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ABSTRACT

NUMERICAL MODELLING OF EXHUMATION OF HIGH
PRESSURE - LOW TEMPERATURE METAMORPHIC
ROCKS: A CASE STUDY OF TAVSANLI AND AFYON

ZONE IN WESTERN ANATOLIA

Despite many numerical modeling works on burial and exhumation of crustal
rocks, the formation of metamorphic rocks in High Pressure / Low Temperature
(HP/LT) region and mechanism of their exhumation are poorly constrained. The
metamorphic rocks in Tavsanli and Afyon Zone have high P/T ratios and they are
represented by blueschist and greenschist to blueschist transitional rocks, respectively.
The mechanism of burial and exhumation of crustal rocks were investigated by per-
forming numerical experiments such as subduction of oceanic plate under the conti-
nental margin, intra-oceanic subduction and post-collision. Rheological constraints on
exhumation of HP /LT rocks are presented. The numerical modelling results for sub-
duction settings indicate that lithospheric mantle deforming in viscous rheology is the
key factor to preserve the temperature of buried crustal rocks in subduction channel,
whereas continental lithospheric mantle deforming in frictional plastic rheology gives
metamorphic rocks in higher pressures and temperatures. The weaker crust and vis-
cous rheology imposed in continental lithospheric mantle provides metamorphic rocks
with P-T conditions comparable to Tavsanli Zone; strong crust and viscous rheology
in continental lithospheric mantle gives metamorphic rocks with P-T conditions in
agreement with Afyon Zone. In post-collision setting, the numerical modelling results
show that weaker crust with high Moho temperature are the necessary conditions for

exhumation of crustal rocks in high temperature / high pressure region.



OZET

YUKSEK BASINC DUSUK SICAKLIK METAMORFIK
KAYALARININ YUZEYLENMESININ SAYISAL OLARAK
MODELLENMESI: BATI ANADOLUDA TAVSANLI VE
AFYON ZONLARI UZERINE UYGULAMA

Literatiirde kayalarin gomiilme ve yiizeylenme mekanizmasi iizerine 6nemli sayisal
modelleme ¢aligmalar1 bulunmasina ragmen, Yiiksek Basing - Diiglik Sicaklik (HP /LT)
kayalarinin gomiilme ve ytizeylenme mekanizmasi tam olarak bilinmemektedir. Tavganh
ve Afyon Zonlarimda bulunan metamorfik kayalar yiiksek P/T oramna sahiptir ve bu
kayalar sirayla mavisist ile mavisist - yesilsist gecis kayalar1 olarak tamimlanmaktadir.
Kabuk kayalarmin gomiilme ve ylizeylenme mekanizmasi okyanusal levhanin kita altina
dalmasi, okyanus ortasi yitim ve carpigma sonrasi gibi tektonik konfigiirasyonlarda
saysal deney dizileriyle incelenmis, yiiksek basing / diigiik sicaklik metamorfizmasi
ve yiizeylenme mekanizmasi iizerine reolojik kisitlamalar sunulmustur. Yitim deney-
leri sonuglarina gore, kitasal litosferik mantonun deformasyon tipinin akigkan (Newto-
nian) olmasi yitim kanalina gomiilen kayalarin sicaklik degerlerini korumada ana faktor
olurken, kirilgan deformasyonda kayalar daha yiiksek basing ve sicaklik degerlerine
sahip olmuslardir. Zayif kabuk ile akigkan reolojide kitasal litosferik manto Tavsanl
Zonu metamorfik kayalari; giiclii kabuk ve akigkan reolojide kitasal litosferik manto ise
Afyon Zonu metamorfik kayalar: basing - sicaklik degerlerine uygun sonuclar vermek-
tedir. Carpigma sonrasi tektoniginde ise zayif kabuk ile ytiksek Moho sicakligi yiiksek

basing / yiiksek sicaklik degerlerinde metamorfik kayalarin yiizeylenmesini saglamaktadir.
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1. INTRODUCTION

1.1. Metamorphism of Rocks

Metamorphism encompasses changes in texture and mineralogy of sedimentary,
igneous or metamorphic rocks [22,23]. These changes - depending on the geodynamic
setting- occur in a whole spectrum of pressure - temperature conditions [18]. The
physical/chemical bonds between groups of minerals can be broken if the vibrational
or other form of intrinsic energy is increased. The increase in temperature might
also lead to vaporization of volatiles in the rock. The atoms can form a different
orientation at higher temperatures. It is important to note that this change accounts
for metamorphism constrained to the condition that it must not be first by melting.
In other words, if a rock changes first by melting, then the rock forms when it cools is
a new igneous rock, and if a rock changes by first breaking down into sediment, then
the rock that forms when the sediment lithifies is a new sedimentary rock. Therefore,

the material must sustain its solid state during the whole process. [18,22]

Heating causes vibrations in the atomic level [24-26]. These vibrations can be ab-
sorbed by the atoms or groups of atoms. After some level, upon breaking of the bonds,
a new, high standing (to temperature) bonds might form. The end product happens
to be different in orientation and possibly in composition especially when exposed to
different mineral groups or atoms [27|. The formation of a new crystal from crystals
is called recrystallization. It takes place more rapidly at higher temperatures than
at lower, because bonds vibrate faster and break more frequently as the temperature

increases.

When crustal or oceanic rocks are buried, not only their temperatures are in-
creased, but also they are pressurized, in other words, the lithostatic pressure increases
as we go deeper down to the centre of the Earth [28]. As it can be seen from Figure

1.1, the temperature continuously increases with depth as well.



Temperature (°C)

2000 4000 6000 8000
NS I | I

Figure 1.1. Temperature profile (thick line) and melting curve (dashed line) between
the surface and the centre of the Earth. (Modified from Stiiwe, 2007)
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Figure 1.2. Metamorphic facies diagram. BS:blueschist, GS:greenschist,
AM:amphibolite, EA:epidote-amphibolite, GR:granulite, Amp-EC:amphibole-eclogite,
HGR:high pressure granulite, Lw-EC:lawsonite-eclogite.(Liou et al., 2004 [1])



The diagrams of metamorphic facies is a good reference to classify the grade of

metamorphism according to their P-T conditions (Figure 1.2).

Quartz-Coesite line in Figure 1.2 is generally accepted as the boundary for transi-
tion from high pressure (HP) to ultra-high pressure (UHP) region. The possible lowest

geotherm (5 °C/km) is also shown as dashed line in the same graph.

Protoliths (the original rock) of metamorphic rocks can be sedimentary, magmatic
and metamorphic rocks as well [18]. The distinction between crustal and oceanic
rocks is of major importance when we are dealing with tectonic interpretation of the

formation of metamorphic rocks.

Metamorphism can occur in various geodynamic settings. A hot magma may
intrude as a pluton into a sedimentary rock (shale, limestone, and sandstone) at a
depth of about 2 km below the Earth’s surface. Heat can slowly transfer from the
pluton to the surrounding sedimentary (country) rock. The heat provided by the
pluton can not melt the country rock, but it can heat the country rock sufficiently to
cause recrystallization. A region of metamorphic aureole might form in this condition.
Metamorphism caused by heat conducted into country rock from an igneous intrusion

is called thermal metamorphism [18].

In this work, what we are dealing is the tectonic metamorphism, in other words,
the burial of crustal rocks and their exposure to heat and pressure in a tectonic environ-
ment such as ocean or continent subduction and collision. Tectonic processes providing
formation, preservation and exhumation of metamorphic rocks are highly debated [14].
Before delving into this subject, let’s consider the seven chemical composition classes

of metamorphic rocks as given in Table 1.1.

To give an example for metamorphic rocks, a red shale (sedimentary rock com-
posed of clay, very fine quartz, and hematite) may yield a coarse-grained metamorphic

rock consisting of alternating dark and light bands. [22]



1994) [18]

Table 1.1. Metamorphic rocks and their protoliths. (Bucher and Frey,

Metamorphic

Protolith
Rock

Usually mantle derived, very Mg-rich
Metaultramafic

family of rocks. Typical composition:
Rocks

Peridotite.

Sedimentary rocks modally dominated
Metacarbonate

by carbonate minerals.  Examples:
Rocks

limestones, marbles.
Metapelites Most common type of sedimentary

(Shales)

rocks.

Metamafic Rocks

Mafic igneous rocks, mainly badsalts

and of lesser importance, gabbros.

Metaquartzo

Feldspathic Rocks

Rocks of sedimentary (sandstones) or

igneous (granites) origin.

Other Bulk Com-

positions

Manganese sediments, ironstones, alka-

line igneous rocks, etc.




1.2. Tectonics of Metamorphism and Exhumation of crustal rocks

Blueschist and eclogite facies rocks are found in various Phanerozoic orogenic belts
(Figure 1.3) [3,5-10,29,30]. It is clearly seen that most of the metamorphism events
happen to be in mountain belts. This is related to plate tectonic interactions. The

Alpine-Himalayan orogenic belt hosts many of the well known metamorphic terranes.

Metamorphic rocks are characterized by pressures of metamorphism correspond-
ing to depths far exceeding the average thickness of the continental crust. For this work,
we ignore the idea that nonlithostatic pressure applied to crustal rocks in collision belts
could result in significant pressures on the rocks, that might lead to a wrong interpre-
tation of the burial history of metamorphic rocks when they are investigated based

on simple depth-pressure relationship [31]. Additionaly, in this context, exhumation is

defined as upward displacement of the rocks with respect to the surface [32].

W. Anatolia: Okay (2002); Candan et al., (2005) Rhodope: Mposkos and Kostopoulos (2011) Canadian Cordillera: Ghent et al., (1993)
Dabie Shan, Sulu: Okay (1995); Liu et al,, (2006) ~ Norwegian Caledonides: Kylander-Clark et al., (2012) Tien Shan: Tagiri et al.,, (1995)
W. Himalaya: Parrish et al., (2012) Greenland Caledonides: Gilotti and Ravna (2002) New England Fold Belt: Danis et al., (2010)

Figure 1.3. World U(HP) terranes (some of the major ones) [2-11]. Compiled from
Liou et al., (2009) [12]; Warren (2013) [13].



1.2.1. Proposed Models for Burial and Exhumation
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Figure 1.4. Proposed models of burial and exhumation of crustal rocks. Stars denote
the tracked particles. Pressure-Temperature-Time (P-T-t) paths are depicted on the
right for each model. ( Modified from Hacker and Gerya, (2013) [14])

Many constraints on burial and exhumation of high-pressure (HP) and ultra-
high-pressure (UHP) rocks of crustal origin have been documented by numerical and
analogue experiments [13,33-43]. It is widely accepted that continental subduction
following an oceanic plate subduction is the major tectonic process providing burial

and exhumation of crustal rocks [13,14,36]. The proposed tectonic models in the

literature are classified and presented in Figure 1.4.



1.2.2. Slab Breakoff

In this tectonic configuration, after subduction of oceanic plate, there happens
to be necking in the ocean-continent transition zone. After some time, the continental
lithosphere is detached from the oceanic plate and buried crustal rocks are exhumed
to the surface as a coherent block due to force release and buoyancy of these rocks
compared to their surroundings. Although this process has been interpreted in the
context of oceanic plate subduction, it is also possible that in intra-plate regions,
mostly in post-collision scheme, continental subduction being driven by convergence,
can also initiate some instability in the lithospheric mantle [44,45]. The accumulation
of viscous lithospheric mantle can drip down into the mantle as a massive block. This
process is also interpreted in the context of slab breakoff, because the lithospheric
mantle detaches from the upper parts after some necking driven by negative buoyancy

of the accumulated viscous block.

This mechanism has been proposed for UHP terrane in Western Gneiss region [45],
HP-HT metamorphics of Menderes Massif in Western Turkey [46], and UHP terrane
in Dabie-Shan region of Eastern China [44].

1.2.3. Subduction Channel Flow

Subduction channel flow is a widely accepted mechanism for continuous and/or
polyphase exhumation of crustal rocks in Dabie-Sulu region of Eastern China [40]. The
subduction of oceanic or continental block, oceanic and/or continental crustal rocks
are buried along a V shaped subduction channel in which they are circulated like a
washing-machine (personal communication with Prof. Bradley Hacker) and then ex-
hume back to the pro- or retro-side. According to Warren et al., (2008), [35] the tip
of the subduction channel is named control point. Despite some differences on the
names given to this process (Plunger expulsion, cavity-driven flow, wedge flow), the
subduction channel is mostly not exposed to asthenospheric flow, otherwise delamina-

tion might be favored in later stages of the process.



This model was proposed for the formation and exhumation of metamorphics
in Kaghan, Tso Morari, Western Gneiss Region and Dora Maira Massif in Warren et
al., (2008) [35]. The polyphase exhumation of metamorphic rocks were interpreted
as a result of subduction channel process along with tectonic underplating and sub-
lithospheric plume idea applied to Dabie-Sulu region in Eastern China in Li and Gerya,
(2009) [40].

1.2.4. Slab Rollback

Slab Rollback mechanism is introduced in the context of microplate (small con-
tinental lithosphere blocks) subduction. It is proposed that subduction of these blocks
might trigger the slab rollback, creating the required space for the exhumation of the
buoyant continental crust that was deeply buried just before. The crust is then ex-
humed at a rate that depends directly on the velocity of trench retreat to become part
of the overriding plate. Asthenospheric flow initiates a second phase of the exhuma-
tion which should be at a lower rate than before. The burial and exhumation process

happens whenever a small continental block subducts [36].

This model has been proposed for Aegean type HP metamorphism and exhuma-
tion in the works of Brun and Faccenna, (2008) [36] , Jolivet and Brun, (2008) [47] ,
Gessner et al., (2013) [48] and Tirel et al., (2013) [49].

1.2.5. Delamination

Delamination is the process in which lithospheric mantle decouples from the crust.
This might happen when sufficient amount of asthenospheric mantle intrudes into the
upper levels and channeled through the lower crust. Based on the rheology models
of crust and the beneath, [19,50] strength of the crust decreases exponentially from
upper crust to Moho depths. This drop in strength is interpreted as a change in
deformation style from brittle to viscous. A lower crust deforming mostly in viscous
regime can decouple from the lithospheric mantle beneath when it is exposed a hot,

or pressurized fluid, or when the strain rate ratio of lower crust and the lithospheric



mantle is significant.

Delamination model has been proposed for exhumation of metamorphics in West-
ern Gneiss Region by Duretz et al., (2013) [38]. The early interpretation of this model
was explained by Peter Bird for the formation of Colorado Plateau [51]. Later works
make use of this model to explain the lack of mantle lithosphere beneath the conti-
nental crust and migration of melts in the direction of delaminating slab in Eastern

Anatolia [52].

1.3. Geological Setting of Afyon and Tavsanli Zone

The general tectonic structure of the Western and Central Turkey is shown in

Figure 1.5.
3 ‘ag"‘m L [
Thrace L
Marmara

(@]
sea Intra-Pontide Suture

26 I . s SAKAR‘”\ ZONE lzm,,- A“\(am $u\

S %,

1 lr%, f "‘“

Menderes ,’
[

Ma55|f /

;ff

]

™ N36°

[
Medilerranean B0° . Mediterranean Sea
] ]

- . Menderes Massif Kirsehir Massif
- Ophiolites |:| Ophiolitic melange m (Pan-African high grade rocks) E (Cretaceous high grade rocks)

i Blueshists - Greenschists <> Greenschists (P-T measured)

Figure 1.5. Tectonic and geological Map of Western and Central Turkey. (Modified

from Okay and Tiiysiiz, (1999); [15] Pourteau et al., (2010) [16])
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During the Alpide orogeny in the Early Tertiary, the continent-continent colli-
sion united several continental fragments with individual structural, stratigraphic and
metamorphic units [53]. A well exposed Izmir-Ankara-Erzincan suture along which
the Tethyan ocean was consumed separates the Laurasian units to the north from

Gondwanian units to the south.

To the south of Izmir-Ankara suture, Tavsanli Zone forms a 50 km wide coherent
blueschist belt, indicating the northward subducted passive continental margin of the
Anatolide-Tauride platform [29]. Its western margin is in contact with Bornova Flysch
Zone (BFZ) which is a latest Cretaceous-Paleocene flysch zone containing Mesozoic
limestone blocks, several kilometers large, in a Maastrichtian-Paleocene greywacke-

shale matrix [54].

To the farther south, situated in one of the united distinctive fragments, Afyon
Zone is a Devonian to Paleocene sedimentary sequence metamorphosed in greenschist
facies. It a typical shelf-type Palacozoic-Mesozoic sequence of the Taurides [55]. This
region is characterized by low grade regional metamorphism, and its structural setting

marks Afyon Zone as a strong member of Anatolides [29,56].

1.3.1. Spatial Distribution of Metamorphic Units and P-T Conditions

The blueschists in the north-west of in Orhaneli area (north-west of Tavsanli
Zone) make up a regionally metamorphosed clastic-limestone sequence overlain tecton-
ically by an accretionary complex and a peridotite slab. The base of the blueschists
is not exposed. The blueschists are intruded by Eocene granodiorite plutons and are

unconformably overlain by Miocene continental deposits [29].

From the north to the south, Anatolides compose of regions with decreasing meta-
morphic pressure and temperature. The presence of jadeite, glaucopane and lawsonite
in the blueschists in Orhaneli area provides P-T conditions of 20 £+ 2 kbar and 430
+ 30 °C [57]. The P-T conditions was later modified to 24 £+ 3 kbar and 430 £+ 30

°C [4]. Based on carpholite-bearing assemblages, P-T conditions on the greenschists
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were estimated as minimum 6-9 kbar and 350 °C in Afyon Zone [5].
1.3.2. Temporal Constraints

Ar/Ar laser probe analyses of the blueschist samples from the Orhaneli area gives
a weighted mean age of 87 = 3 Ma for the age of metamorphism. It is important to
note that the data has a variation of 20 Ma and there is no direct evidence for the
depositional age of the pre-metamorphic blueschist sequence [29]. The metamorphic

rocks from Afyon Zone (Oren - Afyon Zone) was dated to between 70 - 65 Ma [58].
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2. EXPERIMENTS AND RESULTS

2.1. Explanation of The Numerical Model

2.1.1. The Principle Equations

We conducted a series of thermo-mechanical numerical experiments with an ar-
bitrary Eulerian-Lagrangian finite element code named SOPALE [59]. This numerical
code is useful for observing surface response of tectonic systems and tracking specific
particles in order to extract their P-T-t paths [60] in order to compare with natural

data.

In experimental sets, we advanced by increasing the complexity of the models by
starting from the simplest case. A step by step approach to the problem has given us
the opportunity to discuss the effect of many parameters to the system as a whole at

the expense of computational time.

By considering the case of incompressible flow, the governing equations for thermo-
mechanical computation consist of conservation of mass, momentum and internal en-

ergy in 2-D implied as follows:

V- (pv) =0, (2.1)
V- 044 + prg = O, (22)

T
pCp(a— +v-VT) = kV*T + pH, (2.3)

ot
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The linearized equation of state is also implemented by the equation below:
p = po[l = a(T —Tp)], (2.4)

In equations (2.1)-(2.4), p, T and v represent density, temperature and velocity fields
respectively. Likewise, g, o, ¢, , k, H and t are the variables representing gravitational
acceleration (m?/s), thermal expansivity (K '), heat capacity at constant pressure
(J/kg/K), thermal conductivity (W/m/K), rate of internal heat production per unit
mass (W/kg) and time respectively. The stress tensor in equation (2.2) is divided into

two components:
— P65y, (2.5)

where O';j denote the deviatoric stress tensor and P is the pressure (for an incompressible
fluid, P:—éaii). It is also important to note that visco-plastic deformation is achieved
by determination of the lesser value of either a yield stress 0y;ciq Or Viscous stress o yiscous
at each computational node. This enables the material to deform at a stress level lowest
possible. This relation can be shown below as follows:

!

U@'j = mz'n(ayiezd; O'Uz‘scous)a (26)

Drucker-Prager yield criterion is used for frictional plastic yield stress which is identical

to the Coulomb criterion in plane strain [59]:
Oyietd = Psing + ¢y, (2.7)

In equation (2.7) ¢ and ¢q stands for internal angle of friction and cohesion, respectively.

The equation for viscous stress is shown below:

Oviscous — 27]€é (28)
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The effective viscosity 7. for power-law creep is defined as:

Q

Ne(€,T) = GA™ne " enir, (2.9)

where

—(nt1) (1-n)
2n

G=(3 n), (2.10)
The variables é,A,Q,n,R represent strain rate, viscosity parameter, activation energy
for uniaxial laboratory experiments, power law exponent, and ideal gas constant re-
spectively. G is a constant used for the conversion of the uniaxial laboratory data to a

state of stress which is independent of the choice of coordinate system.
2.1.2. Flow Parameters of Materials

The equations given in the previous section are the basic tools to assign any
computational node the degree to which that node is supposed to deform. Although
the formulas give a sense general principles of the mechanism, it is useful to derive

some other relations by using these equations and interpret the results accordingly.
Given the non-linear power law creep, which is stated below:
. ]
¢ = Ao"e ET, (2.11)

It can be said that strain rate depends on the temperature of the material, power law
exponent, applied stress, material parameter or creep parameter that is denoted as A,
and activation energy of the rock. This type of deformation is called stress dependent
viscosity, because the stress is directly dependent on strain rate, which in turn is related
to viscosity or effective viscosity of the rock. In order to understand the importance
of each parameter in these equations, it is useful to compile some of the important

material properties from various sources in a short list as follows:



Table 2.1. Flow parameters of major rock types. Compiled from various

sources [19-21].

Material A(MPa"s™1) n Q(kJ/mol) | Reference
Quartz 1.0x1073 2 167 1
Plagioclase(Anzs) 3.3x10~* 3.2 238 1
Granite 1.8x107? 3.2 123 1
Granite (wet) 2.0x10~4 1.9 137 1
Quartzite 6.7x107¢ 2.4 156 1
Quartzite (wet) 3.2x1074 2.3 154 1
Diabase 2.0x10~* 3.4 260 1
Felsic Granulite 8.0x1073 3.1 243 1
Mafic Granulite 1.4x10% 4.2 445 1
Peridotite (dry) 2.5x10* 3.5 532 1
Peridotite (wet) 2.0x10? 4.0 471 1
Quartzite (wet) 1.1x10~* 4.0 228 2
Aheim Dunite (wet) | 4.16x10? 4.48 498 3
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Figure 2.1. Effective viscosity vs. strain rate plot for the materials in Table (1.2).
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The plot of effective viscosity vs. strain rate is very informative when comparing
their tendency to deform in various environments. At a given temperature and strain
rate, we can compare their rate of flow by looking at their effective viscosity. Lesser
value of viscosity means higher rate of flow or deformation. It can be seen from Figure
(2.1) that mafic granulite is the least deforming rock among all the rocks at a given
temperature and strain rate. The highest deforming rock is peridotite wet by having
an effective viscosity about 10*® Pa s at a strain rate of 1071571,

The temperature of the mantle rocks of Peridotite, Peridotite (wet), Aheim
Dunite (wet), were taken as 1300 °C in order to compare their rate of deformation
in the mantle depths. Other rocks were based on a general granulite facies tempera-

ture corresponding to Moho temperatures of relatively hotter continental regions.

2.2. Rheology of Lithosphere

The strength of crust and lithospheric mantle is of crucial importance when deal-
ing with long-term (>1Myr) evolution and dynamics of earth processes. The concept
of a strong lithosphere overlying a weak fluid asthenosphere was proposed in early
1900’s. [61]. There are two contrasting strength profiles for the continental lithosphere:

jelly sandwich and creme brilée.
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Figure 2.2. A) Models of deformation. B) Brace-Goetze failure envelopes for a

thermotectonic age of 150 Ma, a weak, undried granulite lower crust, a uniform strain

rate of 1071571 (Burov and Watts, (2006) [17]).

As it can be seen from Figure (2.2) (schematic diagram illustrating different
models for the long-term strength of continental lithosphere) that in the creme brulée
model, the strength is confined to the uppermost brittle layer of the crust, and com-
pensation is achieved mainly by flow in the weak upper mantle (H,, is the short-term
mechanical thickness of the lithosphere; T, is the long-term elastic thickness). In the
jelly sandwich model, the mantle is strong and the compensation for surface loads oc-
curs mainly in the underlying asthenosphere. The créme brilée model was proposed
by Jackson, (2002) [62] challenging the idea of jelly-sandwich model. The latter one
has been favored, because it was proposed that the creme brilée model is unable to
explain either the persistence of mountain ranges or the integrity of the downgoing slab
in collisional systems. Hence, it has been stated that the latter model is a more widely

applicable one for many tectonic settings [17].

In this work, both models were tested in the context of continental plate subduc-
tion following ocean subduction. This was achieved by setting the deformation type of
lithospheric mantle to plastic and viscous (newtonian if n=1, affective if n>1) rheology.
In case of upper crust, the program chooses the lowest stress level to deform, which

means that brittle-ductile transition in the lower crust is active in most cases.



2.3. Boundary Conditions
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Figure 2.3. Initial model configurations. Each color represent a different layer.

Eulerian and Lagrangian partitioning are shown in the model box.
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Figure 2.4. C) Oceanic plate subduction model. D) Intra-oceanic subduction model.
Each colour represents a different layer. Eulerian and Lagrangian partitioning are

shown in the model box.

The numerical experiments can be categorized in two sections. The first set of
models were constructed and performed in order to investigate the effect of Rayleigh-
Taylor instability on burial and exhumation of crustal rocks in post-collisional setting.
This was achieved by starting with the simplest configuration which consisted of a total
number of three layers covering crust and upper mantle. The upper mantle consist of
two layers named as lithospheric mantle and asthenosphere or sub-lithospheric mantle.
The main difference between the lithospheric mantle and asthenosphere is the density,
added to which there might also be rheological difference in the sense that lithospheric
mantle might deform in plastic rheology whereas asthenospheric mantle might be de-
forming mostly in viscous regime. Because the rheological behaviour of these layers are

highly controversial [63,64], we tried to expand our parameter space as far as possible.
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The second set of experiments were designed to observe the subduction dynam-
ics in the context of dripping instability. The viscous or visco-plastic rheology was

prescribed in continental lithospheric mantle.

In configuration A, crust of 40 km in thickness with flow parameters of wet
quartzite [20], a layer of 110 km in thickness representative of lithospheric mantle with
flow parameters of Aheim Dunite (wet) [21], and a hotter layer of 550 km in thickness
with the same flow parameters as lithospheric mantle, representative of asthenospheric
mantle was prescribed. The imposed convergence velocity was held constant as 3
cm/year from both sides. This convergence velocity was prescribed to the whole litho-
sphere along with a negative convergence from asthenosphere to the outer region of

the box in order to preserve the conservation of mass in our models.

Configuration B has some differences from the previous one in the sense that
it starts to evolve with a bulge prescribed in the lithospheric mantle to initiate the
drip mechanism. The reasoning behind starting with such a configuration is due to
the fact that the thickening in the crust and mantle was not achieved in the center
of the domain without imposing a bulge. The other reason was that it is appropriate
to make the assumption that the there might have been a non-uniform region in the
lithospheric mantle which is possible in the context of post-collision. However, it is also
safe to assume that the perturbation at an appropriate wavelength might have been

sufficient to initiate the Rayleigh-Taylor instability in configuration B.

The next configuration (C) was arranged to compare the post-collision scheme
with subduction dynamics. A pre-existing oceanic lithosphere was introduced between
two continental plates of same rheology. A weak zone between the oceanic plate and
retro-plate and a very thin layer of sediments were prescribed and added to the model

geometry.

The last configuration (D) simulates an intra-oceanic subduction system. It was
based on a proposed model in the literature [29]. This configuration includes more

layers than the previous ones, which makes it more complicated one indeed.
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The solution space had a free top surface and free slip conditions on the right,
but no slip condition on the left boundary. Material was not permitted to penetrate
the lower boundary of the box. This arrangement was not highly restrictive in the
sense that the influence of the bottom boundary had not a significant effect on the

deformation of the lithosphere.

Eulerian and lagrangian grids were limited to 201x101 and 601x301 respectively.
These numbers represent the resolution of the deformation in our models. It is impor-
tant to note that more than half of the eulerian grids and 60% of the lagrangian grids
were concentrated in the lithosphere to increase the resolution in the upper parts of

the numerical model.

The initial temperature profiles were arranged to comply with the values in nature
and be more representative. For all experiments, the temperature of the lithosphere-
asthenosphere boundary (LAB) and lower boundary of the box was set as 1350 °C
[64,65] and 1525 °C respectively. Thermal properties (thermal conductivity k=2.25
W /m/K;, heat capacity cp =1250 J/kg/K) are the same for all materials and we ignored

radioactive heat production and shear heating and erosion in the numerical models.

The viscosities was kept in the range of 5x10* Pa s - 10*2 Pa s. At a specific
node of computation, if the deformation in that region is below or higher than the
allowed viscosity range, then the effective viscosity of that material is set as the lowest

or highest one to provide continuous deformation in the allowed range.
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2.4. Post-collision

2.4.1. Experimental Set A1l

In experimental set A1, we started with the simplest case which consisted of 3
layers: crust, lithospheric mantle and sub-lithospheric mantle (asthenosphere). Moho
temperature was increased starting from 450 °C with 150 °C increments up to 900 °C.
The temperature at lithosphere-asthenosphere boundary (LAB) was set as 1350 °C. The
lower boundary of the box had an initial temperature of 1575 °C. The densities of crust
, lithospheric mantle and asthenospheric mantle were set as 2800 kg/m? | 3300 kg/m?
and 3300 kg/m? respectively. The deformation in the upper crust is visco-plastic, in
other words, the numerical code chooses the possible lowest stress level (viscous or
plastic) throughout the crust. The same type of deformation was prescribed for the

mantle as well.
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2.4.2. Results of A1l

When the Moho temperature was set as 450 °C, as it can be seen from Fig. 2.6
that two synchronous drips develop at both boundaries. The root of the drip does not
reach above the 120 km depth. The crust is in the process of thickening. The lithostatic
pressure of rocks tracked from middle crust increase about half kilobar. After 12.8 Ma,
the number of drips increase by initiating another one from the centre of the model
domain, because the drips on the sides can not respond well enough to the thickening
and the stress is accumulated in the centre. The pressure values of rocks reach to 6
kbar by increasing 1 kbar. No exhumation is observed, because the drip mechanism

does not have significant effect to the upper levels.

If the Moho temperature is increased to 600 °C, though similar type of drips
develop, the root of them reach higher than the previous case (100 km). After 12.8
Ma, the crust continues to thickening and the thickness of the lithosphere reaches about
180 km depth in the centre of the model domain. The pressure of rocks increase by

about 1kbar and there is no increase in temperature values. No exhumation is observed.

Increasing the Moho temperature to 750 °C provides a similar increase in the
root of the drips at sides of the model domain (35 km). The drip rate is faster than
the previous cases by reaching to depth of 500 km in 6.4 Ma (drip rate is about 5.47
cm/yr). After 12.8 Ma, the thickness of the lithosphere is about the same as it was
at the beginning of the numerical model (t=0 Ma). The thickness of the lithosphere
decreases to about 90 km at sides. It can be said that the drip rate is close enough
to the total convergence and this provides not a third drip in the lithospheric mantle
that is observed in the previous cases. The pressure of the rocks increase about 1 kbar

and the temperature does not change much.

When the Moho temperature is set to 900 °C, which is the highest level in this
experimental set (upper boundary for granulite facies rocks that might exist in lower
crustal levels), the drips evolve with higher rate (about 7.03 cm/yr) and higher amount.
The root of the drip reaches to middle crust level. Interestingly, after 12.8 Ma, the
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Figure 2.6. Model development and P-T-t paths of tracked particles of experiment Al
with Moho temperature of 450°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue: crust,

Orange: lithospheric mantle, Brown: asthenosphere.
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Orange: lithospheric mantle, Brown: asthenosphere.



20

Lithostatic Pressure ( kbar )

Lithostatic Pr

27

P-T-t Paths
i 2
1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Temperature (°C)
Eularian and Lagrangian Field
1| | 1 1| | 1 | | | 1 1! e |
P s B EERENE LSS
1 1 B P a
} ST S e b binp
1 i § 1 AN
7 X
t=6.4 Ma
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Horizontal Distance (km)
P-T-t Paths
i 3
1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900
Temperature ( °C)
Eularian and Lagrangian Field

1200
Horizontal Distance (km)

800 1000 1400 1600 1800 2000 2200 2400

Figure 2.8. Model development and P-T-t paths of tracked particles of experiment Al
with Moho temperature of 750°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue: crust,

Orange: lithospheric mantle, Brown: asthenosphere.



28

P-T-t Paths

20 -

Lithostatic Pressure ( kbar )
N
T

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Eularian and Lagrangian Field

St =t e e e e
T

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Horizontal Distance (km)

P-T-t Paths

Lithostatic Pr

1 1 I I I 1 1 1 1
0 100 200 300 400 500 600 700 800 900

Temperature ( °C)

Eularian and Lagrangian Field

30 = m---‘“‘-—‘«jr)‘
B —— s aEEERERE——————

N

: , )

0 200 400 600 800 H(;r?ggntal1§?;anc1e4((]£m) 1600 1800 2000 2200 2400

Figure 2.9. Model development and P-T-t paths of tracked particles of experiment Al
with Moho temperature of 900°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue: crust,

Orange: lithospheric mantle, Brown: asthenosphere.



29

rocks cool about 60 °C and their pressures increase about 1 kbar . One explanation for
the cooling is that the geotherm for this model is the steepest one, and this provides
rapid changes in temperature when the depth of rock changes. The thickness of the
lithosphere decreases to about 110 km in the centre and 60 km at sides of the model

domain. Similarly, no exhumation is observed in this model.

2.4.3. Experimental Set A2

In experimental set A2, the same type of configuration was preserved except
a density difference between lithospheric mantle and sub-lithospheric mantle is pre-
scribed. Moho temperature was increased starting from 450 °C with 150 °C increments
up to 900 °C. The temperature at lithosphere-asthenosphere boundary (LAB) was set
as 1350 °C. The lower boundary of the box had an initial temperature of 1575 °C.
The densities of crust , lithospheric mantle and asthenospheric mantle were set as 2800
kg/m? | 3300 kg/m? and 3280 kg/m? respectively. The deformation in the upper crust
is visco-plastic, in other words, the numerical code chooses the possible lowest stress
level (viscous or plastic) throughout the crust. The same type of deformation was

prescribed for the mantle as well.
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Figure 2.10. Model configuration and flow parameters for the materials of

experimental set A2.

References for viscosity parameters: 1, wet quartzite, Gleason and Tullis [1995]; 2, wet Aheim dunite, Chopra and Paterson [1984]. Physical constants in
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2.4.4. Results of A2

When the Moho temperature is set as 450 °C, the similar type of drips with Figure
2.6, but the drips are not evolved as a unified structure, because the density difference
between lithospheric mantle and asthenosphere adds extra downward force. This force
is well exposed when any part of lithospheric mantle is disturbed by convergence. As
it can be seen that, the density contrast increased the drip rate as well. After 12.8
Ma, multiple non-uniform, random drips evolve and reach the bottom. The pressure
of rocks from middle crust increase about 1 kbar and there is significant change in
temperature. At that stage, the thickness of lithosphere is about 130 km at sides. No

exhumation is observed.

If we increase the Moho temperature to 600 °C, the drips reach to the bottom level
before 6.4 Ma. The non-uniform drips are well observed. After 12.8 Ma, the pressure
of rocks increase about 1 kbar and there is no significant change of temperature. The

thickness of lithosphere is about 120 km at sides. No exhumation is observed.

Increasing the Moho temperature to 750 °C promotes the drip rate and amount.
After about 12.8 Ma, much of the lithospheric mantle drips down into the astheno-
sphere. The pressure values of rocks increase by about 1kbar, and the rocks cool about

25 °C. No exhumation is observed.

When the Moho temperature is set to 900 °C, the drips evolve more coherently
than the previous cases. The rapid drips affect the lower crust levels. After 12.8 Ma,
the pressure values of rocks increase by 1 kbar and the temperature decrease about 60

°C. No exhumation is observed.
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Figure 2.11. Model development and P-T-t paths of tracked particles of experiment
A2 with Moho temperature of 450°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue:

crust, Orange: lithospheric mantle, Brown: asthenosphere.
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Figure 2.12. Model development and P-T-t paths of tracked particles of experiment
A2 with Moho temperature of 600°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue:

crust, Orange: lithospheric mantle, Brown: asthenosphere.
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Figure 2.13. Model development and P-T-t paths of tracked particles of experiment
A2 with Moho temperature of 750°C (A) after 6.4 Ma, (B) after 12.8 Ma. Blue:

crust, Orange: lithospheric mantle, Brown: asthenosphere.
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2.4.5. Experimental Set A3

In experimental set A3, the same type of configuration was preserved with the
same density difference between lithospheric mantle and sub-lithospheric mantle. Moho
temperature was kept constant at 600 °C The activation energy of crust was decreased
from 223 kJ/mol to 133 kJ/mol and 43 kJ/mol. The temperature at lithosphere-
asthenosphere boundary (LAB) was set as 1350 °C. The lower boundary of the box
had an initial temperature of 1575 °C. The densities of crust , lithospheric mantle
and asthenospheric mantle were set as 2800 kg/m? , 3300 kg/m? and 3280 kg/m?
respectively. The deformation in the upper crust is visco-plastic, in other words, the
numerical code chooses the possible lowest stress level (viscous or plastic) throughout

the crust. The same type of deformation was prescribed for the mantle as well.
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experimental set A3.
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2.4.6. Results of A3

When the activation energy of the crust is set to its reference value (223 kJ/mol)
the model development is the same with Figure 2.17 and 2.18. At the top of the model,
there is continued thickening of the crustal layer in the collision zone. The Rayleigh-
Taylor instability is well observed and this instability evolve as more like multiple

non-uniform drips.

When the activation energy of the crust is decreased to 133 kJ/mol, the deforma-
tion of lagrangian mesh at boundaries suggests that the stress that is supposed to be
transferred to the centre of the model domain is mostly distributed through the sides
and this can result in less thickening in the crust compared to the previous model. The
pressure of the rocks are increased smaller than 1 kbar and this supports the idea of

less thickened crust.

If the activation energy of the crust is decreased to 43 kJ/mol, the deformation
of the lagrangian mesh suggests extension in the right half of the model due to high
deformation in the crust on the sides. This is observed in the left half of the model
close the boundary. Due to extension, the rocks start to exhume to the surface, and

their pressures decrease about 1 - 2 kbar.
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Figure 2.16. Model development and P-T-t paths of tracked particles of experiment

A3 with activation energy of 223 kJ/mol in the crust (A) after 6.4 Ma, (B) after 12.8

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.
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Figure 2.17. Model development and P-T-t paths of tracked particles of experiment
A3 with activation energy of 133 kJ/mol in the crust (A) after 4.8 Ma, (B) after 12.8

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.
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Figure 2.18. Model development and P-T-t paths of tracked particles of experiment
A3 with activation energy of 43 kJ/mol in the crust (A) after 4.8 Ma, (B) after 12.8

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.



42

2.4.7. Experimental Set A4

In experimental set A4, the same type of configuration was preserved with exper-
imental set A3 except the Moho temperature was increased to 900 °C for all models in
this set. The activation energy of crust was decreased from 223 kJ/mol to 133 kJ/mol
and 43 kJ/mol. The temperature at lithosphere-asthenosphere boundary (LAB) was
set as 1350 °C. The lower boundary of the box had an initial temperature of 1575
°C. The densities of crust , lithospheric mantle and asthenospheric mantle were set as
2800 kg/m3 , 3300 kg/m?* and 3280 kg/m? respectively. The deformation in the upper
crust is visco-plastic, in other words, the numerical code chooses the possible lowest
stress level (viscous or plastic) throughout the crust. The same type of deformation

was prescribed for the mantle as well.
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Figure 2.19. Model configuration and flow parameters for the materials of

experimental set A4.
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2.4.8. Results of A4

When the activation energy of crust is at its reference value (223 kJ/mol), after
14.5 Ma, most of the lithospheric mantle drips down into the asthenosphere. The

pressure of rocks increase about 1 kbar and the temperature decrease by 70 °C.

If we decrease the activation energy of the crust to 133 kJ/mol, right at the axis of
dripping instability, the crust is affected by downward pull during dripping instability,
and force release after the detachment of the lithospheric mantle. This is well exposed
as a plume like exhumation of middle crust from the centre of the model domain to
the sides. Though there is not significant increase in pressure levels, the exhumation

of middle crustal rocks are clearly seen.

When the activation energy of crust is decreased down to 43 kJ/mol, the non-
symmetric drip initiates on the right half of the model domain. This is clearly seen
in Figure 2.35. Expectedly, the pressure of middle crustal rocks increase by about 2
kbar at most due to significant pull force by the dripping lithospheric mantle. There
is also cooling about 90 °C during the burial of these rocks. After 14.5 Ma, the rocks

are exhumed to the surface in the crust with an asymmetric deformation.
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Figure 2.20. Model development and P-T-t paths of tracked particles of experiment
A4 with activation energy of 223 kJ/mol in the crust (A) after 3.2 Ma, (B) after 14.5

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.



20

Lithostatic Pressure ( kbar )

Depth (km)
3

180

210

240

270

800

Lithostatic Pr

Depth (km)
n n - - .y
5 o 8 &8 8

)
N
S

800

46

P-T-t Paths

I I I I 1
400 500 600 700 800

Temperature (°C)

I 1 1 1
100 200 300 900

Eularian and Lagrangian Field

t=3.2Ma

Horizontal Distance (k)

1000 1200 1400

Horizontal Distance (km)

1600 1800

P-T-t Paths

1 1 1 1 1 1 1 1 1
400 500 600 700 800 900

Temperature ( °C)

Eularian and Lagrangian Field

\\‘

S

Depth (k)
S88E8YE:

288

1000

83838

20 40 &0 0 1000 1200 1400
Horizontal Distance ()

1200 1400
Horizontal Distance (km)

1600 1800

Figure 2.21. Model development and P-T-t paths of tracked particles of experiment

A4 with activation

energy of 133 kJ/mol in the crust (A) after 3.2 Ma, (B) after 14.5

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.



47

P-T-t Paths

22 - (A)

20 -

I N—

Lithostatic Pressure ( kbar )
N
T

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Eularian and Lagrangian Field

Depth (km)
3

180

210

240 t=3.2Ma

1600 2400

1000 a0 1600

Horizontal Distance (km)

270
800 1000 1200 1400 1600 1800

Horizontal Distance (km)

P-T-t Paths

Lithostatic Pr

0 100 200 300 400 500 600 700 800 900
Temperature ( °C)

Eularian and Lagrangian Field

Depth (km)
2 8 8 8

N
=
1<)

800 1000 1200 1400 1600 1800
Horizontal Distance (km)

Figure 2.22. Model development and P-T-t paths of tracked particles of experiment
A4 with activation energy of 43 kJ/mol in the crust (A) after 3.2 Ma, (B) after 14.5

Ma. Blue: crust, Orange: lithospheric mantle, Brown: asthenosphere.



48

2.4.9. Experimental Set Bl

In experimental set B1, a distinctive felsic granulite lower crust and a bulge in the
lithospheric mantle was prescribed. The density difference between lithospheric mantle
and asthenosphere was kept the same as previous models. Moho temperature was
increased starting from 450 °C with 150 °C increments up to 900 °C. The temperature
at lithosphere-asthenosphere boundary (LAB) was set as 1350 °C. The lower boundary
of the box had an initial temperature of 1575 °C. The densities of upper/middle crust,
lower crust, lithospheric mantle and asthenospheric mantle were set as 2800 kg/m?,
2900 kg/m?3,3300 kg/m?* and 3280 kg/m? respectively. The deformation in the upper
crust is visco-plastic, in other words, the numerical code chooses the possible lowest
stress level (viscous or plastic), however, the lower deformation in the lower crust is

viscous. Material properties of the mantle were kept the same.
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Figure 2.23. Model configuration and flow parameters for the materials of

experimental set B1.
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2.4.10. Results of B1

When the Moho temperature is set to 450 °C, there initiates a single drip right
on the axis of the bulge, and the root of that drip does not extend above 100 km depth.
After 11.3 Ma, the pressure of rocks tracked from lower crust increase by about 3 kbar,

but there is no significant change in temperature.

If we increase the Moho temperature to 600 °C, after 11.3 Ma, larger area of the
lithospheric mantle is removed. The thickness of the lithosphere decreases to about 110
km in the centre. The pressures of the rocks increase by 2-3 kbar and the temperatures

decreases by about 50 °C.

If the Moho temperature is set to 750 °C, Rayleigh-Taylor instability evolves as
a strong and more rapid drip. This affects the lower crust by pulling some part of it
as shown in Figure 2.42. The pressures of the rocks increase by about 2 kbar and their
temperatures decrease by about 30 °C. After 11.3 Ma, the dripping lithospheric mantle
already detaches from the upper part. Due to continued convergence in the collision
zone, the lower crust is accumulated right on the top of dripping instability, and applies
some stress to the upper levels. Though pressures of the tracked rocks decrease about
2 kbar at most, they can not achieve to exhume to the surface, because the crust is
strong enough so that it can not deform significantly when acted upon such level of

stress.

When the the Moho temperature is set to 900 °C, the plume like exhumation is
discernible, and there is no connection with lithospheric mantle in the centre of model
domain. Because the lower crust is exposed to asthenospheric flow underneath, the
temperature of the exhumed rocks starts to increase already before 11.3 Ma. The

lower crust is not strong enough to force the upper crust and exhume.
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Figure 2.24. Model development and P-T-t paths of tracked particles of experiment
B1 with Moho temperature of 450°C (A) after 3.2 Ma, (B) after 11.3 Ma. Blue:

upper/middle crust, Brown: lower crust, Green: lith. mantle, Orange: asthenosphere.
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Figure 2.25. Model development and P-T-t paths of tracked particles of experiment
B1 with Moho temperature of 600°C (A) after 3.2 Ma, (B) after 11.3 Ma. Blue:

upper/middle crust, Brown: lower crust, Green: lith. mantle, Orange: asthenosphere.
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2.4.11. Experimental Set B2

In experimental set B2, the model geometry was kept the same like experimental
set B1. The aim of this experimental set is to identify the effect of activation energy
in this configuration. The density difference between lithospheric mantle and astheno-
sphere was kept the same as previous models. Keeping the Moho temperature constant
as 600 °C, the activation energy of upper/middle crust was decreased from 223 kJ /mol
to 133 kJ/mol and down to 43 kJ/mol. The temperature at lithosphere-asthenosphere
boundary (LAB) was set as 1350 °C. The lower boundary of the box had an initial
temperature of 1575 °C. The densities of upper/middle crust, lower crust, lithospheric
mantle and asthenospheric mantle were set as 2800 kg/m3, 2900 kg/m? 3300 kg/m?
and 3280 kg/m? respectively. The deformation in the upper crust is visco-plastic, in
other words, the numerical code chooses the possible lowest stress level (viscous or plas-
tic), however, the lower deformation in the lower crust is viscous. Material properties

of the mantle were kept the same.
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Figure 2.28. Model configuration and flow parameters for the materials of

experimental set B2.
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2.4.12. Results of B2

When the activation energy of upper/middle crust is at its reference value (223
kJ/mol) the P-T-t paths of tracked particles and Rayleigh-Taylor instability in the
lithosphere develops in the same way we elaborated in model B1-600, Figure 2.40 and
2.41.

If the activation energy of the upper/middle crust is decreased to 133 kJ/mol, the
pressures of tracked particles increase about 2 kbar and their temperatures decrease
about 50 °C after 11.3 Ma. The deformation of lagrangian mesh suggests some weakness
in the upper/middle crust, but because the dripping instability is not effective on the
lower crust, it can not accumulate in specific regions along the model domain and
there is no significant force acting upon the upper/middle crust by the lower crust.

Therefore, no exhumation is observed.

Decreasing the activation energy of the lower crust down to 43 kJ/mol can not
provide significant burial and exhumation, because even the crust is deforming high
enough, the dripping instability is still not effective on the lower crust, and this is

related to relatively lower temperatures in the Moho.
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Figure 2.29. Model development and P-T-t paths of tracked particles of experiment
B2 with activation energy of 223 kJ/mol in the u/m crust (A) after 3.2 Ma, (B) after

11.3 Ma. Blue: u/m crust, Brown: low. crust, Green: lith. mantle, Orange: asth.
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2.4.13. Experimental Set B3

In experimental set B3, the model geometry was kept the same like experimental
set B1 and B2. The aim of this experimental set is to identify the effect of activation
energy in a hot orogeny. The density difference between lithospheric mantle and as-
thenosphere was kept the same as previous models. Keeping the Moho temperature
constant as 900 °C, the activation energy of upper/middle crust was decreased from
223 kJ/mol to 43 kJ/mol. The temperature at lithosphere-asthenosphere boundary
(LAB) was set as 1350 °C. The lower boundary of the box had an initial tempera-
ture of 1575 °C. The densities of upper/middle crust, lower crust, lithospheric mantle
and asthenospheric mantle were set as 2800 kg/m?, 2900 kg/m? 3300 kg/m?> and 3280
kg/m? respectively. The deformation in the upper crust is visco-plastic, in other words,
the numerical code chooses the possible lowest stress level (viscous or plastic), however,
the lower deformation in the lower crust is viscous. Material properties of the mantle

were kept the same.
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Figure 2.32. Model configuration and flow parameters for the materials of

experimental set B3.
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2.4.14. Results of B3

When the activation energy of the upper/middle crust is at its reference value
(223 kJ/mol), though the lower crust is accumulated right on the axis of dripping
instabilities, because the upper/middle crust is strong enough, the lower crust is not
exhumed to the surface. The direct exposure to asthenospheric flow causes some heat-
ing of the lower crust in time. Most of the lithospheric mantle already drips down into

the asthenospheric mantle.

If the activation energy of the upper/middle crust is decreased to 43 kJ/mol,
the lower crust is accumulated in the centre of model domain during the dripping
instability and continued convergence. After 1.6 Ma, the pressure of the rocks tracked
from lower crust increase about 2 kbar at least and the temperature of these rocks
decrease about 50 °C. The accumulation of lower crust is focused on the sides and
centre of the model domain. This provides large amount of lower crust to be entrained
by dripping lithospheric mantle in specific regions. After 6.4 Ma, the lower crust is

exhumed to the surface well enough.
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Figure 2.34. Model development and P-T-t paths of tracked particles of experiment
B3 with activation energy of 43 kJ/mol in the u/m crust (A) after 1.6 Ma, (B) after
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2.5. Subduction of Oceanic Plate Under The Continental Margin

2.5.1. Experimental Set C1

In this set of experiments, the aim was to understand the dynamics of oceanic
plate subduction and comprehend the connection between rheology, burial and exhuma-
tion of crustal rocks. As it can be seen from the configuration in Figure 2.58, an oceanic
plate that has already started to subduct and two continental blocks were defined above
the asthenospheric mantle. The convergence was given from right boundary. Oceanic
and continental lithospheric mantle was imposed to deform in plastic rheology. The
Moho temperature was set as 900 °C based on previous modelling experience and to
simulate the upper limit for the temperature of granulite facies rocks. The conver-
gence rate was increased from Ocm/yr with increments of lem/yr up to 5 ecm/yr. The
geotherms for oceanic and continental slabs were defined according to the thermal
boundary level (LAB). The crust, asthenospheric mantle and weak zone deforms in

visco-plastic rheology.
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Figure 2.35. Model configuration and flow parameters for the materials of

experimental set C1.
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2.5.2. Results of C1

The rocks (lagrangian nodes in the numerical model) tracked from the pro-plate

and retro-plate are shown with symbols of different colours in Figure 2.59.

When the convergence rate is 2 cm/yr, the rock originated from the lower crust of
retro-plate is buried down to 60 km, and from the middle crust of retro-plate is buried
to 30 km depths. The slab pull force applied by the denser oceanic lithosphere pulls
the continental crust of the pro-plate to lower crustal depths, provided that these rocks
are not buried into the subduction channel as for the rocks coming from retro-plate.
After 25.7 Ma, the rocks originated from the retro- and pro-plates are not exhumed

even though the oceanic slab detaches from the continental plate.

It is important to note that the rock designated by cyan diamond which originated
from the retro-plate cools about 400 °C by advection of cold rocks on the surface of

oceanic plate into the the subduction channel.

If the convergence rate is increased to 3 cm/yr, the rocks from retro- and pro-
plate are buried to deeper levels in the same period of time compared to the previous
numerical model. After 25.7 Ma, the rocks -except the ones designated by red, blue
and black diamonds- exhume to the upper levels by the effect of buoyancy force. The
subduction channel widens about 80 km, and asthenospheric intrusion is discerned

from the model result in Figure 2.65.

Increasing the convergence rate to 4 cm/yr provides burial of crustal rocks from
the retro-plate to depths of 93 km (red) and 75 km (cyan) in 12.9 Ma (Figure 2.67).
The rocks from the pro-plate are buried to depths of 60 km (black), 54 km (green), 42
km (blue), and 32 km (orange). The positive buoyancy of crustal rocks push them to
the middle-lower crustal levels after the opening of the subduction channel and subse-
quent intrusion of asthenospheric mantle into the subduction channel. The maximum
pressure - temperature conditions for the rocks that are buried and exhumed to upper

levels are: 29 kbar, 670 °C (red), 21 kbar, 660 °C (cyan), 18 kbar, 610 °C (black), 16
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kbar, 550 °C (green), 13 kbar, 430 °C (blue) and 9 kbar, 350 °C (orange).

When the convergence rate is set as 5 cm/yr, not all of the rocks from the retro-
plate are buried to deeper levels compared to the previous numerical model: 112 km
for the rock designated with red diamond, and 66 km for the rock designated by cyan
diamond. Some of the rocks from the pro-plate are also buried to higher depths. The
model result show that the subduction channel widens about 100 km after 25.7 Ma. It
is also important to note that delamination of continental crust from the lithospheric
mantle develops in time after the exhumation of crustal rocks. The maximum pressure-
temperature conditions for the rocks buried and exhumed to upper levels are: 35 kbar,
750 °C (red), 20 kbar, 660 °C (cyan), 13 kbar, 490 °C (green), 12 kbar, 440 °C (blue),
and 10 kbar, 380 °C (orange).
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2.5.3. Experimental Set C2

In this configuration, the model geometry was kept the same as experimental set
C1. The only difference is that the deformation type of continental lithospheric mantle
was set as viscous (Newtonian) rather than frictional plastic. The convergence rate was
increased starting from 0 ¢cm/yr with lem/yr increments up to 3 em/yr. The Moho

temperature was kept the same as 900 °C.
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2.5.4. Results of C2

When the convergence rate is 0 cm/yr, there happens to be closure of subduction
channel by flow of continental lithospheric mantle in the subduction channel. This is
possible because of the nature of viscous rheology. In this tectonic setting, subduction
channel flow is one of the major mechanism controlling the tectonics in crustal depths.
The rocks from the retro-plate follow a circular path that can be discerned from the
lagrangian mesh and P-T-t paths of rocks designated by black, cyan and red diamonds
(Figure 2.75). Among the rocks originated from retro-plate, the rock designated by
black diamond already exhumes to the surface at a time all other rocks are in the
process of burial. This -polyphase exhumation- is one of the consequences of subduction

channel flow process.

The rocks originated from the pro-plate are buried in a narrow channel, to the
south of the thrust fault that formed during subduction process (Figure 2.75). The
deeper rocks (originated from lower crust) are buried ahead of the other rocks (origi-
nated from upper/middle crust). After 9.7 Ma, the oceanic slab is still in connection
with the continental lithospheric mantle. The rocks of pro-plate are buried to 72 km
(green), 51 km (blue), 45 km (orange) and 32 km (magenta) depths. The maximum
pressure - temperature conditions for these rocks are are: 22 kbar, 620 °C (green), 15

kbar, 470 °C (blue), 13 kbar, 380 °C (orange) and 9 kbar, 380 °C (magenta).

After detachment of the oceanic slab, the buried rocks exhume to the upper levels
by force-release effect. The model results show that rocks originated from the retro-
plate are exhumed more efficiently than the rocks coming from pro-plate. It is clear
that the subduction channel flow process is more affective than slab break-off/eduction
mechanism in the sense that rocks subjected to this mechanism are exhumed to higher
levels than the others. However, in this tectonic setting, burial depth is higher when

rocks are subjected to slab-pull force rather than subduction channel flow mechanism.

When the convergence rate is 1 cm/yr, the rock coming from the pro-plate is

buried to 130 km depth, but at later stages, this rock can not exhume back to the
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upper levels. Some of the rocks of pro-continent are buried to higher depths compared
to the previous numerical model: 54 km (blue), 35 km (magenta). The sedimentary
rock designated by orange circle is not buried to significant depths, because it was
thrusted on the surface of the continental crust just after the closure of the ocean. After
detachment of the oceanic slab, though there is still ongoing continental subduction,
the rocks are exhumed to the upper levels by the force-release mechanism. The recorded
maximum pressure - temperature conditions for the rocks buried and exhume are: 16
kbar, 490 °C (blue), 13 kbar, 680 °C (black), 11 kbar, 380 °C (magenta), 9 kbar, 360
°C (red), and 8 kbar, 380 °C (cyan).

If the convergence rate is increased to 2 cm/yr, the burial depth of some of the
pro-plate rocks increase as well. The rock designated by green star is buried down to
160 km depth, but this rock can not achieve to exhume to the upper levels. The rocks
originated from retro-plate shows similar P-T-t paths with previous numerical model.
It is important to note that though the maximum pressure values are similar for the
rocks originated from pro-plate, the temperature values are lower about 60 °C. This
shows that the amount of rocks buried into the channel was higher in this numerical
model compared to the previous one. After the detachment of the oceanic slab from the
continental lithosphere, the rocks exhume to the upper levels. The recorded maximum
pressure - temperature conditions for these rocks are as follows: 16 kbar, 430 °C (blue),
12 kbar, 690 °C (black), 11 kbar, 350 °C (magenta), 10 kbar, 320 °C (red), and 9 kbar,
390 °C (cyan).

When the convergence rate is 3 cm/yr, most of the rocks originated from pro-plate
are buried to lower depths than the previous numerical model. On the other hand, the
rock designated by green star is buried down to 170 km depth, but this rock can not
achieve to exhume back to the upper levels. The higher depth burial of this rock is the
fingerprint for higher convergence rate, whereas increasing the convergence rate does
not have similar results for the upper/middle crust. In other words, for convergence rate
greater than 2 cm/yr, the lower crust is the only part of pro-plate that is continuously
being buried down to mantle depths. The recorded maximum pressure - temperature

conditions for the rocks buried and exhumed to the upper levels are as follows: 13
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kbar, 430 °C (blue), 11 kbar, 720 °C (black), 9 kbar, 360 °C (magenta), 7 kbar, 280
°C (red), and 7 kbar, 410 °C (cyan).
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Figure 2.46. The positions of tracked lagrangian nodes (rocks) placed on the initial
model configuration for the experimental set C2. Red: crust, Blue: continental lith.

mantle, Yellow: oceanic lith. mantle, Orange: asthenosphere. Light Blue: weak zone.
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Figure 2.50. Model development and P-T-t paths of tracked particles of experiment

C2 with convergence rate of 1 cm/yr (A) after 14.2 Ma, (B) after 17.4 Ma. Red:

crust, Blue: continental lith. mantle, Yellow: oceanic lith. mantle, Orange: asth.
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Figure 2.51. Model development and P-T-t paths of tracked particles of experiment
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Blue: continental lith. mantle, Yellow: oceanic lith. mantle, Orange: asthenosphere.
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2.5.5. Experimental Set C3

In this configuration, the model geometry was kept the same as experimental set
C1 and C2. The deformation type of continental lithospheric mantle kept as viscous
(Newtonian) rather than frictional plastic. The aim of this experimental set is to
identify the effect of activation energy of the crust to the burial and exhumation process
in this tectonic configuration. The convergence rate was increased starting from 0
cm/yr with lem/yr increments up to 3 cm/yr. The Moho temperature was kept the

same as 900 °C.
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2.5.6. Results of C3

When the convergence rate is 0 cm/yr, in other words, the dynamics are driven by
the slab-pull force acting in the downward direction, the process of subduction channel
flow is well observed in the sense that the rocks circulate like a washing machine in
a V shape like channel. The high amount of deformation that can be seen from the
lagrangian mesh. After 4.8 Ma, the rocks originated from retro-plate are buried down
to 84 km depth. The rock designated by black diamond already exhumes to 17 km
depth, which means that polyphase exhumation is clearly reobserved. The sedimentary
rock is thrusted on to the continental crust just after the closure of the ocean. After 6.8
Ma, the rocks originated from pro-plate are buried down to 90 km depth, but at later
stages, these rocks can not achieve to exhume to upper levels. Significant extension
in the crust causes rifting in the retro-plate as can be shown in Figure 2.92. After
the detachment of the oceanic slab from the continental lithospheric mantle, the rocks
exhume to the upper levels. The maximum pressure - temperature values for the rocks
that are buried and exhume to the upper levels are as follows: 26 kbar, 440 °C (red),
17 kbar, 620 °C (black), 13 kbar, 380 °C (cyan), and 10 kbar, 380 °C (magenta).

If the convergence rate is increased to 1 cm/yr, after 4.8 Ma, the rock originated
from middle crust of retro-plate is buried to 90 km depth, which is deeper from the
previous numerical model. Despite significant burial, this rock can not achieve to
exhume to the crustal depths at later stages of model development. Similar notable level
of burial is observed for the rocks designated by blue and green star, added to which
the failure of exhumation is typical for these rocks in this tectonic configuration. After
the detachment of oceanic slab from the continental lithosphere, the rocks exhume to
crustal depths. Among these rocks, the one specified by cyan diamond, a middle-lower
crustal rock of retro-plate, already exhumes to the surface at a time when other rocks
are still being buried (Figure 2.95). The maximum pressure - temperature conditions
for rocks that show notable burial and exhumation are as follows: 16 kbar, 460 °C

(cyan), 15 kbar, 590 °C (black), and 13 kbar, 430 °C (magenta).

The numerical model results show that increasing the convergence rate to 2 cm/yr
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enhances the burial depth of rock originated from upper crust of retro-plate. After 4.8
Ma, this rock is buried down to 93 km depth, however it can not achieve to exhume
to crustal depths. At this period of time, the rock originated from lower crust of
retro-plate already exhumes to 10 km depth. The rock originated from pro-plate that
shows both notable burial and exhumation is the one designated by magenta star. The
other rocks can be accounted as exhumed rocks come mostly from the retro-plate in this

setting. The maximum pressure - temperature conditions for these rocks are as follows:

16 kbar, 700 °C (black), 12 kbar, 350 °C (cyan), and 10 kbar, 350 °C (magenta).

When the convergence rate is set as 3 cm/yr, the rock originated from the upper
crust of pro-plate shows striking burial and exhumation pattern. The rocks that are
circulating in the subduction channel flow are pushed to upper levels rapidly and
in a linear path. This mechanism is called plunger-driven exhumation [35] in which
entrance of colder or stronger continental interior material into the subduction channel
drives weaker/hotter margin material to the upper level, and the weak/hotter crust
is expelled out of the channel by continuous and rapid exhumation. The maximum
pressure - temperature values of rocks that show notable burial and exhumation are as

follows: 21 kbar, 50 °C (blue), 22 kbar, 490 °C (cyan), and16 kbar, 720 °C (black).

In this numerical model the rocks that show notable exhumation reside on the
retro-plate, no matter where they originated. Interestingly, the buoyant crust that is
already buried to mantle depths reach to the lithospheric mantle depths and cause

rifting on the retro-plate.
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2.6. Intra-Oceanic Subduction

2.6.1. Experimental Set D1

In this tectonic configuration, the dynamics of intra-oceanic subduction, and the
connection of this tectonic configuration and rheology with burial and exhumation of
crustal rocks were studied. It was assumed that the older ocean already subducted
under the continental margin which is supposed to be younger. Continental blocks
were attached to each layers, and the leftmost side of the model box was pinned.
The configuration consisted of 8 different materials that act on each other throughout
the model development. To preserve the thermal boundary layer both in the ocean
and continent, the temperature at the oceanic part was sharply elevated. The whole
continental crust deforms in plastic rheology, but oceanic crust deforms in visco-plastic

fashion.

In this experimental set, the impact of deformation type of continental litho-
spheric mantle to the intra-oceanic subduction dynamics, burial and exhumation of
crustal rocks as well. The Moho temperature was kept constant as 700 °C. The con-

vergence rate was set as 4 cm/yr till 12 Ma, then it was decreased to 0 cm/yr.
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2.6.2. Results of D1

When plastic rheology is imposed in the whole lithospheric mantle, after 6 Ma, the
ophiolites cool about 300 °C by advection of colder rocks into the subduction channel.
The oceanic slab continues to subduct and pull the crust along with continental slab
under the ophiolites. The temperature of crustal rocks increase by about 150 - 200
°C. The foreland bulge is seen by focusing on the curvature that initiates right on
the margin of subduction ocean-continent transition zone. The pressure of the rock
designated by violet circle decreases due to foreland bulge mechanism. Older oceanic

crust subducts beneath the ophiolites.

After 12 Ma, the continental rocks are buried down to 80 km at most. The
oceanic slab continues to pull the crust beneath the ophiolites. Because of direct
contact with asthenospheric flow underneath, by advection, the rocks get heated and
their temperatures reach to 640 °C. The temperature of the rock designated by violet
circle increase not due to asthenospheric intrusion, but because of increased geotherm

that was prescribed for the passive margin.

After 42 Ma, The oceanic slab already detaches from the continent. The astheno-
spheric flow widens the subduction channel to about 200 km below and narrowing down
to 50 km at 30 km beneath the surface. The rock designated by violet circle exhumes
back to the surface by buoyancy force without being heated much. The rock designated
by blue star can not achieve to decouple from the continental lithospheric mantle and
is encapsulated in the mantle. There is some folding on the retro-plate because of

shortening mechanism.

When viscous (Newtonian) rheology is imposed only in the continental litho-
spheric mantle, after 6 Ma, the ophiolites cool about 250 °C by advection of colder
rocks into the subduction channel. While the oceanic slab continues to subduct and
pull the crust, the continental lithospheric mantle deforms by the the effect of convec-
tion in the mantle and convergence between the plates. The temperature of the crustal

rocks increase by about 150 - 200 °C. The subduction dynamics of strong oceanic slab
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initiates foreland bulge on the retro-plate. This is supported by the decrease of pres-
sure of rock designated by violet circle. A south dipping thrust is well observed in the

numerical model.

After 12 Ma, affected by the subduction of oceanic slab, some portion of ophi-
olite body is detached from its origin and subducted into the asthenospheric mantle.
At this stage, the The continental rocks are buried into the subduction channel to
depths smaller than the case for plastic rheology. The subduction channel is closed by
advection of continental lithospheric mantle that is deforming continuously in viscous
rheology. The pressure-temperature of rocks at this stage are 16 kbar, 500 °C (blue),
and 9 kbar, 350 °C (violet). The ophiolites are cool enough and already obducted to

the pro-plate.

The increase in pressure continuous till 16 Ma at time which we already imposed
0 cm/yr convergence before 4 Ma. At 42 Ma, the rocks exhume back to the upper
levels provided that their temperature does not show a significant increase throughout
the process. It is worth to note that the subduction channel is closed, oceanic slab
already detached and metamorphic rocks reside beneath the ophiolitic body. The
exhumation of these rocks happen by two distinct major forces which are buoyancy
and faulting. The south dipping thrust is translated into a normal fault in the later

stages of numerical model.
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2.6.3. Experimental Set D2

In this experimental set, the configuration was kept the same with the experimen-
tal set D1. The effect of crustal rheology on intra-oceanic subduction dynamics as well
as burial and exhumation of crustal rocks was investigated. The model result only for
the case of visco-plastic rheology in the continental crust is shown. The corresponding
model which has the crust deforming in plastic rheology is already presented in the
presented in the previous case. The continental lithospheric mantle deforms in viscous
(Newtonian) rheology. The Moho temperature was kept at 700 °C. In order to preserve
the thermal boundary layer both in the ocean and continent, the temperature at the

oceanic part was sharply elevated.
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Figure 2.70. Model configuration and flow parameters for the materials of

experimental set D2.
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2.6.4. Results of D2

When the crustal rocks deform in visco-plastic fashion, it is expected that they
will deform highly enough and detach from the lithospheric mantle beneath. After 4
Ma, the oceanic slab continuous to subduct under the continental block. The foreland
bulge is clearly seen from the model output and pressure decrease of crustal rocks in the
P-T-t graph in Figure 2.76. It is worth to note that the foreland bulge is more affective
than the previous case. This is so because the crust deforms in higher strain rates and
lower viscosities, hence it deforms high enough that can be affected by any tectonic
forces during the subduction process. The temperature of rocks in the continent get

heated by about 100 - 150 °C, whereas the ophiolites cool by about 180 °C.

After 8 Ma, the continental rocks in the lower crust are subduction into the
subduction channel, but the rocks on the upper levels are thrusted to the retro-plate.
The subduction channel is closed by the advection of continental lithospheric mantle.
The ophiolitic body is subsided below the thrusted continental rocks. The pressure-
temperature values of rocks at that stage are 14 kbar, 430 °C (blue), 5 kbar, 250 °C
(violet) and 4 kbar, 150 °C (green).

After 28 Ma, the continental rocks already exhume to the upper levels. The de-
formation of the lagrangian mesh suggests significant deformation in the continental
crust. The ophiolithic body is wholly subsided below the continental rocks and meta-
morphics. The subduction channel is closed by advection of continental lithospheric

mantle and this provided cooler temperatures for the rocks.
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3. DISCUSSION AND CONCLUSION

The mechanism of burial and exhumation was investigated in various tectonic
configurations such as oceanic plate subduction under continent, intra-oceanic sub-
duction and post-collision.The first and second set of experiments were performed to
understand the post-collisional dynamics. The main focus was to give some rheolog-
ical constraints to the burial and exhumation of crustal rocks. This was primarily
done to simulate the later stages of Tethyan evolution of Western Anatolia. It was
assumed that after the consumption of the Tethyan ocean, continental collision was
the active mechanism that might has been the key actor for the burial and exhumation

of continental rocks.

The numerical experiments in the post-collision configuration show that it is pos-
sible to observe exhumation of lower crust in continental collision or intra-plate regions
if the Moho temperature is high enough (900°C) to effect the crustal dephts during the
time at which continental lithosphere drips down into the asthenosphere; and the up-
per/middle crust is weak enough (Q =43 kJ/mol ) not to overcome the stress applied
onto it by the accumulated lower crust during Rayleigh-Taylor instability. Though
these constraints provides exhumation of lower crust in this tectonic configuration, the
maximum pressure-temperature values of the rocks are mostly in high pressure / high
temperature (HP/HT) region, therefore these values are not in good agreement with

natural data for Tavsanli and Afyon Zone.

Modeling results for the oceanic plate subduction under continent show that when
continental lithospheric mantle deforms in plastic rheology, the continental rocks are
buried to 50 km depth at 3 ecm/yr, but at higher velocities, the rocks are buried down
to 94 km (for convergence rate of 4 cm/yr) and 112 km depth (for convergence rate of
5 cm/yr). It is clear that increasing the convergence rate enhances the burial depth
of crustal rocks in plastic rheology. This is possible because of coupling between the
crust and the lithospheric mantle at higher speeds. The continental lithospheric mantle

deforms as a coherent massive block, and rocks are buried along the subduction channel
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The results are compared with other works and natural data in the literature.
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by slab traction. For convergence rates equal or greater than 3cm/yr the opening in the
subduction channel and asthenospheric intrusion has two major effects on the buried
rocks. The first effect is the buoyancy force. The second effect is the increase in
temperature by advection, and then conduction in time. It is important to note that
the exhumation rate of these rocks are high enough not to get heated in the first place by
the hot rising asthenosphere into the subduction channel. The pressure - temperature

conditions for higher convergence rates are in good agreement with natural data of

metamorphic rocks in Dabie Shan ( > 30 kbar, 600 - 750 °C ) [2,44].

High pressure / low temperature (HP/LT) exhumation is possible if the conti-
nental lithospheric mantle deforms in viscous (Newtonian) rheology. This is possible,
because the viscous rheology is the key factor for the closure of the subduction channel.
If the subduction channel is closed by continental lithospheric mantle, then it is possi-
ble to get lower geotherm, hence lower temperatures for the buried continental rocks as
well. The asthenospheric intrusion is not observed in this configuration, which means
that there is no notable melting close to the suture zone, which is very consistent with
Tavsanli and Afyon Zones. The numerical models for this tectonic setting indicate that
rocks are buried to 72 km depths at most when there is no convergence rate. Increasing
the convergence rate reduces the burial depth. This shows that vertical tectonics drive
the burial and exhumation in viscous rheology. Horizontal forces diminish the effect of
vertical forces. The problem is that some of the rocks from the retro-plate come into
the subduction channel, circulate like a washing machine, and then exhume back to
the pro- or retro-plate. This is not the case for the Tavsanli and Afyon Zones where all
of the metamorphic rocks for both continental units are interpreted to be originated
from Anatolides block [5,58,66] which is the pro-plate (lower plate) attached to the

older oceanic slab.

If the crust is weak enough, then it is possible to bury the continental rocks down
to 85 km depth and keep their temperature below 460 °C, then exhume them back
to the surface by subduction channel-flow process. The numerical modelling results
for viscous continental plate subduction with weaker crust suggest that Tavsanli Zone

might have been formed with a weaker crustal rheology. Combining this suggestion
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with the Afyon Zone gives a very interesting result: there might have been some
heterogeneity within the continental crust of Anatolides block and this might have
played a key factor on the significant difference in their burial depths and can provide
explanation for the preservation of their heat. Again, the major contrasting point might
be the fact that both Tavsanli and Afyon Zone metamorphic rocks must originated from
the pro-plate,but numerical modelling results do give some rocks that come from the

pro-plate as well.

Modifying the configuration to represent intra-oceanic subduction (in plastic rhe-
ology) gives very similar results in the sense that the metamorphic rocks are buried
beneath the ophiolite body and exhume back to the upper levels. This is in good
agreement with the Tavsanli Zone and Afyon Zone, because the ophiolites are mostly
obducted onto the metamorphic rocks in these regions [29]. When the deformation
of continental lithospheric mantle is plastic, the subduction channel widens about 100
km at the later stages of subduction and collision, hence it is of high probability to
observe notable melting in the pro-plate which is not observed in Tavsanli and Afyon
Zone. It is worth to note that there is some small amount of granodiorite intrusion to

the metamorphics, but this intrusion was aged to Eocene epoch.

If the continental lithospheric mantle deforms in viscous (Newtonian) rheology,
then the idea of closure of subduction channel proves to be a strong and major mecha-
nism in intra-oceanic subduction system as well. The viscously deforming lithospheric
mantle is the main component that can shield the buried rocks from asthenospheric
intrusion. The crustal rocks are buried beneath the ophiolite body and their temper-
atures are kept reasonably lower than the previous case. The pressure-temperature
conditions of rocks originated from pro-plate fits well to the Afyon Zone metamorphic
rocks, and close enough to the Tavsanli metamorphics. The obduction of ophiolites
onto the pro-plate and above the metamorphic rocks is the significant result of this
tectonic configuration. It is also worth to note that, all of the metamorphic rocks orig-
inate from the pro-plate, and there is no space for the retro-plate crustal rocks to be

buried into channel. This is in good agreement with Tavsanli and Afyon Zones as well.
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