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Abstract 
The role of subduction zones in global geochemical dynamics is generally twofold: first, 

crustal materials are recycled back into the deep mantle, and second, new crust is produced in 

magmatic arcs above subduction zones.  

 

Geochemical measurements of trace element compositions of erupted magmas around the 

world lead to the discovery of contrasting interacting geochemical sources in the mantle 

wedge such as asthenospheric mantle, subducted MORB and sediments. Trace elements 

participating in crust formation serve as indicators of rock-forming mechanisms involved (e.g. 

hydration/dehydration processes, subducted crust melting, mantle wedge depletion, 

crystallization differentiation etc.). One recent approach of understanding complex interactions 

between different geochemical mechanisms operating in subduction zones consists in 

numerical geodynamic modeling. 

  

However, until now no coupled geochemical-thermo-mechanical 2D modeling approaches 

have been explored for this crucial geodynamic setting.  

 

Within this project we propose to develop such an approach on the basis of our original state-

of-the-art thermo-mechanical code I2ELVIS which already accounts for key rock-forming 

processes such as metamorphic phase transformations, subducted crust dehydration, aqueous 

fluid transport, mantle wedge melting, and melts extraction resulting in crustal growth.  

In frame of this project our numerical methodology will be further extended to include a 

tracing of isotopic signatures involved in geochemical partitioning and transport caused by (i) 

slab dehydration, (ii) aqueous fluid propagation, (iii) mantle wedge hydration, (iv) partial 

melting, and (v) melt extraction processes. We also propose to focus our numerical modeling 

on a limited number of contrasting elements coming from both mantle and crustal sources - Pb, 

Hf, Sr and Nd – for which large amount of natural data are available and geochemical 

processes involved in their evolution in subduction zones are sufficiently well understood. 

Isotopic systems characteristic for these four elements are well represented in the most 

analyzed data sets for both input (rocks subducted atop the slabs) and output (magmatic 

products of island arcs) rock-members of subduction zones.  
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Kurzfassung 
Für die globale geochemische Dynamik sind Subduktionszonen in zweierlei Hinsicht von 

grosser Bedeutung: Erstens wird die Erdkruste durch das Abtauchen in den Erdmantel 

geomechanisch und geochemisch umgewandelt und weiter verarbeitet und zweitens wird ein 

beträchtlicher Anteil dieser Kruste mittels verschiedener Prozesse immer wieder an die 

Erdoberfläche transportiert. Die neue magmatische Kruste oberhalb der subduzierten Erdkruste 

hat die spezifischen Eigenschaften der alten Kruste beibehalten. 

 

Geochemische Messungen von Spurenelementen und deren Zusammensetzung in 

magmatischen Gesteinen weisen weltweit darauf hin, dass es im Mantelkeil einer Subduktion zu 

kontrastierenden Interaktionen der geochemischen Quellen zwischen dem asthenosphärischen 

Mantel, der subduzierten ozeanischen Kruste (MORB) und den darauf liegenden Sedimenten 

kommen kann. Spurenelemente können Indikatoren der gesteinsbildenden Mechanismen sein (z. 

Bsp. Entwässerungsprozesse der abgetauchten Kruste im Mantelkeil und 

Kristallisationsprozesse usw.). In jüngster Zeit ist v.a. das geodynamische numerische 

Modellieren ein wichtiger Ansatz für ein besseres Verständnis dieser komplexen 

Wechselwirkungen geworden. Die Methode der geochemisch-thermo-mechanischen 2D-

Modellierung ermöglicht es, eine Verbindung zwischen den geophysikalischen Mechanismen 

und den geochemischen Prozessen in den unterschiedlichen Subduktionszonen herzustellen. Für 

die Erforschung der komplexen Prozesse im Erdmantel ist dieser Ansatz vielversprechend. 

 

In diesem Projekt schlagen wir nun vor, unsere Überlegungen mit einem solchen Ansatz 

umzusetzen. Auf der Basis unseres ursprünglichen thermo-mechanischen Codes I2ELVIS, der 

bereits für die wichtigsten gesteinsbildenden Prozesse entwickelt worden ist (z. Bsp. 

metamorphe Phasenumwandlungen, Entwässerung der subduzierten Kruste, Transport wässriger 

Flüssigkeiten, Schmelzbildung und deren Wegtransport sowie für die Entwicklung von neuer 

Erdkruste), haben wir den Code für geochemische Prozesse erweitert.  

 

In Rahmen dieses Projektes soll unsere numerische Methodik weiter ausgebaut werden, um die 

Rückverfolgung von Isotopensignaturen in ihrer geochemischen Fraktionierung und ihrem 

Transport zu ermöglichen. Letztere sind verursacht von (i) der Entwässerung der abtauchenden 

Kruste, (ii) der Verbreitung der daraus entstehenden wässrigen Flüssigkeit, (iii) der 

Flüssigkeitszufuhr im Mantelkeil, (iv) sowie durch die dadurch bedingten Schmelzen und (v) 

dem Ableiten der Schmelzen.  

 

Wir schlagen vor, unsere numerische Modellierung auf eine begrenzte Anzahl von 

kontrastierenden Elementen aus dem Erdmantel und aus der Erdkruste zu konzentrieren. Daten 
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für Pb, Hf, Sr und Nd sind aus der Literatur gut verfügbar; ihre geochemischen Prozesse sind 

für die Entwicklung in Subduktionszonen äusserst wichtig. Die Isotopen-Systeme dieser vier 

Elemente sind für die verschiedenen ozeanischen Krusten sowie auch für die magmatischen 

Gesteine in den vulkanischen Inselbögen bestens bekannt. Da diese Isotopen ihre eigene 

hochspezifische Charakteristik haben, eignen sie sich in hohem Masse für eine solche Studie, 

insbesondere da ihr Fussabdruck vom Beginn des Eintauchens in den lithospherischen Mantel 

bis hin zum vulkanischen Output in Inselbogen gut erkennbar ist. 
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1.1 Plate tectonics and intra-oceanic subduction zones 
 

Plate tectonics is a fundamental theory of Earth Sciences, established in the 1960s and built 

on the theory of continental drift of Alfred Wegener (e.g., Dietz, 1961; Bullard et al., 1965). 

It explains essentially the dynamics of the Earth's crust and upper mantle. Wegener in 1911 

had recognized the links between South America and Africa by paleontological findings and 

he established the presumption that a large super-continent could be broken apart. Thus, the 

theory explained the observations that the same fossils and flora were found on different 

continents. It was superior to the older theory of land bridges, which could not explain the 

compliance of the coastal contours between the two continents. Further studies in 

geoscience have supported the theory of continental drift. However, Wegener’s theory 

would never be totally accepted and, after his death, it was forgotten for a long time. Only a 

few scientists, e.g. Milankovic supported his theory of continental drift, but it was 

reactivated in the sixties. 

 

The concept of plate tectonics has to be understood as a paradigm change in the 1960’s, that 

explains continental drift with the dynamics of the lithosphere, which is activated by the 

convection of the mantle. The self-organizing global convection system driven by the 

negative buoyancy of the upper thermal boundary layer moves the continental and oceanic 

plates. The consequences of these large-scale movements are collisions and tearing apart of 

such plates. The resulting geological phenomena of collisions are orogeny. This massive 

crustal material is pushed on top of each other, visible for example in the Himalayas, the 

Alps, or the Andes. Other consequences of plate movement is the fracturing of plates, e.g. 

the mid-ocean ridge, with a length of about 70,000 km tears the ocean floor and produces by 

volcanism (Iceland) new oceanic crust. Another example for extension is the East African 

rift, which is an example of initiation of tearing and drifting apart and may develop an ocean 

floor in the future. The opposite occurs in subduction zones, where oceanic crust becomes 

consumed. These regions are called ‘ring of fire’ (black lines with triangles in Fig. 1). 

Subduction zones are interfaces at which one plate sinks into the interior of the Earth. The 

two adjacent plates converge, and one, which is typically oceanic, descends beneath the 

Chapter 1 

Introduction 
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other, either oceanic or continental, plate. These processes trigger a new crust formed by 

volcanism above the subducting plate. The region under this volcanic island arc is a source 

of mantle-derived magma as well as magma derived by melting of the upper layers of the 

subducting oceanic crust. Each volcanic arc has a unique petrological and geochemical 

composition and is a large and important source of information about the history and 

dynamics of the Earth. Magmatic arcs produce three main rock types: andesite, tholeiitic 

basalt and boninite. Andesite can be considered as the extrusive equivalent to plutonic 

diorite and is the characteristic rock type in island arcs and typically formed at convergent 

plate margins. Hence the average composition of the continental crust is andesitic. 

Fractional crystallization, partial melting or magma mixing are the genesis of this extrusive 

igneous volcanic rock. The predominant minerals of andesites are plagioclase, pyroxene 

and/or hornblende. The andesitic bulk composition is enriched in incompatible trace 

elements, which are elements that prefer to go into fluid or melts, because of their unsuitable 

size and/or charge to the cationic sites of the minerals. Another volcanic rock is Boninite, a 

mafic extrusive rock with phenocrysts of pyroxenes and olivine in a crystallite-rich glassy 

matrix. It is considered to be a primitive andesite derived from melting of metasomatized 

mantle and occurs mostly in forearc region (that often occurs in island arc in the Pacific 

Ocean). Its characteristics are a high depletion of incompatible trace elements (HREE and 

Hf, Ta, Nb), which are not fluid mobile, a relatively high content in LREE, strontium and 

barium comparing to tholeiitic basalt, and a high magnesium content. Tholeiitic basalt 

crystalizes from a mafic magma, which is also high in Mg and Fe. Basaltic magma derived 

from partial melts of peridotite (olivine and pyroxene) are the most common volcanic rocks 

on Earth and most frequently occur in submarine volcanism and mid-ocean ridges, which is 

the origin of MORB. In contrast to MORB, tholeiitic basalt from subduction related arcs is 

particularly low in incompatible elements. 

 

The focus of my thesis is the global recycling system with the goal to gain further insights 

into the geodynamic and geochemical relationships between the incoming oceanic plate and 

the resulting magmatic arc. The knowledge of geochemical signatures in subduction zones 

leads to a better understanding of mantle wedge processes, where new continental crust is 

generated. 
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Fig.1 after CONDIE, 1976,  (http://www.geologie.ac.at/RockyAustria/ewiger_fels.htm) 
Mid ocean ridges (red lines), ‘ring of fire’: subduction zones (black lines with triangles), and continents 
with plate boundaries (dashed black lines). 

 
 

1.2 Different subduction regimes: extensional, compressional, 

stable 
 

Oceanic crust covers two thirds of the Earth’ surface and 40% of the subduction margins are 

intra-oceanic types, with a length of approximately 17’000 km (Leat and Larter, 2003). The 

global oceanic crust is subdivided into three main distinct layers. Its average thickness is about 7 

km (Withe et al. 1992; Stracke et al., 2003). The upper layer with a thickness of around 0.4 km 

consists of sediments, followed by basaltic crust (0.5 - 1.5km) and underlying layer with an 

almost 5 km thick gabbroic composition. The average density of the oceanic crust is much 

higher (about 3.0 g/cm3) (Withe et al. 1992; Stracke et al., 2003) than that of the continental 

crust (about 2.7 g/cm3). In addition, the average density of cold oceanic plates is higher than that 

of the hot asthenospheric mantle and even higher than the average density of continental plates, 

which are positively buoyant compared to the asthenosphere. If an oceanic plate collides with a 

continental plate, the high density of the oceanic plate enables it to sink below the continental 

pate. Intra-oceanic subduction regimes are defined if two oceanic plates collides e.g. Izu-Bonin-
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Mariana arc-back-arc system, the Pacific ocean plate subducts beneath the Philippine ocean 

plate (Straub, 2003). Intra-oceanic subduction systems show big variations in geodynamics and 

structures. The main geodynamic regimes of subduction are extensional (overriding plate is 

extended with time), compressional (overriding plate is shortened with time) and stable (an 

intermediate regime, in which overriding plate is neither significantly extended nor shortened). 

Further geodynamic distinctions are based on the trench behavior. It is evident that the trench 

migrates differently in different subduction regimes (e.g. Baitsch-Ghirardello et al., 2012; 

Straub, 2003) but most of the global present day intra-oceanic trenches move backward (Stern, 

2002; Stern, 2011). The Izu-Bonin- Mariana trench e.g. migrated recently, after a long time of 

retreating, in an advancing mode (Faccenna et al., 2009). Other examples of currently advancing 

subduction zones (trench migration in the direction of the subduction) are the intra-oceanic arc-

systems of the Aleutian, and Solomon (Leat and Larter, 2003). The intermediate mode is the 

stable trench behavior, which is a transition mode to change from retreating to advancing trench. 

Such episodes are observed e.g. in the Solomon Sea and Japan (Boutelier and Chemenda, 2011; 

Clark et al. 2008). 

  

 

1.3 Isotopes signatures and their fingerprints in magmatic 

arcs 
 

Both modern and ancient island arcs associated with subduction zones worldwide are the 

subjects of intense geophysical, geological and geochemical studies. However, some first 

order questions concerning dynamics of coupling of physical and geochemical mechanisms 

operating inside the subduction factory still remain unresolved (Stern, 2002) for example: (1) 

How do hydrous fluids, derived from the subducting slab, move into and through the overlying 

mantle wedge? (2) How do these fluids and mantle change as they interact?  

The role of subduction zones in global geochemical dynamics is generally twofold: first, 

crustal materials are recycled back into the deep mantle, and second, new crust is produced in 

magmatic arcs above subduction zones (Bourdon et al., 2003). The key process is the partial 

melting of the metasomatized mantle (e.g. Tatsumi and Eggins, 1995, Poli and Schmidt, 1998), 

which enables the chemical differentiation. Partial melting distributes elements unevenly 

between the involved sources (e.g. Stracke et al., 2003; Stracke, 2008). The resulting 

composition of volcanic arcs in intra-oceanic subduction zones is comprised of subducting 

slab components and from the hydrated partially molten depleted mantle wedge atop the slab 
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(Miller et al., 2005; Plank and Langmuir, 1993; Straub et al., 2010).  

 

Geochemical measurements of trace element compositions of erupted magma around the 

world lead to the detection of the existence of contrasting interacting geochemical sources in 

the mantle wedge such as the asthenospheric mantle, subducted MORB and sediments 

(Hickey-Vargas, 1992; Willbold and Stracke, 2006). Trace elements participating in crust 

formation serve as indicators of rock-forming mechanisms (e.g. hydration/dehydration 

processes, subducted crust melting, mantle wedge depletion, crystallization differentiation 

etc.). Generally, volcanoes above subduction zones display isotopic signatures notably 

affected by subducted slab components (e.g. Turner and Hawkesworth, 1997). Elliott (2003) 

and other authors (e.g., Hawkesworth and Gallagher, 1993; Leat and Larter, 2003; McCulloch, 

1991; Stern, 2002) describe two distinct major slab components present in magmatic rocks 

with different sources and transport mechanisms: (1) melt of the down-going sediments, and 

(2) aqueous fluid derived from altered oceanic crust. Fluids and melts liberated from 

subducting oceanic crust recycle lithophile elements back into the mantle wedge, relieve 

melting and finally lead to efficient subduction-zone arc volcanism. The exact composition of 

the mobile phases generated in the subducting slab, however, has remained largely unknown 

(Kessel et al., 2005).  

Because of the physical and chemical changes within the subducting plate and mantle wedge 

the geochemical processes are largely inaccessible by direct observation. Therefore, 

geochemical investigations concentrate on the input (rocks subducted atop the slabs) and 

output (magmatic products of island arcs) signals of subduction zones (Hauff et al., 2003). 

Analyses of comprehensive geochemical data sets for the input and output rock-members 

(Hauff et al. 2003) from several arc systems such as Aleutian (Yododzinski et al., 2001; 

Yododzinski et al., 2010), Izu-Bonin-Mariana (Tatsumi et al., 2008), New Britain, Vanuatu 

(Arai and Ishimaru, 2008), Kamchatka (Churikova et al., 2001; Dosseto, et al., 2003; 

Yododzinski et al., 2001) and Tonga-Kermadec arcs (Turner and Hawkesworth, 1997) lead to 

the conclusion that the main geochemical features of subduction-related arcs are (i) a depletion 

of HFSE relative to LILE and (ii) an enrichment of LILE in arc rocks (output signal) compared 

to subducted crust (input signal) (Elliott, 1997; Elliott, 2003; McCulloch, 1991; Plank and 

Langmuir, 1993). These insights help to decide, which approach is useful for the investigation 

of this important geochemical process in the mantle wedge. Isotopic systems characteristic for 

some elements are well represented in the most analyzed data sets for both input and output 

rock-members of subduction zones. Lead (Pb) for example is enriched in the slab, and 

depleted in the mantle. Hence, lead isotope ratios of the mantle, oceanic crust and sediments 



	  
 

 10 

are distinct and are therefore useful as a confiding tracer for slab derived input. Lead is 

preferentially incorporated into the fluids, rather than being left behind in the residues of 

dehydration. The source of fluids derived from these various reservoirs can therefore be 

inferred from lead-isotopic compositions of volcanic rocks. The sensitivity of lead isotopes is 

such that even a small addition of fluid from subducted sediments to the mantle shifts the lead-

isotopic composition of the mantle considerably (Churikova, 2008). Other isotopes such as 

Neodymium are also convenient as tracers in subduction zones due their strongly depleted 

signature in island arcs in respect to the LILE. Further from the literature we know that the 

enrichment of LILE, Pb, U and Th, and a decrease of HFSE, Nd and Hf is established in island 

arcs in respect to the N-MORB (McCulloch et al., 1991; Kogiso et al., 1997; Tatsumi and 

Kogiso, 2002; Elliott, 2003; Stern, 2002). 

 

A relatively new approach of understanding complex interactions between different 

geochemical mechanisms operating in subduction zones is the numerical geodynamic 

modeling. With this method one can simulate and visualize the evolution of various fields such 

as temperature, pressure, melt production, seismic velocity, crustal growth etc. (Kelemen et al., 

2003; van Keken et al., 2002; Gerya and Yuen, 2003; Gorczyk et al., 2006; Nikolaeva et al., 

2008). However, until now, no coupled geochemical-thermo-mechanical 2D numerical 

modeling approach has been explored for this crucial geodynamic setting. 

 

In this thesis we develop such an approach on the basis of the state-of-the-art thermo-

mechanical code I2ELVIS (Gerya and Yuen, 2003b, 2007) which already accounts for key 

rock-forming processes such as metamorphic phase transformations, subducted crust 

dehydration, aqueous fluid transport, mantle wedge melting, and melt extraction resulting in 

crustal growth. Here, the numerical methodology was extended to include a tracing of isotopic 

signatures (Pb, Sr, Nd, Sm) involved in geochemical partitioning and transport caused by (i) 

slab dehydration, (ii) aqueous fluid propagation, (iii) mantle wedge hydration, (iv) partial 

melting and (v) melt extraction processes. As the first step of understanding complex 

geochemical transport and partitioning processes, an extensive in-depth analysis of numerical 

geochemical-thermo-mechanical experiments was done for lead isotopes.  



	  
 

 11 

1.4 Structure of the thesis 
 

Chapter 2 – Numerical methods 

Chapter 2 presents the description of the numerical method we used for our experiments and 

its fundamental thermo-mechanical equations. This chapter describes the equations for 

rheology, the hydration process, the partial melting and melt extraction processes. Finally we 

present the geochemical implementation used in the newly developed extended geochemical-

thermo-mechanical numerical algorithm. 

 

Chapter 3 - Geodynamic regimes of intra-oceanic subduction: Implications for arc 
extension vs. shortening processes 

This chapter presents a parameter study of fluid and melt related weakening with the modified 

code of I2ELVIS and shows results for the three main different intra-oceanic subduction 

regimes.  We show the strong influences of fluid related weakening to the geodynamic regime: 

extensional, compressional and stable subduction regimes with the respective trench 

migration: retreating, advancing and stable. These experiments present new insights into intra-

oceanic subduction zone dynamics and are compared to observations in nature.  

 

Chapter 4 - Lead isotopes in intra-oceanic subduction zones: Parameter study of 
petrological-thermo-mechanical modeling of geochemical signatures 

In this chapter, we demonstrate the first geochemical-thermo-mechanical 2D numerical model, 

which is able to simulate the development of Pb isotopic signatures in the mantle wedge and 

the magmatic arc. We investigate the evolution of Pb isotope signatures in space and time 

from the initiation to the mature stages of intra-oceanic subduction. We were able to simulate 

for the first time the spatial and temporal heterogeneity of Pb concentrations and isotopic 

signatures in the serpentinized forearc mantle and in the related fluid-fluxed mantle melting 

products of the magmatic arc as well as the diversity of the Pb isotope ratio for different intra-

oceanic subduction regimes.  

 

Chapter 5 - Lead isotopes signatures in magmatic arcs: Insights from numerical 
experiments 

Chapter 5 presents a deeper insight of Pb signatures in magmatic arc including the 

geochemistry of subducted crusts and their melting products. The exemplary 
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extensional subduction regime is characterized in depth and compared with the Izu-

Bonin-Mariana on the basis of literature data. 

 

 

Chapter 6 - Conclusions and outlook 

Chapter 6 summarizes the most important findings based on the results in Chapter 3, 4 

and 5 and discusses possible future directions of research.  
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All numerical models described in this thesis are based on the 2D thermo-mechanical I2ELVIS 

code (Gerya and Yuen, 2003a; 2003b; 2007), which is based on finite differences and marker-

in-cell method. The modeling approach is comparable to that of Sizova et al. (2010), Gerya und 

Meilick, (2010), Nikolaeva et al., (2011) and Vogt et al., (2012). The basics of our numerical 

approach are described below. 

 

Symbol Physical quantity (units) 

AD Material constant (MPa-ns-1 

CP Isobaric heat capacity (J/kg/K) 

c Cohesion (Pa) 

C Composition 

E Activation energy (kJmol-1) 

F Weight melt fraction 

g Gravitational acceleration (ms-2) 

Hr, Ha, 
Hs, Hl 

Radioactive, adiabatic, shear and latent heat (Wm-3) 

k Thermal conductivity (Wm-1 K-1) 

M Volumetric fraction of melt 

n Stress exponent 

P Dynamic pressure (Pa) 

Pfluid Pore fluid pressure (Pa) 

qx, qz Horizontal and vertical heat flux (Wm-2) 

R Gas constant (J mol-1K-1) 

t Time (s) 

Chapter 2  

Numerical methods 
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T Temperature (°C or °K) 

vx, vz Horizontal and vertical components of velocity 
vector (ms-1) 

ve, vs Erosion and sedimentation rates (ms-1) 

V Activation volume (J MPa-1mol-1) 

XH20(p) Weight percent of pore-water 

α  Thermal expansion coefficient (K-1) 

β  Compressibility coefficient (Pa-1) 

η  Viscosity (Pa s) 

η0  Material constant for viscosity in molten rocks (Pa s) 

λ  Pore fluid pressure coefficient 

 

λ10  Pore fluid pressure coefficient at 10 km depth 

λ
~

 
Radioactive decay constant (year-1) 

ρ  Material density (kg m-3) 

χ  Plastic multiplier (s-1) 

 
ε ij  Strain rate tensor (s-1) 

 ε 'II  
Second invariant of the deviatoric strain tensor (s-1) 

ϕ  Internal friction angle (°) 

µ  Shear modulus (Pa) 

σ 'ij  Deviatoric stress tensor (Pa) 

σ II  Second invariant of the deviatoric stress tensor (Pa) 

Table 1: Abbreviations used in this text 
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Table 2 Physical properties of rocksa used in numerical experiments (Gerya and Meilick, 2011) 
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2. 1 Marker-in-cell technique 

 

I2ELVIS code is based on I2VIS a combination of marker-in-cell algorithm (e.g. Brackbill, 

1980; Brackbill et al., 1988; Moresi et al., 2003; Oran and Boris, 1987) with a conservative 

finite difference (FD) scheme of first order accuracy. An Eulerian/Lagrangian primitive variable 

formulation is combined with a moving markers technique (Christensen, 1982; Schmeling et al., 

1987; Weinberg and Schmelling, 1992; Woidt, 1978). This technique is based on both the 

control volume method (e.g. Albers, 2000; Patankar, 1980) and accurate trajectories behind the 

concept of the method of characteristics (Malevsky and Yuen, 1992). Advection of markers is 

done using a fourth-order in space/first order in time explicit Runge-Kutta interpolation scheme 

applied to the globally calculated velocity field on the Eulerian grid (Gerya and Yuen, 2003b).  

The conservative finite-difference scheme is designed over a non-uniformly spaced fully 

staggered grid in the Eulerian form configuration (Fig. 2.1). Discretization of thermo-

mechanical equations of the fully staggered grid is very natural, gives simple FD formulas 

(Gerya, 2010), prevents pressure oscillations and leads to a notably higher accuracy (up to four 

times, Fornberg, 1995) than that on a non-staggered grid. The non-uniform grid is extremely 

useful in handling geodynamical situations with multiple-scale character, such as in a 

subducting slab and the wedge flow above it (Davies and Stevenson, 1992). 

The material properties are initially distributed on Lagrangian points, which are advected 

according to a computed velocity field by solving equations 2.1, 2.2, 2.3, and 2.5. The material 

properties are then interpolated from displaced Lagrangian points to the Eulerian grid by using a 

weighted-distance averaging (Table 2).  
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Fig. 1 Schematic representation of non-uniform rectangular staggered 
Eulerian grid used for the numerical solution of Eq. 2.2, 2.5 and 2.8. 
gx and gz are components of gravitational acceleration in the x-z 
coordinate frame (gx=0, gz=9.81 is used in this study). Different 
symbols correspond to the nodal points for different scalar properties, 
vectors and tensors. i, j+1/2, etc. and j, j+1/2, etc./indexes represent 
the staggered grid and denote , respectively, the horizontal and vertical 
positions of four different types of nodal points. Many variables (υx, υz, 

σxx, σxz, σzz, εxx, εxz, εzz, P, T, η, ρ, k, Cp etc.), up to around 25 at grid 
point are part of the voluminous output in this code (Gerya and 
Yuen, 2003). 
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Fig. 2 Schematic representation of geometrical relations used for the adopted first-order of accuracy 
interpolation schemes of a parameter B (a) from the markers to Eulerian nodes and (b) from Eulerian nodes 
back to markers. Each marker holds information concerning the temperature T, position coordinates, three 
components of the strain tensor, representing the deformation history and the chemical components C. 
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Fig. 3 Modified scheme of adopted computational strategy used in the programming of the computer code 
I2ELVIS. Panel for step 6 shows for interpolating the calculated temperature changes from the Eulerian grid to 
the moving markers (Gerya and Yuen, 2007). 

 
 

2.2 Governing equations 
 

Conservation of mass 

Conservation of mass is described by the Lagrangian continuity equation for a compressible 

fluid: 

∂vx
∂x

+
∂vz
∂z

= −1
ρ
Dρ
Dt

      2.1 

where is the material derivative of density with respect to, which accounts locally for melt 

extraction, vx and vz are the horizontal and vertical velocity component and x and z are the 

horizontal and vertical Cartesian coordinates, ρ  is the density. 

Dρ
Dt
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2.2.1 Conservation of momentum 

 
The 2D Stokes equations for slow flow (high-viscosity creeping flow) are as follows: 

 

∂σ 'xx
∂x

+
∂σ 'xz
∂z

− ∂P
∂x

= 0      2.2 

∂σ 'zz
∂z

+
∂σ 'xz
∂x

− ∂P
∂z

= −ρg      2.3 

 

, , are the deviatoric stress tensor components, ρ is the density, P the dynamic 

pressure, g is the strength of gravity. Deviatoric stress ( ) are defined using an isotropic 

constitutive relationship via the deviatoric strain rate ( ) and the shear viscosity , 

according to 

 

σ 'xx = 2η ε 'xx
σ 'xz = 2η ε 'xz
σ 'zz = 2η ε 'zz

ε 'xx =
∂vx
∂x

ε 'zz =
∂vz
∂z

 

 

   

 
ε 'zx = ε 'xz =

1
2

∂vx
∂z

+
∂vz
∂x

⎞
⎠⎟ ,

⎛
⎝⎜

     2.4

 

 

 

2.2.2  Conservation of energy 

 
The temperature changes in a continuum, due to either internal heat generation or advective and 

conductive heat transport. The equation is solved in a Lagrangian frame for which the extended 

Boussinesq approximation is used (Gerya and Yuen, 2003; Gorczyk et al., 2007) 

   ρCp
DT
Dt

⎛
⎝⎜

⎞
⎠⎟ = − ∂qx

∂x
−

∂qz
∂z

⎛
⎝⎜

⎞
⎠⎟ + Hr + Ha + Hs    2.5 

    qx = −k(P,T,C) ∂T
∂x

      2.6 

σ 'xx σ 'xz σ 'zz

σ 'ij

 
ε 'ij η
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    qz = −k(P,T ,C) ∂T
∂z

      2.7 

    Ha = Tα vx
∂P
∂x

+ vz
∂P
∂z

⎛
⎝⎜

⎞
⎠⎟      2.8 

 Hs =σ 'xx ε 'xx+σ 'xz ε 'xz+σ 'zz ε 'zz     2.9 

    Hr = constant(C) 

 

Where qx and qz are the thermal heat flux components, k is the thermal conductivity, which 

depends on the pressure-temperature conditions and composition (Hoffmeister, 1999), Hr, is the 

radioactive heat production, which has a fixed value dependent on the rock type (Turcotte and 

Schubert, 2002); Ha and Hs are adiabatic and shear heat productions. 

The effect of latent heating/cooling due to equilibrium melting/crystallization is included 

implicitly by increasing the effective heat capacity (Cρeff ) and the thermal expansion (α eff ) of 

melting/crystallizing rocks (Burg and Gerya, 2005): 

 

    Cρeff = Cρ + Hl
∂M
∂T

⎛
⎝⎜

⎞
⎠⎟ P=const

     2.10 

α eff =α + ρ Hl

T
∂M
∂T

⎛
⎝⎜

⎞
⎠⎟ t=const

     2.11 

 

Cρ is the heat capacity of the solid rock and Hl is the latent heat of melting. M is volumetric 

melt fraction. 

 

 

 

2.3 Boundary conditions 
 

In all our models presented in this thesis the velocity boundary conditions are free slip with the 

exception of the permeable lower boundary along which infinity-like external free slip and 

external constant temperature conditions are imposed (Burg and Gerya, 2005; Gorczyk et al., 

2007) implying free slip and constant temperature conditions to be satisfied at 1000 km below 

the bottom of the model. In top of the model a layer with low viscosity (1019Pas), a thickness of 

< 10 km and a low density (1kg/m3 for ‘air’ with z <10 km, 1000 kg/m3 for sea water with z >10 
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km) is needed to model the surface with topography, erosion and sedimentation on the surface. 

The transport equation for the process on the surface is solved at each time-step in Eulerian 

coordinates and is the follow: 

 

∂zes
∂t

= vz − vx
∂zes
∂x

− vs + ve      2.12 

 

where zes is the vertical position of the surface as a function of the horizontal distance x, vx and vz 

are the vertical and horizontal components of material velocity vector at the surface (z is 

positive downward, z = 0 at the top of the box); vs and ve are imposed sedimentation and erosion 

rates respectively, which correspond to the relation: 

 

vs = 0mm/a  ve = 0.3  mm/a when zes < 9 km 

vs = 0.03mm/a ve = 0  mm/a when zes > 10 km 

 

In steep surfaces region, like in the trench region, the erosion / sedimentation rate (1 mm/a) 

increases due the account for additional mass transport in the regions with steep (>17°) 

topography slopes (Gerya and Meilick, 2010). 
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2.4 Rheology 
 

A visco-plastic rheology is used in this study. The effective stress- and temperature-dependent 

creep viscosity of rocks is computed according to experimentally determined flow laws (Ranalli, 

1995). The viscosity for dislocation creep is defined as follows: 

  

 
ηcreep = ε 'II( ) 1−n( ) n / AD( )1 n exp E + PV

nRT
⎛
⎝⎜

⎞
⎠⎟    2.13 

      

where 
 
ε 'II =

1
2
ε 'ij ε 'ij( )⎡

⎣⎢
⎤
⎦⎥

1
2

is the second invariant of the strain rate tensor. AD (pre-exponential 

factor), E (activation energy), n (creep exponent) and V (activation volume) are experimentally 

determined flow law parameters (Table 2) and R is the gas constant (Ranalli, 1995). P and T 

denote the pressure and temperature respectively. 

 

In our model, both fluid and melt propagation affect the visco-plastic rheology of rocks. This is 

implemented by including fluid and melt influences into the Drucker-Prager yield criterion, 

which limits the creep viscosity of rocks as follows:  

 

       ηcreep ≤σ yield / 2 ε 'II  

   σyield= c + Psolid sin(ϕ),     2.16 

 

 sin(ϕ) = sin(ϕdry) λfluid and λfluid= 1 − Pfluid / Psolid  in the regions of fluid percolation, 

 sin(ϕ) = sin(ϕdry) λmelt and λmelt  = 1 – Pmelt / Psolid  in the regions of melt percolation. 

     λfluid/melt = 1 − Pfluid/melt / Psolid 

 

Thus, the local brittle/plastic strength of a rock σyield depends on (1) the mean stress (pressure) 

Psolid on the solid, (2) the cohesion, c, which is the strength at Psolid = 0, and (3) the effective 

internal friction angle, ϕ, which is calculated from the friction angle of dry rocks, ϕdry (for 

values of c and sin(ϕdry) see Table 2), and the pore fluid/melt pressure factors λfluid/λmelt. 

According to our model, the pore fluid pressure Pfluid reduces the yield strength of rocks 

subjected to percolation of water markers released from the slab. Similarly, ascending extracted 

melts reduce the yield strength in the column of rock between the source of the melt and the 
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surface. λfluid and λmelt factors are systematically varied in different numerical experiments.  

 

 

2.5 Petrological model 
 

Mineral reactions like e.g. hydration or dehydration process are strongly involved in the 

geodynamic development. Therefore the stable mineralogy and the in-situ water content for 

each lithology was computed as a function of local pressure, temperature and composition by 

free energy minimization using the software perplex (Connolly, 2005; Connolly and Kerrick, 

2002). The thermodynamic properties of fluid, melts and minerals for this calculation are taken 

from an internally consistent thermodynamic database  

 

Following Gerya et al., (2006) and Mishin et al., (2008) hence we use pre-computed look-up 

tables for each rock type where phase relations were resolved in P-T space and saved on a grid 

with a resolution of 3 K and 200 bars (Kerrick and Connolly, 2001; Connolly, 2005). Therefore 

to ensure consistency with employed experimentally constrained melting boundaries (Gerya and 

Yuen, 2003b) calculations were done for each lithology with and without the silicate melt model. 

Physical properties are computed from these results depending upon whether melt is predicted 

to be stable from the experimentally constrained phase relations (Gerya et al., 2006). 

 

 

2.6 Hydration process 
 

Like in previous petrological-thermo-mechanical subduction models, we used thermodynamic 

database to account for slab dehydration and mantle wedge hydration (e.g. Rüpke, 2004; Hebert 

et al., 2009; Gerya and Meilick, 2011). In addition to mineralogical water computed from the 

database H2O is also present as a free porous fluid making up to 2 wt% in sediments and 

hydrothermally altered basalt. The pore water content is supposed to decrease linearly from the 

maximal value of 2wt% at the surface to 0 wt% at 75 km depth (Gerya and Meilick, 2011).  

 

    XH2O(wt%)
= 1− 0.13Δz( )XH2O(P0 )

     2.17 
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where Δz is depth (0–75 km). The release of this water also mimics effects of low-temperature 

(T < 300°) reactions, which are not included in our thermodynamic database. 

 

The slab is being dehydrated as it moves downward. The timing of H2O release by dehydration 

reactions is determined by the physicochemical conditions of the model and the assumption of 

thermodynamic equilibrium. Water propagation is modeled in the form of water markers 

moving upward with an assumed water percolation velocity of 10 cm/a, which is similar to 

previous subduction models and allows for efficient water transport from the slab to the mantle 

wedge (Gorczyk et al., 2007b; Hebert et al., 2009; Sizova et al., 2010; Gerya and Meilick, 2011). 

The stable water content for each lithology was obtained by free energy minimization (Connolly, 

2005) as a function of pressure and temperature from thermodynamic date (Gerya, 2006). The 

water marker move through the rocks with the following velocity: 

 

     Vx(water) = vx,  

     Vz(water) = vz – vz(percolation) 

 

vx and vz describe the local velocity of the mantle and vz(percolation) indicates the relative velocity 

of upward percolation (vz(percolation) = 10 cm/a in our experiments). The marker releases water as 

soon as it encounters a rock capable of absorbing water by hydration or melting reactions at 

given PT-conditions and rock composition (Gorczyk et al., 2007b; Nikolaeva et al., 2008; 

Sizova et al., 2010). In our simplified model, mantle density changes sharply due to hydration 

and is different for serpentinized and serpentine-free hydrated mantle (Gerya and Meilick, 2011). 

 

 

 

2.7 Partial melting and melt extraction 
 

Because the H2O transport model does not permit complete hydration of the peridotic mantle, 

the mantle solidus is intermediate between the wet and dry peridotite solid. To account for this 

behavior, we assume that the degree of both hydrous and dry melting is a linear function of 

pressure and temperature (e.g. Gerya and Yuen, 2003a). In this model the standard (i.e. without 

melt extraction) volumetric degree of melting M0 is, 
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M0 = 0      when T <Tsolidus, 

M0 = (T - Tsolidus) / (Tliquidus - Tsolidus)     when Tsolidus< T <Tliquidus, 

M0 = 0      when T >Tliquidus, 

 

where Tsolidus and Tliquidus are respectively solidus temperature (wet and dry solidi are used for the 

hydrated and dry mantle respectively) and dry liquidus temperature at a given pressure and rock 

composition. To simulate melt extraction form partially molten rocks (Nikolaeva et al., 2008; 

Sizova et al., 2010), a melt extraction threshold Mmax = 4% and a non-extractable amount of 

melt Mmin = 2% that will remain in the source are defined. The amount of melt extracted during 

the evolution of each experiment is tracked on each marker and takes into account the amount of 

previously extracted melt and is the follows (Gerya and Meilick, 2011): 

 

     M = M 0 − Mext
n
∑  

 

where Mext
n
∑  is the total melt fraction extracted during the previous n  extraction episodes. 

 

The effective density ρeff  of partial molten rocks varies with the amount of melt fraction and P-

T condition according to the relations: 

 

ρeff = ρsolid −M ρsolid − ρmolten( )     2.18 

ρP,T = ρ0 1−α T −T0( )⎡⎣ ⎤⎦ 1+ β P − P0( )⎡⎣ ⎤⎦     2.19 

 

where ρsolid and ρmolten  are the densities of the solid and molten rock. ρ0 is the density at P0 = 

0.1 MPa and T0= 298 K; α  and β  are the thermal expansion and compressibility coefficients. 

 

 

2.8 Geochemical implementation 
 

I2ELVIS code was extended by geochemical characteristics. We applied the partition 

coefficient of Uranium, Thorium, Lead, Rubidium, Strontium, Lutetium, Hafnium, Neodymium, 
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and Samarium in perplex (Connolly, 2005) and calculated the bulk partition coefficient with 

mass fraction (Fig. 2, Table 3). In our work on Pb isotopes the decay was not needed due the 

short time period in our experiments. However we implemented the decay equation for future 

work. 

 

 

2.8.1 Radioactive decay 

 
For four different elements (Nd, Sr, Hf and Pb), and their mother isotopes (Sm, Rb, Lu and U 

and Th) we calculated the radioactive decay process of each isotope of the chosen elements with 

the follow equations (Faure, 2005): 

 

 

   Parent isotope   Pt= D0 + P0  e-λt     2.19 

   Daughter isotope  Dt = D0 + P0 - Pt= D0 + P0 (1-e-λt)   2.20 

 

 

where λ is the decay constant of a radionuclide and is related to its half life (T1/2). 

T1/2=
1
λ
ln 2( ) =0.693/λ (Faure, 2005). On each time step we recalculate the new contents of each 

daughter isotope. 
 

 

2.8.2 Partition coefficient 

 
It is assumed here that during slab dehydration the partitioning of trace elements between the 

solid and fluid phases is defined by Rayleigh distillation, in which case the trace element 

concentrations (C) are (Ayers, 1998; Nikolaeva, (Thesis, 2010)):                                   

    Cfluid =
C0

Dbulk

(1− F)
1

Dbulk
−1

,      2.21 

Csolid =
C0 −CfluidF
1− F

      2.22 

where 
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Dbulk = XaDa
a=1

n

∑       2.23 

 

and Da is the mineral/fluid partition coefficient (Table 2), Xa is the mass fraction of a mineral a 

in the rock, F is the fluid fraction, C0 is the concentration of element in the rock before the fluid 

release. Subsequent hydration of the mantle wedge rocks (chapter 2.6) changes rock and fluid 

compositions as well. This hydration process is modeled as one of dissolving the anhydrous 

minerals by a fluid and subsequent recrystallization of the hydrous assemblage. The resulting 

trace element concentrations are (Albarede, 2003): 

 

Cfluid = C0 (1− F)
Dbulk−1      2.24 

Csolid = C0Dbulk (1− F)
D−1F +C0,solid (1− F) ,   2.25 

 

where C0_solid is the element concentration in the rock before hydration and all other 

abbreviations are the same as in eq. 2.24 and 2.25. The stable mineralogy for each lithology as a 

function of pressure and temperature is computed from thermodynamic data by free energy 

minimization (Connolly, 2005). For simplicity the partition coefficients are assumed to be 

independent of pressure and temperature (see Kessel et al., 2005). Similarly to trace element 

partitioning between mantle wedge/slab rocks and fluid, trace elements are redistributed 

between rocks and melt phase when partial melting takes place. We assume that melt and host 

rocks are in equilibrium before melt extraction and thus ,elements’ concentration for melt phase 

is not calculated simultaneously with melting but later when melt is extracted (Ayers, 1998): 

 

Cmelt =
C0

Ftotal + Dbulk − FtotalDbulk

    2.26 

Csolid =
C0 −CmeltFextracted
1− Fextracted

,     2.27 

 

where C is concentration in melt or solid, Dbulk is rock/melt partition coefficient of element 

calculated as in eq. (2.23), C0 is concentration of element in the system before the melt 

extraction, Ftotal is fraction of melt produced, Fextracted is fraction of melt extracted to the surface 

(Ftotal – Fresidual). The Composition of magmatic arc rocks is defined by the composition of 

extracted melts; effects such as the decay of uranium and thorium during the melt percolation to 

the surface are ignored, this maximizes the geochemical signals originating from trace element 
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partitioning during dehydration/hydration and melting. This assumption is supported by short 

time scale for source-to-surface melt migration indicated by 226Ra-230Th systematics (Turner 

et al., 2001). 

 

To check our procedure for calculating DbulkPb, the DbulkPb for a particular lithology (Fig. 5) can 

be compared with the p-t phase diagram section for the lithology. Representative examples of 

such comparisons presented here are for wet mantle peridotite (serpentinite), sediments and 

basalt (Fig.4). The correlation between rock water content and the bulk Pb partition coefficient 

suggest that the calculation is consistent and reflects the observation that the trace element 

partition coefficients of hydrous minerals are much different than those of nominally anhydrous 

minerals. In our models the partition coefficient (Kd) of Pb in sediments and basalt is mainly 

controlled by clinozoisite (red colored region in Fig. 5a and b), which is an important carrier for 

Pb and other elements, like Sr, Th and U (Zack et al., 2002) in the subduction zone close to the 

slab-mantle interface. Therefore Kdclinozoisite/fluid is an important value for modeling trace element 

composition of fluids released by dehydration process of subducting oceanic crust (Poli, 1998; 

Zack, 2002).  
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Mineral 

   Kd 

mineral/

fluid 

 Kd 

mineral/ 

melt  

Omphacite 0.0013a 0.01o  

Feldspar 0.36a 0.425fav.  

Olivin 0.0001a 0.0004o  

Opx 0.0001b 0.0013o  

Albite 0.36a 0.425fav.  

K-feldspar 0.36a 0.425fav.  

Spinel 0.0005c 0.00005o  

Cordierite 0.03m    - Cordierite goes not in melt 

Garnet 0.0005a 0.018b  

Zoisite 8.6n 8.6n 

KD mineral/fluid taken also by 

mineral/melt 

Sphene 0.525x.av 0.525x.av 

KD mineral/melt taken also by 

mineral/fluid 

Clinozoisite 204.5i 204.5i 

KD mineral/melt taken also by 

mineral/fluid 

Mica 0.0925b 0.089b  

Lawsonite 0.1a 0.1a 

KD mineral/fluid taken also by 

mineral/melt 

Biotite 0.89f 0.89f  

Na-

amphibole 0.89f - Na-amphibole goes not in melt 

Antigorite 0.1a - Antigorite goes not in melt 

Rutile 0.0154q 0.0154q  

Ilmenite 0.75f.av 0.75f.av 

KD mineral/fluid taken also by 

mineral/melt 

Amphibole 0.1a 0.07b  

Chlorite, 

Talc 0.1a - 

Chlorite goes not in melt, Talc goes not in 

melt 

 
Table 3 Partition coefficients for the involved minerals applied in the numerical experiments. The Kds are taken 
from: a=McKenzie 1991; b=Adam & Green 2006; c=Elkins et al. 2008; f average =Ewart & Griffin 1994; 
i=Zack, 2002)1998; m=Bea et al. 1994; n=av., Klimm et al., 2008; o=Hawkesworth et al., 1993; q=Foley & 
Jenner 2004/2000; x=Klemme et al., 2005. 
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Rock type Density 

[kg/m3] 
Initial Pb 
[ppm] 

Initial Pb isotopes [mol] References 
for initial 
values of Pb 
isotopes 

Flow law 
(Ranalli, 
1995) 

Friction 
angle     
sinφ 

Sediments 2.600 19.9 204Pb 1.28697E-09 GLOSS Plank 
& Langmuir, 
1998 

Wet 
quartzite 

0.2 
206Pb 2.43948E-08 
207Pb 2.02073E-08 
208Pb 5.01534E-08 

Basalt 
(oceanic 
crust) 

3.000 0.57 204Pb 3.68629E-11 MORB 
Arevalo & 
McDonough, 
2010 

Wet 
quartzite 

0.2 
206Pb 6.98745E-10 
207Pb 5.78803E-10 

208Pb 1.43655E-09 
Gabbro 
(oceanic 
crust) 

3.000 0.57 204Pb 3.68629E-11 MORB 
Arevalo & 
McDonough, 
2010 

Plagioclase 

An75 

0.3 
206Pb 6.98745E-10 
207Pb 5.78803E-10 
208Pb 1.43655E-09 

Depleted 
mantle 
(dry 
peridotite) 

3.300 0.0232 204Pb 1.50039E-12 DM 
Salters & 
Stracke, 2004 

Dry olivine 0.6 
206Pb 2.84402E-11 
207Pb 2.35583E-11 
208Pb 5.84703E-11 

 
Table 4 Initial values for Pb isotopes calculated from ratios in sediments (GLOSS: Arevalo and McDonough, 
2010), altered oceanic crust (MORB: Plank and Langmuir, 1998) and depleted mantle (DM: Salters 
and Stracke, 2004).  

 

 
Fig. 4 Dehydration phase of peridotite, sediment and basalt  

 

 

Some mineral/melt partition coefficients are unknown. In such cases we adopted the value 

reported for the corresponding mineral/fluid partition coefficient. A further problem is that 

distribution coefficients for the requisite minerals have been measured in different studies (Table 

3). This is a source of inconsistency in our numerical model that should be corrected as new data 

becomes available. 
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Fig. 5 Partition coefficient of Pb in a) sediment, b) basalt, c) gabbro, d) wet 
peridotite and e) dry peridotite. 
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Abstract 
 

40% of the subduction margins of the Earth are intra-oceanic. They show significant variability 

in terms of extension and shortening. We investigated numerically the physical controls of these 

processes using a 2D petrological-thermo-mechanical intra-oceanic subduction model with 

spontaneous volcanic arc growth and deformation. We varied the fluid- and melt-related 

weakening, the ages of both the subduction slab and the overriding plate, the subducting plate 

velocities, and the cohesive strength of rocks. Three main geodynamic regimes were identified: 

retreating subduction with opening of a backarc basin, stable subduction, and advancing, 

compressive subduction. The main difference between these regimes is the degree of 

rheological coupling between plates, which is governed by the intensity of rheological 

weakening induced by fluids and melts. Retreating subduction regimes require plate decoupling, 

which results from strong weakening due to both fluids and melts. Spreading centers nucleate 

either in forearc or in intraarc regions. Episodic trench migration is often due to variations of 

plate coupling with time, which is caused by (fore) arc deformation. Stable subduction regime 

Chapter 3 

Geodynamic regimes of intra-oceanic subduction: 
Implications for arc extension vs. shortening 
processes 



	  
 

 34 

with little variation in the trench position forms at an intermediate plate coupling and shows a 

transient behavior from the retreating to advancing modes. The advancing subduction regime 

results from strong plate coupling. At the mature stage, this subduction mode is associated with 

both partial fragmentation and subduction of the previously serpentinized forearc region. 

Forearc subduction is typically associated with a magmatic pulse, which is caused by 

dehydration of subducted serpentinized forearc fragments. Our models demonstrate distinct 

differences in thermal and lithological structure of subduction zones formed in these different 

geodynamic regimes. Results compare well with variations observed in natural intra-oceanic 

arcs.  

 

Key words: forearc subduction, trench migration, backarc extension, rheological weakening 

effects, numerical modeling 
 

 

3.1 Introduction 
 

Intra-oceanic subduction is a frequent plate tectonic process at the boundaries between 

converging oceanic plates. Intra-oceanic subduction zones (Fig.1) comprise around 17’000 km, 

i.e. nearly 40%, of the subduction margins of the Earth (Leat and Larter, 2003). As a 

consequence, oceanic magmatic arcs are formed worldwide (Fig.1) (Leat and Larter, 2003). 

Intra-oceanic subduction zones are sites of intense magmatic and seismic activity as well as 

metamorphic and tectonic processes shaping out arc compositions and structures. Despite their 

broad occurrence, intra-oceanic subduction zones and arcs are rather difficult to study since 

their major parts are principally below sea level, sometimes with only the tops of the largest 

volcanoes forming islands. 

 

Intra-oceanic subduction zones show significant variability in terms of their structure and 

dynamics (Leat and Larter, 2003; Straub and Zellmer, 2012). Most of them currently function in 

retreating mode (trench moves backward, rollback) (Stern, 2011; Stern, 2002) while the 

overriding plates are affected by various forearc, intra-arc and backarc extension/spreading 

processes. For example, the Mariana- and Izu-Bonin-arc systems include temporal series of 

magmatic arcs and basins (Stern, 2011; Stern, 2002) An important variable is the location of the 

spreading center. It may split the arc into two distinct parts (intraarc extension) and may create 

a thin oceanic lithosphere in between; this is the case for the Mariana Trough between the active 

Mariana arc and the inactive West Mariana Ridge. These observations are consistent with the 
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seismic images of the Izu-Bonin-Mariana-arc (Takahashi et al., 2008, 2009) showing the new 

lithosphere with different thickness and crustal compositions along-strike of the arc-system 

(Kodaira et al., 2010; Kodaira et al., 2008). Examples of currently advancing subduction zones 

(trench migrates in the direction of the subduction) are the intra-oceanic arc-systems of the 

Aleutian, and Solomon (Leat and Larter, 2003). It is, therefore, important to understand how 

and where arc extension vs. compression initiate and evolve. 

 

 

 
 

 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Overview of major modern intra-oceanic subduction zones (based on Google Earth, Tatsumi and 
Stern, 2006). 
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Arc extension and compression remain a debated subject from both natural observations (Leat 

and Larter, 2003) and modeling (Arcay et al., 2005; Billen, 2008; Nikolaeva et al., 2008) points 

of view. Recent studies of intra-oceanic arcs focused on rheological variations (Arcay et al., 

2005; Billen, 2008; Nikolaeva et al. 2008), plate motions (Sdrolias and Muller, 2006; Arcay et 

al., 2008; Clark et al., 2008), crustal growth (Kodaira et al., 2007; Lallemand et al., 2008; 

Nikolaeva et al., 2008; Takahashi et al., 2007, 2008; Zhu et al., 2009, 2011) and spatial and 

temporal evolutions (Miller et al., 2006). Several authors (Gerya et al., 2002, Arcay et el., 2005, 

2008; Gorczyk et al., 2006) proposed that weakening and extension of the overriding plate are 

controlled by hydration/serpentinization reactions triggered by aqueous fluid released from the 

slab. Arcay et al., (2008) investigated the influences of subducting and overriding plate 

velocities on arc tectonic regimes and concluded that upper plate retreat (vs. advance) increases 

extension (vs. compression) in the arc lithosphere. Their modeling confirmed the statistical 

kinematic relationship that describes the transition from extensional to compressional stresses in 

the arc lithosphere (Lallemand et al., 2008). Arcay et al., (2008) also showed that the arc 

deformation mode is time-dependent on scales of millions to few tens of million years. Clark et 

al., (2008) investigated numerically the episodic behavior in trench motion and backarc 

tectonics based on simplified 3D models with freely subducting slabs. They defined three types 

of episodicity and found evidence of these in nature. 

Shortening of intra-oceanic arcs received relatively little attention in terms of modeling. 

Boutelier et al., (2003) investigated with analogue models different stages of arc and forearc 

subduction those likely played important roles in collisional mountain belts such as Himalayas 

and Tibet (Boutelier and Chemenda, (2011) and references therein). These authors, in particular, 

argued that without the existence of a backarc (i.e. no thin and weak lithosphere in the rear of 

the arc), the overriding plate fails in the arc area. This may lead to forearc block subduction. So 

far, no numerical modeling has successfully complemented these analogue models. Only 

recently, Gerya and Meilick, (2011) demonstrated numerically that in case of oceanic-

continental (i.e. active margin) subduction geodynamic transition from arc compression to 

extension should be critically determined by the magnitude of rheological weakening induced 

by fluids and melts. These results are, however, not directly applicable to intra-oceanic 

subduction because of major differences in the overriding plate origin, composition and 

structure. 

 

In this paper we aim to investigate numerically which physical parameters control the transition 

from compression to extension in intra-oceanic subduction. We performed systematic numerical 

experiments with a new 2D high-resolution petrological-thermo-mechanical subduction model 
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including spontaneous intra-oceanic arc development and deformation. The results are analyzed 

with respect to fluid and melt weakening effects, cohesive strength of rocks, subducting plate 

velocity and plate ages. We classify three major intra-oceanic subduction regimes and present 

their implications for arc extension and compression, forearc subduction and trench migration. 

 

 

 

3.2. Numerical model description 
 

Our modeling approach is comparable to that of (Sizova et al., 2010) and Gerya and Meilick, 

(2011) who presented numerical details not provided here. The model is based on the 2D 

thermo-mechanical I2ELVIS code (Gerya and Yuen, 2003, 2007) based on finite differences 

and marker-in-cell method.  

 

 

3.2.1 Model design 
 

The 2D numerical model (Fig. 2) simulates subduction of an oceanic plate beneath another 

oceanic plate. The model starts with subduction initiation and spans a period equivalent to about 

40 Ma. The scaled size of the model is 300 km in depth and 4000 km in length with the 

subducting plate being about 2500 km long and the overriding plate 1500 km (Fig 2).  The 

rectangular non-uniform 2001x301-node-grid contains a 1500 km long (from x=1500 km to 

x=3000 km, Fig. 2), high resolution (1x1 km) mesh refinement area in the middle of the model. 

The resolution is 5x1 km over the rest of the model. The oceanic crusts of both the subducting 

and overriding plates represent an upper layer of hydrothermally altered basalts (2 km thick) 

overlying a 5 km thick layer of gabbro. The mantle consists of anhydrous peridotite (material 

properties in table 1). The initiation of subduction is prescribed by an initially weak zone with 

wet olivine rheology and low brittle/plastic strength (sinϕ = 0.1 where ϕ is the effective internal 

friction angle) (Fig. 2). An internally prescribed velocity field within the convergence condition 

region drives the spontaneously bending slab during the entire duration of the experiment.  

 

The mechanical boundary conditions are free slip at the top and side boundaries, whereas the 

lower boundary is permeable in the vertical direction (Gorczyk et al., 2007). The top surface of 
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the lithosphere is treated as an internal free erosion/sedimentation surface (e.g. Gorczyk et al., 

2007b; Schmeling et al., 2008) by using an 8–12.5 km thick top layer with low viscosity 

(1018 Pa s) and density (1 kg/m3 for air above y=10 km level, 1000 kg/m3 for sea water 

below y=10 km level). Large scale erosion (0.3 mm/a) and sedimentation (0.03 mm/a) 

rates were used to account for the effects of erosion and sedimentation on the 

topographical evolution above and below the sea water level, respectively (Gorczyk et al., 2007).  
 

 
Fig. 2 Initial numerical model setup. Staggered grid resolution = 2001×301 nodal points, with more than 
10 million randomly distributed markers. Grid step is 1×1 km in the subduction zone area (1500–3000 
km) and 5×5 km outside of this area. Prescribed subducting plate velocity remains constant during the 
entire experiment. Isotherms (white lines) from 100°C with 200°C intervals. Material colors for all 
figures. Two layers in the sediments and the mantle have same physical properties but are differently 
colored to better visualize deformation. 
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3.2.2 Hydration process 
 

Like in previous petrological-thermo-mechanical subduction models, we used thermodynamic 

database to account for slab dehydration and mantle wedge hydration (e.g., Ruepke et al., 2004; 

Hebert et al., 2009; Gerya and Meilick, 2011). In addition to mineralogical water computed 

from the database (Gerya and Meilick, 2011), H2O is also present as a free porous fluid making 

up to 2 wt% in sediments and hydrothermally altered basalt. The pore water content is supposed 

to decrease linearly from the maximal value of 2wt% at the surface to 0 wt% at 75 km depth. 

The release of this water also mimics effects of low-temperature (T<573 K) reactions, which are 

not included in our thermodynamic database. 

 

The slab is being dehydrated as it sinks. The timing of H2O release by dehydration reactions is 

determined by the physicochemical conditions of the model and the assumption of 

thermodynamic equilibrium. Water propagation is modeled in the form of water markers 

moving upward with an assumed water percolation velocity of 10 cm/a, which is similar to 

previous subduction models and allows for efficient water transport from the slab to the mantle 

wedge (Gorczyk et al., 2007b; Hebert et al., 2009; Sizova et al., 2010; Gerya and Meilick, 2011). 

The marker releases water as soon as it encounters a rock capable of absorbing water by 

hydration or melting reactions at given PT-conditions and rock composition (Gorczyk et al., 

2007b; Nikolaeva et al., 2008; Sizova et al., 2010).  
 

 

3.2.3 Partial melting and melt extraction processes 
 

Because the H2O transport model does not permit complete hydration of the peridotic mantle, 

the mantle solidus is intermediate between the wet and dry peridotite solidi. To account for this 

behavior, we assume that the degree of both hydrous and dry melting is a linear function of 

pressure and temperature (e.g. Gerya and Yuen, 2003a). In this model the standard (i.e. without 

melt extraction) volumetric degree of melting M0 is, 

 

M0 = 0 when T <Tsolidus, 

 M0 = (T - Tsolidus) / (Tliquidus - Tsolidus)     when Tsolidus< T <Tliquidus, 

M0 = 0 when T >Tliquidus, 
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where Tsolidus is the solidus temperature (wet and dry solidi are used for the hydrated and dry 

mantle, respectively) and Tliquidus is the dry liquidus temperature at a given pressure and rock 

composition (Table 1). To simulate melt extraction from partially molten rocks (e.g. Nikolaeva 

et al., 2008; Sizova et al., 2010) we define a melt extraction threshold Mmax= 4 % and a non-

extractable amount of melt Mmin = 2 % that remains in the source. Extracted melts are assumed 

to propagate instantaneously and vertically toward the surface and build up a new volcanic crust 

(Nikolaeva et al., 2008; Sizova et al., 2010; Gerya and Meilick, 2011). 

 

 

3.2.4 Rheological model   
 

The effective stress- and temperature-dependent creep viscosity of rocks is computed according 

to experimentally determined flow laws (Ranalli, 1995) (Table 1). In our model, both fluid and 

melt propagation affect the brittle/plastic strength of rocks. This is implemented by including 

fluid and melt influences into the Mohr-Coulomb yield criterion as follows  

 

σyield= c + Psolid sin(ϕ),  

 sin(ϕ) = sin(ϕdry) λfluid and λfluid= 1 − Pfluid / Psolid in the regions of fluid percolation, 

 sin(ϕ) = sin(ϕdry) λmelt and λmelt  = 1 – Pmelt / Psolid in the regions of melt percolation. 

 

Thus, the local brittle/plastic strength of a rock σyield depends on (1) the mean stress (pressure) 

Psolid on the solid, (2) the cohesion, c, which is the strength at Psolid = 0, and (3) the effective 

internal friction angle, ϕ, which is calculated from the friction angle of dry rocks, ϕdry (for 

values of c and sin(ϕdry) see Table 1), and the pore fluid/melt pressure factors λfluid/λmelt. 

According to our model, the pore fluid pressure Pfluid reduces the yield strength of rocks 

subjected to percolation of water markers released from the slab. Similarly, ascending extracted 

melts reduce the yield strength in the column of rock between the source of the melt and the 

surface. λfluid and λmelt factors are systematically varied in different numerical experiments.  
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Fig. 3 Area diagram reporting the investigated models in terms of arc extension (blue), stable subduction 
(green) and arc compression (yellow) with fore-arc subduction (diagonal hatching) and/or cold plume 
(horizontal hatching) in function of fluid- (λfluid) and melt- (λmelt) weakening effects. White dots stand for 
episodic trench retreat. Reference models discussed in the text are framed in red. 
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Table 1 Physical properties of rocksa used in numerical experiments (Gerya and Meilick, 2011) 
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3.3 Results 
 

3.3.1 Geodynamic regimes of subduction 
 

We performed 42 experiments by varying the following model parameters: fluid and melt 

related wakening (λfluid: 0.001,0.01, 0.02, 0.0333 0.05, 0.1, 0.3 and λmelt: 0.001, 0.01, 0.02, 

0.0333, 0.05, 0.1, 1.0), age of subducting (40, 140 Ma) and overriding (20, 40 Ma) lithosphere 

as well as prescribed constant subducting plate velocity (35mma-1, 50mma-1 or 85mma-1) and 

brittle/plastic strength of the mantle (sin(ϕdry): 0.5, 0.6, 0.7). In agreement with previous models 

(Sizova et al., 2010), our results show that fluid and melt weakening are the most important 

parameters controlling the subduction regime. We distinguish three regimes depending on the 

conditions and experimental results (Fig. 3): (1) the retreating regime with either stable or 

episodic overriding plate extension (in the latter case alternation of trench retreat, trench 

advance, and quiescence episodes is observed), (2) the stable regime without compression and 

extension and (3) the advancing regime with forearc subduction. Reference models for these 

three regimes are now described. 

 

 
3.3.1.1 Retreating subduction regime   
 

The retreating subduction regime occurs in experiments with strong weakening of the overriding 

plate by both fluids and melts (λfluid=0.001-0.0333, λmelt=0.001-0.05) (Fig. 3). Model bet32B 

with λfluid = 0.01, λmelt = 0.02 (Fig. 4) is our reference model of this subduction regime. In this 

model, the magmatic arc begins to grow 5 to 6 Ma after initiation of subduction. The arc 

volcanic rocks stem from the molten hydrated peridotite of the mantle wedge and from a small 

amount of molten basalt and gabbro of the subducted plate (Fig. 4a). The slab plunges with a 

strong curvature (R = 185km; in all models the radii of curvature are measured at a depth of 70 

km within the dry mantle). Extension in the fore/intra-arc region starts at about 20 Ma (Fig. 4b) 

after rheological weakening of the overriding plate mantle by hydration/serpentinization and 

melt propagation. Lowered viscosity of serpentinized forearc mantle (dark blue in Fig. 4b) 

together with melt-induced weakening of the arc lithosphere (λmelt = 0.02) triggers localized 

extensional deformation (necking) of the overriding plate above the upper-left corner of the 

asthenospheric mantle wedge (white circle in Fig. 4b). Necking of the (fore) arc lithosphere (Fig. 
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4b) triggers decompression melting in the mantle wedge, and a basin opens at 30-50 km behind 

the accretionary wedge, 50-80 km in front of the first arc. Decompression melting generates a 

new oceanic lithosphere with a crust composition analogue to MORB (Fig. 4c). As a 

consequence of decoupling and extension of the overriding plate, the trench starts to retreat. The 

initially strong curvature of the slab notably decreases from R=185 km to R = 591km during ~5 

Ma of trench retreat. This slab behavior is due to the transient rapid motion of the retreating arc 

(Fig. 4b,c). During trench retreat, a  broad decompression melting region forms beneath the 

widening backarc basin (Figs. 4c, 4d). The frontal arc remains active and migrates together with 

the trench (Figs. 4a, 5c) at ca. 25 Ma, (Fig. 4c). The rear side becomes an extinct paleo-

magmatic arc composed of subduction-related volcanics behind the back arc basin. The 

retreating trench position and the width of the back arc basin stabilize at about 35 Ma, which 

also results in steepening of the slab (the curvature increases toward the steady state R=196 

km; Fig. 5d).  

 

 
Fig. 4 Reference model for the retreating subduction regime; (λfluid =0.01 and λmelt =0.02, model bet32B in 
Fig.2). Time 0 = beginning of convergence. Calculation mode of curvature from Vogt et al. (Vogt et al., 
2012).Radius of curvature R measured at a lithospheric depth of 70 km (thick white line). (a): Early arc 
established above the hydrated mantle region; (b): Establishment of a spreading center in the fore-arc; (c) and 
(d): Decompression melting producing a new MORB crust in back-arc regions and separating a paleoarc from 
the next-to-trench active arc. (e): Zoom of (d) showing the new arc derived from molten wet peridotite and 
molten basalt. 

 

Trench retreat is often irregular and one or several episodes of trench advance intervene (Fig. 5). 

These episodes are mainly caused by temporal variations in the degree of rheological coupling 
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between the plates. Rheological coupling changes with time due to the ongoing deformations in 

the continuously serpentinized heterogeneous forearc and subduction channel (Fig. 4d). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Topography history for three retreating subduction models (Fig.2.) (a): Homogeneous trench 
retreat of about 510 km in 11 Ma (model bet22); (b): Episodic trench retreat (model bet43) with two short 
episodes of trench advance; (c): Episodic trench retreat with one short advance episode (model bet32B). 
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3.3.1.2 Stable subduction regime 
 

Stable subduction regimes develop in two distinct areas of the investigated λfluid-λmelt parameter 

space (Fig. 3): (i) stable subduction with wide serpentinite mélanges (Fig. 6) develops in 

experiments with strong fluid weakening combined with moderate melt weakening (λfluid≤0.001, 

λmelt≥ 0.0333) and (ii) stable subduction with narrow serpentinite mélanges (Fig. 7) develops in 

experiments with moderate fluid weakening. The corresponding reference models are bet51 

(λfluid = 0.001, λmelt = 0.05, Fig. 6) and bet15 (λfluid = 0.05, λmelt = 0.001, Fig. 7). A magmatic arc 

takes place approximately 5 to 10 Ma after subduction initiation. Like for the retreating 

subduction regime, the volcanic rocks are mainly produced from the molten hydrated mantle 

and the subducted oceanic crust (Figs. 4 and 6). Model bet51 is characterized by the 

development of a broad mélange area in which the subducted basaltic crust is mechanically 

mixed with the serpentinized forearc mantle (Fig. 6d). Intense mixing is promoted by an 

increased degree of fluid-related weakening that reduces the effective viscosity of the mélange 

(Gerya and Stockhert, 2002). In contrast, the mélange area in model bet15 is confined to the 

slab interface while the remaining parts of serpentinized forearc remain relatively undeformed. 

Their increased effective viscosity reflects a reduced degree of fluid weakening (Fig. 7d). The 

increased viscosity also increases coupling between the plates and results in a noticeable 

subsidence of the forearc.  This is reflected in a deeper forearc basin in model bet15 than in 

model bet51 (cf. Fig. 8a and b). Although there is massive serpentinization and hydration of the 

forearc, there is no necking and extension of the overriding plate (Figs. 6b, 7b). Moreover, the 

subducting slab remains relatively steep (R=137-194 km in bet15 and 150-176 km in bet51) and 

if there is trench retreat, it is for no more than 50 km over 35 Ma (Fig. 8a). The minor trench 

retreat is mainly caused by sediment accretion in the growing accretionary wedge (Figs. 6 and 

7).  
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. 
 

Fig. 6 Reference model for stable subduction and broad mélange zone; (λfluid = 0.001 and λmelt = 0.05, model 
bet51 in Fig.2).  (a): Magmatic arc established 5 to 10 Ma after subduction initiation above of the hydrated 
mantle region; (b) and (c): Serpentinized area atop of the slab growing with time; (d): Broad area of mélange of 
mechanically mixed subducted basaltic crust and serpentinized fore-arc mantle. Well developed magmatic arc, 
mainly derived from the molten subducted oceanic crust and molten hydrated mantle. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Reference model for stable subduction; (λfluid=0.05 and λmelt=0.01, model bet15 in Fig.2). (a): Narrow 
serpentinite mélange area and magmatic arc above of a small area of hydrated mantle; (b) – (d): Broad 
serpentinization area in the forearc mantle due to the dehydration of the slab.  
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Fig. 8 Topography history of two stable subduction models (Fig.2). (a): bet51 (λfluid=0.001 and 
λmelt=0.05); (b): bet15 (λfluid=0.05 and λmelt=0.001). Note differences in depth of the fore-arc basin and 
amount of incoming sediments in the accretionary wedge. Color bar: Elevation in meter.  

 

 
3.3.1.3 Advancing subduction regime  
 

The advancing subduction regime develops under conditions of notably reduced fluid-related 

weakening (λfluid ≥ 0.1, Fig. 3), which trigger strong coupling between the plates. At λfluid = 0.1 

advancing subduction always induces forearc subduction (Figs. 9 and 10). At λfluid =0.3, forearc 

subduction becomes incomplete (Fig. 11). bet16 (λfluid= 0.1, λmelt= 0.001, Fig. 9) and bet36 

(λfluid= 0.1, λmelt= 0.02, Fig. 10) are the reference models of advancing subduction. bet16 shows 

forearc subduction combined with folding of the overriding crust (both basalt and gabbro layers), 

whereas model bet36 shows forearc subduction without folding. Like in the retreating and stable 

regimes, the magmatic arc begins to grow 5 to 6 Ma after subduction initiation (Figs. 5, 8, 12). 

As in stable subduction models, the forearc basin develops during the first 25 Ma, after which 

forearc subduction starts (Figs. 9c, 12a,b). Forearc subduction produces a strong change in 

topography dynamics (Fig. 12a). It also involves gradual mechanical disintegration of the 

forearc mantle by heterogeneous serpentinization (Fig. 9a-c). Strong coupling between plates 

builds up large stresses able to overcome the mechanical resistance of the serpentinized forearc 

mantle, which becomes subducted together with the subduction plate at around 27 Ma (Fig. 9d).  

The upper bound of the subducted forearc crust lies typically under the slope of the magmatic 

arc (Figs. 9d, e, 10c, d), which leads to the almost complete closure of the forearc basin (Figs. 
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10c, 12a,b). The detailed dynamics of forearc subduction (Fig. 9c, d) demonstrates complex 

interactions between different parts of the overriding plate. Deep forearc subduction (~150 km 

depth, Fig. 9e) results in transient enhanced magmatic activity caused by water release from the 

subducted forearc serpentinized mantle at asthenospheric depths at around 31 Ma. Large 

amounts of new basaltic crust form at the surface as the result of enhanced fluid-fluxed melting 

of the mantle wedge (Fig. 9f). Such deep forearc subduction only develops in models with λfluid 

= 0.1 (~25 Ma). At λfluid =0.3, forearc subduction becomes incomplete (Fig. 11, bet17) and is 

replaced by shallow (in 15-30 km depth) buckling/shortening (~15 Ma) of the serpentinized 

forearc mantle (Fig. 11). In experiment bet17 (λfluid: 0.3 and λmelt: 0.001), advancing subduction 

accompanies forearc shortening and the development of a deep (100-120 km) thermal-chemical 

plume composed of partially molten subducted sediments and basalts as well as partially molten 

hydrated mantle. In agreement with previous subduction models (e.g. Gerya and Meilick, 2011), 

the development of sedimentary plumes is associated with strong plate coupling and increased 

subduction erosion of sediments. The characteristic thickening of the subducted sediments 

triggers the development of buoyant, partially molten trans-lithospheric cold plumes atop the 

slab. The rock composition of the arc in model bet17 is heterogeneous since it has been 

extracted from molten gabbro, basalt, sediments, and peridotite. 
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Fig. 9 Reference model for fore-arc subduction; (λfluid=0.1 and λmelt=0.001, model bet16 in Fig.2). Zoomed 
area: (a) Weak zone below the magmatic arc. (b): Initiation of plate breaking. Hydration and serpentinization 
of the fore-arc mantle; (c): Second breaking and subduction of the first fragment; (e): Subduction of the broken 
forearc with the subducting slab; (f): Broad area of flux melting feeding the magmatic arc. Buckling of the thin 
overriding crust. (g) Magmatic arc mainly derived from partially molten peridotite, decreases. The fore-arc 
basin contracts. 
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Fig. 10 Zoomed area of the reference model bet36 (λfluid=0.1 and λmelt=0.02) with forearc subduction. (a-b): 
Uprising serpentinized mantle penetrating the overriding lithosphere (c) – (e): Closure of the forearc basin; 
two forearc fragments descend to asthenospheric depth; (d): Serpentinized peridotite on the surface. Broad 
hydrated mantle area with partially molten mantle (red); (e): Subduction of the frontal part of the first arc; 
(f): Accumulation of new volcanic rocks on the backside of the magmatic arc. 
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Fig. 11 Reference model for a fore-arc subduction with trans-lithospheric cold plume; (λfluid: 0.3 and λmelt: 
0.001, model bet17 in Fig.2). (a): Weak zone within the magmatic arc; (b): Forearc subsidence; Second weak 
zone; (c): Exhumation of overriding crust; First fracture through the overriding plate; (d): Second fracture 
through the overriding plate; (e): Subduction of the forearc fragments but stick in the upper part of the 
mantle; (f): Plume rooted in mélange of sediments, basalts and gabbro.  
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Fig. 12 Topography history of the reference models for fore-arc subduction (Fig.2).  (a) and (b) Models 
bet16 (λfluid=0.1 and λmelt=0.001 in Fig. 2) and bet36 (λfluid=0.1 and λmelt=0.02 in Fig. 2) with moderate 
starts about 25 Ma after subduction initiation. (c) Model bet17 (λfluid=0.3 and λmelt=0.001) showing stable 
trench behavior and incomplete fore-arc subduction starting 15 Ma after subduction initiation trench 
retreat (40-60 km) in ca. 25 Ma and advance of 170–190 km for ca. 5 Ma. forearc subduction.  
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3.3.2 Influence of model parameters  
 
3.3.2.1 Influence of plate ages 
 

We varied cooling ages of both subducting (40-140 Ma) and overriding (20-40 Ma) plates in the 

retreating subduction models bet11, bet21, and bet22 (Fig. 3). Results suggest that the slab age 

has rather small effects on spreading initiation, which takes longer (20-21 Ma) in models with 

contrasting plate ages (Fig. 13b-c) than in the reference model  (17 Ma, Fig. 13a). On the other 

hand, spreading rates positively correlate with the slab age (and thus with the magnitude of 

negative slab buoyancy compared to the asthenosphere) and are up to 3 times higher in models 

with 140 Ma old slabs (164 mma-1 spreading rate, Fig. 13b right column) than with 40 Ma old 

slabs (48-66 mma-1 spreading rate, Fig. 13a,c right column). 

 

 
3.3.2.2 Influence of subducting plate velocity 
 

We varied the prescribed constant subducting plate velocity, which is maintained during the 

entire experiment, from 35 to 85 mm/a for models bet11, bet21 and bet22 (Fig. 3) under 

conditions of contrasting cooling ages of subducting (140 Ma) and overriding (40 Ma) plates. 

An increase of the subducting plate velocity leads to earlier initiation of a spreading center (Fig. 

14a/b/c). Indeed, the amount of plate convergence needed for spreading initiation increases with 

decreasing subducting plate velocity from 800-900 km in the models with 85 mm/a velocity to 

1200-1400 km in the models with 35 mm/a velocity (Fig. 15). In contrast, the nucleation site of 

the spreading center seems to be independent of the slab velocity (Fig. 14). In addition, the 

effect of subducting plate velocity on the accretionary prism geometry, size and dynamics is 

rather moderate (Fig. 14): more sediment subduction occurred in models with 35 mm/a velocity 

than in faster experiments, in which sediments are fully scrapped off the subducting plate. 
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Fig. 13 Reference models (λfluid: 0.01 and λmelt: 0.01, model bet22 Fig.2) with different initial ages (framed numbers) 
of subducting and overriding plates. (a): Similar ages of both plates. Initiation of spreading after 17 Ma. topography 
shows spreading rate of 48 mma-1. (b): Contrasting plate ages; Initiation of spreading after 21 Ma. topography shows 
spreading rate of 164 mma-1. (c): 20 Ma difference in ages. Initiation of spreading after 20 Ma. topography shows 
spreading rate of 66 mma-1.  
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Fig. 14 Reference model (λfluid: 0.01 and λmelt: 0.01, model bet22 in Fig. 2) with different velocities; 
(a): Subducting plate velocity of 35 mm/a; Opening of the spreading center at 34.62 Ma; (b): 
Subducting plate velocity of 50 mm/a; Extension after 21 Ma; (c): Subducting plate velocity of 85 
mm/a; Initiation of spreading at 9.49 Ma. 
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Fig. 15 Calculated amount of convergence (y axis) in three experiments (blue: λfluid=0.001, 
λmelt=0.001, model bet11), red: (λfluid=0.001, λmelt=0.01, model bet21), green: (λfluid=0.01, 
λmelt=0.01, model bet22) with different subducting plate velocities (x axis: subducting plate 
velocity (mma-1); y axis: plate convergence before spreading initiation. Initiation age in all 
experiments for subducting plate: 140 Ma and for overriding plate: 40 Ma. 

 

 
3.3.2.3 Influence of rock cohesion 
 

We emphasized that decreasing the plastic strength of rocks is essentially responsible for 

coupling/decoupling of the converging oceanic plates. Weakening is here defined with the 

afore-mentioned values of λfluid and λmelt. The cohesive strength of rocks (i.e., strength at 

Psolid=0) was constant (1 MPa) in our experiments. In order to test this parameter, we varied 

cohesion from 0.1 MPa to 10 MPa in the retreating subduction model bet33 (λfluid: 0.02 and 

λmelt: 0.02). The explored cohesion variations are within the range of this parameter measured 

for natural rocks (Brace and Kohlstedt, 1980). Results suggest that the cohesive strength of 

rocks strongly affects coupling between the plates: decreasing this parameter to 0.1 MPa 

enhances plate decoupling and speeds up backarc basin development (Figs. 6b and16a) while 

increasing cohesion to 10 MPa precludes backarc extension and causes transition from 

retreating to advancing subduction regimes Fig. 16a and c).  
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Fig. 16 Reference model with different cohesive strength of rocks; (λfluid: 0.02 and λmelt: 0.02, model bet33 in 
Fig. 2). (a) - (c): no difference between the three experiments for the first 10 Ma (d) and (e): After 30 Ma 
similar development of decompression melting and extension; (f): No extension; Well-developed arc above a 
broad area of hydrated (light blue) and serpentinized (dark blue) mantle.  
 

 

3.4 Discussion 
 

In our studies three geodynamic regimes of subduction were obtained. They were mainly 

controlled by plate coupling, which depends on fluid- and melt-related rheological weakening: 

a) weak plate coupling and strong fluid related-weakening lead to retreating subduction (Fig. 4), 

b) intermediate coupling, moderate weakening lead to stable subduction (Fig. 6) and c) strong 

coupling, lowered weakening result in advancing subduction (Fig. 9:). The strong influence of 

cohesion on the subduction regime (Fig. 16) is related to the fact that this parameter controls 

strength of fluid and melt-bearing rocks at high degree of weakening (cf. 2.4. Rheological 

model). Consequently, the increased cohesion, like lowered fluid weakening, causes higher 

strength of hydrated rocks along the slab interface, thus enhancing plate coupling. Other 

subduction parameters are less significant: neither the subducting plate velocity nor the age of 

plates have noticeable influence on the trench movement (Billen and Hirth, 2007). 

In agreement with petrological-thermo-mechanical models of oceanic-continental subduction 

(Gorczyk et al., 2006, 2007a, 2007b; Sizova et al., 2010; Vogt et al., 2012) the aqueous fluids 
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mainly affect the forearc region, while melts weaken the lithosphere below the arc and control 

extension in the arc region. A backarc basin results either from initially forearc or intra-arc (but 

not backarc) extension (Fig. 4). This is the direct consequence of fluid and melt weakening that 

affects two main regions of the overriding plate: the serpentinized forearc weakened by aqueous 

fluids and the sub-arc lithosphere weakened by melt. Extension obviously nucleates in the 

weakest region (Fig. 4b). Irrespective of the initial location of extension (i.e. forearc or intra-

arc), rapidly produced necking of the overriding plate allows for pronounced decompression 

melting of the asthenosphere rising into the necking region (Fig. 4d). This triggers slab retreat 

and formation of a new oceanic lithosphere in the new spreading center. During oceanic floor 

spreading, a large part of the extended initial arc (intra-arc extension) or the entire initial arc 

(forearc extension) deactivates and moves away from the trench, thus forming a paleo-arc (Fig. 

4e). A younger, active arc forms/remains active on the detached portion of the overriding plate 

that retreat together with the trench.  

 

On the other hand, differences in the overriding plate composition and structure caused notable 

differences between our results on intra-oceanic subduction and oceanic-continental subduction 

models (Gorczyk et al., 2006, 2007a, 2007b; Sizova et al. 2010; Gerya and Meilick, 2011; Vogt 

et al., 2012). The presence of thin oceanic crust underlain by shallow, partly serpentinized, and 

fragmented lithospheric mantle in the intra-oceanic forearc region revealed to be particularly 

important. A noteworthy result is that, for the first time, we numerically reproduced forearc 

subduction, which seems to be an unexceptional process for intra-oceanic subduction with 

strong plate coupling. This process is prompted by intense serpentinization of the shallow 

forearc mantle, which aids fragmentation and subduction of large lithospheric pieces with the 

slab. Forearc subduction can be either complete or partial. In the first case, it is often associated 

with a magmatic pulse caused by dehydration of subducted serpentinized forearc fragments at 

asthenospheric depths. Note that forearc subduction notably differs from usual subduction 

erosion (e.g., von Huene and Scholl, 1991; Vannucchi et al., 2003; Stern, 2011). Subduction 

erosion is a gradual removal of forearc sediments and crystalline basement by entrainment with 

the down-going slab (e.g., von Huene and Scholl, 1991; Stern, 2011). In contrast, forearc 

subduction (e.g., Boutelier et al., 2012, this study) implies complete, simultaneous subduction of 

a large fragment of the overriding plate including crust and mantle lithosphere whereas 

sedimentary wedge may remain almost entirely preserved (Figs. 9 and 10).  

 

Our models demonstrate distinct differences in thermal and lithological structure of subduction 

zones formed in different regimes of intra-oceanic subduction. Particularly strong variations are 
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found in the forearc region where variable degrees of mantle and crustal rock mixing are 

identified (cf. Figs. 4e, 6d, 7d, 10c and 12c). Variations in the degree of mixing mainly depend 

on the effective viscosity of the hydrated forearc and can strongly affect the lithological 

structure of exhumed subduction mélanges (Gerya and Stockhert, 2002). Consequently, 

exhumed subduction mélanges with intensely intermixed serpentinites, eclogites and sediments 

may imply reduced viscosity of subduction channel and thus correspond to the conditions of 

plate decoupling characteristic for either retreating or stable subduction regime (Figs. 4 and 6). 

This model prediction can thus be used for paleo-tectonic interpretations of subduction-related 

metamorphic complexes (e.g. Ernst, 1977, 1993; Peacock, 1990; Garrido et al., 2005; Gorczyk 

et al., 2007a; Federico et al., 2007; Krebs et al., 2008; Blanco-Quintero et al., 2011).  
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Fig. 17 Overview of different trench migrations over ca. 35 Ma. Trenches behave according to the 
coupling/decoupling. Three directions of trench migration: retreating (blue), stable (green), advancing 
(yellow). The two axes indicate time (Ma) over distance (km). 
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3.4.1 Comparison with natural subduction systems 
 

Our models of retreating subduction have similarities with regions of active and/or ancient 

oceanic backarc spreading. These regions generally have an arc close to the trench and a 

remnant arc on the other side of the back arc basin with a spreading center, for example the 

Kyushu-Palau Ridge in the Mariana arc system (Stern, 2002; Straub and Zellmer, 2012) and the 

inactive West Mariana Ridge (Takahashi et al., 2007). Although our experiments are not 

constrained with the exact parameters of the Izu-Bonin-Mariana subduction system, we find the 

four characteristic geodynamic features in our general retreating model (Figs. 4 and 5b): (i) 

retreating/advancing trench migration, (ii) an active magmatic arc (e.g. Mariana arc, Izu-Bonin 

arc), (iii) an active spreading center and backarc basin (e.g. Mariana Trough) and (iv) a paleoarc 

/ remnant arc, which has been separated from the volcanic arc by rifting and spreading (e.g. 

Kyushu-Palau Ridge, Kodaira et al., 2008), Western Mariana-Ridge Bonin Ridge, (Tatsumi and 

Stern, 2006; Ishizuka et al., 2010; Tamura et al., 2010). In more details, the internal structure of 

our evolved retreating subduction model (Fig. 4) is comparable with the geodynamic evolution 

of the Izu-Bonin arc/backarc system since 50 Ma (Straub, 2003): overriding plate extension 

associated with moderate subduction angle and convective mantle upwelling is shifted toward 

the backarc spreading center. In contrast, the 15-7 Ma evolution of the Mariana subduction 

system (Straub, 2003; Stern et al., 2003) is more similar to our stable subduction models (Figs. 

6 and 7), in which the trench keeps its position with time, the slab angle is steep and convective 

mantle upwelling is shifted toward the mantle wedge corner. According to our models, observed 

contrasts in geodynamic evolution of the neighboring Mariana and Izu-Bonin subduction 

systems should mainly depend on spatial and temporal variations in the degree of plate coupling. 

These variations may, in turn, be caused by differences in intensity of fluid- and melt-induced 

weakening processes, which should correlate with the distribution and intensity of slab 

dehydration and melt production in the mantle wedge. Documented spatial and temporal 

variations in the mantle wedge depletion, degree of slab melting and amount of serpentinite and 

sediment subduction (e.g. Straub, 2003; Kimura and Yoshida, 2006; Barnes and Straub, 2010) 

may thus provide keys to observed geodynamic variations.  

 

Other examples for paleoarc/remnant arc are the northern Kohistan Complex (Burg, 2011) and 

the Nishi-Shichito Ridge in the Izu-Bonin intra-oceanic arc (Kodaira et al., 2008). The 

geographical sequence of forearc basin, active magmatic arc, backarc spreading occasionally 

followed by a paleoarc was obtained in the retreating subduction models (Fig. 4d). The 

experiments with stable subduction regime (Figs. 7 and 8) with a moderate active magmatic arc 
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and no backarc basin and trench migration modeled more the Aleutian type (Ishizuka et al., 

2011; Leng and Grunis, 2011) or an inactive extension regime. The considerable magmatic arcs 

are typical for the stable subduction models (Fig. 6b, c and d), which could be observed e.g. in 

the central Aleutians (Jicha et al., 2006). 

 

It is evident that the trench migrates differently in different subduction regimes (Fig. 17). For 

example the Izu-Bonin-Mariana (IBM) trench migrated recently, after a long time of retreating 

in an advancing mode (Faccenna et al., 2009) (Fig. 5b). In our experiments, the trench position 

typically remains relatively stable during the first 20-25 Ma of the model and then may start to 

migrate either continuously or episodically. With retreating subduction, the average trench 

retreat velocity varies from 40 to 80 mm/a and is generally slower when retreat is episodically 

retreating/advancing (Fig. 5b and c). The extent of trench movements during intermediate 

advancing stages can reach up to 70 km with the advance rate varying between 40 and 70 mm/a 

(Fig. 5 b). These values match what we know from the Mariana (40 – 68 mm/a) and Izu-Bonin 

trenches (65 – 20 mm/a) (Faccenna et al., 2009). Such episodes in trench behavior are described 

by Boutelier and Chemenda, (2011) in their models and Clark et al., (2008) for the Solomon Sea 

and Japan. In contrast to observed 10-17 Ma quiescence between advancing/retreating episodes 

for Lau Basin and Sumatra-Java (Clark et al., 2008), our episodic models did not produce 

quiescence for longer than 1 to 3 Ma (cf. Fig. 5b and c). 

In the case of advancing subduction regime, the rate of trench advance is limited by the 

prescribed subducting plate velocity and varies between 20 and 40 mm/a. The amplitude of 

trench advance varies from 20 km when forearc subduction is incomplete to 150 km (Fig. 12c) 

when forearc subduction is complete (Fig. 12a and b). After 15-30 Ma the trench stops 

migrating and stays on its new position, as Clark et al. (2008) reported for Izu-Bonin, Mariana 

and Japan. Forearc subduction has been inferred in several subduction/collision zones (Ural: 

Boutelier and Chemenda, 2011; Billen, 2010, Oman: Chemenda et al., 2001) but is not observed 

in modern intra-oceanic subduction zones. We contend that our models have stronger plate 

coupling (i.e., insufficient fluid weakening) than current intra-oceanic subduction settings.  

 

Some of our models are characterized by relatively stable trench position and demonstrate 

neither notable advance nor retreat (Fig. 8). This behavior may, however, be transient since the 

trench is stable at the beginning of all models and its positions may be destabilized by the 

ongoing subduction process. Most of these nearly stationary trenches have a very slow retreat 

behavior due to the gradual accretion of sedimentary wedges in the forearc. Indeed, sediment 

accretion is generally too intense in our models compared to typical modern intra-oceanic 
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subduction zones (Leat and Larter, 2003). This problem could possibly be improved with the 

use of more sophisticated erosion/sedimentation models. 

 

 

3.5 Conclusion 
 

Three main geodynamic regimes of intra-oceanic subduction are identified in numerical thermo-

mechanical experiments: retreating subduction with occasional opening of backarc basin, stable 

subduction, and advancing subduction. The main difference between these regimes is the degree 

of rheological coupling between plates, which in turn is governed by the intensity of rheological 

weakening induced by fluids and melts. Neither subducting plate velocity nor ages of the 

subducting and overriding plates have significant influence on these geodynamic regimes.  

Backarc basin formation requires plate decoupling. A spreading center in retreating subduction 

regime nucleates either in forearc or in the intra-arc region and then separates a deactivated 

paleo-arc from the active, near-trench arc.  

 

Advancing subduction results from strong plate coupling. At the mature stage, this compressive 

geodynamic regime leads to complete or partial fragmentation and subduction of the previously 

serpentinized forearc region.   

 

Episodic trench behavior is characteristic for the retreating subduction regime. It is a 

consequence of variations of plate coupling with time caused by (fore) arc deformation 

processes. This episodicity is not observed for the stable and compressive subduction regimes.  
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Abstract 
 

Dehydration and melting processes in the subducted slab and mantle wedge control geochemical 

cycling in subduction zones. We present numerical model calculations of Pb isotope 

composition in subduction-related rocks for three different geodynamic regimes of intra-oceanic 

subduction: (1) extensional subduction, (2) stable subduction with high fluid-related weakening 

and (3) stable subduction with low fluid-related weakening. In our coupled 2D geochemical-

thermo-mechanical models, Pb is transported by aqueous fluid derived from sediments, altered 

oceanic crust, and serpentinized mantle. A three-stage fluid-assisted Pb geochemical transport 

process from the slab to magmatic arc is identified: (1) from sediments and oceanic crust to 

 

Chapter 4 

Lead isotopes in intra-oceanic subduction zones: 

2D petrological-thermo-mechanical modeling of 

geochemical signatures 
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serpentinite mélanges, (2) from serpentinite mélanges to hydrated partially molten mantle and 

(3) from hydrated partially molten mantle to magmatic arc. The two phases of dehydration in 

the mantle wedge enables transportation of Pb isotopes to greater depths, where partial melting 

occurs. This observation could explain, why sedimentary Pb isotope signatures are observed in 

rear magmatic arcs. Mechanical mixing and fluid-assisted geochemical transport above slabs 

results in strongly spatially and temporarily variable Pb-concentrations in the serpentinized 

forearc mantle as well as in arc volcanics derived from the hydrated partially molten 

asthenospheric mantle wedge. The Pb isotopic ratios in our models are strongly heterogeneous 

and show four main types of geochemical mixing: (i) binary mantle-MORB, (ii) double binary 

MORB-mantle and MORB-sediment, (iii) double binary MORB-mantle and mantle-sediment 

and (iv) triple MORB-sediment-mantle. In the shallow forearc mantle double binary MORB-

mantle and MORB-sediment trends are prevalent, whereas in the deeper forearc mantle more 

complex triple MORB-sediment-mantle trend is often observed. This can be related to multiple 

hydration/dehydration cycles and mechanical mixing in the serpentinized subduction channel. 

Our models also suggest that the Pb isotope signatures in the serpentinized forearc mantle are 

typically inherited by signatures in the magmatic arc volcanics. Therefore, the main source of 

Pb in the magmatic arc is directly linked to the area where mechanical and geochemical mixing 

takes place in the serpentinized forearc mantle. Predictions from our coupled geochemical-

thermo-mechanical models are in good agreement with data from intra-oceanic subduction 

zones such as Izu-Bonin-Mariana arc or Japanese Izu arc. 

 

Key words: intra-oceanic subduction, serpentinization, Pb isotopic signature, numerical 

modeling 
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4.1 Introduction 
 

The mechanisms and pathways of geochemical transport in subduction zones are of fundamental 

importance to understand global biogeochemical cycles. Of particular importance is how 

dehydration and hydration affect element transport in the forearc and subarc regions. Sediments 

dehydrate in the upper 50 km of the subducted slab at relatively low temperature ~ 350° C 

(Kerrick and Connolly, 2001). Therefore, the highly mobile elements are almost lost from the 

hydrated sediments and altered oceanic crust of the subducted slab and stored in the 

serpentinized forearc mantle (Rüpke et al., 2002). However, a sediment signature of mobile 

elements such as Pb is found in nearly all intra-oceanic magmatic arcs(e.g. Ishizuka et al., 2003; 

Ishizuka et al., 2006; Plank and Langmuir, 1993; Straub et al., 2010). 

 

Dehydration on top of slabs releases large volumes of aqueous fluids (Schmidt and Poli, 1998), 

which trigger partial melting in the mantle wedge at ~ 80 – 150 km depth (Bebout, 1999). At 

shallower depths, released fluids cause hydration and serpentinization of the overlying mantle 

peridotites (Bostock, 2002). The sediment-derived fluids thus become incorporated with their 

typical geochemical signature in the serpentinized layers, which have lowered rheological 

strength and decreased density compared to their peridotites protolith (Bostock, 2002; Furukawa, 

1993; Iwamori, 1998). The serpentinized mantle layer where more than >13% water is stored 

(Ulmer and Trommsdorff, 1995) is able to transport chemically bound water to a greater mantle 

depth when it is dragged downward by large-scale flow (Hattori and Guillot, 2003; Rüpke et al. 

2004). It is then possible that trace elements such as Pb, which are released at low temperature, 

reach deeper than expected (Hattori and Guillot, 2003). Serpentinite minerals form in the 

relatively cold forearc mantle wedge but become unstable at the higher temperatures in the 

subarc and backarc, where breakdown of hydrous minerals releases an aqueous fluid phase 

(Hyndman and Peacock, 2003). A waning fluid flux with depth decreases the amount of fluid 

mobile elements (Ishikawa and Nakamura, 1994). Therefore, here is a smaller Pb concentration 

in serpentinites at depths where arc magmas are generated (Hyndman and Peacock, 2003). The 

host lithology of the releasing fluids also changes with depth (e.g. Iwamori, 1998). In the 

forearc wedge fluids are mostly derived from sediments, whereas they derive from altered 

oceanic crust at greater depth (Ishikawa and Nakamura, 1994), and from dehydrated 

serpentinites in the lower wedge.  

 

In the last decade, hydration/dehydration processes in the mantle wedge have been modeled 

numerically (Gerya, 2011 and references therein). Iwamori (1998, 2000, 2004, 2007) created a 
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self-consistent numerical model of subduction that included slab dehydration, water transport, 

mantle hydration and melting of the mantle wedge. In this numerical model, the aqueous fluid 

migrates by porous flow and interacts chemically with the convecting solid. The calculations 

(Iwamori, 1998, 2007) suggested that: (i) an aqueous fluid released from the subducting oceanic 

crust forms a serpentinite + chlorite layer in the mantle wedge just above the subducting slab 

and (ii) most of the H2O is subducted to a depth where serpentine and chlorite in the serpentinite 

layer become unstable. This depth (up to 150 km) depends on the thermal structure of the slab, 

and is greater for older, colder plates. 

 

Cagnioncle et al. (2007) investigated the distribution of hydrous fluid and subsequent melt in 

the wedge using 2D models that included solid mantle flow and associated the temperature 

distributions, buoyant fluid migration and melting. The results show that solid mantle flow 

deflects hydrous fluid from their buoyant vertical migration through the wedge. As a result, and 

as a number of previous studies also concluded (Iwamori, 1998, 2000, 2004), melting does not 

occur directly above the region where hydrous fluids are released from the slab. Instead, a 

melting front develops where hydrous fluids first encounter mantle material hot enough to melt.  

 

Kimura et al. (2009) incorporated results from thermo-mechanical subduction models that 

simulate the geochemical variability of primitive magmas across an intra-oceanic arc. The 

geochemical variability arises from partitioning of incompatible elements and Sr-Nd-Pb isotopic 

compositions in slab-derived fluids and in arc basaltic magma generated by an open system 

fluid-fluxed melting of mantle wedge peridotite. Based on these simulations, a contrasting 

geochemical behavior has been shown between arcs along the Western and Eastern Pacific rims. 

Arc magmatism due to slab-derived fluids is proposed for the Western Pacific arcs, including 

the Kurile, NE Japan, and the Izu-Bonin-Mariana arcs. In contrast, slab melting better explains 

the origin of high-MgO intermediate lavas in the Eastern Pacific, although the role of slab fluids 

remains an important factor in some of the arcs. Indeed, none of the previous numerical 

subduction models directly incorporated geochemical transport processes into thermo-

mechanical calculations. Therefore, the main goal of this study is to perform such fully coupled 

geochemical-thermo-mechanical modeling in order to investigate Pb isotopic signatures of the 

(1) forearc mantle and (2) mantle-derived volcanic crust. In this study, we investigated isotopic 

signatures for three different intra-oceanic subduction regimes (Baitsch-Ghirardello et al., 

2012): subduction zone with extension, stable subduction with high fluid-related weakening, 

and stable subduction with low fluid-related weakening. Our experiments span the first 25 Ma 
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of subduction. The model representative “data” in the serpentinized mantle and in the magmatic 

arcs are at 15, 20 and 25 Ma. 

 

4.1.1 Mantle serpentinization 

 
The dehydration of the subducted sediments and altered oceanic crust lead to hydration and 

serpentinization in the forearc mantle, where serpentine minerals are stable due to the relatively 

cold temperatures. Serpentinization has a major influence on the density, and hence, seismic 

velocity, of the forearc mantle, and increases its magnetization and electrical conductivity. It 

also causes strong reduction of the mechanical strength of the hydrated lithospheric mantle 

(Escartín et al., 2001; Hyndman and Peacock, 2003; Hilairet et al., 2007).  

Serpentinization of the forearc mantle is a multi-stage process (Fig. 1), which plays fundamental 

role for geochemical cycling in subduction zones (e.g. Ulmer and Trommsdorff, 1995; 

Scambelluri et al. 2001, 2001a, 2001b; Rüpke et al., 2004; Deschamps et al. 2010; Hyndman 

and Peacock, 2003; Elliott and Plank 1997, Elliott, 2003) (Fig. 2). Slab dehydration causes the 

serpentinization in the upper 80 km of the mantle wedge by the following reactions, which take 

place in the range of depths and temperatures (Fig. 1): 

 

A) Fayalite + H2O→ magnetite + aqueaous silica + hydrogen  

B) Forsterite + aqueaous silica → serpentine  

C) Forsterite + H2O→ serpentine + brucite  
 

The highly exothermic reactions A) and B) exchange silica between forsterite and fayalite to 

form serpentinite group minerals and magnetite. These newly formed serpentinized layers may 

be dragged downwards by the slab movement and the mantle flow (e.g. Furukawa, 1993, Hattori 

and Guillot, 2003) and carry fluid-mobile trace elements (e.g. Pb) to deeper regions of the 

mantle wedge. In this way sediments signatures are conveyed to the magmatic arc that is 

presumably too far away from the trench to directly incorporate sediment derived fluids 

(Kerrick and Connolly, 2001a, 2001b). Forearc serpentinites subducted atop the slab break 

down to forsterite and enstatite by a temperature of ∼ 650° C, that corresponds with a depth of 

90 to 110 km (Ulmer and Trommsdorff, 1995). The breakdown of the serpentinites provokes 

hydration and fluid-fluxed melting of the asthenospheric mantle at subarc depths (Evans and 
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Trommsdorff, 1970), thus transporting serpentinite geochemical signatures into the mantle-

derived arc magmas (Fig. 2). 

 

 
 
  
 
 

Fig. 1. Model of Deschamps et al., 2010 shows four steps hydration/dehydration process in the 
forearc mantle: 
Step: Rayleigh distillation of fluid from eclogite residue in slab. 
Step: Refining of aqueous fluid flows through peridotite in mantle wedge -> serpentinization. 
Step: Geophysical (stirring) and geochemical mixing of aqueous fluid with depleted mantle -> 
dehydration of serpentinites. 
Step: Batch melting of the fluid-rock mixture to form magmatic arc. 
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4.1.2 Lead isotopes composition 

 
Lead is an incompatible and fluid-soluble chalcophile element in low temperature (<500°C) 

aqueous fluid (Hattori and Guillot, 2003). Hence Pb is an important tracer of recycling 

processes in subduction zones (Ernst, 1977; Ishizuka et al., 2003). The transfer of elements from 

the subducting slab into the overlying mantle wedge determines the geochemical signature of 

volcanic rocks in the magmatic arc. The distinct arc basalt magmas are generated by dissolving 

particular elements, extracted from the slab, and overprinted onto the mantle wedge. This 

transport path gives important information about how diverse materials mix in the mantle wedge. 

Although altered oceanic crust is enriched in Pb relative to the fresh oceanic crust, Pb isotope 

signature in serpentinites is dominated of Pb isotopes signature derived form sediments, with 

much higher Pb concentration than in basalts. Pb is progressively lost from the slab with 

increasing depth (Deschamps et al. 2009; Straub and Layne, 2003; Rüpke et al. 2002). After 

reduction of sediment fluid flux and fast depletion of sediments (Rüpke et al. 2002) in a depth 

of about 50 to 70 km the altered oceanic crust becomes dominant source of Pb in uprising fluids. 

 

Owing to the different Pb isotope composition of sediments, altered oceanic crust and depleted 

mantle, the different pathway of fluids can be traced from the top of the slab to the overlaying 

magmatic arc with our extended numerical model. 
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Fig. 2 Sketches of three models of dehydration process in the mantle wedge and comparison with our 
zoomed model (150 km wide and 100 km deep) of a forearc wedge. Colors define rock compositions. The 
magmatic arc in the model is composed by volcanics derived from molten peridotite (gray) and from 
molten basalt (green). The mantle wedge is divided into three different compositions: the dry mantle 
peridotite (bright blue), wet mantle peridotite (dark blue) and hydrated mantle (light blue). The red 
colored area in our model corresponds to partial melting, rising up and creates the magmatic arc. 
 

 

4.2 Numerical model description 
The thermo-mechanical numerical model we used is the same as that described in a previous 

study (Sizova et al., (2010); Gerya and Meilick, (2011); Baitsch-Ghirardello et al., (2012)). Our 

modeling approach is comparable to that of Baitsch-Ghirardello et al., (2012), who presented 

details of the model applied here. In addition the model used in this study incorporates equations 

to calculate element partitioning between solid, fluid and melt and traces the isotopic evolution 

of the different components involved using fluid and rock markers. The physical properties we 

used in our experiments are listed in Table 1below. 
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Fig. 3 Initial model setup. Prescribed subducting plate velocity is constant during the entire 
experiment. Isotherms (white lines) from 100°C with 200°C intervals. Material colors for all figures. 
Two layers in the sediments and the mantle have same physical properties but are differently colored 
to better visualize deformation.  

  



	  
 

 76 

 
 

 

 

 

 
  

Table 1 Physical properties of rocksa used in numerical experiments (Gerya and Meilick, 2011) 
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4.2.1 Boundary conditions 
 

The 2D numerical model (Fig. 2) simulates intra-oceanic subduction initiation over a period of 

40 Ma. The scaled size of the model is 300 km in depth and 4000 km in length with the 

subducting plate being about 2500 km long and the overriding plate 1500 km (Fig. 1).  The 

rectangular non-uniform 2001x301-node-grid contains a 1500 km long (from x=1500 km to 

x=3000 km, Fig. 2), high resolution area (1x1 km) in the center of the model. The resolution is 

5x1 km over the rest of the model. The oceanic crusts of both the subducting and the overriding 

plates represent an upper layer of hydrothermally altered basalts (2 km thick) overlying a 5 km 

thick layer of gabbro. The mantle consists of anhydrous peridotite (material properties in Table 

1). The initiation of subduction is prescribed by an initial rheological weak zone with wet 

olivine rheology and low brittle/plastic strength (sin(ϕ)=0.1 where ϕ is the effective internal 

friction angle) in the mantle lithosphere whose rheology is dry olivine (Fig. 2). An internally 

prescribed velocity field within the convergence condition region drives the spontaneously 

bending oceanic slab.  

 

As described in Baitsch-Ghirardello et al., (2012), the mechanical boundary conditions are free 

slip at the top and side boundaries, whereas the lower boundary is permeable in the vertical 

direction. The top surface of the lithosphere is treated as an internal free surface by using an 8–

12.5 km thick top layer with low viscosity (1018 Pa s) and density (1 kg/m3 for air above y=10 

km level, 1000 kg/m3 for sea water below y=10 km level). The large viscosity contrast caused 

by these low viscosity boundary layers minimizes shear stresses (<105Pa) at the top of the 

lithosphere, making it an efficient free surface (e.g. Schmeling et al., 2008). In order to account 

for erosion and sedimentation on the topographical evolution, the transport equation is applied 

at the surface (Gorczyk et al., 2007b). This equation is solved at each time-step in Eulerian 

coordinates:  

 

    ∂ yes / ∂ t = vy − vx ∂ yes / ∂ x − vs + ve         4.1 

 

where yes is the vertical position of the surface as a function of the horizontal distance x; vy and 

vx are the vertical and horizontal components of the material velocity vector at the surface (y is 

positive downward, y = 0 at the top of the box); vs and ve are the sedimentation and erosion rates, 

respectively, as given in the following relations: 

 

  vs = 0 mm/a    ve = 0.3 mm/a for y < 9 km        4.2 
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  vs = 0.03 mm/a   ve = 0 mm/a for y >10 km        4.3 

 

In regions with steep surfaces, for example in the trench, an increased erosion/sedimentation 

rate (1 mm/a) is implemented to account for additional mass transport. 

 

 

4.2.2 Hydration process 

 
Water is present as pore fluid with concentrations of up to 2 wt% in sediments and 

hydrothermally altered basalt. The pore water content xH2O(P) (wt%) decreases linearly from the 

maximal value of xH2O(P0) = 2 wt% at the surface to 0 wt% at 75 km depth:  

 

    XH2O(wt%) = (1 − 0.013 · ∆y) · XH2O(Po),         4.4 

 

where Δy is depth (0–75 km). The water release also mimics effects of low-temperature (T<573 

K) reactions, which are not included in our thermodynamic database. 

The slab dehydrates as it sinks. The timing of H2O release by dehydration reactions is 

determined by the physicochemical conditions of the model and the assumption of 

thermodynamic equilibrium. Fluids propagate upward into the mantle wedge. Seismic data on 

natural cases suggest that up to 2 wt% of water are absorbed (Bostock et al., 2002; Carlson and 

Miller, 2003). Water propagation is modeled in the form of markers: dehydration reactions lead 

to a release of water, the amount of which is stored in a newly generated water marker. Water 

markers move through the rocks with the following velocity: 

 

    vx(water) = vx, vy(water) = vy − vy(percolation)         4.5 

 

vx and vy describe the local velocity of the mantle and vy(percolation) indicates the relative velocity 

of upward percolation (vy(percolation) = 10 cm/a in our experiments). Water is released by the 

marker as soon as it encounters a rock capable of absorbing water by hydration or melting 

reactions at given PT-conditions and rock composition (Gorczyk et al., 2007b; Nikolaeva et al., 

2008; Sizova et al., 2010). 
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4.2.3 Partial melting and melt extraction 

 
Because the H2O transport model does not permit complete hydration of the peridotic mantle, 

the mantle solidus is intermediate between the wet and dry peridotite solidi. To account for this 

behavior, we assume that the degree of both hydrous and dry melting is a linear function of 

pressure and temperature (e.g. Gerya and Yuen, 2003a). In this model the standard (i.e. without 

melt extraction) volumetric degree of melting M0 is, 

 

M0 = 0 when T < Tsolidus,    

           M0 = (T - Tsolidus) / (Tliquidus - Tsolidus) when Tsolidus< T < Tliquidus, 

M0 = 0 when T >Tliquidus, 

 

where Tsolidus is the solidus temperature (wet and dry solidi is used for the hydrated and dry 

mantle, respectively) and Tliquidus is the dry liquidus temperature at a given pressure and rock 

composition (Table 1). To simulate melt extraction from partially molten rocks (e.g. Nikolaeva 

et al., 2008; Sizova et al., 2010) we define a melt extraction threshold Mmax =  4 % and a non-

extractable amount of melt Mmin = 2 % that remains in the source.  

 

The amount of melt extracted during each experiment is tracked by markers. The total amount 

of melt, M, for every marker takes into account the amount of previously extracted melt and is 

calculated as 

 

      M = M0 − ΣnMext   

 

where ΣnMext is the total melt fraction extracted during the previous n extraction episodes. In our 

models, the rock is considered non-molten (refractory), when the extracted melt fraction is 

bigger than the standard one (i.e. when ΣnMext>M0). If the total amount of melt M exceeds the 

threshold Mmax, the melt fraction Mext = M − Mmin is extracted and ΣnMext is updated. The 

extracted melt fraction Mext is assumed to propagate upward much faster than the convective 

motion of the mantle. At the surface, all extracted markers build up a new volcanic arc crust and 

thereby retain their volume and composition (Nikolaeva et al., 2008).  
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4.2.4. Rheological model 

 
The effective stress- and temperature-dependent creep viscosity of rocks is computed according 

to experimentally determined flow laws (Ranalli, 1995) (Table 1). In our model, both fluid and 

melt propagation affect the brittle/plastic strength of rocks. This is implemented by including 

fluid and melt influences into the Mohr–Coulomb yield criterion as follows: 

 

σyield=c+Psolid sin(φ), 

sin(φ)=sin(φdry) λfluid and λfluid=1−Pfluid/Psolid in the regions of fluid percolation, 

sin(φ)=sin(φdry) λmelt and λmelt=1−Pmelt/Psolid in the regions of melt percolation. 

 

Thus, the local brittle/plastic yield strength σ of a rock depends on (1) the mean stress (pressure) 

Psolid on the solid, (2) the cohesion, c, which is the strength at Psolid=0, and (3) the effective 

internal friction angle, φ, which is calculated from the friction angle of dry rocks, φdry (for 

values of c and sin (φdry) see Table 1), and the pore fluid/melt pressure factors λfluid/λmelt. 

According to our model, the pore fluid pressure Pfluid reduces the yield strength of rocks 

subjected to percolation of water markers released from the slab. Similarly, ascending extracted 

melts reduce the yield strength in the column of rock between the source of the melt and the 

surface. λfluid and λmelt factors are systematically varied in different numerical experiments 

(Baitsch-Ghirardello et al., 2012 and Gerya, 2010). 
 

 

4.2.5 Geochemical model: Implementation of geochemical equations 

and parameters 

 
We account for three isotopically distinct initial lithologies (Table 2): sediments (GLOSS, Plank 

& Langmuir, 1998), altered oceanic crust with basalt and gabbro (MORB, Arevalo & 

McDonough, 2010) and depleted dry mantle (DM, Salters & Stracke, 2004). The initial Pb 

content and isotopic composition for each lithology is implemented in the corresponding rock 

markers at the beginning of each experiment. The radioactive decay is not taken into account in 

our study due to the relatively short timescales (25Ma) involved into the numerical simulations, 

in which radioactive decay of U and Th has a negligible effect on the Pb isotope ratios. 
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Rock type Density 

[kg/m3] 
Initial 
Pb 
[ppm] 

Initial Pb isotopes [mol] References 
for initial 
values of Pb 
isotopes 

Flow law 
(Ranalli, 
1995) 

Friction 
angle 
sinφ 

Sediments 2.600 19.9 204Pb 1.28697E-09 GLOSS Plank 
& Langmuir, 
1998 

Wet 
quartzite 

0.2 
206Pb 2.43948E-08 
207Pb 2.02073E-08 
208Pb 5.01534E-08 

Basalt 
(oceanic 
crust) 

3.000 0.57 204Pb 3.68629E-11 MORB 
Arevalo & 
McDonough, 
2010 

Wet 
quartzite 

0.2 
206Pb 6.98745E-10 
207Pb 5.78803E-10 
208Pb 1.43655E-09 

Gabbro 
(oceanic 
crust) 

3.000 0.57 204Pb 3.68629E-11 MORB 
Arevalo & 
McDonough, 
2010 

Plagioclase 
An75 

0.3 
206Pb 6.98745E-10 
207Pb 5.78803E-10 
208Pb 1.43655E-09 

Depleted 
mantle 
(dry 
peridotite) 

3.300 0.0232 204Pb 1.50039E-12 DM 
Salters & 
Stracke, 2004 

Dry olivine 0.6 
206Pb 2.84402E-11 
207Pb 2.35583E-11 
208Pb 5.84703E-11 

 
Table 2 Initial values for Pb isotopes calculated from ratios in sediments (GLOSS), altered oceanic crust (MORB) 
and depleted mantle (DM). 

 

 

We assume that partitioning of trace elements between the solid and fluid phases is defined by 

Rayleigh distillation during slab dehydration, in which case the trace element concentrations (C) 

are:    

                                

Cfluid =
C0

Dbulk

(1− F)
1

Dbulk
−1

,           4.6 

 

Csolid =
C0 −Cfluid *F

1− F
,           4.7 

where 

 

Dbulk = Xa *Da
1

n

∑ ,           4.8 

 

and Da is the mineral/fluid partition coefficient (Table 2, Fig. 3a, b, c), Xa is the mass fraction of 

a mineral i in the rock, F is the fluid fraction, C0 is the concentration of element in the rock 

before the fluid release. Subsequent hydration of the mantle wedge rocks changes rock and fluid 
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compositions as well. This hydration process is modeled as one of dissolving anhydrous 

minerals by a fluid and subsequent recrystallization of the hydrous assemblage. The resulting 

trace element concentrations are (Albarède, 2003): 

 

Cfluid = C0 *(1− F)
Dbulk−1 ,         4.9 

 

Csolid = C0 *Dbulk *(1− F)
D−1 *F +C0_ solid (1− F) ,      4.10 

 

where C0_solid is the element concentration in the rock before hydration. The stable mineralogy 

for each lithology as a function of pressure and temperature is computed from thermodynamic 

data by free energy minimization (Connolly, 2005; Gerya et al., 2006). For simplicity the 

partition coefficients are assumed to be independent of pressure and temperature (see Kessel et 

al., 2005). Similarly to trace element partitioning between mantle wedge/slab rocks and fluid, 

trace elements are redistributed between rocks and melt phase when partial melting takes place. 

We assume that melt and host rocks are in equilibrium before melt extraction (Ayers, 1998): 

 

Cmelt =
C0

Ftotal + Dbulk − Ftotal *Dbulk

,         4.11 

 

Csolid =
C0 −Cmelt *Fextracted

1− Fextracted
,           4.13 

 

where C is concentration of element in melt or solid, Dbulk is rock/melt partition coefficient of 

element calculated as in equation. 4.8, C0 is concentration of element in the system before the 

melt extraction, Ftotal is fraction of melt produced, Fextracted is fraction of melt extracted to the 

surface (Ftotal – Fresidual). The Composition of magmatic arc rocks is defined by the composition 

of extracted melts; effects such as the decay of uranium and thorium during melt percolation 

towards the surface are ignored, which maximizes the geochemical signals originating from 

trace element partitioning during dehydration/hydration and melting. This assumption is 

supported by short times for source-to-surface melt migration indicated by 226Ra-230Th 

systematics (Turner et al., 2001). 
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Mineral 
Kd 

mineral/ fluid 
Kd 

mineral/melt  
Omphacite 0.0013a 0.01o  
Feldspar 0.36a 0.425fav.  
Olivine 0.0001a 0.0004o  
Opx 0.0001b 0.0013o  
Albite 0.36a 0.425fav.  
K-feldspar 0.36a 0.425fav.  
Spinel 0.0005c 0.00005o  

Cordierite 0.03m - 
Cordierite does not enter in 
melt 

Garnet 0.0005a 0.018b  

Zoisite 8.6n 8.6n 
Kd mineral/fluid taken also 
by mineral/melt 

Sphene 0.525x.av 0.525x.av 
Kd mineral/melt taken also 
by mineral/fluid 

Clinozoisite 204.5i 204.5i 
Kd mineral/melt taken also 
by mineral/fluid 

Mica 0.0925b 0.089b  

Lawsonite 0.1a 0.1a 
Kd mineral/fluid taken also 
by mineral/melt 

Biotite 0.89f 0.89f  

Na-amphibole 0.89f - 
Na-amphibole does not enter 
in melt 

Antigorite 0.1a - 
Antigorite does not enter in 
melt 

Rutile 0.0154q 0.0154q  

Ilmenite 0.75f.av 0.75f.av 
Kd mineral/fluid taken also 
by mineral/melt 

Amphibole 0.1a 0.07b  

Chlorite, Talc 0.1a - 
Chlorite does not enter in 
melt, Talc goes not in melt 

 
Table 3 Partition coefficients of Pb for the involved minerals applied in the numerical experiments. 
The Kds are taken from: a=McKenzie 1991; b=Adam & Green 2006; c=Elkins et al. 2008; f average 
=Ewart & Griffin 1994; i=Zack et. al. 2002/1998; m=Bea et al. 1994; n=av., Klimm 2008; 
o=Hawkesworth et al. 1993; q=Foley & Jenner 2004/2000; x=Klemme 2005. 
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Figure 4 shows results of our calculations of equilibrium mineralogical water content and bulk 

partitioning coefficients (Figs. 5, 6, and 7) for three key lithologies. Correlation between the 

equilibrium water content in rocks and the computed bulk Pb partition coefficient results from 

the fact that the trace element partition coefficients of hydrous minerals are much different than 

those of nominally anhydrous minerals. In our models the partition coefficient (Kd) of Pb in 

basalt and sediments is mainly controlled by clinozoisite (red colored region in Fig. 4b and 4c), 

which is an important carrier for Pb and other elements such as Sr, Th and U in the subduction 

zone close to the slab-mantle interface (Zack et al., 2002). Therefore Kdclinozoisite/fluid is an 

important value for modeling trace element composition of fluids released by dehydration 

process of subducting oceanic crust (Schmidt and Poli, 1998; Zack et al., 2002). 

 Some mineral/melt partition coefficients are unknown. In such cases we adopted the value 

reported for the corresponding mineral/fluid partition coefficient.  

 

 
 
Fig. 4 Results of thermodynamic calculations of computed equilibrium mineralogical water content. a) 
Fluid-rock partition coefficient of Pb and dehydration phase of wet peridotite (serpentinite. b) Fluid-rock 
partition coefficient of Pb and dehydration phase of sediments. c) Fluid-rock partition coefficient of Pb 
and dehydration phase of basalt. 
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Fig. 5 Computed Pb partition coefficients for hydrated (serpentinized) mantle (without melt). The color table in 
log indicates the Dbulk of Pb. Underlined is the p-t path of the involved minerals.  

 



	  
 

 86 

 
 
 

Fig. 6 Computed Pb partition coefficients for wet sediment (without melt). The color table in log 
indicates the Dbulk of Pb. Underlined is the p-t path of the involved minerals.  
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Fig. 7 Computed fluid/rock Pb partition coefficients for wet basalt, (without melt). The color table in 
log indicates the Dbulk of Pb. Underlined is the p-t path of the involved minerals.  

 

 
 

4.2.6 Computational strategy 

  
Our model is based on the I2ELVIS code (Gerya and Yuen, 2003, 2007) using conservative 

finite differences and a non-diffusive marker-in-cell technique to simulate multiphase flow, as 

described in Baitsch-Ghirardello et al., (2012). The velocity field causes advection in the 

temperature field and moves the components of the chemical components field. In order to trace 

the temporal evolution of these two fields, the marker-in-cell technique is used over a fully 

staggered grid in Eulerian configuration. For interpolation of various parameters (density, 

viscosity etc.) between markers and nodes, we use the distance-dependent bilinear averaging 

rule according to which markers located closer to a node have higher statistical weights (Gerya 

and Yuen, 2003).  
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4.3 Results 
 

In this geochemical-thermo-mechanical study we investigated three geodynamic 

regimes of intra-oceanic subduction found in our previous numerical experiments 

(Baitsch-Ghirardello et al., 2012) as a function of fluid and melt induced rheological 

weakening effects (Table 4): (1) extensional subduction, (2) stable subduction with high 

fluid related weakening and (3) stable subduction with low fluid related weakening. We 

found, that these three regimes reveal significant differences in Pb isotopes behavior, 

which is described below on the basis of three geochemical-thermo-mechanical 

reference models (cf. models bet23, bet51, bet15 in Table. 4). 

 

 
Table 4 Geodynamic regimes of intra-oceanic subduction as a function of fluid and melt related 
weakening effects (Baitsch-Ghirardello et al., 2012). Red square: the representative models for our 
parametric studies with geochemical signatures. 
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4.3.1 Extensional subduction  

 
The extensional subduction regime occurs in experiments with strong weakening of the 

overriding plate by both fluids and melts (λfluid=0.001-0.0333, λmelt=0.001-0.05) (Table 4). In 

the reference model bet23B with λfluid = 0.02, λmelt = 0.01 (Table 4) the magmatic arc starts 

growing 5 to 6 Ma after subduction initiation. The arc crust is produced from the molten 

hydrated peridotite of the mantle wedge and from a small amount of molten basalt and gabbro 

of the subducted plate (Fig. 8a). Extension in the fore/intra-arc region starts at 15-20 Ma (Fig. 

8a,b) as the result of rheological weakening of the overriding plate by hydration/ 

serpentinization processes and melt propagation. Lowered viscosity of serpentinized forearc 

mantle (dark blue area in Fig. 8a,b) together with melt-induced weakening of the arc lithosphere 

(λmelt=0.01) triggers necking of the overriding plate above the upper-left corner of the 

asthenospheric mantle wedge (white circle in Fig. 8b), which in turn triggers decompression 

melting in the mantle wedge, and initiate an intra-arc basin opening atop the lithospheric 

necking area (Fig. 8a,b). As a consequence of necking of the overriding plate, the trench starts 

to retreat (Fig. 8b,c). Decompression melting generates a new crust with MORB-like 

composition inside the widening oceanic basin, which splits the original arc into the frontal and 

rear parts (Fig. 8b,c). The frontal arc remains active and migrates together with the trench (Fig. 

8a, at ca. 25 Ma, 7c). The rear arc gradually becomes an extinct paleo-magmatic arc composed 

of subduction-related volcanics behind the back arc basin. It remains active until ca. 25 Ma has 

been fueled by melting of previously hydrated subarc lithosphere (Fig. 8b). 

  

During the progress of extension, hot asthenosphere rises along the slab, thus causing an 

increase in the slab surface temperature at shallower depths (cf. white circle in Fig. 8b). As 

result, dehydration of the slab starts earlier and serpentinized forearc mantle extent (60 km 

depth) become shallower compared to the initial stages of subduction (80 km depth, cf. Fig. 8a, 

and Fig. 8b,c). 
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Fig. 8 Development of the reference model for extensional subduction bet23B. 
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4.3.1.1 Pb isotopes in the mantle wedge 
 
After 15 Ma years of model development wide serpentinite area (dark blue color in Fig. 8c) 

underlain by the hydrated serpentine- free mantle (light blue color in Fig. 8c) has formed in the 

forearc region of the subduction zone. Within this area, an uprising progressively serpentinized 

zone (nucleating serpentinite diapir) developing away from the slab has a mixed Pb isotope 

signature between mantle peridotite and MORB without any significant involvement of 

sediments (Fig. 8a, 9b,c). In contrast, the serpentinized forearc mantle of subduction channel 

mélange formed atop the slab surface shows an increasing sediment influence (Fig. 8a, 9a, c and 

d). 

 

At 20 Ma, parallel to the development of decompression melting (Fig. 8b and c) hydration of the 

mantle above the slab extends laterally (light blue color in Fig. 8b and 9a) triggered by a rising 

hot partially molten asthenospheric region (white circle in Fig. 8b). The diapir of serpentinite 

moves upward through the overriding plate and emplaces into the lower crust (dark blue body 

above the white circle in Fig. 8b). The decompression melting area shows a depleted signature 

of 207Pb (dark blue in Fig. 10a), which decreases with depth. The serpentinites of subduction 

channel exhibit a heterogeneous Pb isotope signature, depending on the origin of the fluids and 

the intensity of mantle hydration (Fig. 10a-d). The degree of isotopic heterogeneity increases 

with depth. At shallow depths, binary MORB-mantle and sediments-mantle signatures are 

prevalent (Fig. 10b) as the result of mantle hydration by fluids coming from two distinct crustal 

sources. In contrast, at lager depths strongly mixed triple mantle-MORB-sediments signatures 

become clearly dominant (Fig. 10c,d) as the result of mechanical mixing and multiple 

hydration/dehydration cycles inside the subduction channel mélange. In particular, fluids 

produced by dehydration of serpentinites subducted atop the slab to asthenospheric depths (see 

transition between serpentinized and serpentine-free hydrated mantle in Fig. 8b) percolate 

upward and change isotopic signatures of mechanically mixed crustal and mantle rocks in the 

serpentinite mélange.  On the other hand, serpentinized mantle located away from the slab under 

the rear arc (Fig. 8b, 10e) preserves simple binary MORB-mantle isotopic signature formed at 

the earlier stages of subduction (cf. Fig. 10e and 9d). 
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Fig. 9 Distribution of Pb isotopes in the extensional subduction model (Fig. 8) at 15 Ma. a) 207Pb 
distribution in the model is shown in Fig. 8a. b) - d) isotopic ratios in the shallow (b) and middle (c) 
serpentinites of subduction channel mélange and in an uprising progressively serpentinized zone (d) 
forming away from the slab. Here and in the following figures: orange square = depleted mantle (DM), 
(Salters & Stracke, 2004), green square = MORB (Arevalo & McDonough, 2010), yellow square = 
GLOSS (Plank & Langmuir, 1998). 
  
 

After 25 Ma, exhumation of the serpentinized diapir composed of subduction mélange rocks 

(Figs. 8c) cuts the active frontal arc in two parts: magmatically inactive trench-ward part and 

active middle arc. The Pb isotope signature in the diapir is rather similar to triple MORB-

sediment-mantle signatures of deep subduction channel mélange (cf. Figs. 11b and 9d, 10c). In 

contrast, binary MORB-mantle and sediments-mantle signatures are still prevalent in the 

shallower portions of the subduction channel (cf. Fig. 11c and 10b). Similarly to the previous 

stage, serpentinized mantle located away from the slab under the rear arc has the binary MORB-

mantle isotopic signature (cf. Fig. 11d and 10e). The decompression melting area under the 
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back-arc basin shows consistently a depleted signature of 207Pb, which decreases with depth (cf. 

Fig. 11a and 10a). 

 

 
 

Fig. 10 Distribution of Pb isotopes in the extensional subduction model (Fig. 8) at 20 Ma. a) 207Pb 
distribution in the model shown in Fig. 8b. b) - e) isotopic ratios in the shallow (b) in the middle (c) and 
in the deep (d) forearc mantle. e) Serpentinized mantle located away from the slab under the rear arc in an 
uprising progressively serpentinized zone. 
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Fig. 11. Distribution of Pb isotopes in the extensional subduction model (Fig. 8) at 25 Ma. a) 207Pb distribution 
in the model is shown in Fig. 8c. b) - d) isotopic ratios in the middle (b) in the uprising diapir (c) and d) 
Serpentinized mantle in a located uprising serpentinized diapir dividing the overlying forearc and split the arc 
in two parts. 

 

 

 
4.3.1.2. Pb isotopes in magmatic products of fluid-fluxed melting 
 

During the first 5 Ma of oceanic crust subduction and dehydration a narrow (1-3 km thick) 

serpentinized layer (at 40 to 60 km depth) develops atop the slab in the forearc region (Fig. 12a) 

and the first magmatic arc become active  (Fig. 12a). The arc is fueled by fluid-fluxed mantle 

melting (at 80 to 150 km depth) and a small amount of basaltic crust melting is also observed 

atop the slab. At this immature subduction stage, no significant amount of sediments is yet 

subducted and dehydrated at depths (Fig. 12a). Consequently, the Pb isotope ratios in the arc 

volcanic are dominated by the binary trend between the depleted mantle and MORB (red dots in 

Fig. 12b). This binary geochemical trend remains dominant in the mantle-derived magmas until 
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ca. 15 Ma (Fig. 8a,b), although small sedimentary fluid signatures can be present (cf. Figs. 12b, 

and 13b,c) 
  

 
 
 
 
 

Fig. 12. a) Initiation of the first arc (white box) and formation of the serpentinite layer in 
the forearc region (red triangle) for the extensional subduction model (Fig. 8) at 5 Ma. b) 
Pb isotopic ratios in young magmatic products of fluid-fluxed melting (white box) formed 
at 3-5 Ma of model development.  
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Fig. 13. a) Structure of the magmatic arc for the extensional subduction model at 15 Ma (Fig. 8a). b) and c) Pb 
isotopic ratios in magmatic products of fluid-fluxed melting formed at 5-15 Ma of model development. 

 

 

After 15-20 Ma of model development, subduction channel mélange formation associated with 

deep subduction and dehydration of sediments notably changes geochemical signatures in the 

mantle-derived magmas of the active frontal arc (Fig. 14b). This arc shows dominance of the 

triple MORB-sediment-mantle geochemical mixing trend. Indeed, magmatic products of 

deactivating rear arc preserve earlier binary MORB-mantle trend (Fig. 14c). The geochemical 

contrast between the frontal and rear arc remains preserved in the following history in which 

rear arc becomes fully inactive paleoarc (Figs. 13, 14). Due to the growth of large accretionary 

prism, amount of subducted sediments increases with time, which is reflected by the dominance 

of sedimentary fluid signatures in the active middle arc magmas at 25 Ma of model 

development compared to early stages (cf. Figs. 14c, 13b). On the other hand, inactive trench-

ward arc portion preserves paleo-signatures of triple MORB-sediment-mantle geochemical 

mixing trend (cf. Figs. 15c and b, 14b). 
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Fig. 14 Pb isotope ratios and 207Pb content after 20 Ma. a) The 2nd magmatic arc presents a widespread 
distribution of Pb isotope signature with sources from sediments, depleted mantle and with a trend to MORB. b) 
In the 1st arc the signature from sediments is clearly smaller and the trend to MORB does not show a big 
difference than to the 2nd arc. c) The first arc lies on the right sight of the image and a second arc develops in the 
forearc region, in between the two arcs fills up the backarc basin with MORB-like material derived from 
decompression melting. 
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Fig. 15 Pb isotope ratios and 207Pb content after 25 Ma. a) The exhumation of the serpentinite diapir splits the 
second arc in two separate arcs, one, closer to the trench is now inactive and the active one closer to the backarc. 
The Pb ratios signature differs between this tow arcs. b) The inactive 2nd arc (trench side) shows a very 
heterogeneous dispersion with a trend to sediment signature (blue dots). c) The active second arc (backarc side) 
shows a very heterogeneous dispersion with a strong trend to sediment signature (red dots). d) The paleoarc 
behind the backarc basin (old first arc) Pb ratio signature (green dots) is mainly derived from depleted mantle 
with a slight trend to sediments and a larger trend MORB. 
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4.3.2 Stable subduction with high fluid related weakening 

 
The stable subduction regime with high fluid related weakening occurs in experiments with 

strong weakening of the forearc mantle by fluids and lowered weakening of the subarc mantle 

by melts (λfluid≤0.001, λmelt≥ 0.05) (Table 4). Increased strength of the subarc mantle caused by 

the reduced melt related weakening precludes overriding plate necking (Baitsch-Ghirardello et 

al., 2012) and thus no intra-arc extension with decompression melting is observed (cf. Figs. 16 

and 8). As the result, stable subduction develops only one magmatic arc and no backarc basin, 

spreading center and paleoarc. In the reference model bet51 the magmatic arc starts growing 5 

to 8 Ma after subduction initiation. As for the retreating subduction regime, the volcanic rocks 

are mainly produced from the molten hydrated and serpentinized forearc mantle and the 

subducted oceanic crust (Fig. 16a - c). Volcanics derived from molten gabbro and sediments are 

rare. The arc remains active during the entire experiment and is mainly fueled by melting of 

hydrated forearc lithosphere subducted atop the slab (Fig. 16a - c). The isotherms atop the slab 

in model bet51 remain relatively stable (Fig. 16). The temperature on top of the slab in the 

middle forearc mantle is around 500°C at 60 -75 km depth (Fig. 16a, b and c). The stable 

subduction regime develops a wide serpentinized subduction channel mélanges in the shallow 

and middle forearc mantle (Fig. 16a-c), in which the subducted basaltic crust is mechanically 

mixed with the serpentinized forearc mantle (Fig. 16b and c). Intense mixing is promoted by an 

increased degree of fluid-related weakening that reduces the effective viscosity of the mélange 

(Gerya and Stoeckhert, 2002). The dehydration of the slab starts in a very shallow depth 

(already at 25 km in Fig. 16a) and serpentinized forearc mantle expands parallel to the slab and 

atop of the mélange into a deep forearc mantle (80 km depth, Fig. 16a - c). 

 

 
4. 3.2.1 Lead isotope in the mantle wedge 
 

After 15Ma of model development the shallow, middle and deep forearc mantle exhibits a 

moderate Pb isotope heterogeneity in the relatively narrow serpentinized area formed atop the 

slab (cf. Fig. 16a and d). The progressively serpentinized zone has a mixed Pb isotope signature 

between mantle peridotite, MORB and sediments. Similarly to the extensional model, Pb 

isotope ratios in the shallow and middle forearc mantle typically show binary mantle-MORB 

and mantle-sediment trends (Fig. 17a,d), whereas deep forearc mantle reveals mantle-MORB 

and MORB-sediment binary trends (Fig. 17g). Two narrow vertical zones of mantle 
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serpentinization develop in the subarc lithosphere away from the slab (spike-like dark blue areas 

in Fig. 16a), however no serpentinite diapir nucleates from these zones at the later stage (cf. Fig. 

16a-c and 8a-c). 

 

After 20-25 Ma of subduction, hydration of the forearc mantle above the slab extends laterally 

forming an extensive serpentinized subduction channel mélange (Fig. 16b, c). The serpentinites 

of subduction channel continue to exhibit a heterogeneous Pb isotope signature, depending on 

the origin of the fluids and the intensity of mantle hydration (Fig. 16e, f). The degree of isotopic 

heterogeneity increases with depth. Shallow and middle forearc mantle show dominance of the 

same mantle-MORB and MORB-sediment binary trends as before (Fig. 17b, c, e, f), whereas in 

the deep forearc mantle the earlier binary trends disappears in favor to a broad dispersion 

between all three signatures (mantle, MORB and sediments, yellow diamonds in Fig. 17h, i) 

which are similar to the deep mélange signatures in extensional subduction models (Fig. 10c). 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16 Development of stable subduction (model bet51) with a pronounced mélange on top of the slab in 
the forearc region in a) - c). d) -f) Content of 206Pb in mol with color code in log. Increased mélange with 
high amount of Pb content (red areas in shallow, middle and deep forearc mantle. e) The blue region in 
the uprising hydrated mantle and in a part of partial melting on top of the lower slab show a depleted 
signature in Pb content. 
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Fig. 17 Model bet51. Pb isotope ratios in the shallow, middle and deep forearc mantle in serpentinites 
over time. Blue dots are in shallow, red triangles in middle and yellow diamonds in deep forearc mantle 
(data of white boxes in Fig. 16a, b and c). 
 

 

 

4.3.2.2 Pb isotopes in magmatic products of fluid-fluxed melting 
 

At 25 Ma we investigate the development of Pb isotopes in the magmatic arc products derived 

from hydrated molten peridotite within the time period of 15-25 Ma (gray color in Fig. 18a). 

During this time, the arc is mainly fueled by fluid-fluxed mantle melting and melting of basaltic 

crust subducted atop the slab (Figs. 16, 18a). Concentration of 206Pb in model bet51 is notably 

increased at the trench ward side of the magmatic arc (dark red area in Fig. 18b). Isotopic ratios 

in fluid fluxed melting products show triple MORB-mantle-sediment mixture for the earliest 

volcanic crust formed at 15-17 Ma of model development (Fig. 18e). At the later stage (17-22 

Ma), binary MORB-mantle trend without significant addition of sediments becomes dominant 

(Fig. 18c, d), which is in strong contrast with geochemistry of late magmatic products in the 
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extensional arc (Figs. 14, 15). On the other hand, similar binary signatures are characteristic for 

the earliest pre-extension stages (3-15 Ma) of extensional subduction model (Figs. 12 - 13). 

 

 

 
Fig. 18 Zoomed area of magmatic arc after 25 Ma in model bet51 (Fig. 16c). a) Magmatic arc structure. White 
lines are 100°C and 300°C isotherms. Pb isotope ratios from the fluid-fluxed mantle melting products (gray color) 
of (a) in red boxes. b) 206Pb isotope contents in mol with color bar in log; c) – e) Pb isotope ratios 207Pb/204Pb 
against 206Pb/204Pb. c) The youngest layer on top of the arc developed at 22-24 Ma. d) The intermediate layer 
developed at 17-20 Ma. e) The oldest magmatic layer developed at 15-17 Ma. 

 

 

 

4.3.3 Stable subduction with low fluid related weakening 

 
The stable subduction regime with low fluid related weakening occurs in experiments with 

strong lowered weakening of the forearc mantle by fluids irrespective of melt induced 

weakening (λfluid≥ 0.0333) (Table 4). In these models stable trench position is promoted by the 

increased coupling between plates, which precludes overriding plate extension irrespective of its 

strength (Baitsch-Ghirardello et al., 2012). In contrast to model bet51, the mélange area in 

model bet15 is confined to the slab interface while the remaining parts of serpentinized forearc 

remaining relatively undeformed and unmixed with the subducted crust. Their increased 
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effective viscosity reflects the reduced degree of fluid weakening. The increased viscosity 

increases coupling between the plates and results in a notice able subsidence of the forearc (Fig. 

19a, b). Consequently, forearc basin is deeper in model bet15 than in model bet51 (cf. Figs. 16a, 

b and 19a, b). Plate coupling also promote gradual thickening of the forearc lithosphere. This 

causes deepening of geotherms and fluid-fluxed melting zone atop the slab with time (cf. Figs. 

16a-c and 19a-c). In addition, narrow vertical zones of mantle serpentinization developing in the 

subarc lithosphere away from the slab (spike-like dark blue areas in Fig. 19a-c) have larger 

extent than in model bet51 (cf. Figs. 16a-c and 19a-c). 

 
 
4.3.3.1 Lead isotope ratio in the mantle wedge 
 

After 15 Ma years of model development wide serpentinite area (dark blue color in Fig. 19a) 

confined by the vertical uprising hydrated serpentine- free mantle (light blue color in Fig. 19a) 

has formed in the forearc region of the subduction zone. An overall increase of lead 

concentration is apparent in the serpentinized forearc (Fig. 19 c, d and e), whereas the sediment 

signatures tend to decrease with increasing depth (Fig. 20). The serpentinized shallow forearc 

mantle of subduction channel mélange formed atop the slab surface shows a slight MORB and a 

moderate sediment influence of isotope signatures as two binary MORB-mantle and mantle-

sediment trends (Fig. 19a, d). In contrast, serpentinized middle forearc mantle is characterized 

by a double binary-trend of MORB-mantle and MORB-sediment isotope signature (Fig. 20). In 

addition, the signature of MORB in the middle forearc mantle is significantly higher than in 

both the shallow and the deep mantle (Fig. 20). The deep forearc mantle preserves simple binary 

MORB-mantle isotopic trend. 

 

At the later subduction stages changes of isotopic characteristics are only observed in the middle 

serpentinized forearc mantle where MORB-mantle signature gradually vanish and MORB-

sediment trend become dominate. Variability of isotopic characteristics in this stable subduction 

regimes differ significantly from the previous reference models, which can be mainly related to 

the increased viscosity and decreased degree of mechanical mixing in the serpentinized forearc.  
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Fig. 19 Model bet15 with low fluid related weakening. a) - c) show the three time steps with 15, 20 and 25 Ma. 
The serpentinized region (dark blue) grows with time. White boxes are the regions, where the isotope ratios are 
taken. c) - e) present the206Pb concentration. 
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Fig. 20 Overview of three time steps in the shallow, middle and deep forearc mantle in serpentinites of model 
bet15. 207Pb/204Pb against 206Pb/204Pb isotope ratio at 15, 20 and 25 Ma (white boxes in Fig 18a, b and c). Pb 
isotope ratios in the forearc mantle are dominated by the tow binary trends, either between depleted mantle- 
MORB (in the deep and the middle forearc mantle) or MORB-sediments (in the middle and shallow forearc 
mantle). No sediment isotope signature in the deep forearc mantle. 

 
 

 
4.3.3.2 Pb isotopes in magmatic products of fluid-fluxed melting 
 

During the first 25 Ma a well-developed and clearly zoned magmatic arc (Fig. 21a) is grown. 

The arc is divided in two different zones (Fig. 21a). The frontal trench ward arc zone has a large 

amount of volcanics derived from molten subducted basaltic crust (medium green color in Fig. 

21a). In contrast the rear arc zone, where we collected the isotope signatures, is mainly derived 

from hydrated molten peridotite (gray color in Fig. 21a). This zone of the arc is fueled by fluid-

fluxes mantle melting (Fig. 19a - c) without any sediment signature (Fig. 21b). Consequently, 

the Pb isotope ratios in the arc volcanic are dominated by the binary MORB-mantle trend, 

which remains stable with time (Fig. 21b). The long-term stability of the simple binary trend 
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differs strongly from two previous reference models and reflects reduced subduction of shallow 

and middle serpentinized forearc mantle with sediment signatures (Fig. 20) to subarc depths. 

Consequently, sediments-free deep forearc mantle (with a temperature of 900°C – 1300°C, see 

Fig. 19c) remains as a single source for the fluid-fluxed melting products in the arc (Figs. 19 

and 20c).  

 

 

 
Fig. 21 Model bet15 25 Ma. a) Well developed magmatic arc. Volcanics derived from molten basalt (olive green 
color) and from molten peridotite (gray color). b) Pb ratios 207Pb/204Pb against 206Pb/204Pb ratios (yellow box in 
(a). Binary trend of Pb signature in all vertical layers between mantle and MORB. No sediments signature. c) 
206Pb concentration in the shallow and middle forearc mantle with an uprising diapir and the magmatic 
arc. 

 

 

4.4 Discussion 
 

We investigated numerically the geochemical processes related to three different geodynamic 

regimes of intra-oceanic subduction (e.g. Furukawa, 1993; Baitsch-Ghirardello et al., 2012). We 

focused on the Pb isotopes, which qualify for being good tracers for the recycling circle in 

subduction zones (e.g. Straub et al., 2010). In our models, we implemented tracking of the Pb 

isotopes from the beginning of subduction in the down going oceanic crust and its sediment 
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cover, through the hydrated forearc mantle, and to the magmatic arc.  

 

In agreement with geochemical data from subduction-related arcs (e.g. Guillot and Hattori, 

2013) all our experiments present a relatively high concentration of Pb in the volcanics from 

wet molten mantle. These fluid induced signatures are ultimately derived from subducted 

sediments and MORB-crust and reflect high mobility of Pb (like other fluid mobile elements: Sr, 

As) during slab dehydration and mantle hydration processes. The Pb isotopic ratios in both the 

forearc mantle and the fluid-fluxed mantle melting products in our models are strongly 

heterogeneous and show four main types of geochemical mixing trends: 

 

• Binary mantle-MORB trend (Figs. 14d, 22, 17c,d, 20b). 

• Double binary MORB-mantle and MORB-sediment trends (Fig. 19).  

• Double binary MORB-mantle and mantle-sediment trends (Fig. 19).  

• Triple MORB-sediment-mantle mixing trend (Figs. 14c, b, 13b, 17e, 22). 

 

Geochemical trends in the serpentinized forearc mantle vary with depth. In the shallow forearc 

mantle double binary MORB-mantle and MORB-sediment trends are prevalent, whereas in the 

deeper forearc mantle triple MORB-sediment-mantle mixing is often observed. Possible 

explanation for this variability can be related to multiple hydration/dehydration cycles (Fig.24) 

and mechanical mixing, which tend to produce more complex signatures in deeper (more 

processed) serpentinized channel rocks. In contrast, geochemical signatures in areas non-

affected by mechanical mixing and re-hydration tend to be simpler and show prevalent mantle-

MORB trend (e.g. Fig. 9d).  

 

Our models also suggest that signatures in the magmatic arc often inherit the Pb isotope 

signatures in the forearc mantle. In many models, the signature in the serpentinized forearc 

mantle and the overlying magmatic arc are strikingly similar (cf. Figs. 9c and 14a), which is 

also described in studies from natural arcs (Hattori and Guillot, 2003). Therefore the main 

source of Pb in the magmatic arc is directly linked to the area where mechanical and 

geochemical mixing takes place in the serpentinized forearc mantle (Figs. 9, 16, 19 and 21). 

This serpentinite heterogeneity is partly reflected in the Pb isotope heterogeneity in magmatic 

arcs and in agreement with Guillot and Hattori (2013). The mixture of fluids derived from 

sediments, altered oceanic crust and/or depleted mantle forms the specific Pb signature in the 

magmatic arc. Across-arc geochemical zoning present in natural arcs (Ishikawa and Nakamura, 

1994) is also observed in our models. In particular, we often observe a higher concentration of 
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sediments-derived Pb closer to the trench than further away from the trench (Figs.14a and 18c). 

This is consistent with studies done by Ishikawa and Nakamura (1994), which described a 

systematically decreasing of Pb concentration in volcanic arc rocks with increasing distance 

from the trench.  

 

 

 

 

 

 
 

Fig. 22 Models bet23B. Development of Pb isotope ratios 207Pb/204Pb against 206Pb/204Pb in the rear, middle and 
front arc mantle over time. Red dots are volcanics form wet molten mantle. Blue area is the first arc, respectively the 
rear arc. Light green area is the second arc, respectively the inactive arc trench ward and the active middle arc. 
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Fig. 23 Models bet51 and bet51. Pb isotope ratios in the shallow, middle and deep forearc mantle in serpentinites 
over time. Blue dots are in shallow, red triangles in middle and yellow diamonds in deep forearc mantle (data of 
white boxes in Figs. 16a, b, c and 19a, b, c). 
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Fig. 24 Sketch of dehydration and hydration processes atop the subducted slab. Step 1: Dehydration of 
sediments atop of the slab and oceanic crust. Step 2: Hydration and serpentinization of the dry 
peridotite in the forearc mantle. Step 3: Geophysical (stirring) and geochemical mixing of aqueous 
fluid with depleted mantle -> dehydration of serpentinites. Step 4: Batch melting of the fluid-rock 
mixture resulting in a magmatic arc. 
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4.5 Conclusion 
 

In this study we showed numerically that aqueous fluids are crucial for recycling of fluid mobile 

elements in the mantle wedge as well as for their transport to the magmatic arc. A three-stage 

fluid-assisted Pb geochemical transport process from the slab to magmatic arc is identified in 

our models: (1) from sediments and oceanic crust to serpentinite mélanges, (2) from serpentinite 

mélanges to hydrated partially molten mantle and (3) from hydrated partially molten mantle to 

magmatic arc. The two phases process of dehydration in the mantle wedge enables a 

transportation of Pb isotopes in the deeper depth, where partial melting develops. This 

observation gives some possible explanations, why we could observe Pb isotope signature from 

sediments in rear magmatic arcs. 

 

Mechanical mixing and fluid-assisted geochemical transport above slabs results in strongly 

spatially and temporarily variable Pb-concentrations in the serpentinized forearc mantle as well 

as in arc volcanics derived from the hydrated partially molten asthenospheric mantle wedge. 

 

The Pb isotopic ratios in our models are strongly heterogeneous and show four main types of 

geochemical mixing trends: (i) binary mantle-MORB, (ii) double binary MORB-mantle and 

MORB-sediment, (iii) double binary MORB-mantle and mantle-sediment and (iv) triple 

MORB-sediment-mantle.  

 

In the shallow forearc mantle double binary MORB-mantle and MORB-sediment trends are 

prevalent, whereas in the deeper forearc mantle more complex triple MORB-sediment-mantle 

trend is often observed. This can be related to multiple hydration/dehydration cycles and 

mechanical mixing in the serpentinized subduction channel.  

 

The Pb isotope signatures in the serpentinized forearc mantle are typically inherited by 

signatures in the magmatic arc volcanics. Therefore the main source of Pb in the magmatic arc 

is directly linked to the area where mechanical and geochemical mixing takes place in the 

serpentinized forearc mantle. 
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5.1 Introduction  
 

Numerous geochemical and geophysical studies have established the crucial role of plate 

subduction for understanding the global (bio) geochemical cycles of many elements. The 

geological processes responsible for element transport vary both within and between 

different subduction zones. A primary source of variability in island arc volcanics (IAV) has 

been ascribed to heterogeneity of the sub-arc mantle (Ishizuka et al., 2003).  The thickness of 

the incoming plate, the amount of chemically bound water in the subducted lithosphere, and 

the mobilization of different components of the subducted slab (e.g. mantle, oceanic crust 

and sediment) also vary along, across, and between different subduction zones, and 

ultimately affect the composition of island arc volcanics (IAV) (e.g. Rüpke et al., 2002; 

Straub, 2010).  

 

Hence, the geochemical and isotopic composition of IAV reflects various inputs of different 

subducted components, but how and where these components are mobilized remains 

contentious. Important benchmarks are the distinctive geochemical signature of island arc 

lavas. We know, for example, that they are enriched in large ion lithophile (LILE) and light 

rare earth (LREE) elements and depleted in both high field strength (HFSE) and heavy rare 

earth (HREE) elements (e.g. Hawkesworth et al., 1997a). They are also enriched in elements 

such as Cl, Ba, B, U, Pb etc., which are mobilized by aqueous fluids liberated by the 

subducting slab (e.g. Ishikawa and Nakamura, 1994; Stern, 2002; Ishizuka et al., 2003; Leat 

and Larter, 2003; Straub and Layne, 2003a; Straub et al., 2010). Most of the subducted water 

is, however, stored in serpentinized mantle, and may be recycled into the deeper mantle 

(Rüpke et al., 2002; see discussion in Chapter 4).  

 

Many numerical modeling studies highlighted different aspects of subduction zone 

development, e.g., slab melting (Peacock et al., 1994; Gerya and Yuen, 2003; Gerya et al., 

2004), mantle wedge melting and related seismic features (Gerya et al., 2006; Gorczyk et al., 

Chapter 5 

Pb isotopes signatures in magmatic arcs: Insights 
from numerical modeling 
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2006), sub-arc magmatic productivity (Gorczyk et al., 2007a,b), trench migration and plate 

motions (Arcay et al., 2008), rheological variations (Arcay et al., 2005; Billen, 2008; 

Nikolaeva et al. 2008), and crustal growth (Nikolaeva et al. 2008; Gerya and Meilick, 2011; 

Vogt et al., 2012). The numerical modeling of geochemical signatures is in its infancy 

(Baitsch-Ghirardello et al., 2012). In this study we work with the same approach and 2D-

numerical model as in Chapter 4. The main focus here is to explain the development of 

different Pb isotope signatures across-arc within an extension regime (e.g. Ishikawa and 

Nakamura, 1994; Shibata and Nakamura, 1997; Kimura et al., 2010). Arc geochemical 

variability in the erupted products has been observed during the development of mature 

extensional subduction zones (e.g. Straub and Layne, 2003a). Our model simulates the 

geodynamical and geochemical processes involved in extensional subduction zones, and may 

thus explain how relate the geodynamical and geochemical development in the forearc 

mantle relates to the geochemical signatures of the IAV in the newly formed magmatic arc.  

 

The processes in forearc mantle are characterized by dehydration and hydration in a multi-

stage process (see Fig. 1 in Chapter 4), which plays a fundamental role for geochemical 

cycling in subduction zones (e.g. Ulmer and Trommsdorff, 1995; Scambelluri et al. 2001, 

2001a, 2001b; Rüpke et al., 2004; Deschamps et al. 2010; Hyndman and Peacock, 2003; 

Elliott and Plank 1997, Elliott, 2003). This multi-stage process causes serpentinization at 

shallow depth and relatively low temperatures (300°C – 650°C) in the forearc mantle. A 

second dehydration phase starts at higher temperature (> 500°C), where serpentinites brake 

down (Kerrick and Connolly, 2001a, 2001b) (Fig. 1). Several studies, (e.g. Kerrick and 

Connolly, 2001a, 2001b; Deschamps et al., 2010) highlight the temperature dependency of 

different dehydration processes, where fluid mobile elements, like Sb, As, B, U, Pb, Cs, Li 

and Ba are mobilized.  
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Fig. 1 Sketch of a model of Izu-Bonin subduction zone with element transport (Straub and Layne, 2003b) 
and fluid and melt flux-melting processes in the forearc mantle (Kimura et al., 2010). 

 

 

5.2 Model description 
 

Geochemical tracers were implemented into the 2D numerical model based on the I2ELVIS 

code (Chapter 4, Baitsch-Ghirardello et al., 2012; Gerya and Yuen, 2003a, 2003b, 2007) and 

allow tracing the path of Pb through the forearc mantle to the magmatic arc. The details of 

the model are described in Chapter 3 and 4, but the most important aspect relevant to this 

study are summarized below.  

 
 

5.2.1 Initial and boundary conditions 

 
The scaled size of the model is 300 km in depth and 4000 km in length. The subducting plate 

is 2500 km and the overriding plate is 1500 km long (Fig. 2). The rectangular non-uniform 

2001x301-node-grid contains a 1500 km long (from x=1500 km to x=3000 km, Fig. 2), high 

resolution (1x1 km) mesh refinement area in the middle of the model. The resolution is 5x1 

km over the rest of the model. The oceanic crust is subdivided in three layers: a sediment 

cover, underlain by hydrothermally altered basalt (2 km thick) a 5 km thick layer of gabbro, 

and anhydrous peridotic mantle (Table 1). The mantle is visualized in two different colors: 



	  
 

 116 

dark blue = lithospheric mantle and dark purple = asthenospheric mantle.  

 

A weak zone with wet olivine rheology and low brittle/plastic strength (sinφ=0.1, where φ is 

the effective internal friction angle) causes initiation of subduction. An internally prescribed 

velocity field within the convergence condition region drives the spontaneously bending slab 

during the entire duration of the experiments (Baitsch-Ghirardello et al., 2012). The initial 

age of both plates is 40 Ma. The densities of the rock type are as follows: sediments 2600 

kgm-3, basaltic crust 3000 kgm-3, gabbroic crust 3000 kgm-3, dry mantle 3200 kgm-3, 

hydrated mantle 3200 kgm-3, serpentinized mantle 3000 kgm-3, molten mantle 2900 kgm-3 

IAV (solid) 3000 kgm-3, and IAV (molten) 2900 kgm-3 (for more details see Chapter 3, table 

1). The initial Pb isotope ratios of the different lithologies are listed in Table 1.  

 

 

 

 

 

 

Table 1 Initial values of Pb isotopes from Arevalo & McDonough, 2010; Plank & Langmuir, 1998 
and Salters & Stracke, 2004. 
 

The hydration, water transport, and partial melting processes, are described in detail in 

Chapters 3 and 4. Our numerical code does not allow mixing of fluid- and/or melts during 

the dehydration and melting process, however different local fluid signatures are mixed 

during (re)hydration of crustal and mantle rocks. The mechanical boundary conditions are 

free slip at the top and side boundaries, whereas the lower boundary is permeable in the 

vertical direction (Gorczyk et al., 2007b). The top surface of the lithosphere is treated as an 

internal free surface by using an 8–12.5 km thick top layer with low viscosity (1018 Pa s) and 

density (1 kg/m3 for air above y=10 km level, 1000 kg/m3 for sea water below y=10 km 

level). 
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Fig. 2 The initial numerical model setup. The detailed rock properties are described in Chapter 2 in 
Table 2.2. 
 

 

5.2.2 Geochemistry implementation 

 
The implementations of geochemical tracers are described in detail in Chapter 4 (the 

equations are already described in Chapter 2). In all our numerical experiments, the elements 

are distributed between solid and liquid phase according to their respective partition 

coefficients (Ayers, 1998) (see also Chapter 2). 

Hydration of the forearc mantle rocks changes the rock and fluid composition as well. This 

hydration process is modeled as one of dissolving the anhydrous minerals by a fluid and 

subsequent recrystallization of the hydrous assemblage.  
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The stable mineralogy for each lithology as a function of pressure and temperature is 

computed from thermodynamic data by free energy minimization (Connolly, 2005). For 

simplification, the partition coefficients are assumed to be independent of pressure and 

temperature (see Kessel et al., 2005). Similarly to trace element partitioning between forearc 

mantle/slab rocks and fluid, trace elements are redistributed between rocks and melt phase 

when partial melting takes place. We assume that melt and host rocks are in equilibrium 

before melt extraction and thus, the elements’ concentration for the melt phase is not 

calculated simultaneously with melting but later when melt is extracted (Ayers, 1998) 

The composition of magmatic arc rocks is defined by the composition of extracted melts; 

effects such as the decay of uranium and thorium during the melt percolation to the surface 

are ignored, this maximizes the geochemical signals originating from trace element 

partitioning during dehydration/hydration and melting. This assumption is supported by the 

short time scale for source-to-surface melt migration and indicated by 226Ra-230Th 

systematics (Turner et al., 2001). 
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Mineral 
Kd 

mineral/fluid 
Kd 

mineral/melt  
Omphacite 0.0013a 0.01o  
Feldspar 0.36a 0.425fav.  
Olivin 0.0001a 0.0004o  
Opx 0.0001b 0.0013o  

Albite 0.36a 0.425fav.  
K-feldspar 0.36a 0.425fav.  

Spinel 0.0005c 0.00005o  
Cordierite 0.03m - Cordierite does not enter in melt 

Garnet 0.0005a 0.018b  

Zoisite 8.6n 8.6n 
Kd mineral/fluid taken also by 

mineral/melt 

Sphene 0.525x.av 0.525x.av 
Kd mineral/melt taken also by 

mineral/fluid 

Clinozoisite 204.5i 204.5i 
Kd mineral/melt taken also by 

mineral/fluid 
Mica 0.0925b 0.089b  

Lawsonite 0.1a 0.1a 
Kd mineral/fluid taken also by 

mineral/melt 
Biotite 0.89f 0.89f  

Na-amphibole 0.89f - Na-amphibole does not enter in melt 
Antigorite 0.1a - Antigorite does not enter in melt 

Rutile 0.0154q 0.0154q  

Ilmenite 0.75f.av 0.75f.av 
Kd mineral/fluid taken also by 

mineral/melt 
Amphibole 0.1a 0.07b  

Chlorite, Talc 0.1a - 
Chlorite does not enter in melt,  

Talc does not enter in melt 
 

Table 2 Partition coefficients for the involved minerals applied in the numerical experiments. The Kds 
are taken from: a=McKenzie 1991; b=Adam & Green 2006; c=Elkins et al. 2008; f average =Ewart & 
Griffin 1994; i=(“Equilibrium and Disequilibrium Trace Element Partitioning in Hydrous eclogites 
(Trescolmen, Central Alps”), 2002) 1998; m=Bea et al. 1994; n=av., Klimm et al., 2008; 
o=Hawkesworth et al., 1993; q=Foley & Jenner 2004/2000; x=Klemme et al., 2005. 

 

 

5.3 Results and Discussion  

  
The numerical model shows how Pb is distributed in an intra-oceanic extensional subduction 

regime (Baitsch-Ghirardello et al., 2012) and Chapters 3 and 4). The key model parameters 

are the following: the age of both the subducting and overriding lithosphere (40 Ma), 

subducting plate velocity  (constant at 50 mm a−1), and the brittle/plastic strength of the 
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mantle (sin (φdry) is 0.60). The crucial weakening parameters are: λfluid =0.02 and λmelt =0.01. 

The chosen weakening parameters are responsible for the development of an extensional 

regime and the resulting backarc basin with a rear arc, and a newly formed active arc in the 

forearc region. A comparable subduction regime in nature is the Izu-Bonin-Mariana 

subduction zone. As mentioned above, we extended the I2ELVIS code from Gerya and Yuen 

(2003a, 2003b, 2007) with geochemical implementations (decay, partition coefficient) to 

investigate Pb isotope signatures in forearc mantle and magmatic arcs (Chapter 4). Therefore, 

we focused on the following four main rock types: sediment, basalt, gabbro and peridotite.  

At the initiation of subduction, we observed in detail the path of Pb isotope ratios, in the 

forearc mantle, the serpentinized mantle as well as in volcanics at the surface (IAV).  

 

 

5.3.1 Dynamics of the extensional subduction regime 

 
Arc development starts at ~5 Ma (Chapter 4, Fig.10) after initiation of subduction. At ~13 

Ma, a spreading center in the forearc develops, followed by trench retreat (Chapter 3.1.1, 

Figs. 4 and 5), which results in arc migration away from the trench (Fig. 3). A second arc 

forms in the forearc region, concurrent to decompression melting and development of a 

spreading center in the back-arc (Fig. 4). During the next 5 million years, an uprising diapir 

divides a frontal arc into two parts: an active part on the side of the backarc basin and a 

magmatically inactive trench-ward frontal arc (Figs. 3, 4, and 5). The backarc basin consists 

of basalts formed by decompression melting in a wide area underneath the backarc  (large 

red region, Figs. 3 and 4). After 25 Ma a large accretionary wedge has accumulated on the 

seaward side of the trench (brownish color in Fig. 3). The area where decompression melting 

occurs is surrounded by hydrated and serpentinized mantle (dark blue and light blue in Fig. 

4). The rear magmatic arc is still active on the trench side, where a hot region with partial 

melting has established, whereas the part of the rear arc far away form the trench becomes an 

extinct paleoarc. 

At this stage of arc development, the following geological features have developed: an active 

and an extinct arc, a spreading center where MORB-like fresh oceanic crust is generated, 

serpentinized diapir, a mélange, serpentinized/hydrated mantle regions and areas where 
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decompression melting occurs (Fig. 3). The Izu-Bonin-Mariana arc in the Western Pacific is 

at a very similar stage of development. 

   

Fig. 3 Model bet23B with 25 Ma with composition. A spreading center in the backarc basin with a large 
decompression melting area. Serpentinites in the shallow forearc mantle with an uprising serpentinized diapir, 
which split the frontal arc into two parts. The rear arc behind the spreading center, active part at trench side and 
paleoarc furthest away. 

 

 

 

 

Fig. 4 Zoomed area across-arcs with 25 Ma and their different layers of volcanic rock derived from molten 
peridotite (gray color), basalt (green) underlying the oceanic crust with the basalt (dark green color) and gabbro 
layer (light green color) at 20 Ma. 
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Fig. 5 Zoomed area of an exhumed region of serpentinized diapir (dark blue: serpentinites) in the forearc 
mantle at 25 Ma and on its right side (backarc-side) the active middle arc. 

 

 

5.3.2 Pb isotope signatures in the forearc mantle  

 
Hydrous fluids from the subducting slab are enriched in water-soluble elements such as Pb 

and extensively metasomatized the depleted mantle wedge as observed, for example, at the 

Izu arc in Japan (Ishikawa and Nakamura, 1994). Mobilization of soluble elements starts 

with the dehydration of sediments. Aqueous fluids transport fluid mobile elements into the 

overlying dry mantle, where serpentinization occurs (Figs. 3, 4, 5 and 6 and Chapter 4). 

Hence, fluid-mobile elements such as Pb become depleted in the host rock (depletion of Pb 

isotopes by decompression melting in Fig. 6b and 6c) and enriched in the hydrated and 

serpentinized mantle (Fig. 6a, b and c).  
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How Pb migrates through and affects the Pb isotope signatures in different parts of the 

forearc mantle is described in detail in Chapter 4 (Baitsch-Ghirardello et al., in preparation). 

Here, we focus on how the Pb isotope ratios in different rock types (excluding serpentinites) 

in both in the forearc mantle and the IAV change with progressive evolution of the arc.  

 

 

Fig. 6 Development of 207Pb at 15, 20 and 25 Ma, a) Visualizing the pronounced extension and enrichment of 
207Pb in the serpentinized, and hydrated uprising mantle material. b) Newly formed MORB-like oceanic crust 
with enriched Pb isotope signature relative to the depleted mantle by 20 Ma. c) Depletion of 207Pb isotope in 
the body of decompression melting and a heterogeneity distribution in the overlying newly formed MORB-
like oceanic crust. The large body of decompression melting shows a decreasing depletion of 207Pb isotope 
signature with increasing of depth. 

 

 
5.3.2.1 Basaltic rocks in the forearc mantle 
 

Before the onset of subduction, Pb isotope signatures in the initial basalt layer close to the 

trench correspond to the initial values assumed for the oceanic crust (Fig. 7a).  
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After 15-20 Ma of model development, subduction channel mélange formation associated 

with deep subduction and dehydration of sediments notably changes the geochemical 

signatures of basaltic rocks in the forearc mantle (Fig. 7b). Basaltic rocks in the mélange 

above the subducted slab in the relatively cold shallow forearc mantle now reveal a clear 

sediment influence (Fig. 7b), which imply (re)hydration of basaltic crust present within the 

mélange by fluids released from subducting sediments. In contrast, Pb isotope signature of 

basaltic rocks within the oceanic crust subducting within the slab almost remains unchanged 

(Fig. 7c). Similarly, partially molten basaltic crust forming on the top of the slab at 70-90 km 

depths is little affected by sediment-derived fluids (Fig. 7d). On the other hand, the enclosed 

basalt layer within the uprising serpentinized diapir which forms the serpentinized mélange 

(Figs. 5 and 7e) develops distinct Pb isotope ratios with a clear binary trend between MORB 

and sediment (Fig. 7e). Therefore, geochemical signatures of fluids derived from sediments 

can be potentially transported by serpentinized uprising mantle diapirs and (when the diapirs 

will rise from the slab at sub-arc depths) affect magmatic signatures of the arc volcanics. 
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Fig. 7 Pb isotope signatures in basalt: a) At the front of the trench; b) Within the mélange in the shallow 
forearc mantle; c) On top of the slab in the deep forearc mantle; d) partial melts form the subducted oceanic 
crust on the surface of the slab. e) Within the uprising serpentinized diapir. f) Partial melts form the subducted 
gabbroic oceanic crust on the surface of the slab. Comparison of the Pb isotope ratios (207Pb/204Pb against 
206Pb/204Pb) with data from literature (Straub, 2010; Plank et al., 2007) in the graphs on the right side. 

 

5.3.2.2 Sediments in the forearc mantle 
 

Sediments on top of the down-going slab have overall similar Pb isotope signature: at the 

trench, in the subduction mélange channel in the forearc mantle, as well as in the uprising 

serpentinized diapir (Fig. 8a, b and c). Because of much higher bulk Pb content in sediments 
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compared to other rocks (Table 1), the sediments signatures cannot be influenced by Pb from 

other sources. Therefore, these results were expected. 

   

 

Fig. 8 Pb isotopes in sediments. a) Sediment layer at the beginning of the subduction at the trench. b) 
Sediment in mélange in the shallow forearc mantle. c) Sediment within the serpentinized uprising diapir. 
All graphs on the right side present Pb ratios of 207Pb/204Pb against 206Pb/204Pb, comparing with ratio 
from literature (Straub, 2010; Plank et al., 2007).  

 

5.3.2.3 Hydrated and molten mantle peridotite in the forearc mantle 
  
The Pb isotope ratios in the hydrated mantle are strongly affected by aqueous fluids from 

sediments (light blue diamonds in Fig. 9). Partial melting of hydrated and serpentinized 

mantle should thus form new IAV with similar sediment-like Pb isotope signatures. 

Pb isotope signatures in partial melts from wet mantle peridotite in the forearc mantle (Fig. 

10) are dominated by aqueous fluids from dehydrating sediments and show only minor 

influence by depleted mantle and subducted oceanic crust. In contrast, the Pb isotope ratios 

of partial melts from the oceanic crust subducting within the slab (Fig. 7d) are little affected 
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by sediments. The Pb isotope ratios in hydrated mantle, molten peridotite, and the subducted 

oceanic crust of serpentinized mélanges formed above the slab are all affected by aqueous 

fluids from sediments. 

 

   

 

Fig. 9 Pb isotope ratios of 207Pb/204Pb against 206Pb/204Pb of hydrated mantle (light blue diamonds) 
measured in the middle forearc mantle compared with data from literature. 

 

 

The degree of sediment influence depends on the extent of alteration by hydrous fluids, 

which is obvious from the different Pb isotope ratios in serpentinites, hydrated mantle (Fig. 

9), molten peridotite (Fig. 10, not decompression melting) and partial melts form the 

subducted oceanic crust (Fig. 7d). Since the absolute amount of Pb in sediments is higher 

than in basaltic oceanic crust, it only takes a relatively small amounts of released water in 

order to have an influential on other layers. Hence, sediment-derived aqueous fluids are the 

most important transport agent for incompatible elements and dominate the Pb isotope 

signatures in the shallow and middle forearc mantle although the total amount of aqueous 

fluids derived from dehydration of the oceanic crust is much higher than from sediments. 
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Fig.10 Pb ratios of 207Pb/204Pb against 206Pb/204Pb of molten peridotite (light green squares) and data 
from literature. 

 

 

5.3.3 Pb isotopes signatures in IAV of the rear arc 

 
Pb isotope ratios in the rocks of the IAV are heterogeneous. Surprisingly, however, sediment 

signatures in IAV basaltic rocks are not as pronounced as in rocks derived from molten 

peridotites (cf. Fig.11a, b, c and Fig. 13c, d). We studied across-arc different volcanic rock 

types at 25 Ma in two or three vertical layers with an age of ~1, 10 and 15 Ma in the rear arc 

(Figs. 3 and 6d), which derive from both molten peridotite and partial melts form the 

subducted oceanic crust. Only few rocks originate from partially molten gabbro, and 

sediments (Figs. 12a, b, 13a, b). All rocks are influenced by subducted sediments except 

those derived from partially molten gabbro (Fig. 12a, b), which have Pb isotope ratios 

similar to the subducted oceanic crust (MORB-like signature). Melting process of subducted 

gabbroic crust is restricted to the uppermost 1-2 km layer (Fig. 7d) directly underlying 

basaltic crust, which is not affected by fluids derived from sediments. Volcanics derived 

from subducted basaltic crust melting are only slightly affected in the older and middle layer 

in IAV by sediments signatures in (Fig. 11b and c). The older volcanic layer derived from 

partially molten basaltic crust, are more affected by sedimentary Pb isotope signatures than 

the overlying middle and younger layer (Fig. 11a,b and c). The decreasing sediment 

influence with time is presumably caused by consumption of aqueous fluids during 
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(re)hydration of growing serpentinite mélanges at shallow depths and decreasing intensity of 

mélange subduction with time. The oldest layer of this magmatic arc was built million years 

earlier as the arc was closer to the trench and the source of the IAV was at shallower depth. 

The IAV derived from molten sediments are in the lower (older) layer (Fig. 13b) hardly 

showed any MORB-like Pb isotope signatures (red dots in Fig. 13b). The younger volcanic 

layer derived from molten sediments shows a slight increase of Pb isotope ratios derived 

from MORB (Fig. 13a), which presumably implies strong rehydration of molten sediments 

subducted atop the slab by fluids with MORB signatures released at subarc depths. A very 

different behavior is observed in the layers derived from molten peridotite (Fig. 13c and d). 

Both layers of this rock type show a binary trend from Pb isotope ratios typical for the 

depleted mantle to MORB-like ratios, mainly in the lower (older) layer (Fig. 3d). The upper 

(younger) layer is slightly imprinted by Pb derived from sediments (Fig. 13c). 
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Fig. 11 Pb isotope ratios 208Pb/204Pb against 206Pb/204Pb measured in IAV derived from partial molten 
basalt at 25 Ma. a) IAV derived from partial melts form the subducted oceanic crust in the upper 
(formed at ~24 Ma) with a very small trend to sediment signature. b) IAV derived from partial melts 
form the subducted oceanic crust in middle (formed at ~15 Ma) layer. c) IAV derived from partial 
melts form the subducted oceanic crust in the lower (formed at ~10 Ma) layer. An increasing trend to 
sediment signature with increasing of age (depth). 
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Fig. 12 Pb isotope ratios 207Pb/204Pb against 206Pb/204Pb. a) and b) IAV derived 
from molten gabbro in the upper (formed at ~24 Ma) and lower (formed at ~15 
Ma) layer with the similar signature of Pb isotopes from MORB. Gabbro is not 
affected from other Pb isotope signatures. 
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Fig. 13 Pb isotope ratios 207Pb/204Pb against 206Pb/204Pb. a) and b) IAV derived from molten sediments in the 
upper (formed at ~24 Ma) and lower (formed at ~15 Ma) layer with a slight trend to MORB-like signature. c) and 
d) IAV derived from molten peridotite in the upper (formed at ~24 Ma)  and lower  (formed at ~15 Ma) layer with 
a binary depleted mantle-MORB trend. Peridotite is clearly the most affected rock type in IAV. Increasing of 
MORB-like signature with age (depth). 
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Fig. 14 Composition of the rear arc, age 25 Ma. The paleoarc on the right side (IAV derived from molten 
peridotite), the youngest IAV are on the top of the rear arc, on the left side (IAV derived from partial melts 
form the subducted oceanic crust), at the boarder to the MORB-like newly form oceanic crust derived from 
decompression melting. Only a very small part of IAV is derived from molten gabbro (in the middle of the 
image). 

 

 

5.3.4 Pb isotopes signatures in IAV in the frontal inactive and middle 

active arc 

 
The frontal arc forms shortly after spreading in the forearc starts. At 25 Ma a serpentinized 

mantle diapir splits the frontal arc in two parts (Figs. 5 and 6). The trench ward side (frontal 

inactive arc) expires owing to lack of magma production at the low temperatures in the 

shallow subarc mantle.  The IAV of the middle arc derive from partial melts of subducted 

basaltic oceanic crust and thus show different Pb isotope signatures (Fig. 15). IAV rocks 

from the active middle arc show increasing sediment influence (blue triangles in Fig. 15a), 

caused by fluid flux in the middle forearc mantle. At these depths the dehydration of the slab 

and the serpentinized forearc mantle are triggered by a well-established hot necking (Fig. 3), 

which is caused by decompression melting of dry asthenospheric mantle. The middle layer of 

the middle active arc (red squares in Fig. 15a) has a similar Pb isotope signature as the 

inactive frontal part of the middle magmatic arc (Fig. 15b). Both older layers of the frontal 

inactive arc and the middle active arc grew before division of the frontal arc in two parts and 

have therefore the same source and similar Pb isotope signatures.  
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Fig. 15 At 25 Ma Pb isotope ratios 207Pb/204Pb against 206Pb/204Pb in IAV derived from partial melts 
form the subducted oceanic crust in layers with different ages. a) IAV in frontal inactive arc with and 
formed at ~24 Ma and ~12 Ma. Increasing of Pb isotope signature derived from sediments with time 
(green triangle are younger rocks). The frontal inactive arc is less affected of Pb isotope signature 
derived form sediments than the active middle arc (b). b) IAV in active middle arc formed at ~24 Ma 
and ~15 Ma. Increasing of Pb isotope signature derived from sediments with time (blue dots are 
younger rocks). 

 

 

In rocks derived from molten peridotite we find similarities to those we have seen in IAV 

derived from partial molten subducted oceanic crust. The upper (youngest) layer of IAV in 

the active middle arc (red triangles in Fig. 16a) is strongly affected by sediments, but only 

little by MORB and depleted mantle. This triple MORB-sediments-depleted mantle signature 

is described in detail in Chapter 4. Pb isotope signatures from the depleted mantle decreases 

compared to the middle layer (green squares in Fig. 16a). This middle layer has wide range 
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of Pb isotope ratios with a ternary trend between sediment, MORB and depleted mantle, 

similar to the middle layer in the inactive frontal arc (pink diamonds in Fig. 16). For the 

youngest and oldest layer of the inactive frontal arc (green squares and blue dots in Fig. 16b) 

there are only few data. Although both layers show a ternary trend between sediment, 

MORB, and depleted mantle, the data are mostly anchored at DM-like compositions. Some 

signatures in the middle layer of the inactive frontal arc are close to Pb isotope ratios in the 

rear and early arc in Izu Bonin (Straub et al., 2010; pale blue square and pink diamonds in 

Fig. 16B). IAV derived from molten peridotite show a triple trend signature, which is also 

described in detail in Chapter 4 (Fig. 16a and b). 
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Fig. 16 Pb isotope ratios signature of 207Pb/204Pb against 206Pb/204Pb at 25 Ma in IAV derived 
from molten peridotite. The age of the layers are: 1 Ma the upper one, 10 Ma the middle one and 
15 Ma the lower one. a) Active middle arc close to the newly formed MORB-like oceanic crust 
derived from decompression melting has no lower layer. Strong Pb isotope signature derived 
from sediment in the young (upper) layer with 1 Ma and a wide spread distribution in the layer 
with an age of ~10 Ma oscillates between sediments; depleted mantle and MORB signature 
presents a triple trend. b) Inactive frontal arc with three different layers of IAV derived from 
molten peridotite. The Pb isotope signature derived from sediment is mainly observed in the 
middle and lower layers, formed at ~15 Ma and 12Ma, (purple diamonds and blue circles). The 
upper youngest layer, with only a few data is less affected from Pb isotope signatures from 
sediments. 
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5.3.5 Across-arc variation in Pb isotope ratios  
 

Ishikawa and Nakamura (1994) pointed out that studying the chemistry of lavas across the 

arc provides key information for understanding arc development through time. The authors 

suggested that altered oceanic crust (AOC) is the primary source for fluids in the Izu Japan 

arc systems. Observed across-arc variations of Pb isotope ratios in our model all have the 

highest values in the frontal arc and decrease continuously with distance to the trench. 

Ishizuka et al., 2003 also observed systematic along-arc variation in the Pb ratios of back-arc 

lavas, but explained these differences by distinct mantle sources in the northern and central 

parts of the arc. Contrary to Ishikawa and Nakamura (1994), Straub et al. (2010) describe the 

increasing Pb isotope ratios with time due to a change in composition of the trench sediment. 

These variables are therefore not involved in the variability of Pb isotope signature neither in 

the forearc mantle nor in the output of the IAV. The dehydration and hydration process in the 

forearc mantle, the fluid and melt flux melting processes in the forearc mantle, the 

mechanical mixing in the mélange, and the fluid transport to the region where partial melting 

occurs as well the uprising melt, causes the heterogeneity of Pb isotope signatures. 

In our experiments we observe a remarkable Pb isotope heterogeneity in the serpentinized 

(see Chapter 4) and partially molten regions in the forearc mantle (Figs. 7d, 9 and 10). Most 

of the Pb isotope signatures in the arc lavas may thus ultimately derive from the forearc 

mantle, due to mélange formation in the subduction channel, which is associated with deep 

subduction and dehydration of sediments that notably changes the geochemical signatures in 

the mantle-derived magmas. However, no pronounced time dependence of Pb content is seen 

in both frontal and middle arc (Figs. 17 and 18). In all four different rock types at the first arc 

(IAV derived from molten sediments, gabbro, basalt and peridotite), we found a relatively 

constant Pb content over time. These observations are in agreement with the observation of 

Straub et al. (2010) in the Izu-Bonin arc formation. The authors investigated the temporal 

variability in eruptive products of the Izu-Bonin arc and assumed that the trend of increasing 

Pb isotope ratios with time reflects the change in trench sediment input caused by a changing 

of subducting oceanic plate and cannot be explained with a constant sediment input from the 

same source. The highest amount of hydrous fluids at the volcanic front possibly reflects the 

progressive loss of volatiles in the subducting slab. Fluid formation in the forearc region is 

dominated by the dehydration of sediments, which affects the Pb isotope signatures of IAV 

(Fig. 17). Ishikawa and Nakamura (1994) argued that the altered oceanic crust is the primary 

source of fluid in the Izu Japan arc systems, which is also the case in our model (Fig. 17). 
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Across-arc measurements of Pb isotope ratios in the topmost layer at 25 Ma in IAV derived 

from partial melts of the subducted oceanic crust (Fig. 17) show three different distribution 

between depleted mantle, MORB-like or sediment signatures. Comparison between the two 

active arcs (Fig. 17b and c) shows that Pb isotope ratios decrease with time. The rear arc 

behind the backarc basin is mainly characterized by MORB-like signature with little 

sediment influence. The rear arc is too far away from the area, where partial melts mixed 

with aqueous fluid from sediments occurs. The small imprint of sediments originates from 

dehydration of the underlying serpentinized mantle (Figs. 3, 6b and c). In the active part of 

the middle arc, the 206Pb /204Pb increases with distance from trench (pink squares and yellow 

triangles in Fig. 20 on the right side), especially in the topmost (youngest) layer (yellow 

triangles in Fig. 20). This layer is situated at the transition to the newly formed MORB-like 

oceanic crust derived from decompression melting of dry asthenospheric mantle. Here we 

found a similar condition as on the other side of the backarc basin (Figs. 3, 6c, 17). On both 

sides of the backarc basin Pb isotope signatures in the IAV are influenced by the underlying 

serpentinized mantle (Figs. 17b and c, 18b and c). In the rear arc volcanics originate by 

partial melting of basalt (Fig. 17c) and peridotite (Fig. 18c). Even though the rear arc is far 

away from the trench, still it presents Pb isotope signature from sediment (Fig. 3). This 

observed signature is only possible, when another source of Pb signature from sediment is 

involved. One explanation for this observation is the fact that a serpentinized layer 

dehydrates and aqueous fluid flux with sediment signature reaches a partial melting region, 

which feeds the first arc. 
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5.3.5.1 Basalt across-arc: Frontal inactive arc, middle active arc and rear active arc 
 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.17 At 25 Ma across-arc IAV derived from partial melts form the subducted oceanic 
crust of the topmost layer of the frontal inactive arc, middle active arc and rear active arc. 
Decreasing of Pb isotope signatures form sediment with time in the measurements in b 
and c. a) The inactive frontal arc layer with a clear trend of Pb isotope signature from 
sediment in the old layer. b) Middle active arc, strongly affected sediment signature. c) 
The rear active arc behind the backarc basin with a clear MORB-like signature and only a 
small trend to sediment signature. 

 

  



	  
 

 140 

5.3.5.2 Peridotite across-arc: Frontal inactive arc, middle active arc and rear active arc 
 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18 At 25 Ma across-arc IAV from the topmost layer derived from molten 
peridotite a) inactive frontal arc. Data are only a few due to the expiry of the trench-
side part of the frontal arc. b) The middle active arc with a strongly affected by the 
Pb isotope signature from sediments and MORB. c) Rear active arc with a clear Pb 
isotope signature from depleted mantle and a trend to MORB-like and sediment 
signature. The Pb isotope signatures decrease with distance to the trench (b and c).  
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The frontal arc, after 25 Ma is divided in two parts as we already mentioned above (Fig. 3, 

19 and 21). 

 

 

Fig. 19 Overview of Pb signature across-arc formation of the rear arc. 206Pb content [log] against distance 
[km] shows a clear differentiation between the different rock types but a constant distribution of measured 
Pb in across-arc observation. Triangles are always the upper layer (~1 Ma old), squares are the middle (~ 
10 Ma old) layer and circles are the lower (~ 15 Ma old) layer of IAV derived from molten sediments, 
basalt, gabbro and peridotite. 
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Fig. 20 206Pb content against distance across-arc volcanics derived from partial melts form the subducted oceanic 
crust. a) Frontal inactive arc and the middle active arc. b) The rear active arc.  
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Fig. 21 Zoom area of model bet23B with 207 Pb content. The frontal inactive and active middle arcs are 
separated by an uprising serpentinized diapir. On the right side the heterogeneous distribution of Pb in 
newly formed MORB-like crust derived from decompression melting (light green). The inactive frontal 
arc trench side with a Pb content (red triangles, green squares and blue dots in Fig.19). The active arc in 
the transition zone to the newly formed oceanic crust derived from decompression melting (yellow 
triangles and purple squares in Fig.19). Blue area is the decompression melting region with a gradually 
depletion of Pb content decreasing with depth. 
 

 
Minerals 

25 [Ma] Pb isotope signatures derived from: 

GLOSS MORB DM  

IAV derived from molten 
sediments 

 
++++ 

 
- 

 
- 

 
Not affected 

IAV derived from partial 
melts form the subducted 
oceanic crust 

 
++ 

 
++ 

 
+ 

 
Moderate 
affected 

Partial melts form the 
subducted oceanic crust 

 
+ 

 
+++ 

 
- 

Slightly 
affected 

IAV derived from molten 
peridotite 

 
+++ 

 
+ 

 
++ 

Wide spread and 
strongly affected 

IAV derived from molten 
gabbro 

- ++++ - Not affected 

Dry molten peridotite (+) (+) ++++ Gradually depleted 

Wet peridotite 
(Serpentinite) 

 
++ 

 
++ 

 
++ 

Wide spread and 
strongly affected 

Hydrated mantle  
+ 

 
(+) 

 
++ 

Wide spread and 
slightly affected 

 
Table 3 Overview of dispersion of Pb signatures in different rock and melt types. 
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5.4 Discussion 
 

In this study we investigated numerically the geochemical processes in the forearc mantle 

and across-arc of intra-oceanic subduction regime in extension. Based on our studies in 

Chapter 3 and 4 we focused on the Pb isotopes, which qualify for being good tracers for the 

recycling circle in subduction zones (e.g. Straub et al., 2010). We observe the Pb isotopes 

signatures in basalt, gabbro and sediments (peridotite is discussed in detail in Chapter 4) 

from the beginning of subduction, in the forearc mantle as well as their across-arc evolution. 

Our models demonstrate large variability of Pb isotope signatures in spatial terms and in 

differences rock types.  

 

The Pb isotope signature in the forearc mantle as well as in island arc volcanics are 

determined by P-T conditions resulting in the corresponding breakdown of different minerals. 

Shallow fluid dehydration process elevated LILEs such as Ba, K, Pb, and Sr primarily to the 

breakdown of lawsonite. In the middle and deeper forearc mantle slab melt is controlled by 

phengite-quartz-eclogite mineralogy (e.g. Kimura et al., 2010) and has more incompatible 

elements entering into the melt due to the dependence on partition coefficients. Therefore 

these melts are enriched in LILE and LREE and relatively elevated in HFSE and HREE (e.g. 

Hawkesworth et al., 1997a; Kimura et al., 2010). Fluids generated in the shallow, middle and 

deep forearc mantle contribute to mantle melting and island arc volcanics (IAV) in the 

frontal and rear arc, respectively. 

 

Our investigation of sediments, basalt and gabbro concerning Pb isotope signatures in the 

forearc mantle show different distributions. Basalt and wet mantle peridotite (serpentinites) 

are affected by aqueous fluids derived from sediments. Whereas volcanics derived from 

molten gabbro and sediments are (although for different reasons) hardly imprinted from 

other Pb bearing fluids. These results are completely different to those in Chapter 4, where 

the serpentinized mantle presents a large heterogeneity of Pb signatures, mainly with a 

binary or triple trend between depleted mantle-MORB-sediment (see in Figs. 16 and 18). 

 

In agreement with geochemical data from across-arc studies (e.g. Shibata and Nakamura, 

1997; Kimura et al., 2010; Straub et al., 2003, 2010) all our experiments present a decreasing 

of Pb isotope ratios with distance to the trench (except the frontal inactive arc, which was 10 

Ma earlier connected with the middle active arc). Across-arc observation of Pb isotope 
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signatures in basaltic rocks in IAV shows a clear binary trend between MORB-sediment 

signatures, whereas the MORB signature dominates (Fig. 17). This is consistent with Kimura 

et al. (2010), they describe in their across-arc studies of the Izu arc the necessity of slab 

fluids derived from dehydration for the volcanic front basalt formation. Fluids from 

sediments consumed at shallower depths by the serpentinization and hydration processes 

(Bebout et al., 2007; Deschamps et al., 2010) are responsible for this observed Pb isotope 

signature. Similar observations we made in basaltic rocks, which are only slightly affected in 

the older layer by sediments signatures in (Fig. 11b and c). The older IAV, which originate 

from partial melts of the subducted oceanic crust, are more affected by sedimentary Pb 

isotope signatures than the overlying middle and younger layer (Fig. 11a,b and c). The 

decreasing sediment influence with time is caused by consumption of aqueous fluids during 

serpentinization at shallow depths. Shibata and Nakamura (1997) describe similar 

observation in a study of northeastern Japan, supposing that the origin of the signatures is 

caused by infiltration of a fluid derived by dehydration of the slab during subduction. 

The increasing of sediment signatures of Pb isotope ratios with the decreasing of distance to 

the trench in IAV (cf. Figs. 17 and 18) derived from partial molten basalt, could be explained 

by the strong dehydration process in the shallow forearc mantle, where twice as much fluid 

flux is added to the mantle beneath the frontal arc than beneath the rear arc (Kimura et al., 

2010). 

The Pb isotope signatures in volcanics derived from subducted basaltic rock in IAV in the 

rear arc are more affected from slab melts derived form partial molten oceanic crust and less 

from fluids. Slab melts are required to produce the rear arc volcanics (Fig. 17c). In contrast 

the IAV of partial molten peridotite (Fig. 18c) presents a signature of Pb isotopes, which is 

slightly affected by fluids derived from oceanic crust and sediments. Comparing our results 

with results form different studies (Figs. 16b and 18) a slightly higher signature is observed. 

But as we have average values in our model (GLOSS, DM, MORB) was to be exacted that 

the values do not match completely. 

The presented overview of Pb content across-arc in the rear arc (different rock types in Fig. 

19 and volcanics derived from partial molten basalt in Fig. 20b) and in the frontal inactive 

and the middle active arc (volcanics derived from partial molten basalt in Fig. 20a) show no 

important variation. Similar observations are made by Shibata and Nakamura (1997) in N-

Izu arc. They do not observe systematic differences with depth to the slab (different depths 

are consistent with the corresponding distance of the trench). All of their data lie along a 

single mixing line and the involvement of the subduction component decreases with 
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increasing depth to the slab. Within the IAV derived form molten sediments the Pb content  

(red dots = lower layer in Fig. 19) slightly decreases with distance to trench. In contrast in 

the middle active arc the upper (youngest) layer derived form partial molten basalt the Pb 

content increases with distance to the trench. This can be explained on the one hand with the 

shallow subarc region, where the source of IAV origin and on the other hand with the 

proximity to uprising serpentinized diapir carrying a relatively high affected basaltic rocks of 

Pb signatures derived form sediments (Figs. 17e and 20a). 

It should be noted, that our melt extraction algorithm is strongly simplified and does not 

allow for mixing of melts derived from different rock sources. Neither this model allows for 

chemical interaction of rising melts with the mantle wedge. Our results for different types of 

arc volcanics (i.e. derived from hydrated mantle, subducted basalts, gabbro and sediments) 

should, therefore, be considered with some reservations. In addition, future research is 

needed for considering geochemical effects of melt-melt and melt-rock interaction processes.  

 

 

5.5 Conclusion 

 
Our conclusions are summarized in Table 3 and are described as follows: 

As we mentioned above mixing of fluid- and/or melt during the dehydration and melting 

process in the forearc mantle is not possible in our numerical model. Hence all our results are 

derived form pure aqueous fluid either from sediments, gabbro, and basalts or wet peridotite 

(serpentinites). This is a limitation of our numerical model that future work has to solve. 

• The dehydration and hydration process in the forearc mantle is crucial for the Pb 

signature in the island arc volcanics (IAV). Mechanical mixing and fluid-

assisted geochemical transport above slabs results in strongly spatially and 

temporarily variable of the Pb isotope signatures, which is directly reflected in 

the across-arc signatures in all types of volcanics.  

• Across-arc observations show that Pb isotope signatures derived from aqueous 

fluids form sediments decrease with distance to the trench. This observation 

suggests that the amount of aqueous fluids transporting components form the 

subduction crust and added into the forearc mantle decreases with increasing 
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distance to the trench. This is in agreement with available natural data and 

suggests that the develop simplified geochemical-thermo-mechanical approach 

capture geochemical dynamics of subduction zones to a first order. 

• Pb isotope signatures in most of the layers of IAV show mostly a binary or triple 

trend between MORB-sediments (volcanics from molten basalt) or MORB-

depleted mantle-sediment (volcanics from molten peridotite). The signature 

from MORB and depleted mantle dominates the signatures in volcanic rocks. 

• There are distinct differences between the frontal/middle arc and the rear arc in 

terms of their Pb isotope signatures (Fig. 19), whereas the 206Pb content (Figs. 

20 and 21) is relatively homogenous inside the same rock type (volcanics 

derived from partial molten sediments, basalt, gabbro and peridotite). 

• Overall, we found that slab aqueous fluids derived form dehydration processes 

are necessary for the IAV frontal/middle arc, whereas slab melts are required to 

produce IAV in rear arc (Figs. 3 and 6). Nevertheless we observe Pb isotope 

signatures from sediment derived from serpentinized mantle also in the rear arc. 

The serpentinized mantle carries aqueous fluids from the earlier dehydration 

process in the shallow and middle forearc mantle and is therefor able to transport 

Pb isotope signatures from sediment in subarc region in great distance to the 

trench and its origin. 

• Comparing our results with results measured in nature we observe a slightly 

lower Pb isotope ratios in natural rocks compared to a distinct triple MORB-

sediment-mantle trend in IAV derived from partially molten mantle. 
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The principal goal of this thesis was to understand the evolution of geochemical signatures of 

Pb in contrasting subduction settings characteristic for intra-oceanic arcs. In order to achieve 

this goal, an updated geochemical-thermo-mechanical 2D numerical approach was developed 

on the basis of the I2ELVIS code (Chapter 2).  

Most important scientific findings from this work concern three main aspects: 

• Geodynamic regimes of intra-oceanic subduction zones. 

•    Spatial and temporal evolution of Pb isotope signatures in different intra-oceanic 

subduction regimes. 

•    Evolution of Pb isotope signatures across-arc in extensional intra-oceanic subduction 

regime. 

 

The first aspect is presented in Chapter 3, the second aspect is discussed in Chapter 4 and the 

third aspect is described in Chapter 5. The findings presented in Chapters 4 and 5 are 

collectively discussed, due to of over-cutting investigative sites. In the following, the most 

significant achievements are summarized and a catalog of possible future directions is 

proposed. 

 

 

6.1 Geodynamic regimes and their implications for intra- 

oceanic subduction zones 
 

Fluid and melt related weakening are two of the main parameters strongly influencing the 

dynamics of subduction zones. The related coupling or decoupling between the convergent 

oceanic plates triggers their regimes. Extensional, compressional or stable subduction zone 

and their related behavior of the trench migration are the results of these parameters. The 

results of our numerical experiments suggest, that the fluid related weakening is a crucial 

parameter. In accordance with the petrological-thermo-mechanical models of oceanic-

Chapter 6  

Conclusions and outlook 
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continental subduction (Gorczyk et al., 2007; Sizova et al. 2010; Vogt et al., 2012), the 

aqueous fluids mainly affect the forearc region, while melts weaken the lithosphere below the 

arc and control extension in the arc region. An extensional subduction regime with a backarc 

spreading and development of several active and inactive arcs over time is mainly triggered by 

fluid related weakening and less by melt related weakening. The comparison between our 

models and subduction zones in nature shows good conformity with e.g. Izu-Bonin-Mariana 

subduction zone with its typical, different sequence of arc, backarc basin, and rear arc 

(Tatsumi and Stern, 2006, Ishizuka et al., 2010; Tamura et al., 2010). Most of our models with 

extension regimes are accompanied by an episodic trench retreating that is also observed in 

nature (Stern 2002; Straub & Zellmer 2012; Takahashi et al. 2007). In models with less fluid 

related weakening the degree of melt related weakening differentiates the subduction zone in 

stable or compressional regimes. Higher melt related weakening leads to the intermediate plate 

coupling resulting in a stable subduction zone without compression and trench movement. By 

an increase of melt related weakening the subduction regime changes to a fully compressional 

type with trench advancing, and in some experiments with forearc subduction as is observed in 

the Oman and the Ural but not in modern intra-oceanic subduction zones (Chemenda et al. 

2001; Billen 2010). We conclude, that the main geodynamic regimes of an intra-oceanic 

subduction zone are identified in numerical thermo-mechanical experiments and exhibit some 

similarities with nature, even though for simulating an exact natural subduction zone our 

numerical model has been modified in some parameters, like e.g. to adjust the plate’s ages, the 

oceanic crust and its overlying sediment cover of the two convergent plates with their 

specifically mineral composition. 

 

 

 

6.2 Lead isotope signatures as a reliable tracer in the mantle 

wedge and the magmatic arc 
 

Geochemical signatures in island arcs are often used to identify and describe the history of the 

volcanic arc chain. To get a better understanding of how and where geochemical mixing acts 

in the mantle wedge and how and where Pb isotope signatures develop in the mantle wedge 

and in the magmatic arc, we extended our 2D numerical model I2ELVIS to visualize 

geochemical characteristics.  



	  
 

 151 

 

In our models, we implemented tracking of the Pb isotopes from the beginning of subduction 

in the down going oceanic crust and its sediment cover, through the hydrated forearc mantle, 

and to the magmatic arc.  

 

The first order process for Pb transport from the slab to the arc is the hydration/dehydration 

process in the mantle wedge (Furukawa 1993; Bostock et al. 2002; Rüpke 2004; Poli & Schmidt 

1998; Baitsch-Ghirardello et al., 2012). These processes are strongly temperature dependent and 

therefore happen at different depths depending on rock types and on the dip of the down going 

slab (Kerrick & Connolly 2001). This work provides an idea of how this transport would 

proceed. The first dehydration process of the slab triggers the serpentinization in the dry shallow 

mantle, described by Deschamps et al. (2010). Serpentinized layers usually occur in the shallow 

and middle mantle (Kerrick & Connolly, 2001; Kerrick, 2002) caused by dehydration of the 

sediment layer on top of the slab. Aqueous fluid derived from sediments is enriched with fluid 

mobile elements such as Pb that is known to be transported in the serpentinized layer. The 

dehydration process of serpentinites needs a higher temperature than the dehydration process of 

sediments, and is therefore activated in deeper depths. Lead isotopes are transported in this way 

in the middle or deep forearc mantle. This hydration process lowers the melting temperature of 

dry mantle peridotite and causes the first partial melting region. In agreement with other studies 

(e.g. Deschamps et al. 2010) we observe this multi-stage process of dehydration in the forearc 

mantle and we were able to show its decisive influence on the Pb isotope signature in IAV 

(island arc volcanics). 

We also show numerically that aqueous fluids are crucial for the recycling of fluid mobile 

elements in the mantle wedge as well as for their transport to the magmatic arc. A three-stage 

fluid-assisted Pb geochemical transport process from the slab to magmatic arc is identified in 

our models: (1) from sediments and oceanic crust to serpentinite mélanges, (2) from serpentinite 

mélanges to the hydrated partially molten mantle and (3) from the hydrated partially molten 

mantle to the magmatic arc. The two-phase process of dehydration in the mantle wedge enables 

a transportation of Pb isotopes to deeper depths, where partial melting develops. This 

observation gives some possible explanations, why we could observe Pb isotope signature from 

sediments in rear IVA. Lead isotope signatures in serpentinites in the different subduction 

regimes are very heterogeneous, but also within the same arc system as well as within the same 

serpentinized area, large variability is observed. 

 

We summarized that mechanical mixing and fluid-assisted geochemical transport above slabs 
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results in strongly spatially and temporarily variable Pb-concentrations and Pb isotope ratio 

variability’s in the serpentinized forearc mantle as well as in across-arc volcanics derived from 

the hydrated partially molten asthenospheric mantle wedge. 

 

The Pb isotopic ratios in the forearc and across-arc in our models are very heterogeneous and 

show four main types of geochemical mixing trends: (i) binary mantle-MORB, (ii) double 

binary MORB-mantle and MORB-sediment, (iii) double binary MORB-mantle and mantle-

sediment and (iv) triple MORB-sediment-mantle. In the shallow forearc mantle double binary 

MORB-mantle and MORB-sediment trends are prevalent, whereas in the deeper forearc mantle 

a more complex triple MORB-sediment-mantle trend is often observed. This can be related to 

multiple hydration/dehydration cycles and mechanical mixing in the serpentinized subduction 

channel. Therefore, we found strong links between the incoming aqueous fluids, the fluid flux in 

the mantle wedge, and the geochemical signatures in the magmatic arc. We suppose that 

dehydration and resulting fluid flux is intermittent and therefore also a reason for these 

geochemical signatures. The spatial variation across-arc of isotopes signature and the 

heterogeneity in the different layers of the magmatic arc and backarc basin are considerable. In 

agreement with Stracke et al. (2003) the different sources with their unique mixture lead to a 

unique composition of Pb. In agreement with natural data (Kimura et al. 2010; Straub 2003) a 

clear trend of Pb signature across the arcs is detectable. 
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6.3 Future research 
 

The presented results show how physical parameters may influence the geodynamic and 

geochemical characteristics of intra-oceanic arcs. Some aspects of the model have yet to be 

improved, e.g. the accretion of sediment in the trench region. A number of model parameters 

cannot be sufficiently explored, e.g., how the age of the subducting slab eventually affects the 

range of lead isotope signatures in IAV (island arc volcanics). Implementing radioactive decay 

to track the sources and processes involved in creating the U-series isotope disequilibria in 

island arc volcanics may explain how some of these variation originate. These decay processes 

are already incorporated in the code, but remain to be tested. Another important next step is to 

focus on other isotope tracers such as Sr, Nd and Hf, which are implemented in the code as 

well (see some preliminary results in Fig.1, 2 and 3). With the extension of other isotopes the 

geochemical tracing of different rock types in the forearc mantle would be more precise and 

could give additional understanding how IAV growth. 

 

Three-dimensional modeling of the different subduction regimes, including ocean/ocean 

collision zones under compression or ocean/continental collision zones is a next important step.  

The geodynamics of 2 D numerical modeling is limited for investigation the track of isotopes 

through the mélange and serpentinized channel and within the partial melting through the 

mantle wedge. The local mantle flow, which is also a crucial agent for carrying the 

serpentinized mantle to greater depths, is a three-dimensional process, similar for the transport 

of fluid and partial melts within the shallow and middle mantle wedge. To fully understand 

how and where water and melt fraction move in the forearc mantle it needs more investigation 

in 3D- modeling to see how they move laterally (Fig. 4 form Zhu et al., 2011b). 

 

A mandatory further improvement on the numerical code is the implementation of two-face-

flow (e.g. Connolly et al., 2009; Katz et al., 2003) to be able to mixing different fluids/melts 

from different sources in numerical model. Resolving source mixing (sediments and basalt) 

from elemental fractionation into slab fluids and melts is an outstanding goal in unraveling the 

processes, which occurs in subduction zones. The extension of our model together with 

possibilities for 3-D modeling would make the study within the forearc mantle much more 

powerful and would be able for more precise prediction, how and where fluid mobile elements 

behave in the recycling process of subduction zones. 
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Fig. 1 87Sr/86Sr ratio in the rear arc at 20 Ma. Enriched in the active part backarc side. A moderate depletion in 
the paleo-arc.  

 

 

Fig. 2 87Sr content in basaltic IAV at 20 Ma backarc side. An enriched part direct above the serpentinized 
uprising diaper (cf. Fig. 14 in Chapter 5). 
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Fig. 3 176Hf, 143Nd and 87Sr content in model with extension at 25 Ma. An enrichment of all three isotopes in 
the active rear arc is observed. The uprising serpentinized diaper is lightly recognizable and the large accreted 
bodies of sediments show a clear increased Nd and Sr isotope content. 
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Fig. 4 Evolution of melt and water content atop the subducting slab. Isosurface (in red) of melt fraction at 0.05 at 
3.31 Ma (a) and 7.58 Ma (c). Isosurface (in blue) of water content at 0.4 wt% at 3.31 Ma (b) and 7.58 Ma (d). 
The slab is defined by temperature isosurface at 750° shown in white gray Zhu et al., 2011b). 
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