic crustal material undergoes phase transition into eclogite and forms and
eclogitic drip.

Displacement of craton results in disruption of the terrane formed near the right
boundary. Further compression caused by the craton results in a secondary drip on
the periodic boundary. This downgoing movement of a part of oceanic lithosphere

creates a counter-clockwise moving convection near the left boundary. While it is the

opposite on the right side of the figure (Figure 3.20).
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Figure 3.19 : Oceanic lithosphere gets thicker on the right side due to compressional
forces.

Arguably, periodic boundary conditions might provide a more suitable environment
for the formation of eclogitic viscous drips along the oceanic lithosphere, because
upwellings combined with the drifting craton creates stresses from both sides at the
same time. However, in our case periodic boundary conditions are more suitable
because of the constant flow starting after the first 60 km depth. This way; physical,
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chemical and compositional properties of the material is always the same. Also, by
using periodic conditions, any defect that can be caused by the small calculation
errors in the mass balance can be eliminated. If a closed box with free slip boundary
conditions on the left and right boundary would be used compressional forces would

create unrealistic downwellings along the left and the right boundary.
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Figure 3.20 : A secondary drip forms as craton pushes the buoyant lithosphere.
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3.5 Effects of Reference Mantle Viscosity (Experiment D1 & Experiment D2)

This experiment set has been conducted to investigate the effects of reference mantle
viscosity. Viscosity values of 10* Pa s and 10?' Pa s have been used for the
experiments D1, and D2, respectively. This model set suggest that, increasing mantle
viscosity applies higher stress on the cratonic keels, thus, making them more mobile.
It has been observed that, with the increasing mantle viscosity craton starts to move

much earlier from the reference model (by a factor of 20 - 30 times).

3.5.1 Experiment D1

On Experiment D1, asthenosphere viscosity is 10 times lower than the reference
model. Other related model parameters used in the numerical calculations are given
in Table 3.8. It has been observed that 10'° Pa s mantle viscosity cannot apply

enough stress to mobilize the craton.

Both cratonic keel and oceanic lithosphere becomes thicker in time, because they are
stable. Small-scale lithospheric drips are observed throughout the oceanic lithosphere

and on the root of the craton.

As the model progresses, cratonic keel becomes wider, but thinner. Also,
deformation on the oceanic lithosphere, created by the small-scale viscous drips can
be observed on viscosity and strain rate profiles. As a result of deformation of the
oceanic lithosphere due to drips, an undulation pattern becomes more distinctive

along the oceanic lithosphere — asthenosphere boundary (Figure 3.21).

Table 3.8 : Model parameters for Experiment D1.

Experiment # D1

Reference Mantle Viscosity 10" Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 10° Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km
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Figure 3.21 : Craton becomes wider and thinner in time, and undulation due to
deformation of the oceanic lithosphere can be observed.

3.5.2 Experiment D2

In Experiment D2, reference mantle viscosity has chosen to be 102! Pa s. All the
other parameters are same as the reference model. Other model parameters are given
in Table 3.9. Higher viscosity fluids apply higher pressure to the things they

encounter. As a result, cratonic keel has become mobilized 22-23 times faster than
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the reference experiment. Big difference in the mobilization times reflects the
importance of reference mantle viscosity in creating mantle wind-based stresses. 10
times difference in the reference mantle viscosity leads to ~20 times difference in the

mobilization time.

Table 3.9 : Model Parameters for Experiment D2.

Experiment # D2

Reference Mantle Viscosity 10%! Pas
Surface Yield Stress 20 MPa
Friction Coefficient 0.1

Thermal Anomaly Size 0.5

Eclogite Phase Transition Depth 40 km
Cohesion 10° Pa
Deformation Mechanism Diffusion
Continent Radius (km) 300 km
Mantle Flow Velocity 4 cm/yr
Mantle Flow Starting Depth 60 km

In the first 7 Myr, craton has already started to drift away. Rift imposed on the left
side of the craton broadens due to asthenospheric ascend. Enlargement of the rift
leads to crustal thickening, and subsequently, eclogitization. Eclogitized denser parts
start to sink in forms of thin slabs. Even though oceanic lithosphere should be
unsubductable due to thin oceanic mantle lithosphere and hot temperatures, denser

parts pull the rest of the lithosphere into the mantle (Figure 3.22).

Sometime after, first “slab” breaks-off while a second one is forming on the rift zone.
Rising asthenosphere fills the gaps caused by the downwelling of the oceanic
lithosphere. Asthenospheric rocks applies force on the existing oceanic lithosphere
and pulls it down as they go upwards (Figure 3.23). Another break-off takes place on
the second slab, probably because of the hot mantle temperatures. Hot mantle
temperature makes oceanic slab weaker. If a slab becomes weaker it is harder for it to

stay intact and, on the weakest part it becomes thinner and breaks off, eventually.

Process is repeated again with the formation of new oceanic material due to cooling
of asthenospheric rocks, and compression caused by the drifting continent (Figure
3.24). Sinking slabs seen in the model are purely formed due to crustal thickening.

Then, it can be interpreted as; if given certain conditions are ever met in Archean,
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regions of crustal thickening within the oceanic lithosphere might have been driven
the episodic recycling of the oceanic lithosphere into the mantle. Higher mantle
temperatures in the Archean would not let the oceanic lithosphere subduct
continuously like in the modern-day subduction systems. Thus, even if there was

subduction it was probably episodic subduction.
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Figure 3.22 : Craton becomes mobilized at t = 7.216 Myr. Asthenosphere rising
through the rift drags oceanic lithosphere into the mantle.
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On models with higher reference mantle viscosity oceanic lithosphere completely
detaches from the continental part. The rift implemented on the left side of the craton
to provide separation of the ocis more effective when compared with the lower

viscosity models, because of the faster mobilization of the craton.
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Figure 3.23 : First part of oceanic lithosphere that has been sinking breaks-off, while
a second one starts to form out of newly formed oceanic crust.
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Faster mobilization does not allow for mantle rocks to rise upwards to fill gaps and
cool down. That way oceanic lithosphere cannot stick to the craton, instead just
becomes separated and gets thicker by the upwelling asthenospheric rocks to form

downgoing slabs.
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Figure 3.24 : Second slab breaks-off, a third one forms and starts to sink down as
previous ones.
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Migration of the craton to the right boundary from the starting position can give an
idea about the movement pace of the craton. Initially, craton is 300 km wide on the
surface, and its center is located at the x = 500 km, within the 2000 km wide model
box. Thus, when the right side of the craton contacts the right boundary, that means
that it has been drifted 1350 km away from its starting position. Migration times for
each model discussed in the previous chapter is given in Figure 3.25.
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Figure 3.25 : 1350 km displacement of the cratonic roots for each model.

It takes 32 Myr for craton to reach to the right boundary in the reference model
(Experiment Al). When the deformation mechanism has been changed to dislocation
creep (Experiment A2), it takes 2.5 — 3 Myr longer for craton to reach a 1350 km
horizontal displacement. Surface yield stress parameter, although it changes the
tectonic evolution of the model thoroughly, have little to no effect on the migration
time (Experiment Set B). Eclogite phase transition depth prolongs the time 4 Myr
and 4.6 Myr for 50 km and 60 km, respectively (Experiment Set C). Increments in
the reference mantle viscosity, increases the time needed for craton to migrate 1350
km horizontally (Experiment Set D). Even though, increasing viscosity starts to drift
the craton earlier, actual time required for it to reach the right boundary takes 5-6
Myr longer than the reference model.

Diversity of the model results required a need for detailed -classification.
Classification of the results and corresponding experiments are given in Figure 3.26,

and summarization of all model results are given in Table 3.10.
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Figure 3.26 : Classification of different behaviors observed in the study, and corresponding experiments.
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Table 3.10 : Summarization of Experimental Results.

Reference Deformation ) Eclogite Phase Transition o
Parameter 4 Surface Yield Stress Reference Mantle Viscosity
Model Mechanism Depth
Model Name Al A2 B1 B2 B3 C1 C2 D1 D2
Value - Dislocation 25 MPa 30 MPa 40 MPa 50 km 60 km 10¥Pa's 10% Pa's
) ) Asynchronous . ) . Non-
Tectonic One-sided ) o ) o ) Non-mobilized One-sided Eclogitic . )
) double-sided Eclogitic Drips  Eclogitic Drips ) ) ) mobilized Slab-like
State subcretion ) cratonic keel subcretion Drips )
subcretion cratonic keel
Mobilization . Non-
. 160.207 195.58 207.436 318.616 Non-mobilized 136.305 150.577 - <7
Time (Myr) mobilized
Migration
Time for
193.063 230.687 239.938 349.395 - 175.744 186.982 - 44.955
Ax=1350 km
(Myr)
Total Travel 38.96 -
) 32.856 35.107 32.502 30.779 - 39.439 36.405 -
Time (Myr) 44.95
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Firstly, model results classified by their tectonic state. Tectonically unstable models
have been separated into three different categories by their dominant lithospheric
removal mechanism: (i) slab-like downwellings, (ii) subcretion tectonics, and (iii)
eclogitic viscous drips. Subcretion section divided into two sub-categories as, one-
sided subcretion and asynchronous double-sided subcretion. On tectonically stable
models craton does not move until the pre-imposed last time step, which corresponds
to ~450 Myr. Nevertheless, this value can be longer or shorter depending on the
viscosity fluctuations within the iterations. Tectonically stable models can be
observed when surface yield stresses are sufficiently high or, reference mantle
viscosities are low enough. When surface yield stress is high enough to stop the
movement of the craton, oceanic lithosphere thickens along the model box
(Experiment B3). Furthermore, if reference mantle viscosity is low enough, small-
scaled viscous drips forms beneath the oceanic lithosphere while craton undergoes

rounding by thermal erosion due to low viscosity, vigorous mantle winds.
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4. CONCLUSIONS

Mantle flows created by mantle overturns can mobilize pre-existing cratons under
Archean conditions, yet, mobilization of cratons does not always end up with
subcretion. Our numerical experiments show that, main driving forces determining
the tectonic regime in such settings are; reference mantle viscosity, surface yield

stress and eclogite phase transition depth.

Stress applied by the mantle winds on the cratonic keel is the main driving force
behind the mobilization of a craton. Higher viscosities apply higher stresses on
cratonic keel; hence, drifting starts much earlier. Experiments showed that, when
asthenospheric viscosity is higher (i.e. 10%* Pa s or 10% Pa s), it mobilizes the craton
approximately by a factor of twenty compared with the reference experiment, where

mantle viscosity has chosen to be 10,

Reference mantle viscosity affects the geodynamic regime drastically. When a
viscosity value of 10*° Pa s used, cratonic keel did not drift away probably due to
insufficient stress generation. Nonetheless, mantle convections that are relatively
small wavelength become more vigorous with decreasing viscosities and thermally
erodes the cratonic roots, and base of the oceanic lithosphere. In contrast, when
mantle viscosity is 10?! Pa s recycling of the oceanic lithosphere takes form of slab-
like features that resemble to modern-day subducting plates. This change in the
geodynamic regime, depending on the mantle viscosity, can be analogous to change
in the tectonic regime that comes with cooling of the Earth (from stagnant-lid to plate
tectonics) (Figure 4.1).

Increasing yield stress makes oceanic lithosphere stronger and changes the style of
deformation. When yield stress of 30 MPa used in the Experiment 11, cratonic
drifting did not started until ~300 Myr, which is ~150 Myr longer from the measured
time in the reference model. Furthermore, when it was raised to 40 MPa, craton did
not move until the last time step (476 Myr). The critical depth of phase transition

from basalt to eclogite, extends the times of cratonic migration around 4-5 Myr.
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Figure 4.1 : Comparison of different experiments with varying viscosities from this study and evolution of tectonic regime in the Archean
according to Cawood et al. (2018).
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Both of the experiments with a deeper eclogite transition depth (Experiment C1 and
Experiment C2) moves backwards at some point within the model due to direction
convection cells. Backwards movement and/or stalling of craton throughout the
experiment have also been observed on Reference Experiment Al, Experiment A2

and Experiment D2 due to same reason.

On Experiment A2, dislocation creep has been chosen as the main deformation
mechanism instead of diffusion creep which leads mobilization time to become
longer (i.e. the craton starts to drift away at t = 195.580 Myr). Convection cells
formed by the deformation occurred on the oceanic lithosphere, starts to push the
craton backwards for around 5 Myr, starting at t = 205.981 Myr. Inverted movement
direction of the craton results in subcretion of the oceanic lithosphere on the left
margin. Afterwards, craton starts to move through right boundary as the forces
applied by the convection cells fade away. This cause a secondary subcretion formed
on the right side of the craton, leading to asynchronous double-sided subcretion.

Experimental results showed that, lithospheric removal mechanisms and craton
mobilization times can vary with different parameters, but a displacement of 1350
km takes place in 30 to 40 Myr when the craton becomes mobile. Subcretion
tectonics can only start in a narrow window, where surface yield stress is 20 MPa
and reference mantle viscosity is 10%° Pa s, with the exception of eclogite transition
depth being 60 km. Results indicate that subcretion mechanism can be achieved
under given conditions, and TTG genesis via this mechanism can be valid when
certain P-T conditions are met.
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