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ECLOGITE INDUCED DEFORMATION OF THE SIBERIAN CRATON

SUMMARY

The deformation of the cratons, whose roots are approximately 250 km deep is very
difficult. The removal of the mantle lithosphere, which is one of the proposed
mechanisms for the deformation of the craton that is stable for long periods, is carried
out by many different processes. Deformation of the craton as a result of a gravitational
instability is one of the most likely mechanisms. According to isopycnic hypothesis,
lithospheric mantle of cratons thought to be buoyant due to their depleted composition,
even though most of them Archean in age and cold. Since the mantle lithosphere of
the craton is lighter in density than asthenosphere, an additional force is required for a
gravitational instability to occur. This thermo - mechanical force causes deformation
of the roots of the craton by creating an instability between the mantle lithosphere and
the asthenosphere.

The Siberian craton is one of the world's largest Archean - Proterozoic cratons. The
Siberian craton has approximately 100 - 1300 m surface topography, 35 - 53 km
MOHO thickness, and a maximum depth of 350 km LAB which are acquired from
petrological studies, seismic tomography and gravity anomalies. Specifically, the LAB
varies among 170-350 km and such depth change is not well understood. Until the
formation of the Siberian craton is completed, it hosts many tectonic and magmatic
events. These include active margin zones, continent collisions, and rift zones. As a
result of pressure change in the active boundary regions, the transformation of basalt
to eclogite takes place. Therefore, it creates a gravitational instability in the
environment. Gravity anomalies observed near kimberlite fields, reflect the possibility
of denser eclogitic bodies under the crust of Siberian craton. Our study focuses on
testing potential deformation of the Siberian continental lithosphere with the presence
of these eclogitic bodies. We performed 2D numerical experiments to investigate the
effects of eclogite blocks that are varying in size and density. Crust rheology was
prepared in accordance with Siberian craton. The density of the mantle lithosphere
(3330 kg / m® - 3410 kg / m® +20 kg / m?®) is changed to observe its effect on the
system, and eclogite blocks of different size (5 km x 500 km, 10 km x 250 km, 25 km
x 100 km) are added to the lower crust base to start a gravitational instability.

According to model results, depending on the deformation of the mantle lithosphere,
eclogite block can either stay attached to the lower crust, or it can be detached from it.
In the case where the eclogite block attached to the lower crust, two different
conditions: localized deformation (do not occur the drip mechanism) and non-localized
deformation occurs due to the small-scale convection movement. Also, two different
removal mechanism for the case where eclogite becomes detached are also observed:
high degree deformation of mantle lithosphere, and the eclogite block pierce through
the mantle lithosphere. Comparison of experimental results with geophysical data for
MOHO and LAB depths showed that, the most convenient models for Siberian craton
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are the models where the dripping were not observed. Mantle lithosphere densities of
3350 kg / m? or less yields the most consistent results. While the width of the eclogite
block causes high-degree deformation, it is observed that with increasing thickness it
leads to formation of viscous drips. Taking MOHO and LAB depths into account
obtained from the model results, it has been observed that the model #A1, #A2 and
#A3 agrees well with the BB’ cross-section at 20.92 Ma, 25.36 Ma and 20.92 Ma,
respectively. Experimental results indicate that, eclogite block(s) under the Siberian
craton may still be there and craton itself does not undergo any significant deformation.
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EKLOJIT VARLIGINDA SiBiRYA KRATONUN DEFORMASYONU

OZET

Kratonlar kalin litosferik koklere, diisiik 1s1 akisina sahip olan yapilardir. Birgogu
Arkeen yasghh oldugu icin yogunluklarinin fazla oldugu disiiniilsede litosferik
mantolar1 notral olarak yiizebilirlikleri fazladir. Kratonik alanlardaki aktif sinir
bolgesi, birikim ya da tektonik kalinlagma prosesleri kraton alti manto litosferinin
tabaninda kalin termal sinir bolgesinin olugsmasina neden olmaktadir. Derinlik ile artan
sicaklik, notral olarak yiizebilen manto peridotunu tiikenmis hale getirerek, daha
durayli olmasia yol agmaktadir. Bu siire¢ boyunca biriken kalinti, kratonik manto
litosferi altinda birikerek kalin, ylizebilirligi fazla olan termal sinir katmanin
olusmasin1 saglamaktadir. Boylece termal sinir katmani konvektif dengesizliklere
kars1 daha dayanikli hale gelmektedir. Kokleri yaklasik olarak 250 km derine inen
kratonlarin deformasyonu bu nedenle olduk¢a zordur. Uzun dénemler boyunca stabil
olan kratonlarin deformasyonu i¢in Onerilen mekanizmalardan biri olan manto
litosferinin taginmasi, farkl sekillerde gerceklesmektedir. Bunlar arasinda bulunan
gravitasyonel bir dengesizlik sonucu kratonun deformasyonu, en olasi
mekanizmalardan biridir. Kratonlarin, manto litosferi, astenosfere oranla daha diisiik
yogunlukta oldugundan gravitasyonel bir dengesizligin gerceklesebilmesi icin
disaridan bir kuvvet gerekmektedir. Bu termo — mekanik kuvvet manto litosferi ile
astenosfer arasinda bir dengesizlik yaratarak kratonun koklerinin deformasyonuna
neden olmaktadir.

Sibirya kratonu Diinya’nin en biiyiik Arkeen — Proterozoik yasli kratonudur. Sibirya
kratonu elde edilen sismik hizlar dogrultusunda yaklasik olarak 100 — 1300 m yiizey
topografyasina, 35 — 53 km MOHO kalinligina, maximum 350 km LAB derinligine
sahiptir. Sibirya kratonunun olusumu tamamlanana kadar olan siirecte bir¢ok tektonik
ve magmatik olaya ev sahipligi yapmustir. Bunlar arasinda aktif sinir bolgeleri, kita
carpismalar1 ve rift bolgelerinin olusmasi gibi tektonik siire¢ler bulunmaktadir. Aktif
sinir bolgelerinde goriilen basing degisimi sonucu bazaltin eklojite doniistimi
gerceklesmektedir. Eklojit kayasi c¢evresini saran kiitlelerden daha yogun olan bir
kayadir. Bu nedenle bulundugu ortamda gravitasyonel bir dengesizlik yaratmaktadir.

Bu caligsma i¢in 2 boyutlu numerik modeller tercih edilmistir. Kabuk reolojisi iki kisma
ayrilarak, iist katman i¢in kuru kuvarsit (20 km) ve alt katman i¢in felsik graniilit (15
km) tercih edilmistir. Manto litosferi 200 km kalinliginda olup, manto litosferinin
yogunluk (3330 kg/m® — 3410 kg/m® +20 kg/m?) araligi degistirilerek, sisteme
etkisinin nasil olduguna bakilmaktadir. Eklojit varlifinda gergeklesecek olan
deformasyona bakildig1 i¢in farkli yogunlukta (3400 kg/m? — 3700 kg/m? +100 kg/m?)
ve farkli boyutta eklojit bloklar1 (5 km x 500 km, 10 km x 250 km, 25 km x 100 km)
alt kabuk tabanina eklenerek gravitasyonel bir dengesizligin baglamasi
saglanmaktadir. Model parametreleri Sibirya kratonu iizerinde gergeklestirilen
petrolojik ¢aligmalar baz alinarak diizenlenmistir.
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Model sonuglar1 eklojit blogunun hareketine bagli olarak, eklojitin alt kabuga bagl
kaldig1 ve alt kabuktan koptugu mekanizma olarak ikiye ayrilmaktadir. Eklojit
blogunun alt kabuktan kopmadigi durumda damlama mekanizmasinin
gerceklesmedigi (lokalize deformasyon) ve kiiciik 6l¢ekli konveksiyon hareketine
bagl olusan deformasyon (lokalize olmayan deformasyon) gozlenirken, alt kabuktan
koptugu durumlarda manto litosferinin yiliksek dereceli deformasyonu ve eklojit
blogunun manto litosferini delip gectigi farkli mekanizmalar tespit edilmistir. Lokalize
deformasyon viskoz damlama mekanizmasinin ger¢eklesmedigi fakat manto
litosferinin konveksiyon hareketi sonucunda lokal olarak deformasyon ger¢eklesen
durum olarak nitelendirilmistir. Bu model davraniginin gergeklesmesi i¢in genellikle
manto litosferi ve astenosfer arasindaki yogunluk farkimin 40 kg/m*’e esit ya da daha
biiyiik ve manto litosfer yogunluklarmin 3330 kg/m?® ya da 3350 kg/m*® olmasi
gerekmektedir. Lokalize olmayan deformasyon davranisinda eklojit blogu alt
kabuktan kopacak kadar gii¢lii degildir. Bu nedenle, astenosferin yarattig1 kiigiik capl
konveksiyon kuvvetleri manto litosferinin pargalanmasina ve deformasyonuna sebep
olmaktadir. Bu davranisin gerceklesebilmesi icin astenosfer ve manto litosferi
arasindaki yogunluk farkinin 20 kg/m*’e esit ya da daha az olmasi gerekmektedir.
Eklojit blogunun alt kabuktan ayrilip, manto litosferini delip gectigi model sonuclari,
yalnizca 25 km x 100 km eklojit boyutunda gergeklestigi gozlenmektedir. Eklojit
blogunun manto litosferini delip gegebilmesi icin, boyut kosulunun yani sira,
yogunlugunun da 3600 kg/m?* ten daha fazla olmasi1 gerekmektedir. Yiiksek dereceli
deformasyonun gerceklestigi davranista ilk siirecte eklojit blogu duraysiz hale gelip,
manto litosferinin tabaninda bir¢ok dengesizligin olmasina neden olmaktadir. Eklojit
blogunun asag1 dogru hareketi beraberinde manto litosferini de getirerek, astenosfer
icine batmasina neden olmaktadir. Bu model davranisinda en 6nemli parametre eklojit
blogunun boyutu olmaktadir. Eklojit blogunun kalinligmin artmasi ile manto
litosferinin yiiksek dereceli deformasyonu gerceklesirken, azalmasi ile lokalize
olmayan davranis gerceklesmektedir. ikincil 5nemli parametre ise manto litosferi ve
astenosfer arasindaki yogunluk farkinin azalmasidir. Bazi yiiksek dereceli
deformasyon deney sonuclarinda manto litosferi ¢ok fazla duraysiz hale gelerek
tamamen astenosfer i¢ine damladigi ve kabugun astenosfer ile temas ettigi
gozlenmistir.

Model sonuglart dogrultusunda eklojit blogunun kalinliginin ve uzunlugunun ayni
zamanda yogunlugunun sisteme farkli etkileri oldugu gézlenmektedir. Eklojit blogu
ve manto litosferi yogunluklarina gore yapilan siiflandirmada her eklojit boyutu igin
farkli sistematik gozlenmistir. 25 km x 100 km eklojit blogu i¢in eklojitin manto
litosferini delip gectigi, lokalize ve baskin olarak yiiksek dereceli deformasyon
davraniglar1 olusturmaktadir. 10 km x 250 km eklojit boyutlarinda lokalize ve lokalize
olmayan deformasyon hakim iken, yiiksek dereceli deformasyon eklojitin kalinliginin
azalmasina bagl olarak daha az gézlenmektedir. En kiiciik kalinliga sahip olan 5 km
x 500 km eklojit blogu lokalize ve lokalize olmayan davranis sergilemektedir.

Model sonuglar1 Sibirya kratonunun MOHO ve LAB derinligi ile kiyaslanmis ve en
uygun verilerin lokalize deformasyon mekanizmasinin gergeklestigi modellerde tespit
edilmigtir. MOHO ve LAB derinlik haritalarindan alinan dort farkli kesit arasindan
BB’ kesitinin, sec¢ilen model setleri ile en uyumlu derinlik sonuclarmi verdigi
gozlenmigtir. Ayrica, manto litosfer yogunlugu igin 3350 kg/m*® ve daha az olan
yogunluklarin en uyumlu sonuglar1 verdigi goriilmektedir.

Eklojit blogunun genisligi yiiksek dereceli deformasyona neden olurken, kalinliginin
damlama mekanizmasina neden oldugu goézlenmektedir. Model verileri neticesinde
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Sibirya kratonu altinda var olan eklojit blogunun hala orada olabilecegi ve 6nemli bir
deformasyon gec¢irmedigi diisiiniilmektedir.
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1. INTRODUCTION

The most distinctive features of the cratons, except for the thick lithospheric roots
(>250 km), are the low heat flow (45mW/m?) and their buoyant and rigid lithospheric
mantles (Jordan, 1978; Kelly et al., 2003; Artemieva, 2011; Zhu et al., 2012).
Commonly, older rocks have higher densities. Even though, most of the cratons are
Archean in age (Figure 1.1), their lithospheric mantles are thought to be neutrally
buoyant. It has been suggested that, their highly depleted sub-continental lithospheric
mantles with high Mg content is the main reason for this buoyancy. Jordan (1988)
calculated that, an increase of one unit in the Mg#, corresponds to a density increase
caused by a temperature decrease of 200 °C. Hence, positive buoyancy of the depleted
lithospheric mantle can compensate the difference caused by conductive cooling, and
it can lead craton to become neutrally buoyant (Herzberg & Rudnick, 2012, Artemieva

et al., 2019).

Subduction, accumulation, or any tectonic thickening process in the cratonic areas
causes the formation of a thick thermal boundary layer at the base of the sub-cratonic
mantle lithosphere. On greater depths with increasing temperatures, neutrally buoyant
mantle peridotites become depleted and becomes more stable. During this process, the
stratified residues accumulate under the cratonic mantle lithosphere and form thick,
buoyant thermal boundary layer. Thus, the thermal boundary layer becomes more

resistant to convective instabilities (Kelemen et al., 1998).

With their thick lithospheric roots and passive tectonism (since Precambrian), the
cratons are considered to be the most stable formations in the world (Liao et al., 2017).
Although they are the most stable areas, some of them have been subjected to
deformation due to magmatic and tectonic events. The mantle lithosphere of many
cratons, such as Northern China, Siberia and Wyoming, have undergone deformation
(Artemieva, 2011, Zhu et al., 2012). Many different mechanisms (Figure 1.2) like
convective removal, basal traction, subduction, rheological weakening and thermo-
magmatic erosion are proposed for the deformation of the cratons, that form the core

of the continents (Lee et al., 2011).
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Figure 1.1 : Basements of the cratons (Lee et al., 2011). Cratons are labels as
follows: 1. Slave, 2. Wyoming, 3. Superior, 4. Greenland, 5. Fennoscandian, 6.
Siberian, 7. North China, 8. West Australian, 9. Indian, 10. Tarim, 11. Tanzanian, 12.
South African, 13. Congo, 14. West African, 15. Amazonia, 16. Colorado Plateau.
The convective removal mechanism results from density (or temperature) difference
between two fluids. The density varies depending on the temperature, causing a
gravitational instability between the two melts. This instability leads to deformation of
the continental lithosphere. Weak zones on the crust, perturbation located on mantle
lithosphere, crustal thickening as a result of the continental collision, chemical
alteration of the mantle lithosphere and a heavy mineral remaining in the lower crust,
such as eclogite, might cause a gravitational instability to grow (Pysklywec & Cruden,

2004).

Continental lithosphere Continental lithosphere Continental lithosphere

Chemical
modification
(metasomatism,
underplating,
phase change)

Mantle Mantle

Mantle

Figure 1.2 : Destruction mechanism of the lithosphere (Artemieva, 2011).

Eclogite is coarse — grained metamorphic rock which can be formed under high

pressure and temperature (Anderson, 2008).



It can occur as a result of metamorphism of mafic crustal rock in subduction zones
and may form due to crustal thickening in continent — continent collision zones

(Kopylova et al., 2016). Thus, eclogite can be formed at a depth of 40 km to 150 km.

The Siberian craton, one of the largest and oldest cratons in the world, has undergone
many tectonism and volcanism prior to its formation. Presence of denser rocks located
in the lower crust can be resulted from these tectonic and volcanic events (Snyder et
al., 1997). This study, focuses on the deformation which may arise from these denser
(eclogitic) rocks. Gravity anomalies observed near kimberlite fields, reflect the
possibility of denser eclogitic bodies under the crust of Siberian craton. Our study
focuses on testing potential deformation of the Siberian continental lithosphere with

the presence of these eclogitic bodies.

1.1 Geologic Setting of Siberian Craton

The Siberian craton was formed by the joining of many Archean and Proterozoic
terranes (Rosen et al., 1994). The Siberian Craton is surrounded by the Anabar shield
in the southeast, the Yenisey belt extending from the southeast to the west, the

Tunguska basin in the northwest and the Aldan shield in the northeast (Figure 1.3).

Approximately 2 billion years ago, Anabar and Aldan blocks began to form as a result
of a collision, and the two blocks separated from each other with Akitkan magmatic
belt, which is formed during that time (Cherepanova & Artemieva, 2015). The
majority of the craton is covered with Riphean — Phanerozoic aged sediments, while
the other part is covered with Permo — Triassic flood basalts due to large igneous

provinces at the northwest (Rosen et al., 2008).

During the Proterozoic period, a rift system on southern part of Siberian craton began
to form, and until the Carboniferous time it had been home to many other rifting and

collapsing events (Cherepanova et al., 2013).
The magmatic units of the Siberian craton consist of:

1. Neoproterozoic aged mafic dike volcanism in south — southeast part,
2. Phanerozoic aged kimberlite volcanism in northeastern part,

3. Permo — Triassic aged trap basalt volcanism in northwest part.
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Figure 1.3 : Siberian craton with age and magmatic features modified after
(Cherepanova et al., 2013, Cherepanova & Artemieva, 2015).

The surface topography of the Siberian craton varies between 100 — 1300 m. It is
thought that most of the topographic features of the region had been erased due to

erosion (Cherepanova et al., 2013).



Since the crustal rocks of the craton have a heterogeneous structure, it has a rheology
that is predominantly of granite — greenstone and granulite - gneiss, although it varies
from place to place (Gladkochub et al., 2010). Seismic measurements showed that, the
depth of the MOHO varies between 35 — 54 km. The Lithosphere — Asthenosphere
Boundary (LAB) thicknesses varies from 100 km to 350 km (Cherepanova et al.,
2013). Lithospheric mantle thickness of the central Siberian craton, are measured to
be 300 £+ 30 km thick. Petrological studies, that have been carried out with mantle-
derived xenoliths from kimberlite pipes are indicative of a highly depleted mantle

(Kuskov et al., 2014).

As a result of petrological studies conducted with the samples that have been taken
from kimberlite pipes, it was determined that heavy minerals, especially eclogite, were
located within the region (Snyder et al., 1997). Cherepanova & Artemieva, (2015)
stated that heavy minerals have been identified different parts of the region especially

northern and southern parts (Figure 1.4).
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Figure 1.4 : Free air gravity anomaly map of Siberian craton (Cherepanova et al.,
2013).

1.2 Objectives

There are several hypothetical geodynamic models that attempt to explain the
deformation of a cratonic mantle lithosphere (Artemieva & Mooney, 2004; Lee et al.,

2011).



This study focuses on the viability of drip induced deformation of the cratonic roots,
and classifying the different types of deformations with an extensive parameterization.

Main goals of the study are:

1. Understanding the impact of thickness and wideness of eclogitic bodies in such
settings with numerical experiments,

2. Investigating effects of presence of the denser rocks found in areas with density
anomalies; by comparing MOHO, LAB thicknesses, and temperature profiles

to the model results.



2. RESEARCH METHOD

SOPALE is a 2D visco — plastic code that calculates the thermo — mechanical behavior
of each layer with time. Eularian grids calculate the pressure and velocity of the
material using the Stokes equation, while Lagrangian grids responsible for measuring
how much the edges of the grid deformed; and the computation of temperature,

pressure and accumulated material (Fullsack, 1995).

Governing equations for momentum (Eq. 2.1), mass (Eq. 2.2) and internal energy

(Eq.2.3) are given respectively,

V(oi;) + pg =0, (2.1)
V.u=0, (2.2)

oT ,
pCy, (E + u.VT) = kV* + pH, (2.3)

where; u is fluid velocity, o;; is deviatoric stress tensor, T is temperature (K), C, is
heat capacity at constant pressure (J kg' K!') and H is the rate of internal heat
production per unit mass (W kg!). The parameters k, p, @ and g are the thermal
conductivity (m*s!), density (kg/m?), thermal expansion coefficient (1/K), and gravity

vector (m.s!), respectively.
Plastic deformation is calculated by,

T =C + gtanb (2.4)

Where 7 is shear stress (force per unit area), ¢ is cohesion (Pa), o is normal stress (Pa),

0 is angle of friction. Viscous deformation is calculated through viscous flow law,

é = Ac"exp (%) (2.5)

where ¢ is represent strain rate (s!), A is viscosity parameter (Pa™. s), n is power

exponent, Q activation energy (kj.mol™), R is the ideal gas constant (Jmol'K'").

Density varies with changing temperature according to,



p(T) = po(1 — (T —Ty)), (2.6)

Where p is density (kg/m?) and T is temperature (K).
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Figure 2.1 : Initial model setup.

Model domain is 2000 km width for x-axis and 1000 km thick for y-axis. The
rheologies we used for upper crust (15 km) and lower crust (20 km) are dry quartzite
and felsic granulite, respectively (Table 2.1). Plastic rheology chosen for the upper
crust and viscous behavior for lower crust. We put different size of eclogitic bodies,
which are 5 km x 500 km, 10 km x 250 km and 25 km x 100 km, under the lower crust
to initiate the gravitational instability. The density of eclogite bodies varies between
3500 kg/m? and 3700 kg /m? with increments of 100 kg/m?. The selected density values
are minimum and maximum eclogite densities in taken from literature (Hacker, 1996).
Density of the mantle lithosphere increased from 3330 kg/m’® to 3410 kg/m® by
increments of 20 kg/m®. We used two different mantle lithosphere thicknesses, 200 km
and 260 km, to measure the effect of thickness of the mantle lithosphere. The
asthenosphere density (past=3390 kg/m?) is temperature dependent. In order to make
experiments more suitable for cratonic environments, mantle lithosphere densities

have chosen to be lower than the asthenosphere density for some experiments.

For some of them, higher densities (3390 kg/m? and 3410 kg/m®) were chosen to
observe the behavior of the mantle lithosphere and to test the parameter sweep. Surface

temperature is 25 °C, base of the crust is 550 °C, base of the lithosphere is 1350 °C and



bottom boundary of the box is 1798 °C. For the top and the bottom boundary, free

surface boundary conditions have been used to minimize the numerical topographic

CITOorS.
Table 2.1 : The rheological parameters.
Reference Layers Starting material A n Q
(MPa™s!) (kjmol )
(Gleason & Tullis Upper Crust Black Hills L1x10%* 4.0 +£09 223+56
1995) quartzite 2)
(Ranalli, 2008) Lower Crust ~ Felsic granulite 8.0 x 107 3.1 243450
(Jin et al., 2001) Eclogite - LOX10% 34 480430
(Hirth & Kohlstedt Mantle Wet olivine 4.89x10° 3.5 515
1996) Lithosphere
(Hirth & Kohlstedt Asthenosphere Wet olivine 4.89 x 10° 3.5 515
1996)







3. EXPERIMENTAL RESULTS

3.1 Effect of Mantle Lithosphere Density

Depending on the behavior of the lithospheric mantle, we have divided the model
results into 2 different behaviors which are (i) eclogite attached, (ii) eclogite detached
(Figure 3.1). There are two distinct behavior for eclogite attached mechanism localized
mantle lithosphere and non-localized mantle lithosphere. Pierce through and high

degree deformation are the other behaviors for the eclogite detached behavior. The

chosen models are presented in Table 3.1.

Mantle
Lithosphere
Mechanism

Eclogite
Attached

Eclogite

Detached

Localized Non-localized

Deformation Deformation

Pierce
Through

High Degree
Deformation

Figure 3.1 : Mantle lithosphere mechanism diagram.

Table 3.1 : The physical parameters for each model (*A1: Reference Model).

Experiment Mantle Eclogite Eclogite Mechanism
Name Liggzgi}:;re g(egr;;?)/ Sizelfrgl;m X Behavior
(kg/m®)
*Al 3330 3500 25x 100 Localized Deformation
A2 3350 3600 10x250 Localized Deformation
A3 3300 3500 5x500 Localized Deformation
Bl 3370 3700 5x 500 Non-localized Deformation
B2 3370 3600 5x 500 Non-localized Deformation
Cl1 3350 3600 25x 100 Pierce Through
C2 3330 3600 25x 100 Pierce Through
Dl 3390 3600 10 x 250 High Degree Deformation
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3.1.1 Localized (large scale convection)

Models without distinct viscous dripping have been labeled as “localized
deformation”. This behavior is observed when the density difference between the
mantle lithosphere and asthenosphere is equal to or greater than 40 kg/m? (pgsen —
Pmuith = Ap = 40 kg/m3). This behavior is only observed when the mantle
lithosphere density is 3330 or 3350 kg/m? but it also depends on eclogite density and

eclogite size that has been used in the models as well.

3.1.1.1 Experiment #A1 (reference model)

In this model 25 km thick and 100 km wide eclogite body, with a density of 3500
kg/m?, has imposed into the setup. Mantle lithosphere is 200 km thick and has a density
of 3330 kg/m® Density difference between the mantle lithosphere and the
asthenosphere is 60 kg/m?.

Denser eclogitic body starts a downward movement, because it is denser than the
surrounding rocks (Figure 3.2). Accordingly, it pulls down the rheologically weak
lower crust with it. Consequently, a depression on the surface has been observed at
t=10.14 Ma. The instability of the mantle lithosphere that took place after 10 Ma, the
LAB shows a depth of about 320 km. At 15.75 Ma, the surface topography starts to
move upwards to reach isostatic equilibrium because of the thickened lower crust. This
process goes on until the last time step, as eclogite continues to pull down the weak
lower crust. After 30.75 Ma, the surface topography reaches about 1.3 km and the
MOHO depth is 53 km. It has been observed that MOHO depth increased from 35 km
to 53 km in ~30 Ma (Figure 3.3). Lithosphere — Asthenosphere boundary (LAB)
undulates from 175 km on the thinnest parts to 320 km on the thickest parts. Model
running time (30.75 Ma) was not long enough for eclogite to become separated from
the lower crust, yet, it still led to formation of gravitational instability, caused MOHO
to deepen and the mantle lithosphere to become unstable. In the last time period, LAB

undulations are observed due to the gravitational instability created by eclogite.

3.1.1.2 Experiment #A2

In this model 10 km thick and 250 km wide eclogite body, with a density of 3600
kg/m?, has imposed into the setup. Mantle lithosphere is 200 km thick and has a density
of 3350 kg/m’. Density difference between the mantle lithosphere and the

12



asthenosphere is 40 kg/m?. In this experiment (Figure 3.4), the density of the eclogite
block is more than the density of the mantle lithosphere, therefore, negatively buoyant

forces are acting on the mantle lithosphere.
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Figure 3.2 : Geodynamic evolution of the model setup #A1: eclogite block size 25
km x 100 km, eclogite block density 3500 kg/m?, density differences 60 kg/m?.
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Figure 3.3 : MOHO vs. time (at x=1000 km).

As a result of this, mantle lithosphere begins to flow into the asthenosphere due to
gravitational instability. The surface topography observed after 10 Ma shows a 500 m
deep depression due to downward pulling of the eclogite. While MOHO depth
increases laterally in parallel to the width of the eclogite block, and a small depression
is observed on the middle with short wavelength undulations near the edges of
eclogitic block. When t=15 Ma, topography begins to rise again in order to reach the
isostatic equilibrium. After 20 Ma, the amount of material moving from mantle
lithosphere to asthenosphere increases, because of the small-scale convective motion.
At the last time period, the depth of the LAB varies from 175 km to 300 km and the
elevation of the surface topography is fixed around 300 m. The depth of MOHO has
measured to be 48 km on the deepest part (Figure 3.5).

3.1.1.3 Experiment #A3

In this model 5 km thick and 500 km wide eclogite body, with a density of 3500 kg/m?,
has imposed into the setup. Mantle lithosphere is 200 km thick and has a density of
3330 kg/m?. Density difference between the mantle lithosphere and the asthenosphere
is 60 kg/m?.

Since the eclogite has a density of 3500 kg/m’, it causes a gravitational instability
between the mantle lithosphere and the asthenosphere (Figure 3.6). Therefore, small-
scale convection cells that occur in asthenosphere causes sinking of the mantle
lithosphere into the asthenosphere. Because of the dense eclogitic body, the downward

movement begins to occur at t=10.14 Ma.
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The short depressions observed in the surface topography that are equivalent to the
width of eclogite block. About 20 Ma, the mantle lithosphere begins to break into

pieces of the asthenosphere.
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Figure 3.4 : Geodynamic evolution of the model setup #A2: eclogite block size 10
km x 250 km, eclogite block density 3600 kg/m?, density differences 40 kg/m?.
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Figure 3.5 : MOHO depth vs. time (at x=1000 km).

At the end of 25 Ma, the MOHO depth begins to deepen due to pulling down in the
ductile lower crust. In the last time period, convection movement in the asthenosphere
initiates an increase in the surface topography, which leads to the drag of the
accumulated area at the base of the mantle lithosphere. It was observed that the depth
of MOHO decreased to approximately 38 km and the depth of LAB undulated between
315 km and 370 km (Figure 3.7).

3.1.2 Non-localized deformation

Experiments showing considerable removal of mantle lithosphere without an eclogitic
drip has been classified as “non-localized deformation”. Experimental results indicate
that, this behavior can be observed when density difference between the mantle
lithosphere and the asthenosphere is 20 kg/m? or less (Ap = 20 kg/m?). Small-scale
convection motions in the asthenosphere cause the instability of the mantle lithosphere

along the LAB.

3.1.2.1 Experiment #B1

In this model 5 km thick and 500 km wide eclogite body, with a density of 3700 kg/m?,
has imposed into the setup. Mantle lithosphere is 200 km thick and has a density of
3370 kg/m?3. Density difference between the mantle lithosphere and the asthenosphere
is 20 kg/m?.
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Figure 3.6 : Geodynamic evolution of the model setup #A3: eclogite block size 5 km
x 500 km, eclogite block density 3500 kg/m?, density differences 60 kg/m?>.

Even though the eclogite is denser, it is also thinner and wider. As a result, it does not
create significant changes on topography and MOHO thickness at first, when

compared with other models (Figure 3.8).
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Figure 3.7 : MOHO vs. time (at x=1000).

When t = 15.53 Ma, negatively buoyant eclogite starts to pull down the lower crust on
the middle sections of the model box, while MOHO depth decreases on the sides.
Small scaled convection cells lead to removal of the lithospheric mantle on the sides.
As the model evolves, middle sections of the crust and mantle lithosphere grow thicker
while asthenosphere rises through the surface near the left and right boundary of the

box. Eclogite thickens the overlying portions of the lower crust.

Thus, topography rises around 1km through the end of the model to reach to isostatic
equilibrium. At the last time period, the thickness of MOHO reached down to a depth
of ~57 km. It has been observed that MOHO depth increased from 35 km to 53 km in
~30 Ma (Figure 3.9).

3.1.2.2 Experiment #B2

In this model 5 km thick and 500 km wide eclogite body, with a density of 3600 kg/m?,
has imposed into the setup. Mantle lithosphere is 200 km thick and has a density of
3370 kg/m?3. Density difference between the mantle lithosphere and the asthenosphere
is 20 kg/m?.

Thinner and wider eclogitic block does not create significant changes on topography
and MOHO thickness at first, when compared with other models. When t = 10.14 Ma,
negatively buoyant eclogite starts to pull down the lower crust on the middle sections

of the model box, while MOHO depth decreases on the sides. Small scaled convection

cells lead to removal of the lithospheric mantle on the sides (Figure 3.10). As the model
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evolves, middle sections of the crust and mantle lithosphere grow thicker while

asthenosphere rises through the surface near the left and right boundary of the box.
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MOHO Depth vs. Time
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Figure 3.9 : MOHO vs. time (at x=1000 km).

Eclogite thickens the overlying portions of the lower crust. Thus, topography rises
around 1km through the end of the model to reach to isostatic equilibrium. At the last
time period, the thickness of MOHO reached down to a depth of ~57 km (Figure 3.11).
It has been observed that MOHO depth increased linearly from 35 km to 53 km in ~30
Ma.

3.1.3 Pierce through

Deformation caused by the sinking eclogitic drip itself classified as “pierce through”.
Separation of eclogitic body from the lower crust is the distinct feature of the models
falling under this classification. Within time period used in the experiments, this
behavior is only observed in some of the models with 25 km x 100 km eclogite size.
Additionally, density of the eclogitic body must be sufficiently high enough to perform
piercing through the mantle lithosphere (> 3600 kg/m?).

3.1.3.1 Experiment #C1

In this model 25 km thick and 100 km wide eclogite body with a density of 3600 kg/m?
has been used. Mantle lithosphere is 200 km thick and has a density of 3350 kg/m?

Density difference between the mantle lithosphere and the asthenosphere is 40 kg/m?.

Thick and dense (negatively buoyant) eclogite starts to sink down and pulls the weak
lower crust with it (Figure 3.12). Vertical displacement of the eclogite pushes down a

portion of the mantle lithosphere into the asthenosphere.
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Figure 3.10 : Geodynamic evolution of the model setup #B2: eclogite block size 5
km x 500 km, eclogite block density 3600 kg/m?, density differences 20 kg/m?.

The downward movement of eclogite leads to thickening of the crust about 10-12 km
in 10 Ma. The surface topography starts to rise after 10 Ma to provide isostatic

balance.
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MOHO Depth vs. Time
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Figure 3.11 : MOHO vs. time (at x=1000 km).

After 15 Ma, the mantle lithosphere continues to sink from the middle of the box with
the contribution of small-scale convection cells which have been formed on the both
sides of the downwelling. After about 25 Ma, eclogite is almost separated from the

lower crust.

In the last time period, eclogite descends into the asthenosphere with the mantle
lithosphere. As a result of detachment of the eclogite from the lower crust, surface
topography has risen to an elevation of 2.4 km. It has been observed that MOHO depth
increased linearly from 42 km to 69 km in ~30 Ma (Figure 3.13).

3.1.3.2 Experiment #C2

In this model 25 km thick and 100 km wide eclogite body, with a density of 3600
kg/m?, has imposed into the setup. Mantle lithosphere is 200 km thick and has a density
of 3330 kg/m’. Density difference between the mantle lithosphere and the
asthenosphere is 60 kg/m?.

Although the density difference between the mantle lithosphere and the asthenosphere
is 60 kg/m3, the eclogite block with a density of 3600 kg/m3 causes the system to
become unstable (Figure 3.14). The downward movement of the eclogite block causes
collapse in the surface topography as it pulls it down together with the lower crust.
Due to thickening of the crust in 15Ma, the surface topography has increased parallel

to width of the eclogitic body.
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Figure 3.12 : Geodynamic evolution of the model setup #C1: eclogite block size 25
km x 100 km, eclogite block density 3600 kg/m?, density differences 40 kg/m?.

The mantle lithosphere is deformed by small-scale convection cells created by
asthenosphere. About 25 Ma, the eclogitic block begins to break away from the lower
crust. due to the pulling forces in the lower crust, the MOHO goes down to a depth of
70 km.
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Figure 3.13 : MOHO vs time (at x=1000 km).

In the last time period, eclogite block breaks down from the lower crust and begins to
drip into the mantle lithosphere. Due to increasing temperature, the dense block is
disintegrated in the mantle lithosphere. Surface topography is approximately 2.5 km
high, while the depth of MOHO reaches 70 km depth (Figure 3.15).

3.1.4 High degree deformation

In this deformation mode, the eclogite block becomes very unstable and creates several
instabilities along the base of the mantle lithosphere, at first. Then, downward moving
eclogite pushes a huge portion of the mantle lithosphere through the asthenosphere
with itself. This process classified as “high degree deformation of the mantle
lithosphere” because the initial geometry of these models has changed profoundly. The
thickness of the eclogite block is the most important parameter leading to this
deformation type. Decreasing thickness of the eclogitic block tends to result in “non-
localized deformation” instead of high degree deformation. The decrease in density
differences between the mantle lithosphere and asthenosphere is the secondary
parameter controlling this deformation type (Figure 3.18). In some of the experiments
with high degree deformation, the mantle lithosphere becomes completely removed in

some parts, and crustal rocks becomes exposed to asthenosphere.

3.1.4.1 Experiment #D1

In this model 10 km thick and 250 km wide eclogite body, with a density of 3600
kg/m?, has imposed into the setup. Mantle lithosphere is 200 km thick and has a density
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of 3390 kg/m’. Density difference between the mantle lithosphere and the

asthenosphere is 0 kg/m?>.
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Figure 3.14 : Geodynamic evolution of the model setup #C2: eclogite block size 25
km x 100 km, eclogite block density 3600 kg/m?, density differences 60 kg/m?.
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Figure 3.15 : MOHO vs. time (at x=1000 km).

The eclogite block causes the gravitational instability in the system. At the x = 1000
km, the mantle lithosphere begins to sink downwards (Figure 3.16). The convective
movements taking place in the asthenosphere causes the mantle lithosphere to be
deformed at the edges and gradually disintegrate. After 25 Ma, when the lower crust
was pulled highly downwards by the eclogite, the surface topography showed an
increase of 2 km and the depth of MOHO was approximately 90 km (Figure 3.17).

In the last time step, the eclogite block is detached from the lower crust and dripped
into the asthenosphere within the mantle lithosphere. MOHO thickness decreases
around 10 km as it is freed from the heavy block of eclogite, and surface topography

elevated to 5 km.

3.2 Effect of Eclogite Size and Density

Model results indicate that, the thickness and width of eclogite have different effects
on the system. The size and density of eclogite determines the behavior of the
mechanism. Comparison of model results for varying eclogite and mantle lithosphere

densities for different eclogite sizes shown in Figure 3.18.

a) There is a limit between the eclogite densities where the eclogite does not
detach from the lower crust and where it pierces through the lithosphere. Pierce
through mechanism is only observed for the models with a 25 km x 100 km
eclogitic block, when the eclogite density is 3600 kg/m? or 3700 kg/m>. If the

mantle lithosphere density exceeds 3370 kg/m?, the system becomes unstable
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and mantle lithosphere experiences a high-degree deformation. In some
experiments, thickness of the mantle lithosphere becomes as thin as 50 km

regionally, while some parts can be as thick as 350 km.
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Figure 3.16 : Geodynamic evolution of the model setup #D1: eclogite block size 10
km x 250 km, eclogite block density 3600 kg/m?, density differences 0 kg/m?.
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Figure 3.17 : MOHO vs. time (at x=1000 km).

b) There are three mechanisms classified with the models that have 10 km x 250
km eclogite size: (i) localized deformation, (ii) non-localized deformation and
(ii1) high-degree deformation of the mantle lithosphere (i.e. eclogitic blocks do
not pierce through the lithosphere in any of these models, instead, eclogite
remain within the mantle lithosphere). If mantle lithosphere density exceeds
3350 kg/m? in this model set, mantle lithosphere undergoes non-localized
deformation until higher mantle lithosphere densities. When the eclogite
densities were 3600 kg/m? and 3700 kg/m?, the major mechanism would be
high degree deformation. In contrast, when mantle lithosphere density is equal
to or lower than 3350 kg/m’, all of the models have been classified as
“localized deformation”. Eclogitic drips was not observed in the experiments
with a mantle lithosphere density is 3370 kg/m? or lower.

c) Experiments carried out with 5 km x 500 km eclogite give similar results to 10
km x 250 km model set. Only difference between the two is, if mantle
lithosphere is denser than 3350 kg/m?, eclogitic drip starts to sink but it remains
trapped within the mantle lithosphere.

The width of eclogite leads to deformation of mantle lithosphere, while with increasing

thickness eclogite pierces through the mantle lithosphere.
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Figure 3.18 : Deformational behavior diagram.
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3.3 Model Results Against Observations

The histograms of MOHO depth show the relation between mantle lithosphere and
eclogite density (Figure 3.19, 3.20, 3.21). When model results grouped by the mantle
lithosphere densities, all of the groups follow a linear trend with increasing eclogite
densities. Mantle lithosphere density with 3390 kg/m? and 3410 kg/m?® have not been
chosen for comparison with observed data, due to unrealistic deformation in the mantle

lithosphere.

Models classified as non-localized deformation, pierce through, and high degree
deformation have not been chosen for comparison with observed date, due to
unrealistic deformation in the mantle lithosphere. The minimum and maximum LAB
depths for the different eclogite sizes are shown in Figure 3.22, 3.23 and 3.24. The
histograms of LAB depth show the relation between mantle lithosphere and eclogite
density. When model results grouped by the mantle lithosphere densities, none of the

groups follow a linear trend with increasing eclogite densities.

The cross-sections taken from the MOHO and LAB depth maps prepared by
Cherepanova & Artemieva (2015) are shown in Figure 3.25 (based on seismic
velocity). The different cross-sections were taken from northwest — southeast (A-A’),
west — east (B-B’) and southwest — northeast (C-C’ and D-D’) directions. In the AA’
cross-section taken from the MOHO map, increase of MOHO depth from 37 km to 49
km is observed from southeast through northwest. The MOHO depth for BB’ section
has an undulation pattern and thickness of MOHO varies between 41 to 48 km from
west to east. In the section CC’ taken from southwest to northeast an increase from 41
km to 48 km is observed. DD’ cross-section have the deepest MOHO boundaries in
the region which are ranging from 43 to 53 km. It was found that, MOHO depths
obtained from some models were similar to certain parts of Siberian craton, at 5 km x
500 km and 10 km x 250 km eclogitic sizes. Pierce through and high-degree
deformation models do not agree well with the MOHO thicknesses of Siberian Craton.
It is observed that the depth of the LAB decreases abruptly from 180 km to 130 km in
AA’ cross section. There is a sudden increase in the depth of LAB from 180 km to 340

km for BB’ cross-section.
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The depth of LAB decreases from west to east (near eastern boundary of the craton)
to 100 km depth. A more gradual increase is observed in CC’ cross-section rather than

a sudden increase in LAB depth.

5 km x 500 km Eclogite Size

Eclogite Density (kg/m?)
mmm 3500
s 3600
== 3700

MOHO Depth (km)
IS ”
e 1)

By
o

3330 3350 3370
Mantle Lithopshere Density (kg/m?3)

Figure 3.19 : Change in MOHO thicknesses with varying eclogite densities for 5 km
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Figure 3.21 : Change in MOHO thicknesses with varying eclogite densities for 25
km x 100 km eclogite blocks.
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Figure 3.24 : Change in LAB thicknesses with varying eclogite densities for 25 km x

It is observed that the depth of LAB starting from approximately 200 km deepens to
350 km. An increase of 20 km in the depth of LAB is observed in the southwestern
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direction of the DD’ cross-section (Figure 3.26).
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Figure 3.25 : MOHO and LAB depths (modified after Cherepanova & Artemieva,
2015).

Compared to other sections, the LAB depth does not differ significantly. The
experiments reflecting localized deformation are in consistency with the observational

data obtained from the depths of LAB provided by geophysical studies (Figure 3.27).
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Figure 3.26 : MOHO and LAB depth vs. horizontal distance (cross sections taken
from MOHO and LAB maps).
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4. CONCLUSION

It has been found that the width and thickness of eclogite can display different results
for MOHO and LAB thicknesses, and deformation behavior of the cratonic
lithosphere. It has been observed that the models A1, A2 and A3 are consistent with
MOHO and LAB thicknesses of BB’ cross-section at t = 20.92 Ma, t = 25.36 Ma, and
t =20.92 Ma, respectively (Figure 3.26).

The gravitational instability caused by the increase of the thickness of eclogite,
triggers the pierce through mechanism even in the lesser eclogite densities. Although
the increase in the width of the eclogite still leads to gravitational instability, the
deformation of the mantle lithosphere becomes the dominant mechanism. Model
results indicate that, increasing thickness of eclogite causes eclogitic dripping with or
without mantle lithosphere (pierce through, high-degree deformation) while increasing

width leads to non-localized deformation of the mantle lithosphere.

From the classification based on the behavioral system, it is understood that the
eclogite existing under the lower crust may lead to a form of deformation within the
cratonic regions if certain conditions are met. Nevertheless, comparison of the
experimental results with the field data suggest that, the most viable mechanism for
the region is “localized deformation”. Eclogite does not necessarily need to drip in
order to create undulations in MOHO or LAB depths. An eclogitic body, located
beneath the lower crustal rocks in Siberian Craton is capable of changing the crustal
and mantle lithospheric thicknesses without piercing through or leading to high degree

deformation of mantle lithosphere.
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