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Abstract 
This dissertation delves into the intricate processes surrounding the emplacement of 

ophiolites, rocks found at tectonic plate boundaries or in orogenic zones worldwide. The 

ophiolite sequence, composed of diverse lithologies such as sediments, mafic dykes, pillow 

lavas, crustal cumulates, and peridotites, presents a challenge in understanding the mechanisms 

of their obduction onto continental regions. The primary focus lies in addressing the 

complexities associated with obduction mechanics, the petrological and geodynamic processes 

involved, and unresolved issues like emplacement timescales, rates of obduction, and the 

structure of metamorphic soles. The dissertation adopts a comprehensive approach, integrating 

geological, geochemical, geophysical, and geochronological data. The investigation is centered 

on small oceanic basins, drawing insights from classic Tethyan ophiolite examples. Thermo-

mechanical numerical models are employed, considering constraints from previous studies, to 

elucidate the dynamics of ophiolite emplacement. Chapter 2 explores the ophiolite 

emplacement process resulting from compressional movement during the closure of the 

Neotethys ocean. A 2-D numerical thermomechanical model reveals that small oceanic basins 

must be young and hot to overthrust onto continental margins, highlighting the significance of 

factors like convergence velocity and the asymmetric structure of the oceanic plate. In Chapter 

3, a 1-D thermomechanical model investigates shear heating during ophiolite obduction, 

explaining the migration of the thermally-softened zone and the incorporation of 

metamorphosed crustal rocks into the ophiolitic complex. The model considers a strong crustal 

rheology and accounts for constraints like low convergence velocity, providing insights into the 

apparent metamorphic gradients observed in Oman ophiolites. Chapter 4 focuses on 

thermochronological calculations, considering erosion and variable convergence velocity. The 

results reveal the influence of dissipative heating and the resetting of isotopic clocks in rocks 

from deeper crustal levels, emphasizing the impact of grain size and rock type on age estimates. 

In conclusion, this work successfully validates obduction mechanics, offering a 

comprehensive vision of the ophiolite emplacement process. The findings, while primarily 

validated for Tethyan-type ophiolites, contribute valuable insights into the broader 

understanding of ophiolite evolution, aligning closely with observations in nature. 



Kurzfassung 
Diese Dissertation widmet sich den komplexen Prozessen rund um die Ablagerung von 

Ophioliten, Gesteinen, die weltweit an den Rändern tektonischer Platten oder in orogenen 

Zonen zu finden sind. Die Ophiolitsequenz, bestehend aus verschiedenen Gesteinstypen wie 

Sedimenten, mafischen Doleriten, Kissenlaven, krustalen Kumulaten und Peridotiten, stellt eine 

Herausforderung beim Verständnis der Mechanismen ihrer Übertragung auf kontinentale 

Regionen dar. Der Schwerpunkt liegt darauf, die mit den Obduktionsmechanismen 

verbundenen Komplexitäten, die petrologischen und geodynamischen Prozesse sowie 

ungelöste Fragen wie Ablagerungszeitskalen, Obduktionsraten und die Struktur metamorpher 

Sohlen zu adressieren. Die Dissertation verfolgt einen umfassenden Ansatz und integriert 

geologische, geochemische, geophysikalische und geochronologische Daten. Die 

Untersuchung konzentriert sich auf kleine ozeanische Becken und schöpft Erkenntnisse aus 

klassischen Beispielen von Tethyan-Ophioliten. Thermo-mechanische numerische Modelle 

werden unter Berücksichtigung von Einschränkungen aus früheren Studien eingesetzt, um die 

Dynamik der Ophioliten-Ablagerung zu klären. Kapitel 2 untersucht den Ablagerungsprozess 

von Ophioliten aufgrund von Kompressionsbewegungen während des Verschlusses des 

Neotethys-Ozeans. Ein 2-D numerisches Thermomechanikmodell zeigt, dass kleine ozeanische 

Becken jung und heiß sein müssen, um auf kontinentale Ränder überstülpen zu können, wobei 

die Bedeutung von Faktoren wie Konvergenzgeschwindigkeit und der asymmetrischen Struktur 

der ozeanischen Platte betont wird. In Kapitel 3 untersucht ein 1-D thermomechanisches Modell 

die Scherwärme während der Ophioliten-Obduktion und erklärt die Wanderung der thermisch 

erweichten Zone und die Einbeziehung metamorpher krustaler Gesteine in das Ophiolit-

Komplex. Das Modell berücksichtigt eine starke Krustenrheologie und Einschränkungen wie 

niedrige Konvergenzgeschwindigkeit und liefert Einblicke in die scheinbaren metamorphen 

Gradienten, die in den Oman-Ophioliten beobachtet wurden. Kapitel 4 konzentriert sich auf 

thermochronologische Berechnungen unter Berücksichtigung von Erosion und variabler 

Konvergenzgeschwindigkeit. Die Ergebnisse zeigen den Einfluss dissipativer Erwärmung und 

das Zurücksetzen der isotopischen Uhren in Gesteinen aus tieferen krustalen Schichten und 

betonen die Auswirkungen von Korngröße und Gesteinstyp auf Altersschätzungen. 

Abschließend validiert diese Arbeit erfolgreich die Mechanismen der Ophioliten-

Ablagerung und bietet eine umfassende Vision des Prozesses. Die Erkenntnisse, obwohl 

hauptsächlich für Tethyan-Ophioliten validiert, tragen wertvolle Einblicke in das umfassendere 



Verständnis der Ophioliten-Evolution bei und stimmen eng mit Beobachtungen in der 

Natur überein.
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Chapter 1 

Introduction 

 Ophiolites are the rocks found all over the world in the zones of orogeny or tectonic plate 

boundaries (Figure 1.1). The ophiolite sequence typically comprises sediments, mafic dykes 

and pillow lavas, crustal cumulates, and peridotites (Anonymous 1972a) (Figure 1.2). The 

ophiolite complex is typically underlain by metamorphosed crustal sediments, commonly 

known as metamorphic soles. With the exception of the metamorphic sole, the various 

lithologies encountered in ophiolite complexes is similar to rocks currently found in situ within 

oceanic plates. Thus, it is currently a challenge in geodynamics to understand the mechanism 

of emplacement or “obduction” (Dewey 1976) of such rocks atop continental regions.  

When oceanic lithosphere converges towards continental regions, it is expected that the 

dense oceanic plate will subduct (Cloos 1993a) and this will lead to a development of a 

subduction zone similar to what is observed now in the Andes. It is therefore expected that the 

oceanic plate sinks down within the mantle and disappears (Dewey 1976). This is the normal 

life cycle of oceanic plates, so it is impossible to find oceanic crust in place that is older than 

200 million years (Abbott and Lyle 1984; Crameri et al. 2019). However, in the case of 

ophiolites, complex geodynamic processes have led to the emplacement of part of the oceanic 

lithosphere on top of continental regions. Therefore, fragments of an oceanic plate that are over 

200 million years old can now be found on mountain chains (Figure 1.1). These rocks have 

Figure 1.1 Ophiolite distribution in world (from Vaughan and Scarrow 2003) 
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been studied for over 100 years, yet the processes that lead to their obduction is still not fully 

understood. 

1.1 Short historical summary 

Ophiolites are geological formations that hold significant importance in the field of Earth 

sciences. Ophiolites were first recognised more than 200 years ago (Brongniart 1813). 

However, the systematic study of ophiolites gained momentum only in the middle of 20th 

century. Studies of that time made a significant contribution to the understanding of plate 

tectonics and the role of ophiolites in the Earth’s crust (Benson 1926; Steinmann 1927; Hess 

1965; Gass 1968; Coleman 1971; Moores and Vine 1971). The Deep-Sea Drilling project, 

started in the late 1960’s, allowed a direct comparison with oceanic rocks, which validated the 

interpretations from ophiolite studies (Adamson 1984). The plate tectonics revolution spawned 

a various suggestion on ophiolite emplacement process (Dewey 1976). Modern technological 

and scientifical advancements, including better analytical and numerical techniques, satellite 

imagery and more detailed field investigations and laboratory analyses allowed to refine and 

confirm prior suggestions (Michard et al. 1984; Chemenda et al. 1996; Hacker et al. 1996; 

Shervais 2001; Pomonis et al. 2002a; Wakabayashi and Dilek 2003a; Garfunkel 2006a; Rassios 

Figure 1.2 Comparison of pseudostratigraphy of a Penrose-type ophiolite with 
Vourinos and Pindos ophiolites (Rassios and Dilek, 2009) 
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and Moores 2006; Elitok and Drüppel 2008; Duretz et al. 2016a; Parlak et al. 2019; Burg and 

Moulas 2022).   

However, ophiolite emplacement process still poses several challenges, many of them 

related with the obduction mechanics and the petrological/geodynamic processes that are 

associated with them. Ongoing research still aims to understand all the details and the intricacies 

of the aforementioned processes. Known remaining issues include the emplacement timescales 

and the rate of obduction, the mechanism of emplacement onto the continental crust, the 

structure of metamorphic sole and its geochemical signatures, the cooling rates of the 

metamorphic sole and the influence of shear heating in the basal high strain zones. 

This dissertation is an effort to integrate geological, geochemical, geophysical and 

geochronological data on the ophiolite obduction process of small basins. The focus on small 

basins stems from the classic examples from Tethyan ophiolites (Moores 1982) that can be used 

as case studies of the aforementioned processes. This is done by employing thermo-mechanical 

numerical models and also conduct systematic investigation on most important parameters on 

dynamics of ophiolite emplacement. Moreover, the models presented in this thesis take into 

account constrains that were obtained from available findings of previous studies of ophiolites. 

As a result, we obtain key features of ophiolite obduction and define the processes that might 

have participated in forming of Tethyan ophiolites. 

1.2 Structure of the thesis 

The thesis comprises three main chapters that aim to explore the nature of ophiolite 

emplacement using numerical methods, including modelling and thermal age 

(thermochronology) calculations. To this end, the 3-D code LaMEM (Kaus et al. 2016) , 

developed by the geophysics group in Mainz, was used. Chapter two shows a systematic study 

that was performed in order to identify the key geometric (and kinematic) parameters needed 

for the successful obduction of oceanic crust under continuous compression. Chapter three 

utilises the 1-D shear heating model, which was developed by the candidate in collaboration 

with Dr. Daniel Kiss and Prof. Evangelos Moulas. This 1-D model offers a high-resolution 

investigation of the temperature evolution and the cooling rates experienced by metamorphic-

sole rocks. Chapter four uses the previously calculated examples from Chapter two and 

evaluates the apparent ages of common metamorphic minerals. This was done by linking the 

results of LaMEM to KADMOS software. KADMOS was developed by Prof. Evangelos 

Moulas and Prof. Mark Brandon (Moulas and Brandon 2022). 
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Chapter 2: The role of continental-margin architecture on models of ophiolite 

emplacement. 

In this chapter we study ophiolite obduction scenarios, which were first described in 

(Dewey 1976). For that, we used the 3-D thermomechanical code LaMEM and prepared an 

initial configuration that includes a small ocean basin surrounded by two continents (in 2-D). 

The spreading process was not included since it was not in scope of this study and also it was 

extensively explored by recent work of Candioti et al. (2021). We impose the convergence of 

the two model continents by prescribing inflow from the boundary and try to find the most 

optimal initial geometrical and thermal structure for successful ophiolite obduction. We 

performed systematic investigations, consisting of the change of 7 parameters and producing 

more than 140 models. 

Chapter 3: A thermo-mechanical model of the thermal evolution and incorporation of the 

metamorphic sole in the Oman ophiolite. 

This chapter examines the thermal evolution of metamorphic soles in ophiolites. The 

section investigates shear heating as a mechanism that can cause the high temperatures and 

rapid cooling rates observed in metamorphic soles. Our model considers a 1-D section of a 

system of two oceanic crusts where the upper plate is thrusted over the lower plate. We obtain 

the thermal evolution of the self-induced and self-sustaining shear zone by imposing a 

kinematic boundary conditions. After a prescribed time of deformation, the imposed boundary 

condition is lifted and the thermal history is recorded. The thermal histories obtained were 

further compared with results obtained from Oman ophiolites. Additionally, our model explains 

the incorporation of the metamorphic sole rocks from the lower plate as a result of the 

progressive thermal softening of the lower plate. 

Chapter 4: Geochronological constraints of ophiolites. 

Chapter four utilised data generated by numerical model in chapter two to calculate 

apparent K-Ar ages of rocks which are found at the surface at the end of the simulation. The 

findings reveal a pattern where rocks with much younger apparent ages are observed in zones 

associated with shear zones that can be traced from the numerical model. A systematic 

investigation was conducted to study the sensitivity of apparent isotopic age calculation, using 

various grain sizes and different minerals. 
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Abstract 

Ophiolite obduction, the process by which part of the oceanic crust overlaps the 

continental margin, is challenging when it comes to the geodynamic reconstruction of 

lithospheric processes. This buoyancy difference between dense oceanic crust and the relatively 

buoyant continental crust makes the obduction of the oceanic crust difficult, if not impossible, 

when only buoyancy forces are considered. To overcome the difficulties posed by the negative 

buoyancy, the initial configuration of the oceanic basins must have specific thermal and 

geometric constraints. Here we present a systematic investigation of the geometrical and the 

geodynamical parameters which control the ophiolite emplacement process. Our study reveals 

which parameters are the most important during ophiolite emplacement and which are the most 

optimal geometries that favour ophiolite emplacement. We focus on “Tethyan” ophiolites 

which are characterized by relatively small inferred basin size and are commonly found in 

Mediterranean region. Based on a combination of various parameters, we identified the most 

susceptible configurations for ophiolite obduction. Our models demonstrate, in agreement to 

geological data, that the obducted lithosphere must be young and the length of the Ocean-

Continent-Transition zone must be relatively sharp in order to achieve ophiolite obduction. 

2.1 Introduction 

Ophiolites are rock suites which are considered to be the remnants of oceanic lithosphere 

and now are found emplaced atop continental regions (Coleman 1971; Dewey 1976). In spite 
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of their limited exposure compared to the surrounding continental rocks, ophiolites can provide 

crucial information on the involvement of oceanic lithosphere during orogeny (Moores 1982). 

For this reason, ophiolites have been intensively studied for more than a century and the 

processes leading to their formation and emplacement are often debated (Brongniart 1813; 

Suess 1909; Gass 1968; Coleman 1971; Moores and Vine 1971; Moores 1982; Garfunkel 2006). 

The fact that ophiolites are composed of mostly mafic and ultramafic lithologies makes the 

geodynamic models for their emplacement (or obduction) problematic. This is because mafic 

and ultramafic rocks are generally too dense and thus, buoyancy forces are not sufficient to 

explain their emplacement on the continental crust. Over the years, various researchers referred 

to obduction as either the process of subduction initiation beneath an ophiolite, or as the 

subaerial exposure of the ophiolite (see Wakabayashi and Dilek 2003; for discussion). In their 

work, the latter authors have emphasized that previous emplacement definitions have been 

developed mainly for the Tethyan ophiolites. In this work, we will refer to obduction or 

emplacement as the process(es) leading to the thrusting of ophiolitic rocks atop continental 

margins following the original definition of Dewey (1976). 

The problem of ophiolite emplacement has been previously considered in various studies. 

The earliest studies focus on geological observations and kinematic descriptions of the rock 

masses involved (Dewey 1976; Moores 1982). The focus on kinematic aspects of ophiolite 

emplacement led authors to suggest geodynamic models that were not always in agreement 

with each other. In the words of Moores, (1982): “However unchanged the geology of various 

occurrences has remained, the geologists' observations and interpretations have varied over the 

years according to the current paradigm”. At this point we would like to note that in some cases, 

the ophiolite suites are not fully exposed and their structure at depth can only be assessed only 

by using geophysical methods (e.g. Rassios and Dilek 2009). Thus, the discrepancies of the 

available geodynamic interpretations are not likely to originate from the variability of geologic 

data, but it seems to be a consequence of the lack of geodynamic constraints on the thermo-

mechanical processes involved. Thus, geodynamic constraints are needed to solve the 

remaining issues related to the problems of ophiolite obduction. To this aim, more recent studies 

have utilized mechanical and thermo-mechanical models of lithosphere deformation and have 

successfully presented cases where the oceanic rocks can be emplaced on the continental 

margins (Chemenda et al. 1996; Edwards et al. 2015; Duretz et al. 2016; Hässig et al. 2016a; 

Porkoláb et al. 2020). 

In the early models of Chemenda et al. (1996) the authors presented analogue, mechanical 

model results that showed that the uplift of previously-subducted continental rocks can separate 
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the overlying oceanic lithosphere. This process leads to a geodynamic scenario where only a 

part of the oceanic lithosphere is finally found to be obducted on the continental interior. More 

recently, Edwards et al. (2015) have demonstrated the feasibility of continental-crust 

subduction, that eventually leads to the emplacement of dense, oceanic lithosphere on the 

continental margin. All previous models are in essence three-dimensional (3D; not considering 

time evolution) but they simulate plane-strain conditions. Despite the first-order agreement with 

the natural analogues (e.g. Oman ophiolite), the previous models do not consider the effects of 

a temperature-dependent, visco-elasto-plastic rheology, heat diffusion and the associated 

density changes. Therefore, numerical models are needed to investigate this process further. 

The obduction processes has been modelled numerically by various authors. Numerical 

studies use constitutive equations together with the conservation of mass momentum and energy 

equations to build a self-consistent system of equations. This system that can be used to solve 

the geodynamic evolution of various geodynamic scenarios given the appropriate initial and 

boundary conditions. With respect to the ophiolite obduction problem, up to now, all published 

studies concern two-dimensional (2D) models with kinematic (velocity) boundary conditions. 

Being two 2D approximations of reality, such models simulate the evolution of a particular 

section preferably perpendicular to the subduction/obduction thrust contact (e.g. Duretz et al. 

2016; Porkoláb et al. 2021). In such cases, having kinematic boundary conditions allows the 

consideration of scenarios where the driving forces are not limited to the slab-pull of the 2D-

model domain but are related to boundary tractions that originate from the complex, 3D 

deformation of the lithosphere. In fact, numerical studies considering 2D, plane-strain models 

have shown that the slab-pull force (in 2D) is not sufficient to create the necessary forces needed 

for subduction initialization (Bessat et al. 2020). Therefore, the consideration of boundary 

velocities is needed to further understand the dynamics of obduction in 2D. 

Duretz et al., (2016) modeled a two-stage process of the subduction and exhumation of 

ophiolites having the Oman ophiolite as a case study. They showed that obduction can be 

achieved during bulk shortening of 350-400 km within 10 myr. As “bulk shortening” we refer 

to the shortening imposed by far-field converging velocity boundary conditions.  Duretz et al., 

(2016) state that the key ingredients for a stable obduction are the initial lithospheric structure, 

and the switch from a compressional to an extensional stage. Again, this switch refers to the 

far-field boundary conditions and not to local extension that may be observed in the obduction 

zone. The switch from far-field compression to extension is apparently needed to explain the 

exhumation of the metamorphic-sole rocks as well as the high-pressure lithologies that are 

found in the continental margin associated with ophiolite obduction (El-Shazly and Coleman 
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1990). Finally, the previous authors suggested that the presence of a thermal anomaly within 

the oceanic plate is necessary for the explanation of the high temperature experienced by the 

metamorphic-sole rocks.  

The importance of the anomalous thermal structure was also investigated by (Hässig et 

al. (2016b) and their study had similar conclusions on its importance for ophiolite obduction. 

Furthermore, the transition from a far-field compressional to an extensional stage was 

investigated in detail by Hässig et al. (2016a, b) with a focus on the North-East Anatolia – 

Lesser Caucasus ophiolites. Their models show the importance of the thickness of oceanic 

lithosphere and applied boundary velocities. Their results show that, where the continental 

regions have a deeper (150 km) Lithosphere-Asthenosphere Boundary (LAB) and a relatively 

sharp Ocean-Continent Transition (OCT), the ophiolite rocks were able to be emplaced on the 

continental margin even without the use of a previously-defined weak zone (Hässig et al., 

2016). Slower velocities (<5 cm/yr) in the extension stage following compression led to the 

formation of deeper foreland flexural basins and larger amounts of ophiolitic material on top of 

the continental margin (Hässig et al. 2016a, b). 

By building up on previous knowledge on the conditions needed to explain the high-

pressure metamorphism at the subducting continental margin, Porkoláb et al. (2020) presented 

continental subduction models under continuous convergence but with variable convergence 

velocity. During the convergence stage, the subducted part of the upper continental crust 

reaches eclogite-facies conditions and starts to decouple from the subducting plate. Their results 

showed that the decoupled part uplifts due to buoyancy forces, and the overthrusted oceanic 

plate locally extends as a result of the forces that are exerted to it from uplifting crustal part. 

This extension leads to the separation of a part from oceanic lithosphere from its main body. In 

the same work, Porkoláb et al., (2020) demonstrated that shear heating, i.e. the work dissipated 

as heat during irreversible deformation, and the relatively strong lower-crustal lithologies are 

necessary in order to achieve the extrusion of the upper crust. This extrusion results to the local 

extension oceanic plate and the final ophiolite emplacement (Porkoláb et al. 2020). 

What is clear in all previous modelling studies, is the fact that they have focused in case 

studies where the exhumation of subducted continental crust (with or without the assistance of 

far-field extension) is responsible for the final emplacement of the ophiolite rocks on the 

subducting continental margin. However, given the significant thermal anomalies (e.g. Duretz 

et al. 2016; Hässig et al. 2016b) and the associated density changes that are required to explain 

continental subduction, a systematic investigation of the initial thermal structure of the 

subducting continental margin is needed to gain further insights in the thermo-mechanical 
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processes involved. The investigation of the thermal structure is crucial also for another reason, 

that is, the accurate calculation of buoyancy forces. What is clear in lithospheric dynamics 

studies is that the densification from metamorphic reactions and pressure-temperature (P-T) 

changes need to be considered in order to have realistic buoyancy forces (Candioti et al. 2021). 

In this work, we investigate the thermo-mechanical conditions and the geodynamic 

settings of ophiolite emplacement. We focus on the closure of relatively small (<200 km) 

oceanic basins under continuous compression in agreement with paleogeographic 

reconstructions used for Neotethyan ophiolites (Figure 2.1; e.g. Stampfli and Borel 2002; 

Garfunkel 2006; Dilek and Furnes 2011; Robertson 2012). The focus on relatively small 

oceanic basins is motivated by the fact that the Neo-Tethyan oceanic basins were very small in 

the western margins of Tethys (c.f. Stampfli and Borel 2002). Given that recent data 

compilations from geophysical studies show high variability on the structure of the OCT zones 

(e.g. Biari et al. 2021), we do not employ a particular geometrical configuration with respect to 

the initial thermal structure of the OCT but we rather calculate different thermo-mechanical 

models depending on various initial architectures. The initial temperature distribution is 

important since the lithosphere/asthenosphere boundary is primarily a thermal boundary where 

the temperature-dependent viscosity changes drastically. The temperature-dependence of 

viscosity requires that the lithosphere boundaries evolve in a dynamic manner and therefore the 

obduction problem is inherently of thermo-mechanical nature. Our approach is general and 

allows the investigation of different initial geometries that can have different initial temperature 

distributions. This allows us to examine various scenarios that could have been realized in the 

geological past. We particularly favor this approach since ophiolite obduction appears to be not 

a common process (compared to oceanic subduction), and has been regarded as an “accident” 

compared to the well-established subduction process (Agard et al. 2023). This “accidental” 

occurrence of obducted ophiolites may be the result of rather uncommon initial thermo-

mechanical conditions of the converging margins.  



24  2.1  Introduction 
 

Our investigation is motivated from the data coming from the ophiolites outcropping in 

the Balkan peninsula (e.g. Pindos, Mirdita). These ophiolite bodies are thought to be obducted 

within a couple of million years from their time of formation in Middle-Late Jurassic times 

(Dilek et al. 2008; Ghikas et al. 2010). Our working hypothesis for continuous compression is 

also supported by the lack of exhumed high-pressure rocks associated with the ophiolite 

emplacement of these ophiolites. We investigate the necessary conditions for obduction by 

using thermo-mechanical models of lithosphere deformation. In addition, we consider phase 

equilibria for the accurate calculation of densities of the lithologies involved. The accurate 

calculation of densities allows us to resolve the buoyancy forces in an improved manner 

compared to analogue models or numerical models that use constant material density. 

Furthermore, we report the results of systematic investigations on the architecture of the 

converging continental margins. In some cases, our models predict the obduction of a part of 

the oceanic lithosphere on the continental margin in agreement with geological interpretations 

under continuous convergence. Our results are consistent with geologic interpretations which 

require that the ophiolite obduction occurred just after the initiation of an intra-oceanic 

subduction (e.g. Wakabayashi and Dilek 2003). In addition, we present the results of the 

systematic investigation of geometric parameters and highlight the necessary conditions for 

Figure 2.1 Distribution of ophiolites along the Dinarides, Hellenides and ophiolites in 
Anatolide-Tauride block. Modified after Maffione and van Hinsbergen (2018; and references 
therein) 
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ophiolite obduction. Our results show that the obduction of part of the oceanic crust is possible 

during the formation of a suture zone during continental convergence and early collision. 

2.2 Methods 

2.2.1 Model setup 

We employ LaMEM (Kaus et al. 2016), a finite-difference code that is able to simulate 

the thermo-mechanical behaviour of rocks with visco-elasto-plastic rheology. LaMEM is used 

to solve the following coupled system of Partial Differential Equations (PDEs) for momentum, 

mass and energy conservation. The equations that are solved are:  

𝜕𝜏

𝜕𝑥
−

𝜕𝑃

𝜕𝑥
+ 𝜌𝑔 = 0 (2. 1) 

 
𝜕𝑣

𝜕𝑥
= 0 (2. 2) 

𝜌𝐶
𝐷𝑇

𝐷𝑡
=

𝜕

𝜕𝑥
𝜆

𝜕𝑇

𝜕𝑥
+ 𝐻 (2. 3) 

where repeated indices imply summation (Einstein notation), Eq. (2.1) is the conservation of 

linear momentum in the 𝑗th direction and at the limit where inertial forces are negligible (Stokes’ 

limit), Eq. (2.2) is the equation for mass conservation (continuity equation) at the 

incompressible limit, and Eq. (2.3) is the equation for the conservation of energy expressed as 

a function of temperature (also called “temperature equation”). The temperature equation 

includes a source term (𝐻) that is related to the dissipated heat during irreversible, non-elastic 

deformation. The effects of adiabatic heating are ignored in the calculation of temperature. 

More details on the definition of symbols can be found in Table 2.1. 

Table 2.1 Symbols and units of quantities used in this study 
Parameter Symbol Units 

Temperature T °C 

Deviator of Cauchy stress tensor  τ  Pa 

Velocity v m s  

Coordinates x m 

Pressure (negative mean stress) P Pa 

Density ρ kg m  

Gravity acceleration vector g  m s  

Bulk modulus K Pa 



26  2.2  Methods 
 

Thermal expansion coefficient α K  

Specific heat C  J kg  K  

Thermal conductivity λ J  m  s  K  

Volumetric rate of heat production H J m  s  

Material (Lagrangian) time derivative D/Dt s  

Loading geometry coefficient F − 

Material constant (used in viscous flow law) A  Pa  m  s  

Stress exponent (used in viscous flow law) n − 

Grain size (average diameter) h m 

Grain size exponent (used in viscous flow law) m − 

Square root of the second invariant of the strain rate tensor ε ̇  s  

Square root of the second invariant of the stress tensor τ  Pa 

Components of the total strain rate tensor ε̇  s  

Components of the total stress tensor τ  Pa 

Effective viscosity η  Pa s 

Activation energy (used in viscous flow law) E  J mol  

Activation volume (used in viscous flow law) V  J Pa  

H2O fugacity (used in viscous flow law) f  Pa 

H2O fugacity exponent (used in viscous flow law) r − 

Absolute Temperature (used in viscous flow law) T  K 

Cohesion  c Pa 

Friction angle ϕ − 

Temperature at the surface T  ℃ 

Surface heat flux Q  J m  s  

Depth z m 

Gas constant R Jmol K  

Volumetric rate of radiogenic heat production ρ  J m  s  

Thermal diffusivity κ  m  s  

 

The visco-elasto-plastic rheology is described by a model that defines strain rate as a sum 

of elastic, viscous and plastic strain rates assuming Maxwell rheology: 

𝜀̇ = 𝜀̇ + 𝜀̇ + 𝜀̇ (2. 4) 

where 𝜀̇  are the components of the total strain rate tensor. The components of the elastic, 

viscous and plastic strain rate tensors are indicated by ε̇  , ε̇  and ε̇ . The viscous strain rate 

is calculated by considering the creep behaviour of rocks at high temperatures (e.g. Karato and 

Jung 2003). The major creep mechanisms that are considered here are diffusion (for low stress) 

and dislocation (for high stress) creep. In order to take the solid-state creep into account, the 

effective viscosity 𝜂  is given as: 
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𝜂 = 𝐹 𝐴 ℎ 𝑓 𝜀̇ 𝑒𝑥𝑝
𝐸 + 𝑉 𝑃

𝑛𝑅𝑇
(2. 5) 

The magnitude of the plastic strain rate (ε̇ ) is calculated using the Drucker-Prager yield 

criterion, where the square root of the second invariant of the stress tensor (τ ) is limited by 

the plastic yield strength 𝜏 . 

τ ≤ τ (2. 6) 

𝜏  depends on pressure (𝑃) and cohesion (𝑐) as shown below while strain softening is not 

considered. 

τ = sin(ϕ) P + cos(ϕ) c (2. 7) 

The volumetric heat source H contains shear heating 

H = τ ε̇ − ε̇ (2. 8) 

For the calculation of buoyancy stress gradients in Eq. 2.1, we consider the density obtained 

from phase-diagram sections (Figure 2.2). Density ρ is a function of pressure and temperature 

(P-T): 

ρ = ρ(P, T) (2. 9) 

We solve the previous relationships in two-dimensions. Our two-dimensional (2D) 

geometry is a plane-strain approximation and assumes that all the gradients in the off-plane 

direction are negligible. Since we consider a single-phase approximation with respect to the 

deformation problem, we have assigned different “phase” properties for the asthenosphere, the 

mantle lithosphere, the lower and upper continental crust and for the oceanic crust. In some of 

the models a “weak” zone is considered in the upper oceanic crust in order to facilitate the 

localization of deformation at that particular point. This “weak” zone has the rheology of 

serpentinite and is restricted in the shallow part of the oceanic crust. Extensions of serpentine 

zones at larger depths are not justified since, at larger temperatures, serpentine may not be even 

stable. The utility of the “weak” zone is common in analogue and numerical models of rock 

deformation (e.g. Chemenda et al. 1996; Hässig et al. 2016b). In this work, we do not 

investigate further the initial origin of this weak zone since it could be related to an initial 

damaged zone as suggested by Garfunkel (2006; his Fig. 4). 
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The densities of the different “phases” were computed using isochemical, phase-diagram 

sections as a function of P-T for several representative lithologies (Figure 2.2). We considered 

a Depleted-MORB-Mantle (DMM), a MORB, a granulite, a quartzite (pure SiO2), and a 

serpentinite as representative lithologies (see Table 2.2 for details). The phase-diagram sections 

were pre-calculated separately for each “phase” using Gibbs free-energy minimization 

(Connolly 2005, 2009).  

Figure 2.2 Isochemical, phase-diagram sections used for the density calculation of (a) 
lithospheric mantle and asthenosphere (DMM: Depleted MORB Mantle); (b) oceanic crust 
(MORB: Mid-Ocean Ridge Basalt); (c) lower continental crust (Granulite); (d) upper 
continental crust (pure quartzite composition); (e) weak zone (Serpentinite). 



Table 2.2 Description of material parameters used in model configuration 

  
Asthenosphere 

– DMM 

Lithospheric 
mantle – 

DMM 

Oceanic 
crust – 
MORB 

Lower 
continental 

crust – 
Granulite 

Upper 
continental 

crust – 
quartz 

Weak zone 
– 

serpentinite 

Density 
Phase diagram 
section (DMM) 

Phase 
diagram 
section 
(DMM) 

Phase 
diagram 
section 

(MORB) 

Phase 
diagram 

section (dry 
granulite) 

Phase 
diagram 
section 
(SiO2) 

Phase 
diagram 
section 

(hydrated 
peridotite) 

Dislocation 
creep 

rheology 

Dry olivine 
power-law after 

(Faul et al., 
2011) 

Dry olivine 
power-law 

after (Faul et 
al., 2011) 

Dry diabase 
after 

(Mackwell, 
Zimmerman 

and 
Kohlstedt, 

1998) 

Plagioclase 
after 

(Rybacki 
and Dresen, 

2000) 

Wet 
Quartzite 

after 
(Ranalli, 

1995) 

Tumut Pond 
Serpentinite 

after 
(Raleigh and 

Paterson, 
1965) 

Diffusion 
creep 

rheology 

Dry olivine 
power-law after 

(Faul and 
Jackson, 2007) 

Dry olivine 
power-law 
after (Faul 

and Jackson, 
2007) 

- - - - 

Conductivity 
(𝐖 𝐦 𝟏 𝐊 𝟏) 

69.63 3 3 3 3 3 

Heat 
capacity 

( 𝐉 𝐤𝐠 𝟏 𝐊 𝟏) 
1050 1050 1050 1050 1050 1050 

Thermal 
expansion 

(𝐊 𝟏) 
3·10-5 3·10-5 3·10-5 3·10-5 3·10-5 3·10-5 

Shear 
modulus 

(𝐏𝐚) 
5·1010 5·1010 5·1010 5·1010 5·1010 5·1010 

Cohesion  
(𝐏𝐚) 

10·106 10·106 10·106 10·106 10·106 10·106 

Friction 
angle 

30 30 30 30 30 30 
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We consider a model domain (in 2 dimensions) for a region of 1000 km by 700 km. More 

details on the particular geometry that was employed can be found on Figure 2.3. To simulate 

the convergence boundary conditions we consider an inflow of material from the upper-left part 

of the model domain. The lower-left part of the model domain has outflow boundary conditions 

consistent with the overall mass conservation in the model domain (the bottom and right 

boundaries have free-slip boundary conditions). The employed inflow-outflow conditions are 

necessary for problems where kinematic boundary conditions are needed and conservation of 

mass is respected in an Eulerian frame (c.f. Porkoláb et al. 2020). In order to simulate a free top 

surface, we consider a 30 km-thick, low-viscosity layer (sticky air) and an open, stress-free top 

boundary. Regarding the bottom boundary our bottom boundary condition is set at 670km 

depth. However, given the large distance from the region of interest (yellow frame in Figure 

2.3), changing the bottom boundary conditions to “no-slip”, or moving the bottom boundary at 

400 km depth makes no difference to the main results (Figure S 1; supplementary material). 

Figure 2.3 (b) shows in detail the initial geometrical configuration considered. Clearly, 

there is not a unique way to constrain all the different lithological contacts. For example, we 

have chosen that the oceanic crust is initially below the rocks of the continental margin (Figure 

2.3 (b)). This choice is not unique and one could also choose the opposite (e.g. Figure S 2 (e); 

Supplementary material). The latter approach, however, makes it difficult to distinguish if the 

oceanic crust on top of a continental margin is the result of obduction or if it is the result of the 

initial condition. For this reason, we will not consider this initial configuration further and will 

focus on the geometry shown in Figure 2.3. 
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The initial thermal structure of the continental and the oceanic domains has been 

calculated using simple analytical approximations. The temperature profile under continent is 

built using three different analytical solutions. At the top (from surface to Moho) we consider 

the steady-state temperature distribution having a constant radiogenic heat production for the 

whole crust, that is: 

𝑇 = 𝑇 +
𝑄

𝜆
 𝑧 − 0.5

𝜌

𝜆
𝑧 , (2. 10) 

where 𝑇  is temperature at surface, 𝑄  is a surface heat flux, 𝜆 is a thermal conductivity, 𝑧 is 

depth, 𝜌  is the volumetric rate of radiogenic heat production. Due to the minor radiogenic heat 

production in the mantle, we utilize a linear temperature gradient that extends from the Moho 

depth until the LAB that is set at 1200 ℃. The final (deeper) part of the temperature distribution 

in continental regions is a linear gradient from LAB to the bottom of the model domain where 

the temperature is set to be 1612 ℃ (at 670 km). In order to ensure a continuous heat flux 

Figure 2.3 Initial model configuration of the reference model (only central part of the model 
is shown). The converging flow assumes a material inflow from the left boundary and an 
associated compensating outflow at depth (black arrows in (a)). The boundary conditions on 
the right and at the bottom of the extended model domain assume free slip. The top of the 
model (0-30 km) is composed of “sticky air” to account for a (stress) free surface. The 
geometrical features of the model that are used in the systematic investigation are labels using 
the boxes in black (b). The initial isotherms are shown in thin white lines. (a) Full model. (b) 
Detail of model (yellow box). 
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across the last two zones, we have modified the effective heat-conductivity coefficient. This 

approach leads to significantly larger heat conductivities for the asthenosphere but accounts for 

the adiabatic temperature gradient in the mantle (Currie et al. 2008). The temperature profile 

under the oceanic crust is calculated using a half-space cooling model (Turcotte and Oxburgh 

1967): 

T = ( T − T )erf (2. 11) 

where T  is a temperature at lithosphere-asthenosphere boundary, erf(x) is the error function, 

𝜅 is the thermal diffusivity, t  is the age of the oceanic lithosphere at the centre of the oceanic 

region. The temperature structure in the OCT zone is a weighted average of the two end-

members, using the distance from the ocean and the continent as weighting factors. The 

respective material parameters are given in Table 2.2. 

2.2.2 Systematic investigations 

In this work we have focused on the geometrical and rheological parameters that can 

potentially affect the evolution of our simulation and lead to the emplacement of the oceanic 

crust onto the continental margin. The role of the magnitude of convergence velocity and the 

rheology of the lower-continental crust were also explored (Table 2.3 and Table 2.4). The 

geometrical parameters that we explored are (Figure 2.3): a) the size (length in 2D) of the 

oceanic basin, b) the length of the OCT, c) the initial age of the oceanic lithosphere at the centre 

of the ocean, and d) the presence and orientation of a weak zone at the centre of the oceanic 

domain. Our varied parameters are shown in Table 2.5. Several models were calculated using 

minimal, average, and maximal values of the respective parameters. The average values were 

chosen as reference values (Table 2.5).  

Table 2.3 Dislocation creep parameters used in LaMEM 

Dislocati
on creep 
profile 

Dry 
olivin

e  

Dry 
diaba

se  

Plagiocl
ase  

Plagiocl
ase 

(wet)  

Wet 
Quarzit

e  

Tumut 
Pond 

Serpentini
te 

Units  

𝐵𝑛 0.3 8 
5.01·101

2 
1.6 3.2·10-4 6.3·10-7 Pa-n s-1 Pre-factor 

𝑛 8.2 4.7 3 3 2.3 2.8 - 
Power-law 
exponent 

𝐸𝑎 
6.82·1

05 
4.85·1

05 
6.74·105 3.45·105 1.54·105 6.6·104 

J MPa-1 
mol-1 

Activation 
Energy 

𝑉𝑎 0 0 2.4·10-5 3.8·10-5 0 0 m3 mol-1 
Activation 

volume 
Type Uniaxial - Test type 

f  1 1 1 158.5 1 1 𝑃𝑎 Water fugacity 
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Table 2.4 Diffusion creep parameters used in LaMEM 

Diffusion 
creep profile 

Dry olivine Units   

𝐵𝑑 2·1010 𝑃𝑎 𝑠  Pre-factor 

𝐸𝑎 4.84·105 𝐽 𝑀𝑃𝑎  𝑚𝑜𝑙  Activation Energy 

𝑉𝑎 1.5·10-5 𝑚   𝑚𝑜𝑙  Activation volume 

Type Uniaxial − Test type 

𝑑0 1·10-3 𝑚 Grain size 

𝑝 3 − Exponent of a grain size 

f  1 𝑃𝑎 Fugacity of H2O 

𝑟 0 − Power-law exponent in f  

Table 2.5 Range of values used in model configuration 

Parameter 
Range 

(minimum – reference – maximum) 
Units 

Ocean length 40 – 60 – 90 km 

Δ𝑡   0 – -2 – 2 Myrs 

OCT length 30 – 50 – 250 km 

Convergence Velocity 3 – 5 – 10 cm/year 

Clearly our choice of parameters is not unique and more complex scenarios can be 

investigated. For example, we have assumed for our main systematics results is that velocity is 

taken as constant during convergence. This is likely not the case in nature and, in fact, it is 

expected that velocities are reduced during the collision stage. Apart from the models shown in 

the main systematics study, we have calculated models (Figure 2.8 (a-d) and Figure 2.8 (i-l)) 

that show the effect of reduced converging velocity with time (from 5cm/yr to 1cm/yr between 

5 and 10 myr). The exact converging velocity that was used in our models is given in Figure S 

3 (supplementary material). As a final simplification we would like to mention that in all the 

models presented in the systematics study we have ignored the effects of erosion. Models with 

constant erosion rates are shown in Figure 2.8 and in Figure S 4 of the supplementary material. 
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2.3 Results 

More than 200 numerical simulations were calculated using the model configuration 

shown in Figure 2.3. Due to the large number of computed results, we chose the results of a 

particular model as a reference and we have systematically varied the different parameters.  The 

reference model has a convergence rate of 5 cm/year from the left boundary (Figure 2.4 (a-d)). 

The initial thickness of the lithospheric mantle, in the middle of the oceanic region, is slightly 

different depending on the position with respect to the centre of oceanic domain (left or right). 

This difference in thickness is calculated based on the depth where the temperature becomes 

larger than 1,200 ℃ when using Eq. (2.11). Thus, this age difference is a function of 𝑡  in Eq. 

(2.11). By choosing different 𝑡  for the right- or left-side of the central region (𝑡 − 𝑡 =

Δ𝑡 ), we can generate an initially symmetric (Δ𝑡 = 0) or asymmetric temperature distribution 

(Δ𝑡 ≠ 0). This asymmetry can cause asymmetric subduction upon convergence and can be 

expected to occur across transform faults near the Mid-Ocean-Ridge (see Fig. 4 of Garfunkel 

2006 for details). For the reference model 𝑡  is 0 and 𝑡  is 2 myr, thus Δ𝑡 = −2 myr. 

The length of the OCT in the reference model is 50 km and length of the ocean on the left side 

of the reference model is 60 km. In addition to the previous configuration, we have considered 

a weak zone (i.e., serpentine material) in the middle of the oceanic domain to facilitate the 

localization of deformation (see section METHODS for details). 
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2.3.1 Reference model and influence of convergence velocity 

After approximately 2 million years of convergence in the reference model, we observe 

the beginning of the development of an intra-oceanic subduction zone from the right part of the 

oceanic plate towards the left part of the model domain (Figure 2.4 (b)). As convergence 

progresses, there is a switch in the polarity of the subduction zone to the left side of the oceanic 

domain (at ca 5 Ma; Figure 2.4 (c)). The switch in the subduction polarity is responsible for the 

emplacement of a part of the oceanic plate onto the continental margin that was initially 

positioned on the right of the oceanic domain (Figure 2.4 (c-d)). This final geometry is in 

essence a suture zone. This is because it is composed of deformed rocks and, within this 

deformed zone, rocks of oceanic affinity crop out at the overriding plate (for more details see 

Figure 2.4 Model results showing the evolution of different model configurations as a function 
of convergence velocity: (a-d) convergence velocity of 5 cm/year (reference model); (e-h) 3 
cm/year; (i-l) 10 cm/year. Note that in these model results, high (>5cm/year) convergence 
velocities do not lead to the obduction of the oceanic crust but they rather lead to the 
continental subduction of the left continental margin. 



36  2.3  Results 
 

Figure 2.8 and DISCUSSION). In the model results shown in Figure 2.4 (e-h), we have kept 

the same initial configuration but we used a convergence velocity of 3 cm/yr. This change leads 

initially to qualitatively similar results although the absolute amount of displacement is smaller 

(Figure 2.4 (e-h)). However, even after a period of 8 myr, the convergence is not sufficient and 

the buoyancy structure is such (Figure 2.4 (e-g)) that it is not possible to develop a polarity flip 

zone as shown previously (Figure 2.4 (g-h)). Thus, velocities in the order of 3cm/yr and slower 

are not sufficient to create an apparent obduction and a subduction-polarity flip. Keeping the 

same parameters, and using larger convergence velocity (10 cm/yr; Figure 2.4 (i-l)) leads to a 

similar initial development of an intra-oceanic subduction zone as well (Figure 2.4 (j)). A 

change in the subduction polarity occurs soon after this period (Figure 2.4 (k)) and the 

continuation of convergence leads finally to the subduction of the continental lithosphere 

(Figure 2.4 (l)). In the models with larger convergence velocity (10 cm/yr), the emplacement 

of the oceanic crust on the right continental margin was not achieved. To summarize the effect 

of velocity on the obduction process we see that, using our initial configuration, it is possible 

to obtain an apparent obduction and a subduction-polarity flip only if the convergence velocity 

is moderately high (5cm/yr). Larger velocities lead to the complete subduction of the ocean and 

smaller velocities do not result in continuing subduction. 
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2.3.2 Influence of initially asymmetric temperature distribution 

The initial model configuration shown in Figure 2.5 (a-d) considers a slightly more 

symmetric temperature distribution of the oceanic domain (Figure 2.5 (a); Δ𝑡 = 0 myr). 

However, the initial temperature distribution is not perfectly symmetric due to the difference in 

length of the OCT zones. The rest of the model parameters are as they are given for the reference 

model. The model results shown in Figure 2.5 (a-d) are, in general, very similar to the reference 

model results. A major difference in these results is that the intra-oceanic subduction angle in 

Figure 2.5 (b) is steeper compared to the reference model at approximately the same time 

(Figure 2.4 (b,c)). Another difference in these results is that the oceanic crust in the more 

symmetric case appears to be slightly folded (or buckled) compared to the reference case (e.g. 

Figure 2.5 Model results showing the evolution of different model configurations as a function 
of the initial asymmetry in the thickness of the oceanic lithosphere and as a function of the 
initial length of the OCT. The oceanic lithosphere across the weak zone may have a slight 
asymmetric age distribution in order to consider an initially asymmetric model configuration: 
(a-d) with 𝛥𝑡 = 0 and OCT length as in reference model; (e-h) with a larger ocean-continent 
transition zone (250 km) and 𝛥𝑡 = −2; (i-l) combined features from first and second series. 
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compare Figure 2.4 (b-c) and Figure 2.5 (b-c)). At about 10 myr (Figure 2.5 (d)), we observe 

the subduction-polarity flip that leads to the complete closure of the ocean and the formation of 

a suture zone at the surface in a way similar to the model results shown in Figure 2.4 (d).  

Figure 2.5 (e-h) shows a model similar to the one described previously (Figure 2.5 (a-d)). 

The main difference this time is the consideration of a larger OCT zone (250km) and a larger 

length for the left side of the ocean compared to the model shown in Figure 2.5 (a-d). This 

model shows an initial development of an intra-oceanic subduction in agreement with all 

previous models (Figure 2.5 (f)). However, the large length of the oceanic region makes it easier 

to localize the deformation at the left OCT than to continue with the development of the intra-

oceanic subduction (Figure 2.5 (g)). Buckling of the oceanic crust is also observed at the initial 

stages of convergence (Figure 2.5 f). Nevertheless, in contrast to the reference model, the 

continuous convergence for 10 myr (Figure 2.5 (h)) does not lead to a subduction-polarity flip 

despite the fact that the right OCT is now deformed (Figure 2.5 (h)). Figure 2.5 (i-l) shows the 

model results for a very similar setup but considering an initially asymmetric temperature 

structure (Δ𝑡 = −2). In other words, Figure 2.5 (i-l) show the combined effects of initial 

asymmetry and of the OCT length. In this case, the initial intra-oceanic subduction is 

developing only for a few million years (<5) where the oceanic crust appears to be initially 

buckled. A polarity switch in the subduction zone is observed after 5 myr (Figure 2.5 (j-l)). The 

continuous convergence leads to the formation of a suture zone and of accretionary wedge atop 

the subducting lithosphere (Figure 2.5 (l)). At this point it is worth mentioning that all three-

model configurations of Figure 2.5, have a stage (at ca 5 myr) where the oceanic crust is thrusted 

upon the right continental margin (Figure 2.5 (c,g,k)). This thrusting however is not maintained 

with continuing compression for all cases. In fact, Figure 2.5 (h) shows that the main thrust of 

Figure 2.5 (g) has been rotated and the contact of the oceanic crust with the right continental 

margin dips to the right side of the model domain. In the other two cases (Figure 2.5 (d) and 

(l)), the initial thrusting contact dips to the left of the model domain and could be interpreted as 

a thrust contact where the oceanic crust is thrusted upon the continental margin. 
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2.3.3 Influence of weak-zone orientation and initial asymmetry 

Figure 2.6 shows the effect that a vertically-oriented central weak zone and the initial 

temperature asymmetry have on the final modelled geometry. All the other parameters are as 

in the reference model (Figure 2.4 (a)). Figure 2.6 (a-d) show the model results for the case 

where Δ𝑡 = −2 myr (as in the reference model), but with a vertical weak zone at the centre of 

the oceanic region. The presence of the vertical weak zone in Figure 2.6 (a) is not sufficient to 

facilitate the formation of an intra-oceanic subduction zone (e.g. Figure 2.6 (b)) and, in fact, a 

significant amount pure-shear thickening was observed for the oceanic region (Figure 2.6 (b)).  

Despite the fact that the intra-oceanic subduction was not developed, we observe the 

development of a subduction zone that is dipping to the right side of the model domain (Figure 

2.6 (c)). Continuing convergence after ~10 million years leads to the formation of an 

Figure 2.6 Model results showing the evolution of different model configurations as a function 
of the initial asymmetry in the thickness of the oceanic lithosphere and as a function of the 
shape or presence of the central weak zone: (a-d) with 𝛥𝑡 = −2 as in reference model but 
with a vertical weak zone; (e-h) with 𝛥𝑡 = 2 and with vertical weak zone; (i-l) with 𝛥𝑡 = 2
as in (e-h), but without weak zone. 
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accretionary wedge while a large part of the oceanic lithosphere remained at the surface of the 

model domain (Figure 2.6 (d)). 

Keeping the weak zone vertical and switching the asymmetry of the initial temperature 

distribution (Δ𝑡 = +2 myr) leads to results that show evidence for significant intra-oceanic 

deformation but without the development of a subduction zone during the first 5 myr (Figure 

2.6 (e-g)). The continuation of converge leads to the development of an accretionary wedge and 

a subduction zone from the right-side of the model domain (Figure 2.6 (h)). Keeping the same 

parameters as in Figure 2.6 (e-h) and removing the initial weak zone leads to model results that 

do not predict the subduction initiation until 10 myr (Figure 2.6 (i-l)). These results resemble a 

“Zwischengebirge” (Kober 1952) in the sense that the uppermost part of the lithosphere forms 

a doubly-verging thrust wedge without the subduction of the underlying lithosphere. In all of 

the presented models of Figure 2.6, the thrusting of the oceanic rocks on the continental margins 

was not observed. 

2.3.4 Influence of lower-crustal rheology 

Figure 2.7 shows model results following the same systematic change as in Figure 2.5. 

The main difference in the models shown in Figure 2.7 is that the lower-crustal rheology for 

the continental region is weaker (i.e. a “wet plagioclase” flow law was used). To a first 

approximation the results shown in Figure 2.7 (a-d) are similar to the ones shown in Figure 2.7 

(a-d). The main difference is that the models with a “weaker” lower-crustal rheology show a 

more pronounced deformation in the lower crust in both sides of the model domain (Figure 2.7 

(c)). As a result, at ca 5 Ma we observe the beginning of the formation of two converging 
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subduction zones (Figure 2.7 (c-d)). However, the subduction zone at the left side of the model 

domain is more pronounced (Figure 2.7 (d)).  

Keeping the same parameters in the model configuration as before, and changing the 

length of the left OCT region leads to the development of a subduction zone mainly from the 

left side of the model domain (Figure 2.7 (e-h)). To a first order, the same results are observed 

even if the initial temperature distribution was more asymmetric (Δ𝑡 = −2, Figure 2.7 (i-l)). 

All models shown in Figure 2.7 show the thrusting of the oceanic crust on the continental parts 

on the right side of the model domain at ca 10myr (Figure 2.7 (d,h,l)). In summary, making the 

lower continental crust weaker leads to more pronounced deformation of the lower-crustal 

layers that can act as nucleation points for the localization of deformation (e.g. Figure 2.7 (b,c)). 

2.3.5 Influence of reducing velocity and erosion 

To summarize our systematic investigation, we have shown that it is feasible to create the 

conditions necessary for ophiolite obduction (Figures 2.4-2.7). The thrusting of the oceanic 

Figure 2.7 As in Figure 2.5 but using a “wet” lower-crustal rheology. 
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crust on the right side of the model domain is not much but it can also be distinguished from 

the increased plastic strain in the oceanic/continental contact (Figure S 5; supplementary 

material). The results from the systematic investigation were calculated assuming no erosion 

and constant convergence velocity for simplicity. Thus, in some cases, our produced results 

have unrealistically large topography. In nature, erosion and reduced convergence rates can act 

to moderate topography. Adding two additional variations in the model parameters increases 

the investigated parameter space and requires more systematic investigations. The influence of 

erosion rates and variable boundary velocity goes beyond the scope of the present study and 

will not be considered in detail. However, we have included the effects of constant erosion in 

the reference model shown in Figure S 4 (supplementary material). In general, erosion 

Figure 2.8 Model results showing the effect of slowing converging velocity and/or constant 
erosion rate on the reference model (Figure 2.4). Initial model configuration as in the model 
shown in Figure 2.4. (a-d) Reference model with slowing converging velocity from 5cm/yr to 
1cm/yr (see Figure S 3 in supplementary material for details). (e-h) Reference model with a 
constant erosion rate of 0.25cm/yr imposed at (y>0). (i-l) Combined effects of erosion and 
decreasing convergence velocity. 
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moderates the high topography and contributes to the exhumation of the ophiolite. The results 

show that with erosion rates (assumed constant) in the order of 0.25 cm/yr, it is possible to 

exhume also part of the mantle lithosphere that was originally below the oceanic crust (Figure 

S 4 (e-h)). Larger erosion values lead to the disappearance of the ophiolite crustal sequence 

(Figure S 4 (a-d)) whereas smaller erosion rates do not lead to the exposure of the mantle rocks 

at ca 10 myr after the onset of convergence (Figure S 4 (i-l)). Regarding the effects of 

decelerating convergence rate, we have calculated two models that consider the reduction of 

the convergence velocity to 1cm/yr at 10myr (Figure S 3; supplementary material). The results 

show that the model with reduced velocities has similar qualitative characteristics with the 

reference model (Figure 2.8 (a-d)). These characteristics include the initial intra-oceanic 

subduction towards the left side of the model domain (Figure 2.8 (b)) and the thrusting of the 

oceanic crustal rocks atop the continental margin of the right side of the model domain (Figure 

2.8 (c-d)). However, Figure 2.8 (d) has a more moderate topography compared to the reference 

model of Figure 2.4 (d). 

Figure 2.8 (e-h) shows that erosion with a constant rate of 0.25 cm/yr is also capable of 

reducing the topographic variations as shown also in Figure S 4 (supplementary material). 

However, the combined effects of erosion and reducing convergence velocities (Figure 2.8 (i-

l)) have a more realistic topographic variation and show the exposure of an “ophiolite sequence” 

(including the mantle section) on the surface of the formed orogenic wedge (Figure 2.8 (l)). 

What is clear in all models where the over thrusting of the oceanic-crustal rocks was achieved 

on the right side of the model domain, is that the conditions that favour obduction require a 

relatively small oceanic basin (ca 200 km) and relatively fast initial convergence rates. The 

slowing down of the convergence from 5 to 1 cm/yr (from 5 myr to 10 myr) does not 

significantly affect this main result (Figure 2.8 (a-d)). 
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2.3.6 The pressure and temperature (P-T) evolution of the crustal ophiolite rocks and 

their accretion to the overriding plate 

By investigating the reference model further, we can look into the pressure and 

temperature (P-T) evolution of selected material points (markers). We have selected 6 points 

from the left oceanic region of the reference model (Figure 2.9). Half of the markers (bluish 

colours) originate from the left part of the OCT zone at the left side of the model domain (Figure 

2.9 (a)). The other half of the markers originate from the right part of the OCT region close to 

the centre of the ocean (Figure 2.9 (a)). At the end of the simulation, these markers are found 

Figure 2.9 Model evolution and position of P-T markers as a function of time. (a-d) Evolution 
of the reference model (Figure 2.4(a-d)) with respective location of the markers (colored stars); 
(e-h) show the effective strain rate for the same region that is shown in (a-d). The effective 
strain rate is the square root of the second invariant of the strain rate tensor. Dark colors 
indicate domains of relatively fast deformation. 
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to be parts of the oceanic part that was incorporated in the orogenic wedge (Figure 2.9 (a-d)). 

Figure 2.9 also shows the evolution of the effective strain rate of the reference model (Figure 

2.9 (e-h)). Values of laerge effective strain rate show the intensity of the deformation at a given 

time. The effective strain rate distribution shows the evolution of a left-dipping intra-oceanic 

subduction zone into a doubly-vergent orogenic wedge at ca. 2.4 Ma (Figure 2.9 (f)). At 5 myr, 

deformation is localized left of the suture zone and the ophiolite has already been accreted in 

the overriding plate (Figure 2.9 (g-h)). The significance of the effective strain rate becomes 

apparent if one considers that this is the zone of fastest deformation rates and it is, in fact, a new 

plate boundary (Figure 2.9 (e-h)). This means that the actual plate boundary has migrated from 

5 to 10 myr towards the left side of the model. This migration marks the time when the rocks 

of oceanic affinity are incorporated in the overriding plate of the subduction system. As it was 

already mentioned, the increased finite deformation in the orogenic wedge, and the location of 

rocks with oceanic affinities “outcropping” at the surface of the overriding plate (Figure 2.9 

(h)) can be used to characterize this high-deformation zone as a suture zone (see also plastic 

strain distribution; Figure S 5, supplementary material).  
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The P-T evolution of the markers of the reference model is shown in Figure 2.10. This 

figure shows the P-T extent of the classic metamorphic facies. The lines in this figure show the 

P-T evolution of selected material points (markers) shown in Figure 2.9. The numbers on the 

coloured curves correspond to the time (in myr) after convergence initiation. Figure 2.10 shows 

that that the initial cooling of the oceanic rocks is followed by an increase in pressure that is 

associated with the final stages of the closure of the ocean at approximately 2.5 myr. At this 

stage, the markers originating from the left side of the OCT experience pressures of 0.5-0.7 

GPa for a temperature range between 550 and 700°C (amphibolite-facies conditions; see Figure 

2.10). These conditions could lead to the crystallization of amphibolites that are located above 

a subducting continental margin as shown in Figure 2.9 (b). The positioning of these rocks atop 

a subducting and dehydrating continental margin is crucial in order to explain the formation of 

hydrous lithologies in relatively young oceanic crust. At the same time, the markers originating 

Figure 2.10 P-T paths of markers with respect to the metamorphic-facies boundaries 
(after Stüwe 2007). The black numbers correspond to the time in millions of years. 
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from the right side (middle of oceanic region) experience greenschist-facies conditions (Figure 

2.10). It is interesting to note that all markers are located next to zones of active deformation 

(Figure 2.9 (b,f)). These zones of active deformation are similar to the pro- and retro-shear 

zones that develop in models of doubly-vergent orogenic wedges (e.g. Beaumont and Quinlan 

1994). By 5 myr, the markers originating from the left side cool down to greenschist-facies 

conditions while, at the same time, the markers originating from the centre of the ocean have 

already cooled down and they experience blueschist-facies metamorphism at the back-thrust 

region (Figure 2.9 (g), 2.10). 

2.4 Discussion 

Our simulations demonstrate that it is possible to achieve ophiolite obduction under 

continuous regional compression and without applying far field-extension. As obduction we 

refer to the thrusting of the oceanic rocks upon the continental margin in the right side of the 

model domain. However, the subduction of continental material below the oceanic rocks (from 

the left side) supports the interpretation of a structural uplift in exhumed ophiolites. The 

obduction was possible when the convergence velocity was around 5 cm/yr (Figure 2.4). These 

numbers, although on the high side, are realistic and well within the velocities inferred for the 

initial stages of continental collision (Molnar and Stock 2009). We note also that such high 

convergence velocities do not need to be maintained for large periods of time as it was shown 

in the model with slowing convergence (Figure 2.8; Figure S 3 in the Supplementary material). 

Furthermore, our models revealed that it is necessary to have certain geometrical features and 

have an initial asymmetry in the structure of the ocean and the continental margin. One of the 

most important features, that is essential in leading to ophiolite obduction, is the initial 

asymmetry in the thickness of the oceanic lithosphere. This asymmetry may be the result of the: 

a) asymmetric spreading velocity, b) the asymmetric form of the OCT zones and on c) the 

different age of the walls across a transform zone (Garfunkel 2006a). The asymmetry in the 

thermal structure of the oceanic lithosphere leads to an asymmetric density distribution that can 

facilitate the initial subduction process (Cloos 1993a). This asymmetry was also an essential 

part of previous geodynamic obduction models (c.f. Duretz et al. 2016; Hässig et al. 2016a). 

At this point we note that the thicker, and colder, lithospheric mantle is also mechanically 

stronger. At a first glance this increase in strength can prevent the rupture of the oceanic 

lithosphere  (Stüwe 2007b), and therefore, a balance must be found between the strength and 

the buoyancy of the subducting oceanic plate. Finally, with respect to the properties of the 
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continental region, we note that the models with relatively weak lower crust did not lead to the 

complete closure of the ocean and did not form a “suture” zone (Figure 2.7). Thus, we found 

that for the generation of a suture zone that preserves significant parts of the subducting oceanic 

crust, the lower crust must be relatively strong. 

In relation to previous mechanical models, our results are different in the sense that we 

do not enforce far-field extension after the initial stages of subduction (Duretz et al. 2016a; 

Hässig et al. 2016b, a). This allows us to investigate the possibility of ophiolite obduction under 

continuous convergence according to geological models (e.g. Dilek et al. (2007); Ghikas et al. 

(2010)). In contrast, the models of Porkoláb et al. (2020) are more similar to ours in the sense 

that the authors impose continuous convergence initially. However, in the later stages of 

subduction, the previous authors require that the convergence velocity of the subducting 

continental crust drops from 3cm/yr to near zero (Porkoláb et al. 2020 , p.3). With this 

configuration, the previous authors managed to show the relation between the exhuming 

subducted crust and the ophiolite emplacement. To a first order, this relation was also observed 

by Chemenda et al. (1996). However, these studies used a constant-density approximation, and 

therefore, the buoyancy of the subducting crust may be overestimated. To avoid this limitation, 

we have used density values according to the equilibrium phase diagram sections (Figure 2.2). 

This approach has been shown to result to more realistic buoyancy forces and topography 

during continental collision (Candioti et al. 2021). 

If we now consider the relative size of the oceanic basins, our results show that small 

oceans are more likely to lead to the emplacement of oceanic crust. This result is in perfect 

agreement with geological models for Tethyan ophiolites from the Balkans that suggest that the 

ophiolite emplacement occurred just after the formation of the ophiolites (e.g. Garfunkel 2006). 

In particular, there is ample geochronological data which support that the ophiolite formation 

is almost contemporaneous to the crystallization of metamorphic minerals in metamorphic soles 

(e.g. Dimo-Lahitte et al. 2001; Pomonis et al. 2002; Liati et al. 2004). The very narrow age 

difference requires that the amount of subducted ocean was not very large, otherwise its 

subduction would require unrealistically high velocities. In any case, the requirement for the 

small relative size of the oceanic basin is also required by geologic reconstructions that consider 

the Tethyan ophiolites (Robertson et al. 1991; Robertson 2012). 

Having a small oceanic basin and an initially asymmetric geometrical configuration lead 

to the subduction-polarity switch in our models. During the initial stages of our models, a left-

dipping intra-oceanic subduction zone forms and it quickly evolves into a doubly-vergent 

wedge (Figure 2.4 (b-c)). During the collision stage, the left-dipping zone of high-deformation 
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is abandoned and most of the deformation localized at its conjugate, right-dipping shear zone. 

Perhaps this switch is best observed in the evolution of the effective strain rate that shows the 

transition from a doubly-vergent wedge to a right-dipping zone of intense deformation (Figure 

2.9 (e-h)). Such a polarity switch is envisioned by several researchers who worked in the 

Tethyan ophiolites although the details are not always the same (Jones and Robertson 1991; 

Robertson et al. 1991; Ghikas et al. 2010). 

The relatively fast closure of our ocean does not leave very long time for the oceanic 

lithosphere to cool. Thus, the ophiolite rocks experience increased pressure during the collision 

stage while the ocean is still relatively hot (Figure 2.10). These conditions are typically 

amphibolite-facies conditions (ca 530-650 °C and 5-7 kbar) and have been documented for 

several Tethyan ophiolites (Dilek and Whitney 1997; Pomonis et al. 2002a; Elitok and Drüppel 

2008). An interesting result in our model is that upon cooling, some of the ophiolitic rocks 

experience prograde, blueschist-facies conditions with continuing convergence (Figure 2.10). 

It is noted however that these conditions occur at the retro-shear zone of the doubly-vergent 

wedge (Figure 2.9 (f); red-coloured markers). This, doubly-vergent, zone is also responsible for 

the accretionary uplift of the ophiolite rocks in our models in agreement to geological models 

proposed by Shervais (2001). This uplift is crucial for the explanation of the exhumation of the 

metamorphic sole rocks. 

Our modelled P-T paths for the markers show that it is possible to obtain conditions 

similar to those observed in natural ophiolites (e.g. Dilek and Whitney 1997; Pomonis et al. 

2002; Elitok and Drüppel 2008). However, metamorphic-sole rocks (amphibolites) associated 

with ophiolite rocks from Oman seem to yield considerably larger metamorphic-pressure 

estimates (e.g. Cowan et al. 2014). Although our investigated model scenario is different than 

that for Oman, thermo-mechanical models that reproduce the observed conditions as in Oman 

ophiolite have shown that high (>1GPa) metamorphic pressures are possible if the metamorphic 

pressure is twice the lithostatic (Duretz et al. 2016, their Fig.1). From a mechanical point of 

view this is possible if a significant tectonic overpressure occurs at the early stage of the 

obduction/subduction process (e.g. Moulas et al. 2019; 2021). However, our study shows that, 

in our modelled scenarios, the amount of tectonic overpressure is not significant. Further 

investigations considering in detail the effects of rheology and the full 3D geometry may show 

a greater variability on the conditions experienced by the metamorphic rocks adjacent to 

ophiolites. In any case, our numerical model shows the mechanically feasible conditions and 

the associated values of pressure and temperature in the vicinity of ophiolite rocks. Our model 
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cannot predict whether a metamorphic sole will actually form since the effects of metamorphic-

reaction kinetics are not considered. 

2.5 Conclusion 

We presented a number of models for ophiolite emplacement. As a reference, we 

considered the case of the convergence of two continental regions separated by a relatively 

small oceanic basin, as it is commonly envisioned for the small basins in the Tethyan region. 

Our models considered a realistic buoyancy force since the density used was obtained by 

equilibrium phase diagram sections. Model results revealed that the initial asymmetric 

configuration and the small size of the oceanic basin are critical factors for the successful 

ophiolite emplacement. In particular, the small size of the ocean explains the small age 

difference reported from geochronology studies for the Tethyan region. Furthermore, our 

models required the consideration of relatively strong lower continental crust under moderate 

to high convergence velocities for successful ophiolite obduction. Given the aforementioned 

considerations, our reference model was able to produce commonly-observed amphibolite-

facies conditions in the rocks constituting the metamorphic sole. Finally, it is noted that, with 

the help of accretionary uplift, the ophiolite and the rocks from the metamorphic sole are finally 

emplaced in the upper crust of the overriding plate. 
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2.7 Supplementary 

In this file we present 5 supplementary figures (Figs. S1-S5) that are mentioned in the 

main text. 

 

 

 

 

Figure S 1 Reference model configuration at ca 5Myrs. The three model results 
have been calculated using different bottom boundary conditions. The top panel 
shows the reference model (using free-slip bottom boundary conditions). The 
bottom boundary is set at 670km. The middle panel shows the same model 
configuration but with no slip at the bottom boundary (at 670km). The lower panel 
shows the same model configuration but with the bottom boundary placed 400km 
depth (using free-slip boundary conditions). 
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Figure S 3 Non-constant converging velocity used to calculate Figure 2.8 of the main text. 

Figure S 2 Figure that shows the influence of the initial oceanic-crust/continental-crust contact 
on the model results. (a-d) Reference model Figure 2.4(e-h) Same conditions as in reference 
model but with the oceanic crust emplaced initially on top of the continental margin. 
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Figure S 4 Figure that shows the influence of variable erosion rates in the reference model 
configuration. The converging velocity is assumed to be constant and every parameter is as in 
the reference model. (a-d) With constant erosion of 1cm/yr, (e-h) with constant erosion of 0.25 
cm/yr, (i-l) with constant erosion of 0.1 cm/yr. 
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Chapter 3 

A thermo-mechanical model of the thermal 

evolution and incorporation of the metamorphic 

sole in the Oman ophiolite 

Abstract 

Ophiolites are remnants of oceanic crust and mantle, now typically found within 

continental mountain ranges. Particularly in areas once part of the Tethys Ocean, ophiolites are 

often accompanied by narrow strips of metamorphic rocks, commonly referred to as 

metamorphic soles. These rocks exhibit peak metamorphic conditions characteristic of either 

granulite or amphibolite facies. Geochronological studies of Tethyan ophiolites indicate that 

the development of these metamorphic soles occurred almost simultaneously with the 

crystallization of the ophiolite's crustal sequence. Geological evidence also suggests that the 

metamorphism of the sole rocks took place concurrently with deformation, likely at the same 

time as the ophiolite's obduction. In our research, we explore the metamorphic effects of 

shearing in an ophiolite sequence overlying a crustal sequence. Our findings reveal that a strong 

crustal lithology can produce additional heat through the dissipation of mechanical energy, 

which can explain the high temperatures found in metamorphic-sole rocks. In addition, heating 

of the footwall rocks eventually leads to the migration of the active shear zone from the mantle 

sequence into the upper crustal domain. This migration is responsible for the metamorphic sole 

incorporation at the base of the ophiolite. Finally, we demonstrate that stopping the shearing 

process rapidly cools these rocks, corresponding with the findings from thermochronological 

studies from Oman ophiolite.  
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3.1 Introduction 

Ophiolites are considered to be the remnants of ancient oceanic lithosphere and can now 

be found on top of continental regions (e.g. Frisch et al., 2011). In particular, the remnants of 

the Tethys Ocean can now be found all across the Alpine orogen, extending from the Alps to 

the West and reaching until Iran and Oman to the East (Figure 3.1; Garfunkel, 2006; Dilek et 

al., 2007). Since the early stages of the development of the theory of plate tectonics, the study 

of ophiolite belts posed significant challenges regarding the mechanisms and the processes that 

operate during their emplacement or obduction (Dewey 1976; Moores 1982). This is because 

the negative buoyancy of oceanic lithosphere is a dominant force in our planet (Forsyth and 

Uyeda 1975), and it is quite natural that, in active margins, the cold and dense oceanic 

lithosphere tends to get subducted (Cloos 1993b). The subduction of the oceanic lithosphere is 

a process that will erase most of the evidence documenting the former presence of the ocean 

(Dewey 1976). Thus, despite their scarcity, ophiolites can help us unravel the processes related 

to oceanic subduction and mountain building.  

 

Figure 3.1 Simplified map showing the distribution of ophiolites in the Mediterranean region. 
The Oman ophiolite is shown in the lower, right part of the map. Data mostly after Dilek et al. 
(2007; and references therein). 
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The ideal stratigraphic sequences of ophiolites involve (from top to bottom) oceanic 

sediments, pillow lavas, sheeted dikes, gabbros and ultramafic rocks (Anonymous 1972b). In 

many cases, crustal metamorphic rocks of mafic or pelitic composition can also be found below 

the ophiolite complexes (Williams and Smyth 1973; Whitechurch and Parrot 1974, 1978; 

Woodcock and Robertson 1977; Malpas 1979; Jamieson 1980). These rocks are commonly 

known as metamorphic soles or aureoles (Williams and Smyth 1973; Malpas 1979) and are 

characterized by high-temperature metamorphism in a narrow region (Williams and Smyth 

1973; Wakabayashi and Dilek 2003b). The metamorphic conditions that are commonly 

reported for the soles are amphibolite to granulite facies (e.g. Jamieson, 1980; El-Shazly and 

Coleman, 1990; Pomonis et al., 2002; Myhill, 2011), and in particular they range between 600-

800°C and 0.5-1.0 GPa.  The high-grade metamorphic rocks are also thought to have formed 

inverted metamorphic gradients where the temperature deceases with structural depth (Spray 

1984). In addition, the older isotopic ages from the metamorphic sole rocks are almost 

indistinguishable from the youngest “magmatic” ages of the ophiolite (Spray and Roddick 

1980; Hacker et al. 1996; Liati et al. 2004b; Rioux et al. 2016; Guilmette et al. 2018; Garber et 

al. 2020). Such observations lead previous authors to conclude that both shear heating and the 

heat from the young (and hot) mantle lithosphere contributed to the formation of these rocks 

(Williams and Smyth 1973; Woodcock and Robertson 1977; Malpas 1979). 

Extensive thermochronological analysis performed on metamorphic-sole rocks from 

Oman has revealed that the cooling of hornblende, amphibole and biotite separates from the 

sole rocks occurred very fast (Hacker et al. 1996). These cooling rates are variable and range 

between 100-400 °C per million years for the temperature range of 500-800 °C (Hacker et al. 

1996). Such high cooling rates are difficult to be explained using regional exhumation models 

and suggest the presence of small, local heat sources (Stüwe and Ehlers 1998; Burg and Moulas 

2022). Thus, the consideration of heat production during the irreversible deformation of rocks 

may be the reason for the local heat production adjacent to shear zones. 

To test the feasibility of shear heating models, we have built upon previous 

thermomechanical models that simultaneously solve for the stresses and the temperature in a 

region deforming by simple shear (Yuen et al. 1978; Fleitout and Froidevaux 1980; Kiss et al. 

2019). Our model considers the initial emplacement of a hot, mantle rock atop a relatively 

colder oceanic crustal rock (Figure 3.2). More details for the development of the 

thermomechanical model are given in section 2 (Methods). The initial geothermal gradient used 

in our model is consistent with the emplacement of a young (and hot) mantle rock on cold 

crustal lithologies following Hacker et al., (1996). In agreement with previous studies (Hacker 
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1990), our results show that the shear zone progressively migrates from the lower parts of the 

mantle region, towards the upper parts of the crustal section. This is particularly of interest since 

it provides a natural mechanism for the incorporation of the metamorphic sole, even if the initial 

thrust zone was at the lithological boundary. In addition, our results predict that the peak 

temperature experienced by the sole rocks is a function of the boundary velocity and it is within 

the range of the observed values for Oman (El-Shazly and Coleman 1990; Garber et al. 2020) 

assuming realistic shearing velocities (1-10 cm). Considering this velocity range, a simple 

scaling relationship can be fit based on the systematic results of our study. Last but not least, 

our model is able to predict a cooling history for the metamorphic-sole rocks that is in excellent 

agreement with the available thermochronology data from Oman (Hacker et al. 1996). 

3.2 Methods 

We begin by considering the deformation along a vertical section following the approach 

of Yuen et al. (1978) that is described in detail in Burg and Moulas (2022; their Appendix 4). 

We consider that 𝑥  is the direction parallel to an initially horizontal shearing plane (and the 

shearing direction) and 𝑥  is the direction normal to the shear zone (vertical orientation in our 

case; Figure 3.2). Note that the 𝑥  direction is pointing upwards whereas depth (𝑧) is pointing 

downwards (Figure 3.2). For this particular orientation of the shear zone and model 

assumptions, conservation of momentum in the vertical direction reduces to the lithostatic 

formula (Burg and Moulas 2022). Therefore, we will not consider pressure effects further since 

the pressure evolution is a function of the shear-zone orientation (Moulas et al. 2014, 2022) and 

its investigation is beyond the scope of this study. Symbols and material constants used in this 

part are given in Table 3.1.  

Table 3.1 Symbols and units of quantities used in this study. Apart from the values explicitly 
mentioned in the text, a reference value for heat capacity of 1050 𝐽 𝑘𝑔  𝐾  was a used for 
both lithologies. With respect to the density, the values of 3400 and 3000 𝑘𝑔 𝑚   were used 
for the upper and the lower plate respectively. Finally, the thermal conductivity of the upper 
plate was taken as 3 𝑊  𝑚  𝐾  whereas the thermal conductivity of the lower plate was 2.4 
𝑊  𝑚  𝐾 . 

Parameter Symbol Units 

Temperature 𝑇 °𝐶 𝑜𝑟 𝐾 

Deviatoric stress tensor  𝜏  𝑃𝑎 

Velocity 𝜈  𝑚 𝑠  

Density 𝜌 𝑘𝑔 𝑚  
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Spatial coordinate (measured from bottom) 𝑥  𝑚 

Depth (measured from top) 𝑧 𝑚 

Total length of model 𝐿 𝑚 

Peierls stress 𝜎  𝑃𝑎 

Specific heat 𝐶  𝐽 𝑘𝑔  𝐾  

Thermal conductivity 𝜆 𝐽  𝑚  𝑠  𝐾  

Thermal diffusivity 𝜅 𝑚  𝑠   

Material constant (used in viscous flow law) 𝐴  𝑃𝑎   𝑠  

Stress exponent (used in viscous flow law) 𝑛 − 

Activation energy (used in viscous flow law) 𝑄 𝐽 𝑚𝑜𝑙  

Gas constant 𝑅 𝐽 𝑚𝑜𝑙 𝐾  

 

Figure 3.2 Thermomechanical model configuration. A right-hand coordinate system is also 
shown (𝑥 , 𝑥 , 𝑥 ). It is assumed that the upper plate has mantle rheology whereas the lower 
plate has a strong crustal rheology. The initial temperature distribution is shown on the plot on 
the right as a function of depth (𝑧). Note that the vertical coordinate and the depth are related 
via 𝑧 = 𝐿 − 𝑥 , where 𝐿 is the total length of the model. 
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Due to problem’s symmetry, all derivatives in the 𝑥  and 𝑥  direction vanish. We assume 

that our material is incompressible and, therefore, the continuity equation reduces to the 

following form: 

∂ν

∂x
= 0 (3. 12) 

where 𝑣  is the velocity in the 𝑥  (vertical) direction. The flow is assumed to be slow (inertial 

terms are negligible), this reduces the momentum conservation along 𝑥  (parallel to the shearing 

plane) as follows (Fleitout and Froidevaux 1980, p. 160): 

∂τ

∂x
= 0 (3.2) 

where τ , is the shear stress within the shear zone. Equation (Chapter 3:.2) implies that τ  

remains constant in the shear zone during deformation. Note however that τ  is constant in 

space, but not in time. Under these assumptions, the temperature in the shear zone can be given 

as follows: 

ρC
∂T

∂t
=

∂

∂x
λ

∂T

∂x
+ 2τ ε̇ (Chapter 3: . 3) 

where, in our case, ε̇  is given by equation (3.4): 

ε̇ =
1

2

∂v

∂x
+

∂v

∂x
=

1

2

∂v

∂x
(Chapter 3: . 4) 

At this point, we can integrate the previous form with respect to 𝑥  to obtain: 

ε̇ dx + ε̇ dx =
1

2

∂v

∂x
dx +

1

2

∂v

∂x
dx =

ΔV

2
(Chapter 3: . 5) 

where 𝐿’ is the coordinate of the lithological boundary and 𝐿 is the vertical coordinate of the 

top surface. The velocity difference between the top surface (𝑥 = 𝐿) and the bottom boundary 

(𝑥 = 0) of our model domain is ΔV. 

Compared to previous work (Yuen et al. 1978; Fleitout and Froidevaux 1980; Burg and 

Moulas 2022), we considered the following approximation for the non-linear, viscous rheology 

(creep) of rocks (Tsenn and Carter 1987, p. 5; Renshaw and Schulson 2017, p. 15): 

𝜀̇ = 𝐴 𝑠𝑖𝑛ℎ(𝛽𝜏 ) 𝑒𝑥𝑝 −
𝑄

𝑅𝑇
(Chapter 3: . 6) 

where 𝐴, 𝛽, 𝑛 and 𝑄 are material parameters. The previous formula places a limit on the high 

stress obtained in the case of fast deformation in a way consistent with exponential creep. The 

advantage of Eq. (Chapter 3:.6) is that the transition from low-stress creep to exponential creep 

occurs gradually in agreement with rheology experiments (Renshaw and Schulson 2017). It can 

be shown that by choosing 𝐴 = 𝐴/𝛽  and 𝛽 = 𝑄/(𝑅𝑇𝜎 𝑛) one recovers the power-law limit 
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[𝜀̇ = 𝐴𝜏 exp(−𝑄/(𝑅𝑇))] at low stress conditions. Note that 𝜎  is a material parameter with 

units of stress for the exponential flow creep (Renshaw and Schulson 2017). In this study, we 

used 9 GPa as 𝜎  for both olivine and anorthite since their 𝜎  parameters are very similar (Evans 

and Goetze 1979; Azuma et al. 2014). Since we consider two different regions (Figure 3.2), we 

consider two flow laws of the form shown in Eq. (Chapter 3:.6) consistent with olivine 

rheology (above) and dry anorthite (below). The rheological parameters are taken from Ranalli, 

(1995; for olivine) and Rybacki and Dresen, (2004; for anorthite). 

To solve the system of equations we assume an initial temperature distribution and we 

substitute Eq. (3.6) in Eq. (3.5). The resulting equation can be used to calculate stress (𝜏 ). To 

perform this calculation, we utilized Newton iterations. The estimated stress (𝜏 ) is then 

substituted back into Eq. (3.6) to obtain the strain rate distributions for the two domains. Both 

stress and strain rate distributions are then be substituted into Eq. (3.3) to solve for the next 

temperature update. The temperature distribution is solved via the forward-Euler method using 

Dirichlet boundary conditions at the top (fixed temperature at 0 ºC) and Neumann boundary 

conditions (heat flux is prescribed) at the bottom. The bottom heat flux is constrained by our 

initial temperature distribution that assumes that the temperature distribution in each domain 

follows a half-space cooling model with different “thermal ages” (𝜗; 2 Myr at the top and 25 

Myr at the bottom). The half-space cooling is given by (e.g. Stüwe, 2007): 

𝑇(°𝐶) = 1200 · 𝑒𝑟𝑓
𝑧

2√𝜅𝜗
(Chapter 3: . 7) 

where 𝑧 is the original depth before the duplication and 𝜅 = 𝜆/(𝜌𝐶 ) is the thermal diffusivity. 

The temperature profile that results after an instantaneous duplication has been criticised as 

being unphysical (Burg and Moulas 2022, p. 9). This is because it requires initially infinitely 

fast velocities (to achieve instantaneous duplication) and, at the same time, it neglects shear 

heating (that is proportional to shearing velocity). For this reason, we calculated the duplicated 

temperature distribution by assuming an initial temperature diffusion for a period of 1,000 

years. 

To be able to compare our results with the cooling-rate data, we considered that the 

shearing operates only for a given amount of time, after which the temperature just diffuses. In 

our case, we consider that the shearing lasted for 1.4 Myr. Overall, the temperatures calculated 

by the model were calculated until 4.4 Myr. 
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3.3 Results 

We have performed several simulations to see the effects of boundary velocities and 

boundary conditions. However, we have chosen a specific model as our reference to provide a 

detailed description. The reference-model results are given in Figures 3.3-3.5. 

3.3.1 Temperature of the shear zone 

Our results show that, with the initiation of shearing, there is a region at about 8 km depth 

where temperature initially grows with time (Figure 3.3 a). This temperature growth is 

attributed to the increased dissipative heating within the upper plate. The zone of increased 

dissipative heating is the zone of fastest deformation (Figure 3.3 d), which generally does not 

stay fixed in space. As time progresses, the main zone of heat production moves towards the 

lower plate. This can be deduced by the fact that the temperature and the strain rate peaks are 

now below the lithological boundary (Figure 3.3 b,e). Since we considered that shearing lasts 

for only 1.4 Myr, there is no heat production beyond this point. Thus, the temperature 

distribution relaxes following a purely conductive behaviour (Figure 3.3 c). This is also shown 

by the fact that the strain rate after 1.4 Myr is zero (Figure 3.3 f). The maximum temperature 

(𝑇 ) experienced by the rocks in the whole modelled history is shown with a blue, solid line 

in Figure 3.3 c. The results show that the rocks in the vicinity of the lithological boundary 

experienced temperatures in the order of 800°C. More specifically, the maximum temperature 

in the reference model was about 783°C. We note that the 𝑇  distribution does not correspond 

to the temperature of a particular time instance. 



68  3.3  Results 
 

3.3.2 Shear zone migration with time 

The migration of the temperature maximum with time shown in Figure 3.3 is attributed 

to the migration of the main shear zone as time progresses (Figure 3.4). The reason for this 

migration is the heat conduction from the, initially hotter, upper plate towards the lower plate. 

To be more specific, as the upper plate cools and the lower plate heats up simultaneously, this 

Figure 3.3 Temperature (𝑇) evolution (a,b,c) and strain rate (𝜀̇ ) distribution (d,e,f) with time. 
The horizontal, black dashed line indicates the position of the lithological boundary. (a) 
Temperature distribution 0.3 Myr after the shearing initiation, (b) at the end of shearing (1.4 
Myr), (c) at a time of 4.3 Myr. The initial temperature distribution is given with a green dashed 
line. The maximum temperature (𝑇 ) recorded by every point of the whole profile is shown 
using a blue solid line. (d) Strain rate distribution at the onset of shearing (0.3 Myr), (e) at 1.4 
Myr, (f) at 4.3 Myr. 



3.3  Results  69 
  
 
process gradually decreases the lower plate's effective viscosity. This viscosity reduction is 

responsible for the localization of the shear zone at different depths. The distribution of the 

finite shear strain after 0.3, 0.7 and 1.4 Myr shows that the shear zone developed first in the 

upper plate and finally migrated in the lower plate (Figure 3.4). In fact, the migration of the 

active shear zone occurs in a progressive manner as it is shown in Figure 3.5 a. Such migration 

of the shear zone would be responsible for the accretion of the upper part of the oceanic upper 

plate at the base of the former upper plate. 

3.3.3 Cooling-rate constraints 

One extraordinary feature from the metamorphic-sole rocks of Oman is the very high 

cooling rates inferred for the metamorphic minerals (Hacker et al. 1996, p. 1242). This shape 

of cooling path is characteristic for the rapid cooling of shear-zone rocks after a given time 

(Burg and Moulas 2022, p. 11). For this reason, we have considered that the shearing occurs 

only for a finite period of time. As it was mentioned earlier, the shearing in the reference model 

occurred only for a period of 1.4 Myr. The temperature evolution of rocks found in the vicinity 

of the initial lithological boundary is shown in Figure 3.5 b. Our thermal-history results (solid 

lines; Figure 3.5 b) show an exceptionally good fit when compared to the thermal histories 

Figure 3.4 Finite shear strain evolution as a function of time after the shearing initiation. Shear 
strain has been calculated as the time integral of the shear strain rate (∫ 𝜀̇ 𝑑𝑡). The horizontal, 
black dashed line indicates the position of the lithological boundary. (a) Finite shear strain at 
0.3 Myr, (b) at 0.7 Myr, (c) at 1.4 Myr (end of shearing). 
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(dashed black line; Figure 3.5 b) inferred using thermochronology data (Hacker et al. 1996, p. 

1242). These results also show that the highest cooling rates are expected immediately after the 

cessation of shearing. 

3.3.4 Systematic investigations 

Since the maximum temperature is always found in the region close to the lithological 

boundary (e.g. Figure 3.3 c), we have performed systematic investigations to get more insights 

on the thermal evolution of the rocks in that region. In these investigations, the shearing 

duration is assumed to be fixed at 1.4 Myr and we report the average temperature within 10 m 

Figure 3.5 (a) Depth of the active shear zone with time. The depth of the shear zone is taken as 
the maximum of the strain rate (𝜀̇ ) distribution at each time. The horizontal, dashed line 
indicates the position of the lithological boundary. (b) Temperature history of markers in the 
vicinity of the lithological boundary. The cooling history that has been inferred by Hacker et 
al. (1996) is shown using a dashed black line. 
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from the lithological boundary (above and below). Our results show that there is a strong 

dependence of the maximum temperature on the initial age of the ocean, especially for oceanic 

lithosphere that is younger than 2 Myr (Figure 3.6 a). This is probably because the ocean is still 

too hot to localize deformation and most of the heating of the lower plate is done via conduction 

from the upper domain. Beyond the age of 2 Myr, our results show that the age of the ocean is 

not an important parameter regarding the maximum temperature of the shear-zone rocks (Figure 

3.6 a). In contrast, the shearing velocity plays the most dominant role in the rising of the 

maximum temperature (Figure 3.6 a). It is noted that only 2.5 cm/yr shearing velocity is 

sufficient to bring the temperature above 700°C (Figure 3.6 a). For the reference model, the 

maximum temperature is around 783°C (red star; Figure 3.6 a). Increasing the shearing velocity 

beyond this level does not bring a dramatic increase on the maximum temperature value. 

The relatively simple dependence of the maximum temperature on the shearing velocity 

allows us to deduce a simple relation from our results. By using bilinear-least squares fitting, 

the maximum temperature (𝑇) data shown in Figure 3.5 a can be described by the following 

simple relation: 

Figure 3.6 (a) Maximum temperature at the vicinity of the lithological boundary (±10 m) as a 
function of the age of the ocean (in Myr) and of the shearing velocity (in cm/yr). The red star 
indicates the parameters of the reference model (Figures 3.3-3.5). The value in parentheses 
indicate the maximum temperature value of the reference run. (b) Temperature difference from 
a purely thermal model as a function of the same parameters as in (a). The reference run is 
indicated by a red star and the value in the brackets indicates the temperature difference from 
the purely thermal model. 
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𝑇[°C] = −2.0104 ∙ 𝐴 [Myr] + 189.9315 ∙ 𝑙𝑜𝑔 (𝛥𝑉[cm ∙ yr ])

+ 924.6811 

(Chapter 3:.8) 

where 𝐴  is the age of the ocean in Myr and 𝛥𝑉 is the velocity of shearing in cm/yr. This simple 

formula applies for velocities larger than or equal to 1.5 cm/yr and for ocean ages older than 2 

Myr. Equation 3.8 can reproduce the data of Figure 3.6 a within 19 °C (maximum error). The 

mean absolute error of Eq. (3.8) is only 3.6 °C. 

Finally, to see the effect of shear heating on the thermal model, we have also plotted the 

difference between the maximum temperature obtained using a thermo-mechanical model and 

the maximum temperature of a pure thermal (i.e. conductive) model (Figure 3.6 b). All other 

parameters (initial conditions, thermal parameters) remain the same as in the reference model. 

The results show that for our reference conditions, a purely thermal model predicts about 335 

°C lower peak metamorphic temperatures, which is much lower than what is observed in the 

metamorphic sole of the Oman ophiolite. compared to the pure thermal model with the same 

parameters (Figure 3.6 b). 

3.4 Discussion 

For many years, researchers have considered shear (viscous or frictional) heating as a 

mechanism for generating the necessary temperature conditions required for the metamorphism 

of ophiolite soles (Woodcock and Robertson 1977). One of the challenges for this 

interpretation, however, is that most of the ophiolite soles are almost contemporaneous with the 

crustal sequence of the ophiolites above them. This relationship has been interpreted to reflect 

the fact that the oceanic lithosphere must be young (and hot) to be able to be obducted on the 

continent (Spray 1984; Wakabayashi and Dilek 2003b; Parlak et al. 2019). Recent 

thermomechanical models support that it is possible to obduct a hot and young oceanic 

lithosphere on the continental margin (Duretz et al. 2016b; Ibragimov and Moulas 2023). 

Therefore, the heat conducted from the young oceanic plate can be sufficient to explain the 

high-temperature metamorphic aureole beneath the ophiolite (England and Molnar 1993). One 

of the problems of the previous interpretation is related to the fact that the obducted oceanic 

lithosphere must be hot at the time that it is positioned on top of the crustal sequence. This 

requires that the tectonic movements are fast, and since shear heating scales proportional to the 

shearing velocity, shear heating cannot be excluded in modelling this process (Duprat-Oualid 

et al. 2015). Thus, models that include shear heating are needed to quantify the heating from 
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the overriding plate towards the footwall during obduction. Then, for each case, the importance 

of shear heating would be a model result and not an a-priori assumption. 

One of the main assumptions in our work is the incorporation of a strong, crustal rheology 

(Rybacki and Dresen 2004). We have modified the high-stress limit of this rheology by 

employing a hyperbolic-sine flow law that approximates exponential creep at high stresses 

(Tsenn and Carter 1987; Renshaw and Schulson 2017). This modification is needed to maintain 

reasonable levels of stress that would not grow beyond the strength of the material for the given 

shear velocities. It is possible however that the material of the hanging wall had a relatively 

softer rheology that would not allow the localization of deformation due to thermal softening. 

In such a case, the peak temperatures obtained would be significantly lower (Kiss et al. 2019). 

When using a strong crustal rheology, as in our case, our models (Figure 3.6 a) revealed 

that velocities larger than 2 cm/yr are sufficient to generate metamorphic conditions that are in 

agreement with the values and the apparent metamorphic gradients reported in Oman and in 

other ophiolites in general (e.g. El-Shazly and Coleman, 1990; Jamieson, 1980). In fact, if shear 

heating was not considered, then the maximum temperature in the same region would be 

approximately 335 °C lower (Figure 3.6 b), and therefore it would not fit geological data. The 

fact that both the peak temperatures and the cooling rates are in agreement with the published 

data (Figure 3.5 b) suggests that our choice of conditions and parameters is realistic for the case 

of Oman ophiolite. 

The fact that shear heating is important in our models, does not exclude the fact that heat 

is conducted from the hot, overriding plate towards the relatively cold footwall. This is, in fact, 

the reason for the migration of the active shear zone at depths lower within the footwall (Figure 

3.5 a). As a result of the shear zone migration, the hanging wall incorporates parts that were 

original at the uppermost levels of the initial footwall (crustal domain). Therefore, we suggest 

that the combination of shear heating and heat conduction of a hot upper plate are responsible 

for: i) the high-temperature metamorphic conditions, ii) the apparent metamorphic inversion 

observed along the section, iii) the large cooling rates inferred in those rocks, and iv) the 

occurrence of the metamorphic sole below the mantle sequence.  

3.5 Conclusions 

In this study, we introduced new thermomechanical models that are pertinent to the study 

of ophiolite obduction. These models calculate stress, strain rate, and temperature distributions 

within a rock segment subjected to simple shear, consisting of two distinct lithologies. Our 
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findings indicate that integrating shear heating in a self-consistent manner yields maximum 

temperature and cooling-rate predictions that align with natural data. Focusing on Oman as an 

example, our analysis supports the notion that the high cooling rates deduced from 

thermochronological data are compatible with the fast cooling following the end of 

deformation. Additionally, our results demonstrate that thermal softening in the footwall during 

obduction triggers the shift of the primary shear zone into the footwall material. This shift 

ultimately leads to the incorporation of the metamorphic-sole rocks at the base of the ophiolite. 
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Chapter 4 

Geochronological constraints for ophiolite 

obduction 

4.1 Introduction 

Ophiolites are rock complexes that are originally formed in oceanic environments 

(Condie and Stern, 2023; Dilek and Furnes, 2014). More specifically, ophiolites that are 

currently found on continental regions are thought to represent unique evidence of orogenic 

processes such as subduction and collision (Dewey, 1976; Moores, 1982). Ideally, ophiolite 

complexes are composed by (from top to bottom): i) oceanic sediments, ii) mafic dykes and 

lavas, iii) crustal cumulates, and iv) peridotites, all of which are found tectonically emplaced 

upon lithologies of continental affinities (Anonymous, 1972). Of course this ideal 

pseudostratigraphy of ophiolites is not always found as expected, and different localities can 

present various characteristics (Rassios and Dilek, 2009). Despite such differences, it is clear 

that understanding the processes of ophiolite emplacement or “obduction” (Dewey, 1976; 

Moores, 1982; Wakabayashi and Dilek, 2003) can provide us with unique information 

regarding planetary scale processes such as orogenesis. 

A fundamental difficulty in investigating ophiolite rocks is the fact that, due to their 

density, and negative buoyancy, rocks of the oceanic lithosphere are commonly expected to 

subduct and disappear in subduction zones (Cloos, 1993). In fact, the subduction process is 

expected to eliminate most of the surface evidence for the former presence of ophiolites in the 

geological record (Dewey, 1976). Thus, the study of the scarce ophiolite rocks and their 

associations is critical for the understanding of emplacement processes. 

For the past decades many researchers have focused on the structural relationships, the 

petrologic characteristics and the age relationships of ophiolite complexes (Wakabayashi and 

Dilek, 2003). Such data can be used to deduce the geological histories of rock and regions given 

their final state. An important constrain in many geodynamic studies is the thermal history of 
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rocks. The thermal history of metamorphic rocks associated to ophiolites provides important 

information about time relationships and the related metamorphic processes.  

The importance of thermal history is important for several reasons. Temperature is a 

crucial parameter on rock rheology (Brace and Kohlstedt, 1980; Tsenn and Carter, 1987) and 

therefore, understanding the temperature distribution and evolution is crucial for the mechanical 

evolution of rocks. Additionally, temperature is a critical factor in diffusion of chemical species 

in minerals since it depends on the absolute temperature (T) on non-linear (Arrhenius) manner. 

A typical temperature dependence of diffusivity is given by the following form 

𝐷 = 𝐷0𝑒𝑥𝑝 −
𝑄

𝑅𝑇
(Chapter 4: . 1) 

where D is the diffusivity of a chemical species in m2/sec, D0 is the pre-exponent factor (also 

in m2/sec), Q is the activation energy (in J/mol), and R is the universal gas constant (in J/K/mol). 

Equation Chapter 4:.1 indicates that with increased temperature, diffusivity is increasing 

dramatically. 

An important consequence of the diffusivity increase with temperature is the apparent age 

reset of some geochronological systems. This is because some isotopes such as 40K produce 

isotopes of noble gases (such as 40Ar) that are difficult to be retained in the mineral lattice. This 

is because during the accumulation of radiogenic 40Ar, concentration gradients develop that can 

drive solid-state diffusion (McDougall and Harrison, 1999). As a result, radiogenic 40Ar can 

reach the outer surface of a mineral and be released to the environment. The consequence of 

the previous process is that any geochronology method that is based on the 40K -40Ar decay 

(such as the Ar-Ar method) will yield different apparent ages depending on the thermal history 

of the rocks (Lister and Baldwin, 1996; McDougall and Harrison, 1999; Wheeler, 1996). This 

fact was recognised by Dodson in the 1970s who developed on the concept of closure 

temperature, i.e. a temperature below which, diffusion is negligible and minerals retain all the 

accumulated radiogenic isotope (Dodson, 1973). 

The sensitivity of apparent age to the thermal history of rocks has been for long a matter 

of detailed investigation (Braun et al., 2006; Reiners and Brandon, 2006). In these early studies, 

the thermal evolution of rocks was modelled using thermo-kinematic models and the resulting 

apparent ages were calculated for various geochronology systems (Batt et al., 2001; Batt and 

Brandon, 2002). However, most such studies focused in simplified scenarios where the 

temperature and the velocity field were assumed to be in steady state and therefore, such model 

prediction cannot be generalized to cases where the steady-state assumption is not valid. 
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The aim of this work is to study the distribution of apparent isotopic ages in an evolving 

orogen. We focus on an orogen that is characterised by the obduction of a small, and young 

oceanic crust on the continental margin. We utilize the geodynamic models performed in 

Chapter 2 and we calculate the apparent 40Ar-39Ar ages for different crustal minerals. Our 

results show that erosion leads to the formation of specific patterns of apparent mineral age at 

the surface of the orogen. In particular, our results show regions where the apparent age of rocks 

becomes younger. These regions are within and around domains of large plastic strain. This is 

explained because it is in those regions that we have the juxtaposition of rocks with various 

thermal histories. Furthermore, we have also investigated the influence of different grain sizes 

used to calculate the apparent 40Ar-39Ar age. Smaller grain sizes tend to provide younger 

apparent ages, however the age trends observed are very similar. 

4.2 Methods 

As a reference geodynamic model, we used the model with erosion and reduced 

convergence shown in Chapter 2 (Figure 2.8 e-h). More specifically, it is a model where the 

convergence rate slows down to 1 cm/year after 5 myrs and also has a prescribed erosion rate 

(0.1 cm/year) at the surface. A detail of the initial configuration of this model is shown in Figure 

Figure 4.1 Detail of the initial configuration of geodynamic model used in this study. The 
dotted symbols in green, blue and red colours indicate the location of the 305 markers for 
which the thermal evolution is monitored. An initial age of the different markers is assumed at 
the beginning of the model. The initial age is shown in the inlet above. For the purpose of this 
study, muscovite was chosen to represent the minerals in the continental crust, while amphibole 
was selected for the oceanic crust. 
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4.1. In this model, we have chosen a set of representative markers (passive tracers) to track their 

thermal evolution closely. 

Each passive marker follows a particular point in the lithosphere and records the history 

of pressure and temperature of that point throughout the model run. The markers were selected 

based on their surface exposure at the end of the model run (after 10 Myr). The end of the model 

run is shown in Figure 4.2. Apart from the final distribution of rocks, and the temperature 

distribution, one can see the distribution of apparent radiogenic age at the surface of the 

orogenic region (inlet on top of figure). 

 

The apparent 40Ar-39Ar ages were calculated using the routines of KADMOS (Moulas 

and Brandon 2022b). The resulting 40Ar-39Ar ages are calculated based on the amount of the 
40Ar produced during the decay of 40K. KADMOS is a MATLAB/Octave-based software that 

is used to calculate the apparent 40Ar-39Ar ages of minerals based on their temperature history. 

It uses the finite element method (FEM) to solve the following equation in 1 dimension (in 

planar, cylindrical or spherical coordinates): 

𝜕
𝜕𝑡

𝐴𝑟
𝐾0

= 𝐷∇2 𝐴𝑟
𝐾0

+ 𝜆𝐴𝑟𝑒−𝜆𝑇𝑡 (Chapter 4: . 2) 

Figure 4.2 Detail of the final configuration of geodynamic model used in this study. The dotted 
symbols in green, blue and red colours indicate the location of the 305 markers for which the 
thermal evolution is monitored (same points as in Figure 4.1). For the purpose of this study, 
muscovite was chosen to represent the minerals in the continental crust, while amphibole was 
selected for the oceanic crust. The inlet above shows the apparent Ar-Ar ages at the surface of 
the model domain. 
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where Ar is the amount of 40Ar, K0 is the initial amount of 40K in the mineral (assumed 

homogeneous),  λAr is the decay constant of 40K to 40Ar (0.581·10-10 yrs) and λT is the total 

decay constant of 40K to 40Ar and 40Ca (5.543·10-10 yrs). The decay parameters come from 

McDougall and Harrison, (1999). To perform calculations with KADMOS, one needs to specify 

the geometry of the crystal domain (planar, cylindrical or spherical), the mineral system 

(muscovite, biotite, K-feldspar or amphibole) and the thermal history. In our case, we consider 

the  40Ar diffusion values from Grove and Harrison, (1996), Harrison, (1982), and Harrison et 

al., (2009). In addition, we consider spherical crystal geometries and a grain size of 100 

microns. 

In order to have a more realistic age distribution, we considered that, initially, the apparent 

ages of the different rock units were not identical (Figure 4.1). This is justified because the 

rocks of the oceanic crust are not expected to form simultaneously, and younger rocks are 

expected to be present near the mid-ocean ridges. Thus, the initial age of rocks increases as a 

function of distance from the centre of the mid-ocean ridge (Figure 4.2). We choose one of our 

previous models to be the reference model for this study. The rest of the material parameters 

and boundary conditions are identical to the model shown in Figure 2.8 of Chapter 2 (Ibragimov 

and Moulas, 2023). 

4.3 Results 

Figure 4.1 shows the initial structure of the lithosphere at the onset of convergence. It is 

important to note the initial age distribution in the inlet of Figure 4.1. The markers which are 

closest to the mid-ocean ridge of the oceanic crust have an initial apparent age of 0 Myrs and 

those furthest from the ridge point have an initial apparent age of 0.48 Myrs. Figure 4.2 shows 

the distribution of markers and their apparent ages (inset) at the end of the simulation. It can be 

seen that markers initially located deep in the lower continental crust (blue) and oceanic crust 

(leftmost red dots) in Figure 4.1 have been brought to the surface by uplift and erosion during 

ophiolite obduction. The inlet of Figure 4.2 shows the apparent age distribution for the rocks 

that reached the surface after 10 Myr. It is clear from this figure that the age distribution is not 

homogeneous and there are observable differences in the apparent ages of the surface rocks.  
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The comparison of the relative positions of the markers in Figure 4.1 and Figure 4.2 shows 

the extent of deformation and erosion that this zone has undergone. In particular, the markers 

in the middle-to-lower continental crust were initially located at a depth of 14 km and surfaced 

in less than 10 Myrs. It is evident from comparing the previous figures that this model's 

evolution does not lead to a steady-state distribution of velocities or temperatures within the 

specified time frame. However, this model shows the emplacement and further exhumation of 

the ophiolite complex in a double-vergent zone, similar to the ones described in Chapter 2. 

More specifically, the ophiolite is bounded by two high-strain shear zones (Figure 4.3) where 

plastic deformation is increased. By being bounded by the two conjugate shear zones, the 

obducted block is uplifted and exhumed even though the whole system undergoes continuous 

convergence. This process results in the formation of a new subduction zone in place of the 

initial retro shear zone. The accretionary process causes the left part of the obducting block to 

move upwards and to the right in the model domain, resulting in significant erosion on the left 

side of the ophiolite complex. In contrast, the right-side of the ophiolite complex experiences 

less intense uplift and erosion. 

Figure 4.3 Plastic deformation for the region shown in Figure 4.2. The inlet shows the 
distribution of the apparent ages at the surface of the model. 
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Apart from the exhumed modelled ophiolite complex shown in Figure 4.1 – 4.3, what is 

important to note is the distribution of the apparent ages. These ages are shown in detail Figure 

4.4. As a reference, we used muscovite and amphibole crystals of 100µm in diameter. The 

markers that were initially in the lower crust (blue points) at the left of the model domain and 

the adjacent parts of the oceanic crust (red points) exhibit a significantly younger apparent age 

than all other points. This is because these points have experience higher-temperature 

conditions. The initially deeper initial location of these rocks is consistent with the higher 

temperatures experienced during the geodynamic evolution. This resulted in the constant 

resetting of their K-Ar 'clocks' at the initial stages of their evolution. Consequently, their 

apparent age is 5-6 million years younger (Figure 4.4) than what it should have been if the K-

Ar system was undisturbed by diffusion. 

The markers for oceanic crust (red) exhibit a pattern in which the middle cluster of points 

is distributed along a line that is very similar in slope to the initial age distribution (Figure 4.4). 

The same pattern can be observed for most of the upper-crustal rocks (green). During the 

emplacement of the modelled ophiolite, these parts remained at the surface and did not undergo 

P-T conditions where diffusion would be significant to affect their K-Ar dates. The rightmost 

part of the oceanic crust, located near the ridge axis, experienced rejuvenation due to exposure 

to high temperatures, which reset its thermochronological clock.  

Markers shown as stars have been selected to show their P-T evolution in Figure 4.5. The 

numbers next to each graph correspond to their apparent age at the final time step in millions 

Figure 4.4 Apparent ages of markers that reached the surface in our geodynamic model (Figure 
4.1 – 4.3). Two different minerals have been used to represent the two different crustal 
compositional groups, muscovite (for continental rocks) and amphibole (for oceanic rocks). 
The stars indicate specific markers for which, the P-T evolution is given in Figure 4.5. 
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of years. The lines with ages of 5.8 Myrs and 4.3 Myrs are nearly identical despite having 

different ages. This fact will be explained in the discussion section. The graphs for all points 

show a steady decline in temperature, indicating that all markers eventually ended up at the 

surface. However, the blue marker with an age of 5.7 Myrs experienced a large pressure build-

up before a rapid decline at some point. This observation can also be applied to markers with 

ages of 5.8 Myrs and 4.3 Myrs. The marker point with an age of 8.1 Myrs experienced lower 

values of pressure and temperature, consistent with its old apparent age (Figure 4.5). 

Apart from the muscovite and amphibole with a fixed grain size, we also considered the 

investigation of various grain sizes for minerals that can be found in association with both 

continental and oceanic crustal rocks. Figure 4.6 presents the results of a systematic 

investigation of the effect of different grain sizes and minerals on the apparent ages of rocks 

with the same P-T history as the markers exposed at the surface (Figure 4.1 – 4.3). The general 

observation is that there is no age discontinuity between the lower continental crust (blue) and 

the oceanic crust as in Figure 4.4, since in this figure all points in each column have the same 

diffusion properties. However, the distribution of the apparent ages still shows younger 

apparent ages near the regions of high plastic strain (Figure 4.3). In general larger grain size 

results in older apparent ages. For instance, in the first column of a model with a grain size of 

Figure 4.5 .P-T evolution of selected markers that reached the surface. The different colours 
indicate the extend  of the different metamorphic facies (see Chapter 2  Figure 2.10 for details) 
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25 micrometers, the youngest rocks on the rightmost part of the oceanic crust indicate an age 

of 4.96 million years. However, the same rocks with a grain size of 100 micrometers will give 

an apparent age of 5.48 million years (Figure 4.6). 

As expected, a more pronounced difference in apparent age was observed in this 

investigation when different minerals were used. In figure 6, the first column used diffusion 

constants corresponding to measurements made for hornblende (Harrison, 1982), while the 

second column assumed diffusion coefficients of biotite (Grove and Harrison, 1996). It is worth 

noting that diffusion calculations involving biotite will result in much younger rock ages. For 

instance, taking the youngest rock for hornblende with a grain size of 25 micrometers gives an 

age of only 5.24 million years (Figure 4.6). However, for the same grain size but for biotite, the 

age is only 3.14 million years (Figure 4.6). Additionally, the 'flat' part of the oceanic crust has 

fewer data points, and more markers have experienced some reset in their apparent ages (Figure 

4.6). 

Figure 4.6 Apparent age distribution for the surface markers assuming different grainsizes and 
different minerals. The different markers are identical to those shown in Figure 4.1 – 4.4. 
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4.4 Discussion 

Our results show that it is possible to combine different kinds of forward models 

(geodynamic and thermochronology models) in an attempt to consider test geodynamic 

scenarios and their consequences in the rock record. The aim of this work was to study the 

geochronological constraints of ophiolite rocks. We utilised markers from a geodynamical 

model of ophiolite obduction to track the evolution of the rocks' P-T path, which can be 

observed on the surface at the end of the simulation. The results indicate that uneven erosion 

exposes at the surface rocks that have a range of apparent ages (Figure 4.2– 4.4). However, the 

uneven distribution of erosion is caused by a combination of uneven vertical and lateral 

movements. Our study confirmed the findings of previous authors who supported that lateral 

movements is as important as vertical movements, such as uplift and erosion, when studying 

geochronological constraints in orogenic systems (Batt et al., 2001; Batt and Brandon, 2002). 

Lateral movements provide a kinematic context for the thermal evolution of rocks by generating 

more complex P-T paths and accounting for high pressures in the shallow parts of the 

lithosphere. 

In general, and consistently with previous thermo-kinematic studies, rocks that 

experience deeper (and hotter) conditions for longer times yield younger apparent ages (Batt et 

Figure 4.7 Trajectories for selected exhumed markers. Note that the markers with the youngest 
apparent ages are the ones that experienced higher temperature conditions at deeper levels of 
the crust. 
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al., 2001). However, in our case the velocity field was constantly updated using a thermo-

mechanic model. Figure 4.7 shows the movement trajectory of selected markers. Although the 

front part of the modelled ophiolite complex did not experience significant vertical movement, 

the left side of the complex travelled a longer path, resembling the underplating in the 

accretionary wedge described in Batt et al. (2001). In general, the obducted ophiolite block has 

undergone a rotating movement during its emplacement. This would not have been possible if 

only vertical movement was considered. This also supports the idea that the obducted ophiolites 

in this scenario were formed as one continuous tectonic event. Matching modeled apparent ages 

with ages measured in a laboratory in the same area can constrain the convergence velocity and 

erosion rates of the region. The comparison of geodynamic models with measurable quantities 

offers unique advantages in the constraining of the ill-posed models of geodynamic evolution. 

The complex trajectory shown in Figure 4.7 is a result of movement along two conjugate 

shear zones that alternate during the obduction process. According to Batt et al. (2001), retro-

shear zones are often observed as low-seismic zones in orogenic systems. These zones may be 

influenced by local heat sources, such as shear heating, which was explored in Chapter 3. In 

such areas, the increased dissipative heating will contribute to the reset of isotopic ages in the 

vicinity of the shear zone. However, the range of influence of the age-reset is expected to be 

much wider than the width of the plastic zone (Kiss et al., 2019; Schmalholz and Duretz, 2015). 

In any case, our results clearly show gradients in the apparent age of exhumed rocks in the 

vicinity of high-strain zones (Figures 4.2– 4.4). In this case, our younger ages observed in 

(Figures 4.2– 4.4 may not be strongly influence by dissipative heating, however, it is along 

these shear zones where the deepest parts of the orogen exhume. Thus, it is very important to 

be able to see the resulting apparent-age gradients at the end of orogenesis.  

Our systematic investigation has shown that it is crucial to select diffusion parameters 

that closely match the characteristics of the rock, even when fixed kinematic constraints are in 

place. Our cases have demonstrated that changes in the diffusion properties of different rocks 

have a greater influence on the change of apparent age than variations in grain size. However, 

further investigation may be necessary to expand the range of grain sizes studied. 

Finally, it is interesting to note that our method shows, to our knowledge, for the first time 

the coupling of fully-consistent geodynamic codes with model results from isotope 

thermochronology. This method can be easily implemented in any geodynamic model that 

considers the P-T and time evolution of exhumed markers. In this way, it will be possible to 

come up with geodynamic scenarios that will have testable consequences. 
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Chapter 5 

Summary & Conclusion 

5.1 Summary 

The main results of this thesis are summarized in this chapter. The main goals of this 

thesis were to understand the crucial factors that were involved in the obduction of small 

oceanic basins atop continental regions. This was largely investigated in chapter 2. In chapter 

3 a high-resolution 1-d mathematical model was developed for the physical conditions, 

particularly temperature, that prevail in the main thrust zone during ophiolite obduction. 

Finally, chapter 4 links the dynamics of ophiolite obduction to the apparent 40K-40Ar (and 40Ar-
39Ar) ages obtained in orogenic regions. More detailed summaries of each chapter are provided 

below. 

Chapter 2: The role of continental-margin architecture on models of ophiolite 

emplacement. 

Chapter 2 covers the process of ophiolite emplacement resulting from compressional 

movement during the closing Neotethys ocean after the initiation of intra-oceanic subduction. 

The location at the hinge suggests that the ocean basin would be relatively small, and transform 

faulting may occur due to the oblique relative closing movement to the spreading axis. 

A 2-D numerical thermomechanical model is employed to demonstrate the obduction of 

ophiolites under continuous compression of a relatively small ocean basin between two 

continental margins. The model includes realistic buoyancy forces as the density field is 

dependent on the phase equilibrium diagram. The systematic investigation confirmed that 

ophiolites from small oceanic basins must be young and hot to be overthrust onto the continental 

margin while adhering to other constraints, such as convergence velocity. Additionally, for the 

obduction process to initiate correctly, it is necessary to consider the asymmetric structure of 

the oceanic plate in the position of the initial breaking. This corresponds to the existence of 

transform faults near the mid-ocean ridge, as it was already suggested by previous studies. The 

analysis of P-T paths for the markers associated with metamorphic rocks indicates that they 
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reached amphibolite facies conditions during obduction. These conditions can be correlated 

with those observed in some natural ophiolites, such as the Pindos and Mirdita ophiolites. 

Chapter 3: A thermo-mechanical model of the thermal evolution and incorporation of the 

metamorphic sole in the Oman ophiolite. 

In Chapter 3, we utilized a 1-D thermomechanical model to investigate shear heating 

during the emplacement of a young and hot oceanic plate over relatively colder oceanic crustal 

rock, which is expected during the ophiolite obduction process described in Chapter 2. The 

initial temperature distribution is characterized by a specific sawtooth shape, as the 

overthrusting oceanic plate remains hot during the initial stages of stacking. The initial point 

for the shear zone is naturally the point with the highest temperature at the bottom of the upper 

plate. This is related to the lower viscosity, and higher temperature, that this point has. With 

continuing heating of the footwall, the shear zone migrates to the upper part of the lower plate. 

This process can explain the migration of the thermally-softened zone and the incorporation of 

metamorphosed crustal rocks (metamorphic sole) into the ophiolitic complex. For this study, 

we chose a strong crustal rheology to achieve the apparent metamorphic gradients reported in 

Oman ophiolites while maintaining a relatively low convergence velocity as a constraint. The 

high-stress limit of this rheology has been modified using a hyperbolic-sine flow law that 

approximates exponential creep at high stresses. The cooling rates obtained in the model after 

the shearing phase for the first time correspond to the measured cooling rates in Oman. After 

interpretation of the systematic investigation, an analytical approximation revealed an almost 

linear relationship between the expected temperature in the shear zone and the convergence 

velocity. 

Chapter 4: Geochronological constraints of ophiolites. 

In chapter 4, we conducted thermochronological calculations for rocks that ended up on 

the surface of one of the 2-D models presented in chapter 2. For this study, we used a model 

that included erosion and variable convergence velocity. The velocity slowed down towards the 

end of the simulation as it is expected during continental collision/subduction. The variation of 

apparent ages on the surface is a result of uneven erosion, dictated by the complex trajectory 

during the emplacement process. The uneven erosion, combined with the differential 

exhumation due to localized plastic deformation, leads to the formation of apparent-isotopic-

age gradients in the exhumed rocks. Our results may not directly confirm the influence of 

dissipative heating, but we definitely observe that rocks from a deeper part of the lithosphere 

are carried up along shear zones. Since the rocks within such shear zones come from deeper 

crustal levels, their isotopic clocks are partially reset during their high-temperature stage. Our 
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systematic study demonstrated the influence of grain size and rock type on the apparent age 

estimate and showed that different rock selection can change the estimate by more than 1 Myrs. 

The methods presented in this chapter enable the integration of isotope geochronology findings 

with geodynamic codes that are fully consistent. This approach is suitable for validating 

geodynamic models as both methods typically focus on studying orogenic zones. 

5.2 Conclusion 

This work aims to address the challenges posed by the ophiolite emplacement process. 

We confirm the obduction mechanics proposed in previous works, which had not been validated 

with fully consistent numerical models before. Our suggestions on timescales, rates of 

obduction, mechanisms of incorporation of metamorphic sole, and cooling rates closely match 

observations in nature. By utilizing a variety of numerical methods, ranging from 2D 

thermomechanical models to geochronological age calculations, we have incorporated 

currently known information on ophiolites as constraints to provide a vision of the ophiolite 

emplacement process using all current knowledge and achievements in geology and 

computational geosciences. Although most of the data was validated for Tethyan-type 

ophiolites, it can still provide insight into ophiolite evolution. 
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