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Summary 
The closure of the Ligurian-Tethys Ocean, opened during Jurassic and 

consisting of highly segmented margins in between Africa and Iberia, has produced 

the Alboran and Algerian basins in the Western Mediterranean through subduction and 

slab roll-back processes during the Cenozoic. Towards the end of the slab roll back, 

collision with the continental margins led to the formation of the Betic-Rif orogen in 

south Iberia and the Tell-Kabylies in north Algeria. Both, the Betics-Rif and Tell-

Kabylies, shows the high-pressure and low-temperature (HP-LT) rocks exhumed from 

the subduction channel but with opposite tectonic vergence, to the NW in Betics and to 

the SE in Kabylies. While the Cenozoic evolution of the back-arc basins in the Central 

and Eastern Mediterranean (i.e., Liguro-Provenca, Tyrrehenian and Aegean) are well 

understood, the evolution of the Alboran and Algerian basins in the Western 

Mediterranean is under debate, leading to the proposal of different geodynamic 

evolution models. All the models agree on that the subduction and subsequent slab-

rollback was operating but argues for the direction of subduction trench and slab-

rollback. At present, positive seismic velocity anomalies in the upper mantle are 

observed in the tomography models around the Alboran Basin and beneath the North- 

Algeria margin. These high velocity anomalies are qualitatively interpreted to be cold, 

hence, remnant of the subducted Ligurian-Tethys lithosphere in order to explain 

geodynamic evolution of the Alboran and Algerian basins. 

Subduction processes must have left its imprint on the crust and upper mantle 

structure, temperature and chemical composition, which dictate the present-day 

physical state. Physical state inside the Earth controls the physical properties (i.e., 

density, seismic velocities, and thermal conductivity) which in turn control the 

geophysical observables at the surface (i.e., elevation, gravity anomaly, geoid height, 

and surface heat flow). Integrated geophysical-petrological modelling of these surface 

observables allows exploring and reconciling observations from different datasets and 

methods. However, thermal and/or chemical nature of the imaged seismic velocity 

anomalies (e.g., subducted Ligurian-Tethys) needs to be incorporated in such models. 

In general, seismic tomography models reports relative positive or negative velocities 

with respect to a reference model which are further inferred qualitatively as cold or hot 

regions in the upper mantle, respectively. Quantitative interpretation of the seismic 

velocity anomalies in terms of temperature and/or chemical composition is challenging 

and is at the forefronts of the modern day geophysics. 
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Hence, the objectives of this thesis is twofold: 1) to develop a methodological 

framework to incorporate the sublithospheric anomalies observed in seismic 

tomography in the integrated geophysical-petrological modelling of the geophysical 

surface observables, and 2) its application to the Alboran and Algerian basins and 

their margins to model the present-day crust and upper mantle thermo-chemical 

structure yielding temperature, density (i.e., chemical composition) and seismic 

velocities to put constrains on their geodynamic evolution.  

In the first part, an already existing tool, LitMod2D_1.0, is improved into a new 

LitMod2D_2.0 version which allows to model the sublithospheric anomalies and to be 

available for the scientific community. Various synthetic tests of the upper mantle 

anomalies have been performed to understand the sensitivity of temperature and 

chemical composition to the density and seismic velocities. Results show nonlinearity 

between the sign of thermal and seismic velocity anomalies, and that S-wave 

velocities are more sensitive to temperature whereas P-wave velocities are to 

composition. A synthetic example of subduction is made to understand the sensitivity 

of sublithospheric mantle anomalies associated with the slab and the corner flow, on 

surface observables (elevation, geoid height, and gravity anomalies). A new 

open‐source graphic user interface is incorporated in the new version for ease of 

application. The output of the code is simplified by writing only the relevant physical 

parameters (temperature, pressure, material type, density, and seismic velocities) to 

allow the user to utilize predefined post‐processing codes from a toolbox (flexure, 

mineral assemblages, synthetic passive seismological data, and tomography) or 

designing new ones. A post-processing example is demonstrated by calculating 

synthetic seismic tomography, Rayleigh-surface‐wave dispersion curves, P-wave 

receiver functions and stable minerals distribution from the output file of LitMod2D_2.0. 

In the second part of this thesis, I apply improved LitMod2D_2.0 to define the 

present day crustal and lithospheric structure along two 2D geo-transects beneath the 

Betics-Alboran and Greater Kabylies-Tell-Algerian orogenic systems to discuss the 

highly debated and contrasting existing models. Results show a thick crust (37 km and 

30 km) and a relative deep LAB (130 km and 150 km) underneath the HP-LT 

metamorphic units of the Internal Betics and Greater Kabylies that contrast with the 

~16 km thick magmatic crust of the Alboran Basin and the ~10 km thick oceanic crust 

of the Algerian Basin, respectively. This sharp change in crustal thickness, from the 

orogenic wedge to the back-arc basins, contrasts with the gentler crustal thickening 

towards the respective opposed margins. Despite the similar LAB depth (~60 km) in 

both basins, the chemical composition of the lithospheric mantle beneath the Alboran 
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Basin is slightly more fertile than beneath the Algerian Basin. At sublithospheric levels, 

results show that both the Alboran slab beneath the Betics and Algerian slab beneath 

the Kabylies, are about -400 oC colder than the ambient mantle but have different 

chemical composition. Alboran slab is slightly fertile compared to the typical oceanic 

lithospheric of the Algerian slab. Both slabs are detached from the respective 

continental lithospheric mantle of Iberia and Africa, since their weight is not transmitted 

isostatically to the surface. Results show that the uplift related to the slab break-off is 

~700–1000 m in the Betics and is ~600–1200 m in north Algeria.  

The Ligurian-Tethys slab beneath the SE Iberia shows an apparent dip to the 

SSE whereas the slab below Algeria dips to the NNW, matching the NW- and SE-

tectonic transport direction of the fold and thrust belts of the Betics and Greater 

Kabylies-Tell-Atlas subduction-related orogens, respectively. The large-scale 

configuration of present-day SE Iberia and Algerian margins as well as their mantle 

compositions in the Alboran and Algerian geo-transects is consistent with opposite 

dipping subduction of two segments of the Jurassic Ligurian-Tethys domain. Their 

present configurations agree with Neogene slab roll-back process triggering mantle 

delamination followed by slab break-off in both opposite subductions. 

 





Introduction 

7 

 

 

 

CHAPTER 1 
Introduction 
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Chapter 1 

Introduction 
The closure of the Tethys Ocean, located along the northern margin of the 

paleo-continent Gondwana, associated with the northward displacement of India, 

Arabia, and Africa lead to the subduction of its different segments and has produced 

the ~12000 km long Alpine-Himalayan collision zone (Figure 1.1). The convergence 

velocity with respect to Eurasia was decreasing from east to west, such that India was 

moving ~120 mm/yr to NNE, Arabia was moving ~32 mm/yr to NNE-N, and Africa was 

moving 4 mm/yr -10 mm/yr to N-NNW (e.g., Hatzfeld and Molnar, 2010). To the east, 

after the consumption of the Tethys lithosphere, which at present is sitting in the 

underlying mantle, the Indian (at ~50 Ma) and Arabian (at ~35 Ma) continental 

lithosphere collided with Eurasia and has generated the Tibetan Plateau and the 

Zagros Mountains (e.g., Hatzfeld and Molnar, 2010). In the Mediterranean region, 

collision between Eurasia and Africa is not achieved yet and represents an early stage 

of continent-continent collision where a mixture of oceanic and transitional lithosphere 

is still present (Royden and Faccenna, 2018). The subduction of the different 

segments of the Tethys and subsequent slab rollback, in an overall slow convergent 

setting with Africa, generated different back-arc basins (e.g., Aegean Basin, 

Tyrrhenian Basin, Alboran Basin, Algerian Basin) in overriding plates leading to the 

formation of highly extended continental crust or new ocean floor, and several narrow 

arcuate orogens (e.g., Hellenic Arc, Calabrian Arc, Betic-Rif Arc) which are 

characteristic of the Alpine-Mediterranean system (e.g., Faccenna et al., 2014; 

Royden and Faccenna, 2018; van Hinsbergen et al., 2020). 
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Figure 1.1 Topography map of the Alpine-Himalayan collision zone. The area inside the black box is the 

focus of this thesis. 

The North Balearic Transform Zoneis recognized as a major transform fault 

separating the Liguro-Provencal and the Tyrrhenian realm from the Alboran-Algerian 

realm (Figure 1.2). The Alboran and Algerian basins lie in the western end of the 

Alpine-Himalayan collision zone and constitute the Western Mediterranean in between 

Iberia and Africa (Figure 1.2). The origin of these basins, like other Mediterranean 

basins, has been attributed to the roll-back of the subducted Ligurian-Tethys 

lithosphere at the western end of the Tethys Ocean (Faccenna et al., 2004). The 

Ligurian-Tethys was generated by the propagation of the Central Atlantic ridge during 

the Early Jurassic in between Africa, Iberia and Adria, and was composed of several 

transtensive and highly extended continental segments transitioning to oceanic 

lithosphere to the east (Schettino and Turco, 2011; Stampfli and Borel, 2002). Trans-

tension ceased in the Early Cretaceous as the mid-Atlantic ridge propagated 

northwards along the Newfoundland-Iberia margin and triggered the eastward motion 

of the Iberia plate together with the African plate (Nirrengarten et al., 2018). The 

protracted N-NNW displacement of Africa relative to Eurasia, varying from several 

millimetres per year across the Western Mediterranean to approximately 10 mm/yr 

across the eastern Mediterranean (e.g., Dewey et al. 1989, McClusky et al. 2003), 

since the Late Cretaceous is accommodated by the consumption of the highly 

segmented Ligurian-Tethys, a significant intra-plate deformation in the Iberian plate 

and the formation of the Pyrenees in the northern Iberian margin (Vergés and 

Fernàndez 2006; Macchiavelli et al., 2017). Subduction of the highly segmented 

Ligurian-Tethys and subsequent extension from the slab roll-back in an overall slow 
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convergence setting produced the Alboran and Algerian basins, and the consequent 

collision with the passive margins producing the Betic-Rif orogen in south Iberia and 

the Tell-Kabylies orogen in north Algeria (Figure 1.2). 

 

Figure 1.2 Geological map of the Western Mediterranean showing the main orogenic belts and basins 

(Modified from Vergés and Sàbat, 1999). NBTZ, North Balearic Transform Zone; EB, Emile-Baudot 

Escarpment. 

Exhumation of high-pressure and low-temperature (HP/LT) metamorphic rocks 

is a typical process of roll-back subduction systems (e.g., Agard et al., 2018). Such 

metamorphic rocks, referred to as Internal Units in the literature, are found in the 

Betics-Rif orogen in the southern margin of Iberia and along the northern margin of 

Africa in Algeria (Figure 1.3). The Betic-Rif orogenic system consists of a typical 

subduction-related fold and thrust belt, which from the External to Internal Units is 

formed by the Guadalquivir and Rharb flexural foreland basins, the External Betics, the 

Flysch units, the Internal Betics, and the extensional back-arc Alboran Basin (see the 

structural style of these units in Michard et al., 2002; Vergés and Fernàndez, 2012). 

The HP/LT metamorphic rocks of the Betics Internal Units from bottom to top are the 

Nevado-Filabride, the Alpujarride and the Malaguide (Figure 1.3). The Rif fold and 
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thrust belt shows a similar tectonic architecture except for its N-S direction and for the 

lack of the equivalent Nevado-Filabride unit. The northern margin of Algeria shows 

similar characteristics but opposite spatial association compared to the Betic-Rif 

orogen (Figure 1.3). The main tectonic units, from the Internal to External units, are the 

extensional back-arc Algerian Basin, the HP/LT rocks in the Kabylies in the Internal 

Units followed by the thrusting of the Flysch Units over the External Units, and farther 

to the SSE, the fold and thrust belt in the Tell-Atlas Mountains (see the structural style 

in Khomsi et al., 2019). 

 

 

Figure 1.3 Detailed geological map of the Western Mediterranean showing main geologic units in the 

Alboran and Algerian basins, and the Betics-Rif and Kabylies-Tell-Atlas Mountains. Locations of the two 

geo-transects modelled in this thesis are shown by grey shadowed strips. 

The basement in the Alboran Basin changes from the west to the east (Figure 

1.3). The Western Alboran basin is floored by thin continental crust, including the HP 

Alpujarride metamorphic basement units (Soto and Platt, 1999), and numerous 

volcanic intrusions (Gómez de la Peña et al., 2018), whereas the Eastern Alboran 

basin is mostly floored by magmatic crust (Booth-Rea et al., 2007). South of the 

Alboran Ridge, situated in the middle of the Alboran Basin, the basin is floored by an 
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African continental crust with magmatic intrusions (Gómez de la Peña et al., 2018). 

The magmatic crustal domain of the Eastern Alboran basin transitions eastward to the 

oceanic crust of the Algerian Basin (Booth-Rea et al., 2007; Pascal et al., 1993). The 

Valencia Trough, situated NW of the Algerian Basin, in between the Catalan Coastal 

Ranges and the Balearic Promontory, has a very thin continental basement (Torné et 

al., 1992; Pascal et al., 1992), which experienced a huge extension during 

Mesozoic(Roca, 2001; Etheve et al., 2018). The trough underwent compression in late 

Paleogene during the convergence between Africa and Iberia, and renewed extension 

from Late Oligocene to Langhian period (Morgan and Fernàndez, 1992; Fernàndez et 

al., 1995; Roca, 1996; Torné et al., 1996; Sàbat et al., 1997; Gaspar-Escribano et al., 

2004). The basement of the Balearic Promontory is continental, similar to the Iberian 

basement beneath the Catalan Coastal Ranges (Torné et al., 1992; Pascal et al., 

1992; Vidal et al. 1998).   

Volcanism in the Western Mediterranean has been a focus of numerous 

studies (Melchiorre et al., 2017; Lustrino et al., 2011; Lustrino and Wilson, 2007; 

Duggen et al., 2005, 2008; Martí et al., 1992). In the Alboran Basin volcanism is mainly 

orogenic with wide geochemical variation (Lustrino et al., 2011) showing tholeiitic 

Miocene affinity in the centre surrounded by calc-alkaline volcanism (Duggen et al., 

2008). The southern Iberian (e.g., Tallante area) and north-western African (e.g., 

Oujda area) continental margins show Lower Pliocene to Upper Miocene Si-K-rich 

(i.e., orogenic) and Upper Miocene to Pleistocene Si-poor (i.e., anorogenic or intra-

plate volcanism) magmatism (Duggen et al., 2005). The northern coast of Algeria, 

along the Algerian basin, experienced K-rich (and minor medium-K) calc-alkaline 

volcanic activity (i.e., orogenic) along a ~450 km long E-W trending zone during 

Miocene (17 to 11 Ma) (Maury et al., 2000; Fourcade et al., 2001; Laouar et al., 2005). 

The younger anorogenic volcanism (alkaline) is observed in the eastern and western 

end of the Tell Mountains (Coulon et al. 2002; Maury et al., 2000; Wilson and 

Bianchini, 1999). The Valencia Trough experienced calc-alkaline volcanism (i.e., 

orogenic) in the Early-Middle Miocene and alkaline volcanic activity (i.e., anorogenic) 

from Middle Miocene to Recent (Martí et al., 1992). 

The upper mantle structure in the Western Mediterranean has been studied by 

various global, regional and local seismic tomography studies. A high-velocity anomaly 

around the Alboran Basin (Figure 1.4a) has been reported in global to local seismic 

tomography models (Palomeras et al., 2017; Villaseñor et al., 2015; Bezada et al., 

2013; Spakman and Wortel, 2004). This anomaly shows an arcuate shape and lies in 

the mantle roughly beneath the Betics-Rif Mountains and is interpreted as a subducted 
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slab from the Ligurian-Tethys (i.e., Alboran slab). Imaging the mantle in the northern 

margin of Africa is limited by the absence of passive seismic data and hence, by 

intermediate to poor resolution in the standard travel-time seismic tomography models. 

Recently, Fichtner and Villaseñor (2015), using state of the art full-waveform inversion 

seismic tomography reported high-velocity anomalies beneath the North-Africa margin 

(Figure 1.4b). Full waveform tomography leverages the station coverage by using 

earthquake source and recording station in pairs and utilizing the complete recorded 

waveform instead of a part of the seismic waveform. These high-velocity anomalies 

are also interpreted as the subducted slabs from the Ligurian-Tethys and are detached 

from the African lithosphere. 

 

Figure 1.4 Upper mantle seismic tomography models in the Alboran and Algerian basins.(a) P-wave 

travel time tomography model slice at 320 km depth (Villaseñor et al.,2013) and (b) Full-waveform 

inversion seismic tomography model at different depths (Fichtner and Villaseñor, 2015). 
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 While the Cenozoic evolution of the Liguro-Provencal, Tyrrhenian, and Aegean 

back-arc basins are well understood (Faccenna et al., 2004), the evolution of the 

Alboran and Algerian basins in the Western Mediterranean is still debated (Casciello et 

al., 2015; Faccenna et al., 2004; Jolivet et al., 2009; Spakman and Wortel, 2004; van 

Hinsbergen et al., 2014; Vergés and Fernàndez 2012). The opening of both basins for 

the last 35 My, is being explained by three different geodynamic scenarios, each 

based on slab roll-back as the driving mechanism (Figure 1.5). There is consensus 

that the Algerian Basin is an oceanic basin opened in the upper plate during the NW-

dipping Tethys slab retreat, in agreement with the SSE-polarity of the Kabylies-Tell-

Atlas orogenic system; however no agreement has been reached so far on the origin 

and evolution of the Alboran Basin and related Betic-Rif orogenic system. Main 

disagreements are on the original disposition of the tectono-sedimentary domains 

involved in the Betic-Rif subduction-related orogenic system and on the geodynamic 

interpretation used to build-up this orogenic system. The pros and cons of the three 

scenarios are discussed in detail by Chertova et al. (2014) using numerical modelling 

and concluding that both Scenario 1 and Scenario 3 are plausible despite the authors 

favour Scenario 1. 

 

Figure 1.5 Models purposed for the geodynamic evolution of the Western Mediterranean. Scenario 1 

after Van Hinsbergen et al. (2014) involves a single short subduction zone initially dipping to NW starting 

near the Balearic Promontory and then retreats to the SE before it separates into two different segment. 

One of the segments continue retreating to SE before it collides with North Africa and other continue 

retreating to the west and collides with Iberia resulting in180o clock-wise rotation.Scenario 2 involves a 

long initial subduction dipping to the N-NW along the entire Gibraltar-Balearic Promontory margin (e.g., 

Gueguen et al., 1998; Faccenna et al., 2004; Jolivet et al.,2009). Scenario 3 after Vergés and Fernàndez 

(2012) involves two separate subduction segments with opposite subduction direction for the Alboran 

(subduction dipping to the SE and retreating to the NW) and Algerian (subduction dipping to the NW and 

retreating to the SE) basins. Direction of rollback is shown by the yellow arrows. Black dashed lines 

represent the proposed transform faults separating the different subduction segments (Figure modified 

after Chertova et al., 2014). 
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Presence of subduction in the Western Mediterranean during the Cenozoic is 

evident from the geological and geophysical observations (previous paragraphs). 

Although purposed models differ in the paleo-geographic setting of subduction, they all 

have subduction processes common to them (e.g., slab rollback, back-arc extension, 

slab tear). Irrespective of the model applicable to the Western Mediterranean, the 

subduction process must have left imprints on the present-day crust and mantle 

structure. A typical subduction system involves compression and the orogenic 

volcanism near the arc. In settings dominated by slab rollback, the upper plate 

undergoes extension and thins, producing anorogenic volcanism by mantle 

decompression. Sufficient decompressional melting can produce a new oceanic 

lithosphere as is observed in the Western Mediterranean basins (e.g., Algerian and 

Tyrrhenian basins).During the final stages of slab roll-back subduction system, 

collision with the continental lithosphere leads to the stacking and exhumation of the 

metamorphic slices of the subducted thinned continental crust of the former extended 

margins (Brun and Faccenna, 2008). Involvement of the passive margin also 

introduces mechanical weakness and the dense slabs can break-off/tear/detach 

(Fernández-García et al., 2019). Hence, the compression near the subduction front 

and extension in the back-arc must have affected the present-day lithospheric 

thickness. Further, the chemical composition of the lithospheric mantle must also be 

affected. Therefore, precise knowledge of the present-day lithospheric structure and 

chemical composition of the upper mantle are crucial constraints to decipher the 

geodynamic evolution of theWestern Mediterranean. 

The characterization of the present-day physical state (pressure, temperature, 

density, i.e. chemical composition, and seismic velocities) of the lithosphere and 

sublithospheric upper mantle and its architecture are fundamental for understanding 

their evolution through geological time scale and is a primary goal of modern 

geophysics (Afonso et al., 2016a; Hoggard et al., 2020). In this context a great deal of 

information comes from modelling, standalone or in pairs, of surface observables 

sensitive to temperature (surface heat flow), density (gravity, geoid, elevation), seismic 

velocities (passive and active seismic data), and chemical composition derived from 

mantle xenocrysts and xenoliths(e.g., Lachenbruch and Morgan, 1990; Griffin et al., 

1999; Deen et al., 2006; Goes et al., 2000; Ritzwoller et al., 2004; Zeyen et al., 2005; 

Priestley and McKenzie, 2006; Fullea et al., 2007). However, significant discrepancies 

in the predictions from these methods are rather common in the literature (Afonso et 

al., 2008 and references therein) 
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Integrated geophysical-petrological modelling of these observables (i.e., 

elevation, gravity anomalies, geoid height, surface heat-flow, seismic velocities, mantle 

xenoliths and xenocrysts data) is a particular approach that allows exploring and 

reconciling observations from different datasets and methods. In particular, 

LitMod2D_1.0 (Afonso et al., 2008) is a tool developed to study the thermal, 

compositional, density, and seismological structure of the crust and the lithospheric 

and sublithospheric mantle by combining information from petrology, mineral physics, 

and geophysical observables within a self-consistent thermodynamic framework. As 

such, this approach is well suited to i) handle the intrinsic non-uniqueness problem 

associated with the modelling of single observables and ii) distinguish thermal from 

compositional effects in geophysical signatures. 

LitMod2D_1.0 has been successfully applied in various tectonic settings 

including continental margins (e.g., Fernàndez et al., 2010; Pedreira et al., 2015) and 

continental collision regions (e.g., Carballo et al., 2015a; Tunini et al., 2015).It allows 

considering different chemical compositional domains within the lithospheric mantle, 

but assumes a homogeneous sublithospheric mantle with a theoretically determined 

primitive upper mantle (PUM) chemical composition (McDonough and Sun, 1995). The 

latter assumption limits the use of LitMod2D_1.0to regions affected by mantle 

upwelling, subduction, and/or delamination (e.g., Western Mediterranean). These 

regions are often characterized by changes in temperature and/or chemical 

composition in the sublithospheric mantle, as suggested by tomography models and 

are imaged in terms of seismic velocities variation (e.g., Koulakov et al., 2016; 

Cammarano et al., 2009). Seismic tomography models usually report positive and 

negative velocity anomalies with respect to global average reference seismic velocity 

models (e.g., ak135) in the mantle and are qualitatively interpreted. Positive seismic 

velocity anomalies are commonly interpreted, as in the case of the Western 

Mediterranean, as colder than average subducted slabs. The prompt question one 

could ask is: how much cold are these slabs with respect to the ambient mantle? And 

further to be comprehensive: what is the chemical composition of these slabs? For 

such a quantitative interpretation, one needs to decouple the temperature and 

chemical composition signal from the observed seismic velocities, which is not a 

straightforward task (Cammarano et al., 2009). Challenges in doing so come from the 

highly non-linear nature of the problem, computation of the temperature field in regions 

with subducted slabs, and temperature-pressure dependent anelastic attenuation 

correction of mineral physics derived anharmonic seismic velocities in the mantle. 
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1.1. Objectives 
The generic objective of this thesis is twofold:  

 To develop a methodology to decipher temperature and chemical 

composition of upper mantle anomalies observed in seismic tomography 

models. 

 
 Using the developed methodology to model the present-day crust to upper 

mantle (~400 km) structure across the Alboran and Algerian basins in the 

Western Mediterranean and to interpret the results in terms of the 

geodynamic evolution of the region. 

Hence, this thesis is divided into two main parts (Figure 1.6).In the first part, the 

LitMod2D_1.0 software package (Afonso et al., 2008) has been improved to 

incorporate sublithospheric mantle anomalies in the modelling along with other 

improvements into a new LitMod2D_2.0 version. The specific objectives of this part 

are: 

• Use of a depleted chemical composition of the sublithospheric mantle 

determined from geochemical data as opposed to the theoretical primitive 

upper mantle (PUM; McDonough and Sun, 1995) used in LitMod2D_1.0. 

• Incorporation of anelasticity calculations in the GENERATOR module to allow 

the conversion of seismic velocities to temperature anomalies and vice versa 

using the latest experimentally determined anelastic attenuation parameters on 

the anharmonic seismic velocities calculated from stable mineral assemblages. 

• Defining a reference chemical compositional model of the upper mantle to 

compare the seismic velocity anomalies obtained in LitMod2D_2.0withseismic 

tomography models. 

• Development of a new open-source graphic user interface (GUI) with improved 

functionalities to facilitate its updating and cross-platform use.  

• To simplify the input and output data in the LitMod2D_2.0 to facilitate the use of 

a central post-processing tool-box. The post-processing tool-box will help the 

users to use provided codes/scripts according to specific modelling needs. 

In the second part of the thesis, the new LitMod2D_2.0 package is employed to 

model the present-day crust to upper mantle (~400 km) scale temperature, density and 

seismic velocity structure along two NNW-SSE oriented cross-sections (from now on 
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referred as geo-transects) across the Alboran and Algerian basins and the respective 

Iberian and African margins (Figure 1.3). Orientation and location of the geo-transects 

are chosen based on: i) the regional vergence of the major tectonic units (Figure 1.3), 

ii) available recent geophysical data (e.g., seismic tomography, active seismic lines 

and geological cross-sections), and iii) the different tectonic style, crustal nature, and 

lithospheric geometry of both basins. These two geo-transects are also chosen to see 

the possible opposite symmetry in the crust and upper mantle structure related to the 

opposite subduction polarity proposed for the geodynamic evolution of the Alboran and 

Algerian basins (Scenario 3, Figure 1.5; Vergés and Fernàndez, 2012). The specific 

objectives of this part are: 

• To develop a detailed crustal cross-section along the geo-transects 

incorporating surface geology, geological data, seismic tomography and active 

seismic lines. 

• To identify different lithospheric mantle domains along the geo-transects based 

on surface geology and mantle xenoliths. In regions dominated by extensive 

magmatism the mantle chemical composition must be compatible with melting 

models. 

• To determine the composition and temperature of the subducted slabs inferred 

from the seismic tomography models, and their control on the elevation. 

• Finally, to compare the obtained results along the geo-transects and to discuss 

their tectonic significance in terms of the geodynamic evolution of the Western 

Mediterranean. 

1.2. Thesis outline 
This thesis is divided into six chapters which are organised as follows: 

Chapter 2 focuses on basic concepts. The general definition of the lithosphere 

and sublithosphere are described. Mathematical formulation of the physical properties 

(i.e., density, seismic velocities and thermal conductivity) and how they are sensitive to 

the surface observables (e.g., the gravitational field of the Earth, surface heat-flow, 

and elevation) are described. 

Chapter 3 is dedicated to methodological improvements to the previous 

LitMod2D_1.0 version incorporated into a new LitMod2D_2.0 version. In this chapter, I 

present the numerical implementation of the new improvements, which are directed to 

provide a modelling tool for the scientific community to be used in regions affected by 
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geodynamic processes that can affect temperature and chemical composition in the 

sublithospheric mantle. The dependence of relevant physical properties of the upper 

mantle (i.e., seismic velocities and density) on the temperature and chemical 

composition is analyzed through synthetic models. The new graphic user interface 

(GUI) is used to perform synthetic model of a subduction zone to demonstrate full 

capability of LitMod2D_2.0. Post-processing tool-box is used to calculate synthetic 

receiver functions and surface-wave dispersion curves using the seismic velocities 

from the synthetic subduction zone model, and the stable minerals in the mantle. 

The results presented in Chapter 3 are published in the scientific journal 

Geochemistry, Geophysics, Geosystems (American Geophysical Union):  

Kumar, A., Fernàndez, M., Jiménez‐Munt, I., Torne, M., Vergés, J., & Afonso, J. C. 

(2020).LitMod2D_2.0: An improved integrated geophysical‐petrological modelling tool 

for the physical interpretation of upper mantle anomalies. Geochemistry,Geophysics, 

Geosystems, 21,https://doi.org/10.1029/2019GC008777. 

A version of the LitMod2D_2.0 has been used in a collaborative study along a 

geo-transect running from South Iberia to North Africa crossing the western Gibraltar 

Arc and published in the scientific journal:    

Jiménez‐Munt, I., Torne, M., Fernàndez, M., Vergés, J., Kumar, A., Carballo, A., & 

García‐Castellanos, D. (2019). Deep seated density anomalies across the Iberia‐Africa 

plate boundary and its topographic response. Journal of Geophysical Research: Solid 

Earth, 124, https://doi.org/10.1029/2019JB018445. 

Chapter 4 presents the results of the present-day structure along two selected 

geo-transects in the Alboran and Algerian basins. Previously published geological 

cross-sections, active seismic lines, Moho depths active and passive seismic data and 

surface geology along the geo-transects are used to constrain crustal-scale cross-

sections. The lithospheric mantle is incorporated to the model based on published LAB 

depths, and chemical compositional domains are added based on available mantle 

xenoliths and surface geology data. Predictions of the surface observables from the 

lithospheric scale models are compared with the observed data, and finally, 

sublithospheric mantle anomalies observed in seismic tomography are added to the 

model. A range of possible chemical compositions of the subducted slabs are tested in 

order to fit the surface observables. Computed seismic velocities are also compared 

with the available passive seismological data.    
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A manuscript showing the results presented in Chapter 4 is in preparation to be 

submitted in a scientific journal.   

Chapter 5 presents the general discussion on the new LitMod2D_2.0 software 

package and its application to model the present-day crust to upper mantle structure in 

the Western Mediterranean. The discussion on LitMod2D_2.0 is focused on the 

assumptions made and the potential future developments. The obtained results along 

the two modelled geo-transects are compared and discussed in terms of their tectonic 

significance.  

Finally, Chapter 6 presents the final conclusions of this thesis. 
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Figure 1.6 Flow chart showing the work-flow and the steps followed to achieve the objectives of this 

thesis.

Methodology 

Thermal and chemical imaging of the upper mantle anomalies: application to the 
Western Mediterranean 

Synthetic experiments of sublithospheric mantle anomalies 

• Sensitivity of density and seismic velocities to temperature and 
chemical composition. 

• Effect of sublithospheric mantle anomalies on the surface observables. 
• Demonstration of the improved LitMod2D_2.0 using a synthetic model 

of subduction zone. 

 

 
Present-day crust and upper mantle structure in the Alboran and 

Algerian basins 

• Integrated geophysical-petrological model of the crust and upper 
mantle structure in the Alboran and Algerian basins.    

• Tectonic implications for the geodynamic evolution of the region.  

 

Synthetic 
models 

Application to 
Western 

Mediterranean 

• Improved LitMod2D_2.0 tool for the scientific community to model the 
upper mantle anomalies. 

• Constrains for the geodynamic evolution of the Western Mediterranean 
based on the integrated geophysical-petrological modelling of the 
present-day crust and upper mantle structure. 

LitMod2D 2.0 

 
• Methodological improvements on an already existing tool, 

LitMod2D_1.0, into a new improved LitMod2D_2.0 version.                                                                                                                           
• A tool for the scientific community to model geodynamic processes 

which can change the temperature and/or chemical composition in the 
upper mantle. 

 

 

 

Results 
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CHAPTER 2 
Fundamentals 

 
“If you want to find the secrets of the universe, think in 

terms of energy, frequency and vibration” 

 
-Nikola Tesla 
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Chapter 2 

Fundamentals 
This thesis is based on integrating the surface observables (i.e., gravity 

anomaly, geoid height, and surface heat flow, elevation, and mantle xenoliths and 

xenocrysts) and the physical properties sensitive to them (i.e., temperature, density, 

and seismic velocities) in a self-consistent thermodynamic manner to model the 

thermal, chemical and physical architecture of the lithosphere and upper mantle. 

Hence, it is necessary to state the basic principles and definitions adopted and the 

physical laws used in this thesis. In this chapter, I describe the basic definitions of the 

lithosphere, sublithosphere, surface observables (i.e., data) and their dependence on 

the physical properties. 

2.1. Lithosphere 
The lithosphere is the long-term rigid outer shell of the Earth and it is 

subdivided into tectonic plates, fundamental units of plate tectonics. However, 

depending on the timescale of applied stresses and the amount of strain rate, rocks in 

the Earth can show distinct behaviour (elastic, viscous, plastic).The lithosphere is a 

chemical, mechanical, and thermal boundary layer that overtops a hotter and 

rheological weak material. Chemically, the lithosphere is divided into the crust (usually 

silica rich) and the uppermost mantle (lithospheric mantle) where the conductive mode 

of heat transfer prevails.  

The crust is the outermost layer of the Earth consisting mainly of sediments, 

granite, gneisses, granodiorite, gabbro, amphibolite, granulite and volcanic material for 

the continental crust, and of sediments, basalts, gabbros and some serpentinites for 

the oceanic crust. From a chemical point of view five oxides: SiO2, Al2O3, FeO, MgO, 

CaO, and Na2O dominate in the crust (Table 2.1). The continental crust contains 

higher silica and aluminium than the basaltic oceanic crust, hence is less dense 

than basalt. The Mohorovičić discontinuity (Moho) separates the crust from the 

relatively ductile mantle and represents a major chemical discontinuity from felsic crust 

to mafic upper mantle resulting in a major seismic velocity and density contrast. This 

major velocity contrast is imaged using earthquake waveforms or active seismic 

sources to map the depth of this discontinuity. The continental crust is usually divided 
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into three layers: an upper crust with densities between 2650 kg/m3and 2710 kg/m3, a 

middle crust with densities from 2710 kg/m3 to 2860 kg/m3, and a lower crust ranging 

from 2860 kg/m3 to 2960 kg/m3 (Christensen and Mooney, 1995). The oceanic crust is 

composed by a gabbroic layer, overlain by basaltic pillow lavas and sheeted dykes. A 

low velocity and density sedimentary layer is usually present in the crust regardless of 

continental or oceanic showing a wide variety of density values (2000-2650 kg/m3). 

Table 2.1 Major oxide compositions (weight %) of the crust. 

Name SiO2 Al2O3 FeO MgO CaO Na2O 

Continental upper crusta 66.60 15.40 5.00 2.50 3.59 3.27 

Continental middle crusta 63.50 15.00 6.02 3.60 5.25 3.39 

Continental lower crusta 53.40 16.90 8.57 7.20 9.59 2.65 

Oceanic upper crustb 48.99 14.89 9.86 7.56 11.26 2.70 

Oceanic lower crustc 52.58 13.83 6.74 12.48 10.52 1.20 
a Rudnick and Gao (2003); bSchilling et al. (1983); cBehn and Kelemen (2003) 

The lithospheric mantle is a chemically distinct layer spaning from the Moho to 

the top of the asthenosphere. The base of the lithospheric mantle is also denoted as 

the lithosphere-asthenosphere boundary (LAB) whose depth and physical 

characteristics depend on the way it is observed. The seismological lithosphere is 

defined as the high velocity lid that overlies the upper mantle Low Velocity Zone (LVZ), 

although this definition is more appropriate for oceanic rather than for continental 

lithospheres (Anderson, 1989; Carlson et al., 2005). Thermally, the lithosphere is 

defined as the thermal boundary layer in which the heat transfer by conduction 

predominates over convective processes. The base of the lithospheric mantle or LAB 

is commonly defined as a particular isotherm (usually 1200 ºC - 1350 ºC) determined 

by the intersection between a conductive geotherm and a mantle adiabat (Schubert et 

al., 2001). From a geochemical point of view the LAB would be the maximum depth 

from which low-Y (< 10 ppm) garnets, characteristic of depleted lithosphere, are 

derived (Griffin et al., 1999). This definition matches pretty well with the thermal 

definition of the LAB being at the 1200 ºC - 1300 ºC isotherm. The mechanical 

lithosphere can be defined as a layer not affected by the convection beneath it, at 

geological time scales. The boundary between mechanical lithosphere and convective 

mantle is typically around 800 ºC - 900 ºC, based on the deformation of the olivine-rich 

rocks (Schubert et al., 2001). Hence, the thermal lithosphere includes the mechanical 

lithosphere. Accordingly, there is an upper layer that takes no active part in 
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convection, underlain by the lower part of the thermal boundary layer which, under 

some circumstances, can become unstable and convect. Hence, depending on the 

considered physical property in observing or modelling the lithosphere its definition 

can change. In this thesis, LAB is referred to as a thermal and a chemical boundary 

unless specified otherwise.  

2.2. Sublithospheric mantle 
The Earth’s mantle beneath the LAB spans until the core-mantle boundary, 

which is roughly at ~2900 km. The mantle is further divided into upper and lower 

mantle separated by the mantle transition zone (MTZ). The MTZ starts at 410 km, 

which is marked by the exothermic phase transition of olivine to its high-pressure 

polymorph, wadsleyite. The bottom of the MTZ lies at 660 km depth involving the 

endothermic phase transition of wadsleyite to its high-pressure polymorph called 

ringwoodite. The thickness and depth of the mantle transition zone can vary locally 

since it is defined by endothermic and exothermic phase transition (e.g., if a cold 

subducting slab penetrates the MTZ its thickness increases whereas if a hot plume 

rises through MTZ its thickness decreases).In this thesis, I only focus up to the upper 

mantle (400 km depth) and refer to it as sublithospheric mantle (i.e., asthenosphere). 

Hence, the base of the sublithospheric mantle is fixed at 400 km depth, and the 

temperature at this depth is taken to be 1520 °C (Afonso et al., 2008) which is 

consistent with the experiments at high-pressure and high-temperature on phase 

equilibria of olivine-wadsleyite (Ito and Katsura, 1989; Katsura et al., 2004) giving a 

temperature of 1487 ± 45°C at the 410km discontinuity. 

The sublithospheric mantle is the hotter layer beneath the LAB in which 

convection prevails, implying a more ductile behaviour than the lithosphere at geologic 

time scale. Heat transport in the sublithospheric mantle is carried out by convection 

and is parameterized with an adiabatic thermal gradient. 

Chemically, the sublithospheric mantle is homogenous but distinct than the 

lithospheric mantle. One basis on which composition in the mantle is compared is the 

fertility, which simply means enrichment in compatible elements concentration and 

depletion in incompatible elements. The compatible/incompatible nature of elements 

depends on the bulk distribution coefficient during solid to liquid phase transition called 

chemical differentiation. The bulk distribution coefficient is the ratio of the element 

concentration in the solid phase over the liquid phase. In Figure 2.1, it can be seen 

that MgO is highly compatible and Al2O3, CaO, and Na2O are incompatible whereas 
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FeO and SiO2 are slightly incompatible. The sublithospheric mantle is a chemical 

reservoir source to Mid-Oceanic-Ridge-Basalts (MORB) since the onset of plate-

tectonics and is depleted in incompatible elements (i.e., Ca, Al, Fe) and enriched in 

compatible elements (Mg) and hence, is more fertile than the lithospheric mantle.  

 

Figure 2.1 Bulk distribution coefficients of major oxides during melting at the mid-oceanic-ridge 

calculated using empirical relations from Niu (1997). A black horizontal line with bulk distribution 

coefficient of 1 separates compatible elements above it from the incompatible elements below it. 

2.3. Gravitational field 
The Earth’s gravitational field is a direct manifestation of the density distribution 

in the Earth’s interior and hence, complements other geophysical observables (i.e., 

elevation and passive and active seismic data). The real equipotential surface of the 

Earth, called geoid, follows the mean sea level in the oceanic areas and referenced 

sea level surface over the continents. As a good approximation, the geoid can be 

described by an equipotential revolution ellipsoid and is called the normal or 

theoretical field, or the reference geoid.  

Mathematically, the gravity potential of the Earth can be adequately described 

using a global geopotential model, i.e., a spherical harmonic expansion, to degree and 

order N, plus a centrifugal term:  

W(r,ϕ, λ) =
GMT

r ���
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where 𝐺𝐺 is the universal gravitational constant (6.674 x10-11 m3/kg.s2), MT the total 

mass of the Earth, r,  𝜙𝜙, 𝜆𝜆, x and y the geocentrical coordinates of the observation 

point, 𝐶𝐶𝑛𝑛𝑛𝑛 , 𝑆𝑆𝑛𝑛𝑛𝑛 a set of fully normalized coefficients, 𝑃𝑃𝑛𝑛𝑛𝑛 the fully normalized 

associated Legendre functions, and 𝜔𝜔 is the angular rotation velocity of the Earth.  

The actual gravity potential of the Earth, W, can be written as sum of the potential 

from the reference ellipsoid, U, and the difference between W and U called anomalous 

potential:  

𝑊𝑊 = 𝑈𝑈 + 𝑇𝑇                 (2.2) 

Such partition of the Earth’s gravity field simplifies the mathematical formulation of 

the normal potential (U) as the ellipsoidal field and its deviation with respect to the real 

field. Both, the gravity (free air and Bouguer) and the geoid anomalies, are referred to 

the normal field produced by the reference ellipsoid. 

2.3.1. Gravity anomaly 
The gravity anomaly (ȹg) is the difference between the measured gravity over 

or reduced to the geoid, g, and the normal (theoretical) gravity at a point projected 

along a normal to the reference ellipsoid from the measurement point, 𝜆𝜆. Both, the 

measured and the normal gravity, can be derived from the Earth and ellipsoidal 

potentials:  

𝑔𝑔 = ∇𝑊𝑊              (2.3) 

𝜆𝜆 = ∇𝑈𝑈                (2.4) 

Since gravity anomaly follows the inverse square law, it is mainly sensitive to 

lateral density variations at crustal depths. Measured gravity data contain the effects of 

latitude, Earth tides, instrumental drift, distance from the reference ellipsoid and 

masses between the actual topography and the reference ellipsoid. Hence, in order to 

obtain anomalies comparable over large areas, corrections must be applied for the 

above mentioned effects. Corrections for Earth tides, instrumental drift, latitude, and 

free air to the measured gravity gives us the free air gravity anomaly (ΔgFA), which at 

short wavelengths correlates strongly with topography. The free air correction takes 

into account whether the measuring point is above or below the reference ellipsoid, 

considering the vertical gravity gradient. Once the correction for the topography 

masses are applied to the free-air gravity anomaly, called terrain correction, the 

Bouguer anomaly (ΔgB) is obtained. The primary objective of the complete Bouguer 
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correction is to remove all non-geological components of the gravity anomalies 

enhancing subsurface mass variations by correcting for the gravitational attraction of 

topography to the free-air anomaly. Hence, Bouguer anomaly correlates mainly with 

lateral variations of the density and thickness of the crust.  

2.3.2. Geoid anomaly 
The geoid is the equipotential surface of the Earth and coincides with the 

average sea level and contains, ideally, all the mass of the Earth. However, this is not 

a rigorous definition, since the average sea level is not completely equipotential 

(dynamic ocean processes) and, in addition, onshore topographical masses can lie 

above the geoid. The geoid anomaly is then the distance between the geoid surface 

and the reference ellipsoid model. The geoid anomaly, N, and the anomalous 

potential, T, in equation 2.2, are related by the Brun’s formula:   

𝑁𝑁 =
𝑇𝑇
𝛾𝛾

                           (2.5) 

where 𝛾𝛾 is the normal gravity field. In equation 2.5 it is assumed that the potential of 

the geoid and the reference ellipsoid are equal. In addition, the geoid anomaly, the 

gravity anomaly and the anomalous potential are related by the fundamental equation 

of the physical geodesy (Heiskanen and Moritz, 1967): 

∇𝑔𝑔 = −
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

+  𝑁𝑁
𝜕𝜕𝛾𝛾
𝜕𝜕𝜕𝜕

              (2.6)             

where 𝜕𝜕 is the elevation or orthometric height along the plumb line (positive upwards, 

negative towards the Earth’s interior). Although equation 2.6 has the form of a partial 

differential equation, it must be considered as a boundary condition, as the gravity 

anomaly, g, is only known over a surface (the geoid). If we assume that the mass 

distribution outside the geoid is null, T becomes a harmonic function and: 

∇2𝑇𝑇 = 0                       (2.7) 

Equation 2.7, in conjunction with the boundary condition expressed by equation 

2.6, is a genuine partial differential equation. The knowledge of the anomalous 

potential using gravity measurements (Equations 2.6 and 2.7) allows us to determine 

the geoid anomaly through equation 2.5. The spherical approximation considers the 

reference ellipsoid as a sphere and it is interesting for practical purposes. In the 

spherical approximation, equation 2.6 has the following form: 



Fundamentals 

31 

∇𝑔𝑔 +  
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

+  2 
𝑇𝑇
𝑅𝑅𝑇𝑇

= 0                (2.8) 

where 𝜕𝜕 is the radial distance and 𝑅𝑅𝑇𝑇 is the radius of the Earth. Offshore, geoid 

variations can be determined straightforward via satellite altimetry. Onshore, the geoid 

anomaly must be determined by indirect methods. The Stokes formula gives us the 

geoid anomaly as a function of the gravity anomalies in the spherical approximation: 

𝑁𝑁 =
𝑅𝑅𝑇𝑇

4𝜋𝜋𝑔𝑔0
�∇𝑔𝑔𝑆𝑆(𝜓𝜓) 𝑑𝑑𝑑𝑑            (2.9)  

where 𝜓𝜓is the spherical distance between the calculation point and the mass 

distribution, 𝑔𝑔0 is an average value of the gravity attraction over the surface of the 

Earth, 𝑑𝑑𝑑𝑑 is the differential element of surface, and 𝑆𝑆(𝜓𝜓) is the Stokes function, 

defined as: 

𝑆𝑆(𝜓𝜓) =
1

sin �𝜓𝜓
2
�

 − 6 sin �
𝜓𝜓
2
� +  1 − 5 cos(𝜓𝜓) −   3 cos(𝜓𝜓) L �sin �

𝜓𝜓
2
� + sin2 �

𝜓𝜓
2
��            (2.10) 

 

The surface integral of equation 2.9 spans the whole surface of the Earth, and 

assumes the following assumptions:  

• The mass within the reference ellipsoid is equal to the mass of the Earth.  

• The potential of the geoid and the reference ellipsoid are equal. 

• The centre of the reference ellipsoid is coincident with the centre of the Earth.  

• There are no masses outside the geoid (equation 2.7). 

• Spherical approximation. 

The assumption that no masses lie outside the geoid is not valid over the 

continents, since the geoid surface is located beneath the topography. In such cases, 

topography outside the geoid must be removed by some procedure (e.g., Helmert 

condensation) taking into account the indirect effect that such procedure introduces in 

the geoid determination. 

Since the geoid anomaly is the difference between two potential surfaces, it 

depends on the inverse of the distance to density anomalies and is affected by lateral 

density variations located in a wide range of depths ranging from the core-mantle 

boundary up to crustal levels. As a general rule of thumb, an excess of mass produces 

positive geoid anomalies and vice versa. Unfortunately, it is not possible to determine 

univocally the depth of the density anomaly, i.e., to decompose the potential field of 
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the Earth into its causative sources (Bowin, 2000). However, global studies show that 

the geoid anomalies with wavelengths greater than 4000 km are produced by density 

variations at sublithospheric depths (Bowin, 1983). As consequence, to study the 

upper mantle structure, we must retain only geoid signal with wavelengths smaller 

than 4000 km. The relation between the degree, 𝑛𝑛, and the associated wavelength of 

the spherical harmonics, 𝜆𝜆, is (Strang van Hees, 2000): 

 𝜆𝜆 =  
4√𝜋𝜋𝑅𝑅𝑇𝑇
𝑛𝑛 + 1

                (2.11) 

According to equation 2.11, for the degree 10 harmonic, the associated 

wavelength is about 4106 km. Therefore, degrees 𝑛𝑛≤ 10 must be removed in order to 

keep the more likely “upper mantle” contribution to the geoid anomaly. For a punctual 

mass, 𝑚𝑚𝑝𝑝, we can obtain an equation that relates the gravity anomaly and the geoid 

anomaly in spherical coordinates. The anomalous potential produced by a punctual 

mass anomaly at a depth 𝑧𝑧 is:  

𝑇𝑇 =  𝐺𝐺
𝑚𝑚𝑝𝑝

𝑧𝑧
                    (2.12) 

The gravity anomaly produced by the same punctual mass anomaly reads: 

Δ𝑔𝑔 =  𝐺𝐺
𝑚𝑚𝑝𝑝

𝑧𝑧2
                   (2.13) 

Combining equations 2.12 and 2.13 with equation 2.5, the following expression 

is obtained for the depth at which the punctual mass anomaly is located: 

𝑍𝑍 =
𝑁𝑁𝛾𝛾
Δ𝑔𝑔

                           (2.14) 

According to equation 2.14, a punctual mass anomaly that produces a gravity 

anomaly of 50 mGal, and a geoid anomaly of 1 m, would be located at a depth of 

about 20 km. 

2.4. Temperature field 
Dynamics of the Earth is essentially related with dissipation of the primordial 

heat (i.e., the heat generated during formation of the Earth) and the heat generated 

from the decay of radioactive elements. Inside the Earth heat can be transferred in 

four different ways: advection, convection, conduction, and radiation. The advection 

heat transfer occurs due to forced motion of mass and, in geological processes, via 
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erosion/sedimentation, isostatic uplift, magmatic ascent, and tectonic deformation. 

Convection is a special form of advection in which the motion is related to the grain 

level boundaries of the material, and is important in fluids and gases. Conduction of 

heat implies the transmission of the kinetic energy between adjacent atoms in the 

crystalline lattice or between neighbourhood molecules. Radiation involves the direct 

transfer of heat by electromagnetic radiation. 

Although convection is not applicable to the rigid solids, over geological times 

the mantle behaves as a very high viscosity fluid and, therefore, slow convection is 

possible in the mantle. The lithosphere acts as a thermal boundary layer where the 

primary mode of heat transfer is conductive. 

The heat transport inside the Earth can be expressed by the general equation 

(e.g., Schubert et al., 2001): 

𝜌𝜌Cp
𝑑𝑑𝑇𝑇
𝑑𝑑𝑑𝑑

=  𝛻𝛻 ·  (𝑘𝑘𝛻𝛻𝑇𝑇) +  𝐻𝐻 −  𝜌𝜌Cp𝑢𝑢�⃗ · 𝛻𝛻𝑇𝑇      (2.17) 

where, T is the temperature, t is the time, k is the thermal conductivity (W/K.m), ρ is the 

density (kg/m3), 𝐶𝐶𝑝𝑝 is the specific heat at constant pressure (J/K.kg), u is the vector of 

velocity (m/s), and H is the radiogenic heat production per unit volume (µ.W/m3). The 

first term of the right-hand side of equation 2.17 corresponds to diffusion of heat by 

conduction, the second one reflects the presence of heat sources, and the third one is 

the advective/convective transfer of heat. 

Under steady-state conditions and in the absence of advection, equation 2.17 

can be written as: 

𝛻𝛻 ·  ( 𝑘𝑘𝛻𝛻𝑇𝑇) = − 𝐻𝐻                                      (2.18) 

In absence of advection/convection, the main contribution to the heat source 

term, H, comes from the radiogenic heat production from the radioactive decay of 

isotopes U238, Th232 and K40. On average, uranium and thorium contribute more to the 

heat production than potassium. In general, granite has a more important internal heat 

generation (2 – 4 µ.W/m3) than mafic igneous rocks (0.2 – 0.4 µ.W/m3) (e.g., Vilà et al., 

2010). The undepleted mantle contribution to the heat source term is very low (0.01 – 

0.02 µ.W/m3).  

Numerically computed temperature field yields forward prediction of the surface 

heat flow (SHF), which is a measure of the energy released from the Earth per unit 

area and per unit time, and can be compared with measurements at the surface. 
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However, SHF measurements are expensive (particularly for continental areas) and, 

therefore, are sparse. Further, SHF data are submitted to various perturbation 

processes like water circulation, faults, paleoclimate variations or data acquisition. In 

continents (including arcs and continental margins), the average SHF (64.7 m.W/m2) is 

low compared to the average value for the oceans (95.9 m.W /m2; Davis, 2013).In the 

absence of advection due to tectonic activity, SHF is mainly controlled by the 

radiogenic heat production in the crust and the heat flow from the underlying mantle. 

SHF values tend to be higher in the areas with recent tectonic activity.  

2.5. Mineral physics 
For any given thermodynamic system (e.g., a mineral) with its chemical 

composition and components, the equilibrium state in terms of state variables (i.e. 

pressure and temperature) can be calculated by minimizing the Gibb’s free energy. 

This equilibrium state consists of thermodynamically stable components at a given 

pressure and temperature and allows calculating the physical properties. Recalling the 

first law of thermodynamics, the total energy of a system is conserved or, in other 

words, the internal energy, 𝑈𝑈 of a mineral structure, considered as a thermodynamic 

system, is constant. The internal energy is the sum of the potential energy stored in 

the interatomic chemical bonds and the kinetic energy related to atomic vibrations. If 

any heat is supplied to the system, the kinetic energy through the vibrations of 

chemical bonds will increase, leading to an increase in the temperature and, 

ultimately, in the internal energy. If any work is done on a mineral structure or if it is 

allowed to expand, it will do some work on the surrounding and its internal energy will 

change. The change in the internal energy can be expressed as 

𝑑𝑑𝑈𝑈 = 𝑑𝑑𝑑𝑑 − 𝑃𝑃𝑑𝑑𝑃𝑃                (2.19) 

where 𝑑𝑑𝑑𝑑 is the exchanged heat, and 𝑃𝑃𝑑𝑑𝑃𝑃 is the work done during expansion, 𝑃𝑃 being 

the pressure and 𝑑𝑑𝑃𝑃 the change in volume (𝑃𝑃) due to the expansion. Since 

temperature is a state variable, any property changing it, is a fundamental property of 

a material and hence, heat capacity 𝐶𝐶 is defined as the amount of heat 𝑑𝑑𝑑𝑑 required to 

raise the temperature of a mole of material by𝑑𝑑𝑇𝑇. Expressing 𝑑𝑑𝑑𝑑 in the equation 2.19 

in terms of 𝐶𝐶 gives the following expression: 

𝐶𝐶 =
𝑑𝑑𝑈𝑈
𝑑𝑑𝑇𝑇

+
𝑃𝑃𝑑𝑑𝑃𝑃
𝑑𝑑𝑇𝑇

                  (2.20) 
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If the volume is constant then 𝐶𝐶 in equation2.20 becomes the heat capacity at 

constant volume that is 𝐶𝐶𝑣𝑣, which then becomes the direct measure of change in the 

internal energy. In experiments involving solids, it is easier to maintain constant 

pressure than constant volume, so we need to define another energy function called 

enthalpy, H as   

    𝐻𝐻 = 𝑈𝑈 + 𝑃𝑃𝑃𝑃                       (2.21) 

Since we are interested in changes of these energy functions, let us 

differentiate it 

𝑑𝑑𝐻𝐻 = 𝑑𝑑𝑈𝑈 + 𝑃𝑃𝑑𝑑𝑃𝑃 + 𝑃𝑃𝑑𝑑𝑃𝑃    (2.22) 

Substituting for 𝑑𝑑𝑈𝑈  from equation2.19 and for heat capacity and rearranging 

we get  

𝐶𝐶 =
𝑑𝑑𝐻𝐻
𝑑𝑑𝑇𝑇

+
𝑃𝑃𝑑𝑑𝑃𝑃
𝑑𝑑𝑇𝑇

                    (2.23) 

Now if pressure is constant, the above equation becomes the heat capacity at 

constant pressure, 𝐶𝐶𝑝𝑝, which is the heat change, 𝑑𝑑𝑑𝑑, required to change the 

temperature by 𝑑𝑑𝑇𝑇at constant pressure and is equal to the enthalpy change and can 

be easily measured in the laboratory experiments. Hence, enthalpy becomes 

analogous to internal energy. The difference between 𝐶𝐶𝑝𝑝 and 𝐶𝐶𝑣𝑣 is expressed as 

𝐶𝐶𝑝𝑝 −  𝐶𝐶𝑣𝑣 = 𝑇𝑇𝑃𝑃
𝛼𝛼2

𝛽𝛽
                (2.24) 

where 𝛼𝛼 is the thermal expansion coefficient and 𝛽𝛽 is the compressibility which are 

again properties of a system. 𝛼𝛼 and 𝛽𝛽 can be experimentally measured for individual 

minerals, hence 𝐶𝐶𝑣𝑣 can be calculated using equation2.24 and the change in the 

internal energy can be calculated.  

During the change in internal energy of a mineral, heat is exchanged with the 

surrounding and the state of order, a measure of entropy (𝑆𝑆), changes. Now, recalling 

the second law of thermodynamics, for any reaction in nature entropy always 

increases and the entropy change is defined as  

𝑑𝑑𝑆𝑆 >
𝑑𝑑𝑑𝑑
𝑇𝑇

                                (2.25) 
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Since the exchange of heat is related to enthalpy, the final criteria for feasibility 

of reactions become 

𝑑𝑑𝐻𝐻 − 𝑇𝑇𝑑𝑑𝑆𝑆 < 0                (2.26) 

The left-hand side of equation2.26 is defined as the Gibb’s free energy 

(Equation 2.27) of the reaction, and its change should be negative for a reaction to 

proceed or, in other words, the components assemblages that have the minimum 

Gibb’s free energy change will be stable for a given temperature and pressure. 

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇𝑆𝑆                     (2.27) 

Hence, to determine thermodynamically stable minerals assemblages inside 

the Earth, a thermodynamic database is needed which consists of 𝑃𝑃, 𝛼𝛼, 𝛽𝛽 , 𝐻𝐻, 𝑆𝑆, 

𝐶𝐶𝑝𝑝(𝑇𝑇,𝑃𝑃) values for the possible mantle minerals to determine the Gibb’s free energy 

for a give geotherm. 

The chemical composition of the mantle can be described by the bulk rock 

major element oxides (in weight %), within the Na2O-CaO-FeO-MgO-Al2O3-SiO2 

(NCFMAS) system since they account for the ~99% of the Earth’s mantle (Palme and 

O’Neill, 2013). Since observational data (i.e., gravity field, SHF, seismograms, 

elevation) depends on bulk rock physical properties(density, bulk and shear modulus, 

and thermal conductivity), the major oxides chemical composition needs to be 

converted to pressure-temperature dependent stable phases called P-T phase 

diagrams for the mantle (Figure 2.2). Phases include the stable mineral assemblages 

found in the mantle, which allows calculating their physical properties. Minerals in the 

mantle exist in the form of solid solutions (Table 2.2) and have thermodynamically 

stable equilibrium assemblages as a function of pressure-temperature and 

composition.The upper mantle down to 400 km depth is mainly composed of olivine, 

garnet, orthopyroxene, and clinopyroxene (Figure 2.2). In the lithospheric mantle, at 

shallower depths, two other Al bearing minerals, plagioclase and spinel, are present 

depending on the depth (plagioclase is stable at shallow depths which converts to 

spinel at relatively higher depths and ultimately to garnet at greater depths). 
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Figure 2.2 Mineral proportions for a pyrolitic composition as function of pressure and temperature range 

in the mantle. Black circles with error bars shows the experimentally determined phase proportions in dry 

pyrolite from Irifune and Isshiki (1998) based on high-T-P experiments. Red circles are predictions from 

Afonso and Zlotnik (2011) thermodynamic database and stars are predictions from the dataset of Xu et al. 

(2008). Figure is taken from Afonso and Zlotnik (2011). 

Stable phase and mineral assemblages can be computed numerically using a 

Gibbs free-energy minimization algorithm (e.g., Connolly, 2005, 2009), which requires 

a thermodynamic database as explained above. A thermodynamic database contains 

experimentally determined thermodynamic parameters of end-member minerals 

contribution to the phase solution and their pressure-temperature dependent physical 

properties (e.g., density, bulk and shear modulus, thermal conductivity). 

Table 2.2 Mineral solid solution notation and formulae. 

Symbol Solution Chemical formula 
Ol Olivine [MgxFe1-x]2SiO4 

Gt Garnet Fe3xCa3yMg3(1-x+y+z/3) 

Al2-2zSi3+zO12; x+y+4z/3 ≤ 1 

Opx Orthopyroxene [MgxFe1-x]2-yAl2ySi2-yO6 

Cpx Clinopyroxene Ca1-y[MgxFe1-x]1+ySi2O6 

C2/c Pyroxene [MgxFe1-x]4Si4O12 

Sp Spinel MgxFe1-xAl2O4 

Pl Plagioclase NaxCa1-xAl2-xSi2+xO8 

Wad Wadsleyite [MgxFe1-x]2SiO4 
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2.6. Physical properties 
The equilibrium compositions of the phases using Gibb’s free energy 

minimization allow estimating the amount of end-member minerals present in each 

phase. The relative amount of end-member minerals present in each phase allows 

calculating the bulk rock physical properties using rules of mixtures. 

2.6.1. Density 
In general, the mineral equilibria within the crust are not solved due to the large 

variety of mineral phases and then, the density can be calculated using  

𝜌𝜌(𝑇𝑇,𝑃𝑃) = 𝜌𝜌0 −  𝜌𝜌0𝛼𝛼(𝑇𝑇 − 𝑇𝑇0) + 𝜌𝜌0𝛽𝛽(𝑃𝑃 − 𝑃𝑃0)         (2.28) 

where 𝜌𝜌0 is the reference density at temperature (𝑇𝑇0) and pressure (𝑃𝑃0) , 𝛼𝛼 is the 

thermal expansion coefficient and  𝛽𝛽  is the compressibility. 

In the mantle, the fourth-order Birch-Murnaghan equation of state (EoS) allows 

to calculate the density of end-member minerals. Density of phases is computed using 

experimental models (e.g., Brey et al., 1999; Lee, 2003) where densities of each end-

member are weighted by their mole fraction in each stable phase. Finally, the bulk rock 

density as a function of temperature and pressure for a given composition, including 

phase changes as well, can be calculated using a rule of mixture as: 

𝜌𝜌 = �𝜌𝜌𝑖𝑖𝑣𝑣𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

                   (2.29) 

where 𝑛𝑛 is the number of stable phases, 𝜌𝜌𝑖𝑖 and 𝑣𝑣𝑖𝑖 are the density and volumetric 

fraction of the ith phase, respectively. 

2.6.2. Thermal conductivity 
Thermal conductivity, which controls the heat transport, depends on pressure, 

temperature and chemical composition. Conductive heat transport occurs by two 

processes: 1) lattice vibrations and 2) diffusive radiation. Lattice vibrations mainly 

involve vibration of the chemical bonds upon transfer of heat from neigh boring 

molecules and dissipating it. Diffusive radiation involves electromagnetic radiation from 

the molecules upon receiving the heat from neighbouring molecules and, in turn, 

affecting them. Since these processes occur simultaneously, the total thermal 

conductivity is the sum of the lattice vibrations and the radiative transfer.  
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Thermal conductivity, k, is related to the thermal diffusivity, D, by: 

𝐷𝐷 =
𝑘𝑘
𝜌𝜌𝐶𝐶𝑝𝑝

                                                           (2.30) 

where 𝜌𝜌 is the density and 𝐶𝐶𝐶𝐶 is the heat capacity at constant pressure. Equation 

2.30suggests strong dependence of thermal conductivity on the chemical composition 

since density and heat capacity are specific for each mineral.  

Thermal diffusivity for each mineral can be expressed as (Grose and Afonso, 

2013):  

𝐷𝐷(𝑇𝑇) = 𝑎𝑎 + 𝑏𝑏 · 𝑒𝑒𝑒𝑒𝐶𝐶−𝑐𝑐𝑇𝑇 +  𝑑𝑑 · 𝑒𝑒𝑒𝑒𝐶𝐶−𝑒𝑒𝑇𝑇        (2.31) 

where T is temperature and a, b, c, d, e are the coefficients corresponding to each 

mineral derived from laboratory measurements.  

The radiative contribution to the thermal conductivity is calculated as a function 

of the temperature, composition, grain size, and optical properties of crystals 

(Hofmeister, 2005), using: 

𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇,𝑑𝑑) = 𝐴𝐴 𝑒𝑒𝑒𝑒𝐶𝐶 �
(𝑇𝑇 − 𝑇𝑇𝐴𝐴)2

2𝑒𝑒𝐴𝐴2
� +  𝐵𝐵 �

(𝑇𝑇 − 𝑇𝑇𝐵𝐵)2

2𝑒𝑒𝐵𝐵2
�     (2.32) 

where A, B, TA, TB, xA, xB are all a function of grain size 𝑑𝑑 (further details in Grose and 

Afonso, 2013; Tunini, 2015). 

Then thermal conductivity for each mineral is calculated using equation 2.30 

including thermal diffusivity (Equation 2.31), and radiative contribution is added using 

equation 2.32.  

2.6.3. Mantle seismic velocities 
Mantle seismic velocities depend on composition, pressure and temperature. 

The calculation requires knowledge of the elastic moduli (𝐾𝐾: bulk modulus and 𝐺𝐺: 

shear modulus) of each end-member mineral and the bulk rock density at the 

pressures and temperatures of interest. In this manner, isotropic anharmonic seismic 

compressional (VP) and shear (VS) wave velocities can be calculated using the 

following equations: 

𝑃𝑃𝑃𝑃2𝜌𝜌 =  K +  
4
3

G      (2.33) 



Fundamentals 

40 

𝑃𝑃𝑆𝑆2𝜌𝜌 =  𝐺𝐺                  (2.34) 

where 𝜌𝜌 is the temperature-, pressure- and composition-dependent bulk rock density, 

𝐾𝐾 is the bulk modulus, and 𝐺𝐺 is the shear modulus of each end-member 

mineraldetermined experimentally and are included in the thermodynamic database. 

Bulk rock density is calculated as mentioned in section 2.6.1.  

To calculate the bulk rock elastic moduli used in equations 2.33 and 2.34, first 

the elastic moduli of each phase is calculated using the molar proportions weighted 

arithmetic mean of the elastic moduli of each end-member mineral. These elastic 

moduli are pressure and temperature dependent, and are calculated when 

constructing the thermodynamic database (e.g., Connolly and Kerrick, 2002). Then, 

bulk rock elastic moduli are computed from volumetrically weighted elastic moduli of 

each phase using a Voigt-Reuss-Hill (VRH) averaging scheme (Hill, 1952) as: 

𝑀𝑀𝐵𝐵 =

⎣
⎢
⎢
⎡
��

𝑤𝑤𝑖𝑖
𝑀𝑀𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

�

−1

+ �𝑤𝑤𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

𝑀𝑀𝑖𝑖

⎦
⎥
⎥
⎤
       (2.35) 

 

where 𝑛𝑛 is the total number of phases, 𝑀𝑀𝑖𝑖 and 𝑤𝑤𝑖𝑖 are the moduli of the phases 

calculated in the first step and their volumetric fractions, respectively.  

Seismic velocities calculated from elastic moduli of stable mineral and phase 

assemblages represent the unrelaxed oscillation of the chemical bonds in response to 

the elastic stresses produced by the propagation of high-frequency waves. In nature, 

rocks are not perfect solids or simple oscillators and the presence of defects in the 

crystalline structure, melt, and viscous nature at high temperatures can lead to 

dissipation of the energy imparted by elastic stresses, leading to relaxation of chemical 

bonds. This dissipation, called anelastic attenuation, results in loss of energy or 

relaxation of the elastic modulus leading to dispersion and change in the seismic 

velocities. Hence, in order to be able to compare calculated seismic velocities with the 

modelled seismic velocities using passive seismological data, anelastic effects must 

be accounted in the calculated seismic velocities (Chapter 3). 
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2.7. Isostasy and elevation 
Under the assumption of isostatic equilibrium, local isostasy implies that a 

series of rigid vertical columns (the lithosphere) float freely on an inviscid liquid (the 

sublithospheric mantle) such that the pressure does not vary laterally below a certain 

compensation level. Alternatively, this implies that the lithosphere does not support 

vertical shear stresses. Local isostasy is an alternative statement of Archimedes’ 

principle of hydrostatic equilibrium. Local isostasy has been proven to be an apt 

approximation in the absence of short-wavelength, elastically supported, features such 

as topographic and/or buried loads (Turcotte and Schubert, 1982). The principle of 

isostasy implies that all regions of the Earth with the same elevation must have the 

same buoyancy when referenced to a common compensation level. For the 

lithosphere and sublithosphere mantle, it can be assumed that the compensation level 

is located at 400 km depth (Afonso et al., 2008). The choice of a global compensation 

level at this depth has two advantages: (1) it covers the whole range of estimated 

lithospheric thicknesses, and (2) there is no need to change the calibration constants 

for different regions.  

To calculate the absolute elevation, a calibration with respect to a reference 

column is needed. This reference column can be taken at a mid-oceanic ridge (MOR), 

where the mean elevation and the density-depth distribution are assumed to be known 

(Afonso et al., 2008). The absolute elevation is calculated using the following 

equations:  

𝜕𝜕𝑟𝑟 = �
𝜌𝜌𝑏𝑏 − 𝜌𝜌𝑙𝑙(𝑧𝑧)

𝜌𝜌𝑏𝑏

𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐿𝐿𝑏𝑏𝑏𝑏𝑡𝑡
𝑑𝑑𝑧𝑧–𝛱𝛱𝑜𝑜   (2.36) 

𝜕𝜕𝑏𝑏 = 𝜕𝜕𝑟𝑟
𝜌𝜌𝑏𝑏

𝜌𝜌𝑏𝑏 − 𝜌𝜌𝑤𝑤
                                (2.37) 

  

where 𝜕𝜕𝑟𝑟 and 𝜕𝜕𝑏𝑏 are the elevations above and below the sea level, respectively. 𝐿𝐿𝑡𝑡𝑜𝑜𝑝𝑝 

is top of the column and 𝐿𝐿𝑏𝑏𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜𝑛𝑛 is the bottom of the column, 𝜌𝜌𝑏𝑏 is the density of the 

mantle at 400 km depth and 𝜌𝜌𝑙𝑙 is the depth-dependent density of the column, and 𝜌𝜌𝑤𝑤 

is the density of seawater. 𝛱𝛱𝑜𝑜 is a calibration constant which depends on the average 

density, structure, and the elevation of the reference column (see Afonso et al., 2008).  

Due to the long-term rigid nature of the lithosphere, it flexes under vertical 

loading and can be considered as an elastic plate with an effective elastic thickness, 

Te, resting on an inviscid or on a viscous fluid. Local isostasy ignores the short-



Fundamentals 

42 

wavelength loads, and such loads can partly be supported elastically resulting in 

lithospheric deflection. The flexural response of a thin elastic plate is (e.g., Turcotte 

and Schubert, 1982): 

𝑞𝑞(𝑒𝑒) = 𝐷𝐷
𝑑𝑑4𝑤𝑤(𝑒𝑒)
𝑑𝑑𝑒𝑒4

+  𝑁𝑁
𝑑𝑑2𝑤𝑤(𝑒𝑒)
𝑑𝑑𝑒𝑒2

+ 𝑞𝑞𝑟𝑟(𝑒𝑒)    (2.38) 

 

𝐷𝐷 =  
𝜕𝜕𝑦𝑦𝑇𝑇𝑒𝑒3

12(1 − 𝑣𝑣2)
                                              (2.39) 

 

where D is the flexural rigidity, q the vertical load, qd the restoring force, w is the 

deflection, Nis the horizontal force per unit length, Ey is the Young’s modulus, v is the 

Poisson’s ratio, and Te is the elastic thickness of the plate. Solving for the surface 

deflections using equation 2.38 allows integrating the elastic nature of the lithosphere 

along with its thermal and chemical nature in order to reconcile the short wavelength 

variations of elevation. 

2.8. Mantle melting and volcanism 
Melting of rocks inside the Earth requires either its temperature to increase, 

such that it surpasses the solidus, or changes in the composition (e.g., the addition of 

volatiles), which lowers the solidus temperature. One other process which leads to 

melting at the Mid-Oceanic-Ridge is the adiabatic decompression. In thermodynamics, 

adiabatic processes occur without transfer of heat to the surroundings, hence when 

decompression occurs and the mantle is brought up with an almost constant 

temperature that surpasses the solidus temperature, melting occurs.  

Volatiles (e.g., water in sediments) brought into the subduction channel leads 

to melting along the fore-arc in the subduction zones. The volcanic rocks produced in 

these settings inherit a crustal geo-chemical imprint and the associated volcanism is 

called orogenic volcanism. In contrast, melting in the intra-plate regions that does not 

have this crustal imprint is called anorogenic volcanism. However, the interaction of 

the ascending melts with the crust can change the geochemical signature of the 

emplaced volcanic rocks. Likewise, sediments brought into the mantle by subduction 

can change the mantle composition locally and influence the composition of volcanic 

rocks upon its melting. 
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Partial melting experiments on natural mantle peridotites have put important 

constraints on the total amount of partial melting (Kushiro, 2001). Combining 

information from laboratory melting experiments with the formal thermodynamic 

relations, we can calculate the total amount of partial melting necessary to generate a 

‘‘standard’’ oceanic crust ~6–7 km thick (e.g., Klein and Langmuir, 1987; McKenzie 

and Bickle, 1988; Asimow et al., 2001, 2004; Kushiro, 2001; Presnall et al., 2002). 

Klein and Langmuir (1987) first purposed such formalism for the relationship between 

fraction melting, F, and the thickness of oceanic crust, hc, at the ridge. The total 

amount of F can be calculated from a path integral of pressure from the pressure at 

which melting starts, P0, to the pressure at which melting stops, Pf, as follows: 

𝐹𝐹 = � 𝐹𝐹(𝑃𝑃)𝑑𝑑𝑃𝑃
𝑃𝑃𝑓𝑓

𝑃𝑃𝑏𝑏
                              (2.40 )       

The mean fractional melting, 𝐹𝐹 can be calculated as   

𝐹𝐹 =   
∫ 𝐹𝐹(𝑃𝑃)𝑑𝑑𝑃𝑃𝑃𝑃𝑓𝑓
𝑃𝑃𝑏𝑏
(P0 − Pf)

                            (2.41 )       

The function 𝐹𝐹(𝑃𝑃) is a complex function of P (depth); however, it can be 

approximated within a finite pressure interval, n, by a constant slope, 𝛾𝛾𝑛𝑛 called the 

productivity function as (Langmuir et al., 1992; Phipps Morgan, 2001)  

𝛾𝛾𝑛𝑛 = �
𝑑𝑑𝐹𝐹
𝑑𝑑𝑃𝑃
�
𝑆𝑆

 =   

αT
ρcp

− �𝑟𝑟𝑇𝑇𝑠𝑠
𝑟𝑟𝑃𝑃
�
𝐹𝐹

Hm
cp

+  �𝑟𝑟𝑇𝑇𝑠𝑠
𝑟𝑟𝐹𝐹
�
𝑃𝑃

      (2.42 )       

where 𝑇𝑇𝑠𝑠 is the solidus temperature, α the coefficient of thermal expansion (CET), 𝑐𝑐𝑝𝑝 

the heat capacity, and 𝐻𝐻𝑛𝑛 the latent heat of melting. For commonly accepted values of 

these variables, average 𝛾𝛾 values range between 10%- 20% per GPa of pressure 

release (e.g., Langmuir et al., 1992). The amount of melt present at any pressure Px is 

given by the sum of 𝛾𝛾𝑛𝑛(𝑃𝑃𝑛𝑛−1 − 𝑃𝑃𝑛𝑛) for all relevant n (i.e., pressure intervals), where Pn 

becomes Pf in the last pressure interval and Pn-1 is Po in the first pressure interval. 

Thus, equation 2.42 becomes  

𝜌𝜌𝑐𝑐𝑔𝑔ℎ𝑐𝑐  = 𝐹𝐹�𝑃𝑃0 − 𝑃𝑃𝑓𝑓�               (2.43) 

Rearranging equation 2.43 and taking pressure in GPa, densities in kg/m3, and 

𝐹𝐹 in % crustal thickness, hc, can be approximated as 
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ℎ𝑐𝑐  = 𝐹𝐹�𝑃𝑃0 − 𝑃𝑃𝑓𝑓�
104

𝜌𝜌𝑐𝑐𝑔𝑔
            (2.44) 

For example, for typical values of 𝐹𝐹 = ~7.2%, P0 = 2.75 GPa, Pf = 0.2 GPa, and 𝜌𝜌𝑐𝑐 = 

2880 kg/m3, gives hc = 6.5 km (Asimow et al., 2001). 

Once melt is produced and segregated from the source, the chemical 

composition of the residue changes. The composition of the residue can be calculated 

from mass-balance using the initial concentration of element or component in the 

system (e.g., major oxides), the bulk distribution coefficient D, and the fraction of liquid 

F. As a first-order approximation the composition of the solid residue can be estimated 

as (Langmuir et al., 1992) 

𝑒𝑒𝑖𝑖𝑠𝑠  =  
𝑒𝑒𝑖𝑖𝑜𝑜

𝐹𝐹
𝐷𝐷𝑖𝑖

   (1 − 𝐹𝐹)
                  (2.45) 

where 𝑒𝑒𝑖𝑖𝑜𝑜 and 𝑒𝑒𝑖𝑖𝑠𝑠 is the concentration of the ith oxide in the original source and in the 

residue, respectively. 𝐷𝐷𝑖𝑖 is the bulk distribution coefficient of the ith oxide. The bulk 

distribution coefficients are function of pressure and amount of the melting (Niu, 1997). 

Therefore if the mean fractional melting, F, is known then equation 2.45 allows 

calculating the amount of each oxide in the solid residue after melting.
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Chapter 3 

Integrated geophysical-petrological 
modelling of the upper mantle 
anomalies  

Integrated geophysical-petrological modelling of surface observables (i.e., 

gravity anomalies, geoid height, SHF, seismic velocities, xenolith data, and elevation) 

is a comprehensive approach and allows reconciling observations made by different 

datasets and methods. Each one of these observables is sensitive to the 

thermophysical properties of the materials under study, which in turn depend on 

temperature, pressure, and composition (Chapter 2). Therefore, a simultaneous fit to 

the surface observables reduces the uncertainties associated with the modelling of 

each of them alone or in pairs, as commonly found in the literature. Moreover, since 

these observables have a distinctive sensitivity to shallow/deep, thermal/compositional 

density anomalies (Chapter 2), this approach allows having improved control of 

thermal and density (i.e., composition) variations at different depths. 

In this chapter, I present the new LitMod2D_2.0 software package, an updated 

version of the original 2D software by Afonso et al. (2008). In order to make physical 

inferences on seismic velocities, results on anelastic attenuation from recent 

laboratory-based measurements are incorporated in the anharmonic seismic velocities 

obtained from stable mineral assemblages that were considered externally in the 

previous version, LitMod2D_1.0. I test different available depleted chemical 

compositions in the sublithospheric mantle in order to be consistent with geochemical 

data. The numerical implementation of sublithospheric mantle anomalies is illustrated 

with the help of synthetic models. The nature of these anomalies can be i) chemical 

composition, ii) thermal, iii) seismic velocities (relative or absolute), and a combination 

of chemical composition with the latter two.LitMod2D_2.0 works under a forward 

modelling scheme and needs interactive input based on the assessment of the fit to 

the geophysical observables within uncertainty bounds. A new open-source graphic 

user interface (GUI) has been developed under Python programming language 

(Hunter 2007; Rossum, 1995), with improved functionalities, ease of use, and cross-

platform dependence. Further, I make a synthetic model of a subduction zone setting 

to illustrate the sensitivity of sublithospheric mantle anomalies to the surface 
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observables. Finally, I discuss the post-processing capabilities of the LitMod2D_2.0 

outputs to incorporate additional datasets in the modelling. As an example of post-

processing, I compute Rayleigh-surface-wave dispersion curves, synthetic P-wave 

receiver-functions, and stable minerals distribution with depth in the mantle. Dispersion 

curves and receiver functions are calculated to demonstrate the possibility of 

comparing the resultant seismic velocities from LitMod2D_2.0 with passive 

seismological data. 

3.1. General modelling workflow 
LitMod2D is a software package based on the finite-element forward modelling 

approach of the CAGES code (Zeyen and Fernàndez 1994). LitMod2D_1.0 

incorporated an external GENERATOR module based on Perple_X subroutines 

(Connolly, 2005), later upgraded (Connolly, 2009), to calculate the mineral 

assemblages and their physical properties as functions of the bulk composition of 

mantle domains. It also incorporates a MATLAB-based GUI. For a detailed description 

of LitMod2D_1.0 the reader is referred to Afonso et al. (2008). Here, I provide a brief 

summary of the critical aspects of the method and focus on the implementation of the 

new features/improvements in LitMod2D_2.0. 

The general work-flow (Figure 3.1) in both versions is similar, except for the 

simplified input/output files, new improvements, and the new post-processing toolbox 

module. The numerical domain extends from the surface to 400 km depth and 

comprises different crustal and mantle bodies characterized by their individual thermo-

physical properties and chemical composition. Crustal bodies are characterized by 

user-defined thermo-physical properties (e.g., thermal conductivity, volumetric heat 

production rate, coefficient of thermal expansion, and compressibility), with an option 

of depth and/or temperature dependence. The composition of upper mantle bodies is 

assigned within the Na2O-CaO-FeO-MgO-Al2O3-SiO2 (NCFMAS). Stable mineral 

assemblages are calculated by the external module GENERATOR using a Gibbs free-

energy minimization algorithm (Connolly, 2005; 2009; Chapter 2 section 2.5) for 

pressure and temperature ranges in the upper mantle (Chapter 2, Table 2.2). Here, I 

use an augmented-modified version of Holland and Powell (1998) thermodynamic 

database (Afonso and Zlotnik, 2011). Relevant physical properties (density, thermal 

conductivity, and bulk and shear modulus) are calculated for each mineral and 

averaged according to Voigt-Reuss-Hill procedure (Hill, 1952) producing look-up 

tables as function of P and T (Chapter 2, section 2.6). In this way, the user can 

produce its own library of look-up tables for different mantle compositions beforehand. 
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Figure 3.1 Flow chart diagram showing the workflow of LitMod2D_2.0. The new LitMod2D version may 

account for sublithospheric mantle anomalies in which case coupled elevation is calculated. It also has an 

option for post-processing of relevant physical properties (temperature, pressure, density and seismic 

velocities) to compare with additional datasets. Flexural isostasy is included by coupling ‘tao-geo’ software 

(Garcia-Castellanos et al., 2002). “Computer Programs in Seismology” (CPS, Herrmann, 2013) is also 

coupled to work with passive seismological datasets. Stable mineral-assemblages are extracted from the 

material files produced by the GENERATOR subprogram. 

The heat transport equation 2.18, Chapter 2, is solved with finite elements 

using Galerkin’s ponderation method (Zienkiewicz, 1977) under steady-state, 

subjected to prescribed boundary conditions at the surface (e.g., 0 ºC), at the LAB 

(e.g., 1320 ºC) , and no heat flow across the lateral boundaries of the model. Thermal 

conductivities for crustal bodies are taken from literature, whereas for the lithospheric 

mantle are calculated by GENERATOR (Chapter 2, section 2.6.2), and are 

temperature, pressure, and composition dependent and read from the look-up tables. 

Below the LAB, the algorithm considers a 40 km thick thermal buffer with a 

temperature of 1400 ºC at its base to avoid unrealistic discontinuities between a 

conductive thermal gradient within the lithospheric mantle and an adiabatic thermal 
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gradient within the sublithospheric mantle. The temperature gradient below the thermal 

buffer layer is restricted to 0.35 ≤ dT/dz ≤ 0.50 ºC/km.  

The density distribution is obtained with an iterative scheme to include the 

effect of pressure, temperature and composition. Pressure is calculated at every node 

as a function of the overburden lithostatic pressure and it is then used to obtain the P-

T-composition dependent density at the node. In case of bodies with assigned 

composition (e.g., in the mantle), density is read from the look-up tables produced by 

GENERATOR. This density then is used in the next iteration to update the overburden 

pressure and to solve for an updated density.  

Once the final density distribution is obtained, the gravity potential field is 

calculated. Gravity anomalies are calculated by applying the Talwani’s algorithm for 

polygonal bodies (Talwani et al., 1959) to the elements of the mesh, therefore 

considering both horizontal and vertical density variations. The gravity effect of all the 

elements is finally added and calculated either at the top of the model or at the sea 

level, depending on if the elevation is above or below sea level, respectively. . 

Geoid height is calculated converting the adjacent elements of the numerical 

mesh into rectangular prisms, then solving the integral of the gravity potential and 

substituting the result into the Brun’s formula (Equation 2.5) and is expressed as: 

𝑁𝑁 =
𝐺𝐺 𝜌𝜌
𝑔𝑔0

�
1

�𝑒𝑒2 + 𝑦𝑦2+ 𝑧𝑧2

𝑥𝑥2,𝑦𝑦2,𝑧𝑧2

𝑥𝑥1,𝑦𝑦1,𝑧𝑧1

𝑑𝑑𝑒𝑒𝑑𝑑𝑦𝑦𝑑𝑑𝑧𝑧     (3.1) 

where 𝐺𝐺 is the universal gravitational constant,𝑔𝑔0the normal gravity acceleration, 𝜌𝜌 the 

rectangular prism density, and 𝑒𝑒, 𝑦𝑦, 𝑧𝑧the prism boundary coordinates. LitMod2D uses 

the method by Zeyen et al. (2005), based on an analytical solution of equation3.1, to 

obtain 2.5-D geoid heights along the model. In calculating both gravity and geoid 

anomalies, the models are extended horizontally 1x105 km beyond the profile limits to 

avoid boundary effects. 

3.2. Anelasticity 
A physical interpretation of seismic velocities in terms of temperature and/or 

chemical composition requires anelastic effects to be incorporated in the anharmonic 

seismic velocities from stable mineral assemblages (Lau and Faul, 2019; Takei, 2017; 

Abers et al., 2014; Afonso et al., 2008; Cammarano et al., 2008; Goes et al., 2000; 
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Sobolev et al., 1996). Understanding of anelasticity mainly comes from two 

approaches: 1) attenuation tomography using passive seismological data, and 2) 

laboratory experiments on materials representative of the mantle (e.g., olivine). 

Attenuation tomography using passive seismological data is often low resolution and 

has large uncertainties. Controlled laboratory experiments on the polycrystalline olivine 

help understanding the fundamental physical processes involved and then 

extrapolation of observations to the physical conditions (mainly for grain size and 

pressure) inside the Earth.  

Experiments at mantle temperatures and seismic wave frequencies show that 

grain boundary sliding is the main process of energy dissipation (attenuation). Grain 

boundaries have a finite width and viscosity and, under the application of shear stress, 

result in relative motion on either side. Motion is resisted by the viscosity of the grain 

boundary resulting in dissipation of energy, which is termed as elastically 

accommodated grain boundary sliding. In case the shear stresses are continued to 

high temperatures, the normal stresses concentrated at the grain corners resulting 

from the grain boundary sliding drive diffusion (Raj, 1975), and these normal stresses 

act as a restoring force upon removal of shear stresses. Redistribution of the stresses 

from diffusion results in transient creep, termed as diffusion assisted grain boundary 

sliding (Morris and Hackson, 2009) resulting in continuously increasing dissipation with 

increasing timescale and causing the high-temperature background or absorption 

band (Anderson and Minster 1979; Gribb and Cooper 1998). This transient phase 

ends when the stress distribution matches the steady-state diffusion creep stress 

distribution. This type of diffusion occurs on the scale of the grain size because of a 

constant grain boundary normal stress, and the resulting strain is not recoverable. The 

transition from diffusion assisted grain boundary sliding to steady-state diffusion creep 

is a function of timescale as it is evident that at earthquake time scale mantle behaves 

as elastic solid, but at geological time scales it behaves as a fluid. 

A consistent and robust feature of the experimental studies on melt-free 

polycrystalline aggregates is an absorption band with mild frequency dependence 

between 900 ºC - 1100 ºC temperature range prevalent in the lithospheric mantle 

(Jackson and Faul, 2010; Faul and Jackson, 2015). Jackson and Faul (2010) showed 

that the experimental data on dissipation for this absorption band are consistent with 

power-law variation of dissipation, however, they purpose more complex models (e.g., 

extended Burgers model) mainly to explain the dissipation peak at temperatures < 900 

ºC representing elastically accommodated grain boundary sliding. This peak occurs at 

the experimental resolution limit and is less constrained (Faul and Jackson, 2015); 
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therefore I use the power-law attenuation model to correct for anelastic attenuation 

(Jackson and Faul, 2010). Further, the power law formulation reproduces the 

seismological determined global average attenuation (Figure 3.2).  

In the previous LitMod2D_1.0 version, the anelastic attenuation correction was 

incorporated a posterior using an external code. The new LitMod2D_2.0 package 

incorporates the anelastic effects according to stable mineral assemblages at the 

corresponding P-T conditions in the look-up tables produced by the GENERATOR 

module, using equations 3.2 to 3.4 and the empirical parameters proposed by Jackson 

and Faul (2010).  

𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑜𝑜(𝑇𝑇,𝑃𝑃) �1 −
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𝑐𝑐𝑐𝑐𝑑𝑑 �𝜋𝜋

𝛼𝛼
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𝑅𝑅𝑇𝑇
��

𝛼𝛼

        (3.4) 

 

where QP= (9/4)QS is assumed. VPo(T,P) and VSo(T,P) are the anharmonic seismic 

velocities at a given temperature and pressure for a given chemical composition, and 

A = 816 s−αμm−α, 𝛼𝛼 = 0.36 is the frequency dependence factor, E = 293 kJ/mol is the 

activation energy, V = 1.2 x 10-5 m3/mol is the activation volume, and R the universal 

gas constant. Here, I use a grain size of d = 10 mm in the mantle and an oscillation 

period of To = 75 s, since this combination produces QP and QS values in the range of 

global average attenuation models, particularly close to the LAB where anelastic 

attenuation is believed to be high (Figure 3.2). Both grain size and oscillation period 

are input parameters that can be modified. Moreover, the user can incorporate her/his 

preferred attenuation model into the GENERATOR module by changing the provided 

source code. Hereinafter, I use seismic velocities corrected for anelastic attenuation 

unless specified otherwise. 
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Figure 3.2 Depth distribution of anelastic attenuation parameter (Q, quality factor) for a range of grain 

sizes (1-100 mm) and oscillation periods (10-100s) compared with global average QP and QS models. (a) 

and (b) shows the depth distribution of QP and QS for varied grain size and constant oscillation period of 

T0= 75 s, respectively. (c) and (d) shows depth distribution of QP and QS for varied oscillation period (10-

100 s) and constant grain size of d = 10 mm, respectively. QP and QS from ak135 global average model 

(continuous red solid line, Kennett et al., 1995), and QS from QL6c (continuous grey line, Durek and 

Ekström, 1996), are also plotted for comparison. 

Anelastic attenuation parameters derived from laboratory measurements on dry 

polycrystalline olivine often need to be extrapolated to conditions pertaining to the 

upper mantle, as explained above, thus introducing unquantifiable uncertainties 

(Priestley and McKenzie, 2013; Faul and Jackson, 2015). While it is hard to put 

quantifiable uncertainty values on these parameters, here I assume 10 % error and 

explore how these errors propagate to the calculated seismic velocities. Uncertainties 

in computed seismic velocities (VP and VS) are calculated using: 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

54 

𝛿𝛿𝑃𝑃𝑃𝑃/𝑆𝑆 = ��𝜕𝜕𝜕𝜕𝑃𝑃 𝑆𝑆⁄

𝜕𝜕𝛼𝛼
𝛿𝛿𝛼𝛼 �

2 
+  �𝜕𝜕𝜕𝜕𝑃𝑃 𝑆𝑆⁄

𝜕𝜕𝜕𝜕
𝛿𝛿𝜕𝜕 �

2
+  �𝜕𝜕𝜕𝜕𝑃𝑃 𝑆𝑆⁄

𝜕𝜕𝜕𝜕
𝛿𝛿𝑃𝑃 �

2
    (3.5) 

where 𝜕𝜕𝜕𝜕𝑃𝑃 𝑆𝑆⁄

𝜕𝜕𝛼𝛼
  is the partial derivative of the P- or S-wave velocities (Equations 3.2 and 

3.3) with respect to α, and 𝛿𝛿𝛼𝛼 is the assumed error in 𝛼𝛼; similar terms apply for E and 

V. 

 

Figure 3.3 Percentage error introduced in the (a) P-wave velocities and (b) S-wave velocities 

considering 10% error in α(dashed blue line), E (dotted-dashed blue line), and V (dotted blue line). The 

total error is plotted in solid blue line and temperature distribution is plotted in solid-red line. 

Figure 3.3 shows the resulting errors in VP and VS. These errors have the 

largest effect on seismic velocities around the LAB, being the frequency, α, the 

dominant source of uncertainty affects the seismic velocities the most and V, the 

activation volume, the least influential. Note that the error in velocity (Equation 3.5) is 

directly proportional to the error in anelastic parameters and therefore increasing 

uncertainty in any individual parameter will scale the uncertainty in the velocity in a 

quasi-linear fashion. The effects of melt or water content on seismic velocities are not 

included here. If melt is present, an additional correction needs to be applied to the 

computed seismic velocities (e.g., Afonso et al., 2016b) which can easily be included 

into the GENERATOR module by changing the provided codes. 
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3.3. Sublithospheric mantle composition 
The chemical composition of the lithospheric mantle may be estimated from 

available mantle xenoliths and xenocrysts and/or exposed massifs in mobile belts. 

Although sublithospheric mantle rocks are less represented in these suites, 

compositional estimates can sometimes be obtained by analyzing the chemistry of 

primitive basaltic melts when available (e.g., Shorttle and Maclennan, 2011; Brown et 

al., 2020). As mentioned in the Chapter 1, LitMod2D_1.0 uses a fixed chemical 

composition for the sublithospheric mantle, corresponding to the primitive upper 

mantle (PUM) of McDonough and Sun (1995). The upper mantle however, has been a 

source for oceanic and continental crust since the onset of plate tectonics and should 

be less fertile than PUM (Van Keken et al., 2002). Here, I test the most common 

sublithospheric mantle compositions proposed so far (Table 3.1), and compare their 

relevant physical properties with that of PUM. The depleted MORB mantle (DMM) is a 

source reservoir to mid-ocean-ridge basalts (MORBs) and has been computed using a 

robust geochemical dataset (trace elements) on abyssal peridotites (Workman and 

Hart, 2005). Other commonly used sublithospheric mantle compositions are PUM-

3%_N_MORB (Workman and Hart, 2005) and pyrolite (Ringwood, 1977). PUM-

3%_N_MORB is computed by extracting 3% of normal MORB from PUM composition, 

whereas pyrolite is calculated by mixing appropriate fractions of basalts (partial melts 

from the mantle) and peridotites (the presumed residues from partial melting). 

Table 3.1 Major oxide compositions (weight %) in the mantle. 

Name SiO2 Al2O3 FeO MgO CaO Na2O Mg#a 

Lithospheric mantle  

Average Garnet Tectonb 44.50 3.50 8.00 39.80 3.10 0.240 89.8 

Oceanic lithosphere 44.43 2.97 8.23 40.78 2.70 0.045 89.7 

Sublithospheric mantle  

PUM 45.00 4.50 8.10 37.80 3.60 0.360 89.3 

DMMc 44.70 3.98 8.18 38.73 3.17 0.130 89.4 

PUM - 3% N_MORB 44.90 4.07 8.05 38.68 3.27 0.300 89.5 

Pyrolite 45.10 4.60 7.60 38.10 3.10 0.400 89.9 

aMg# = 100xMgO/[MgO + FeO], bAfter (Griffin et al., 2009), cWater 100 ppm (Workman and Hart, 2005), 

PUM- Primitive upper mantle (McDonough and Sun, 1995), DMM- depleted mid-oceanic ridge basalt 

mantle (Workman and Hart, 2005),PUM-3% N_MORB- Primitive upper mantle after 3% extraction of 

normal mid-oceanic ridge basalt (Workman and Hart, 2005). 
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All tested compositions are less dense than PUM at sublithospheric mantle 

depths (Fig 3.4a), which is consistent with their higher Mg# (100xMgO/ [MgO+FeO]) 

and depleted reservoirs. DMM shows a small density change of -0.18% relative to 

PUM between 120 km and 340 km depth and an increase of ~0.1%below ~340 km, 

whereas pyrolite shows a maximum change of ~-0.6%. PUM-3%_N_MORB exhibits 

variations in between those associated with DMM and pyrolite. In terms of anharmonic 

P- and S-wave velocities (Figures 3.4b and 3.4c), pyrolite is the slowest, DMM is 

slightly faster in comparison to PUM, and PUM-3%_N_MORB is intermediate. A water 

content of 100 ppm (70-160 ppm; Workman and Hart, 2005) in DMM slightly 

decreases the density compared to its dry counterpart and produces a decrease in P-

waves velocities higher than in S-wave velocities because of its lower bulk modulus 

(Watanabe, 1993). 

 

Figure 3.4 Comparison of different compositions tested in the sublithospheric mantle (Table3.1). 

Resulting density (a), P-wave velocities (b) and S-wave velocities (c) are compared with that to PUM. 

Although PUM-3%_N_MORB and pyrolite attest to be depleted with respect to 

PUM, they still are theoretically computed. Furthermore, the pyrolite composition has 

been reported not to satisfy trace elements or isotopic data on basalts, violating the 

chondritic abundances (Anderson, 1989). DMM composition is consistent with trace 

elements data and with ~6% aggregated fractional melting to produce an average 6 

km thick oceanic crust at the mid-oceanic-ridge (Workman and Hart, 2005; Klein and 

Langmuir, 1987). In addition, DMM has also been shown to be balanced by continental 

crust, ocean-island-basalt (OIB) source, and oceanic crust, which are the products of 

mantle melting (Workman and Hart, 2005). Although the differences in physical 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

57 

properties are small, in the new LitMod2D_2.0 version I fix the sublithospheric mantle 

chemical composition corresponding to DMM for geochemical consistency. 

3.4. Recalibration of elevation 
Changing the chemical composition of the sublithospheric mantle requires a 

recalibration of the calculated absolute elevations since the total load of the 

sublithospheric mantle will vary according to the adopted composition. In contrast to 

LitMod2D_1.0, that considers a reference column at mid-oceanic-ridge (MOR) down to 

400 km depth, in LitMod2D_2.0I consider a reference column corresponding to a 

thermally stable oceanic lithosphere and the underlying sublithospheric mantle. A 

thermally stable oceanic lithosphere is chosen because the depth-dependent T-P-

composition is arguably less complicated than at actively spreading MOR, where melt 

content and short-lived buoyancy sources can complicate its characterization. Four 

compositional layers have been considered in the lithosphere and their bulk 

composition is calculated according to the depth-dependent melt fraction for a 

standard MOR model (Turcotte and Morgan, 2013; Niu, 1997) as used in Fernàndez et 

al. (2010) (Table 3.2). Calibration is done using the formulation described in Afonso et 

al. (2008) and Fullea et al. (2009), where I solve for a calibration parameterΠo,the 

thermal and lithostatic equations on a given reference column (Equations 2.36 and 

2.37; Chapter 2). This reference column, corresponding to a stable oceanic 

lithosphere, consists of a 5.37 km water layer with a density of 1030 kg/m3, 6.8 km 

crustal thickness including sediments, with an average density of 2858 kg/m3, and a 

LAB depth of ~122 km with an average density resulting from the mineral compositions 

and assemblages mentioned previously (Table 3.2). 
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Table 3.2 Physical properties and major oxides composition in the mantle of a column at an old oceanic 

lithosphere used to compute calibration parameters for elevation. 

Layer Thickness 
(km) 

Density 
(kg/m3) 

          Crust 
Water 5.37 1030 

Sediments 0.80 2200 

Oceanic crust 6.140 2930 

Lithospheric Mantle 
Mantle layer Thickness 

(km) 
SiO2 Al2O3 FeO MgO CaO Na2O 

Layer 1 17.4 44.00 1.50 8.23 43.40 1.90 0.010 

Layer 2 20.0 44.60 2.77 8.14 40.70 2.75 0.035 

Layer 3 25.0 44.90 3.60 8.08 39.20 3.30 0.170 

Layer 4 48.0 44.95 4.00 8.06 38.50 3.48 0.235 

Sublithospheric 
Mantle (DMM) 

278.0 44.70 3.98 8.18 38.73 3.17 0.130 

3.5. Reference model for synthetic seismic 
tomography 

The calculated seismic velocities in the sublithospheric mantle also depend on 

chemical composition. Seismic tomography models are usually reported as deviations 

from global reference velocity models, ak135being one of the most widely used 

reference models (Kennett et al., 1995). To compare the seismic velocities obtained 

from LitMod2D_2.0 with those from ak135, I consider a model with i) a 35-km thick 

continental crust, and ii) a 85-km thick lithospheric mantle, similar to ak135 model, with 

Average Garnet Tecton composition (Tc_1 in Griffin et al., 2009), resulting in a LAB 

depth of 120 km. The composition of the sublithospheric mantle corresponds to DMM. 

The thermo-physical parameters used in the crust and the composition used in the 

lithospheric mantle are listed in Table 3.3 and Table 3.1, respectively. 

The ak135 model was designed to predict arrival times for seismic phases in 

observational seismology by inverting smoothed empirical travel times (Kennett et al., 

1995; Kennett, 2006). P-wave velocities are better constrained than S-wave velocities 

since P-waves are first arrivals, whereas S-waves have low frequency and can be 

interfered by the CODA of P-waves. Considering this and the inherent uncertainties in 

earthquake hypocentres, I assign uncertainties of 0.5% and 1% to P- and S-wave 

velocities, respectively. 
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Table 3.3 Thermophysical parameters used in the crust to compare calculated seismic velocities with 

those from ak135 model. 

Body name Density 
(kg/m3) 

Heat Production 
(µW/m3) 

Thermal conductivity 
(W/K.m) 

Continental crust 2800 1.00 2.5 

Oceanic crust 2950 0.30 2.2 

 

Different thermodynamic databases produce noticeably different seismic 

velocities, particularly in the sublithospheric mantle (Figure 3.5), resulting in a 

dispersion of ~1%. Formal errors resulting from each thermodynamic database can be 

calculated from the uncertainties in the elastic moduli of individual minerals. Both 

Stixrude and Lithgow-Bertelloni (2005) and Holland and Powell (1998) modified by 

Afonso and Zlotnik (2011) databases reasonably reproduce the ak135 model for 

depths between 35 km and 250 km, whereas Xu et al. (2008) database results in very 

slow P-wave velocities (Figure 3.5a).Below 250 km depth, only Stixrude and Lithgow-

Bertelloni (2005) database shows good agreements with ak135 model, both in P- and 

S-velocities, whereas Holland and Powell (1998) modified by Afonso and Zlotnik 

(2011) and Xu et al. (2008) databases are significantly slower (~1–2%). Slow velocities 

below 250 km depth are also observed in Cammarano et al. (2005). Fitting the ak135 

velocities below 250 km with these thermodynamic databases would require either a 

lower temperature than that predicted by the assumed adiabatic thermal gradient, or a 

change in the chemical composition at these depths (Cammarano et al., 2009). 

Another possible contribution to the discrepancies between predicted and reference 

velocities could be that the temperature and pressure derivatives of elastic moduli in 

Afonso and Zlotnik (2011) need to be updated. In contrast to the other two 

databases/formalisms, that of Afonso and Zlotnik (2011) supplements equilibrium 

phase diagrams with an independent database of velocity derivatives. Small 

corrections to these derivatives can produce changes in the velocities of the same 

order as the discrepancies in Figure 3.5. Despite this, the phase equilibria predictions 

show excellent agreement with experimental data (Figure 2.2, Chapter 2; Afonso and 

Zlotnik, 2011). 
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Figure 3.5 Depth distributions of seismic velocities, (a) P-wave and (b) S-wave assuming an Average 

Garnet Tecton composition in the lithosphere mantle and a DMM composition in the sublithospheric 

mantle. Seismic velocities are calculated using Afonso and Zlotnik (2011) (solid, modified Holland and 

Powell, 1998), Stixrude and Lithgow-Bertelloni (2005) (thick dashed) and Xu et al. (2008) (thin dashed) 

thermodynamic databases. Resulting seismic velocities are corrected for anelastic attenuation using a 

constant grain size of 10 mm and oscillation period of 75 s. Global average seismic velocities from ak135 

(Kennett et al., 1995), in solid grey circles, with an error of 0.5% in P-wave velocities and 1% in S-wave 

velocities are plotted for comparison. 

Here, I choose  the Holland and Powell (1998) modified by Afonso and Zlotnik 

(2011) database in LitMod2D_2.0 to calculate the physical properties in the upper 

mantle given its performance in reproducing experimental data, but I note that a future 

reassessment of the elastic moduli derivatives is necessary. Since deviations with 

respect to the ak135 model are always negative below ~250 km (in the absence of 

thermal or compositional perturbations at these depths), I use the aforementioned 

reference model (35 km thick crust and 120 km LAB depth; Figure 3.5) to avoid this 

systematic misfit when calculating synthetic tomography from LitMod2D_2.0. 

3.6. Sublithospheric mantle anomalies 
A major contribution of LitMod2D_2.0 is the possibility to incorporate 

sublithospheric mantle anomalies into the modelling workflow, thus opening up the 

possibility of modelling complex geodynamic processes, such as mantle upwelling, 
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subduction, delamination, and metasomatism (i.e., processes that can easily modify 

the temperature and/or the chemical composition beneath the LAB). Since seismic 

tomography has the potential to detect such perturbations in terms of fast/slow 

velocities, I added in LitMod2D_2.0 a functionality to incorporate i) thermal anomalies, 

ii) compositional anomalies, and iii) seismic velocity (VP,VS) anomalies, in the 

sublithospheric mantle. 

In this section I discuss the numerical implementation of sublithospheric mantle 

anomalies and its applicability to various geological settings considering the reference 

model defined in the previous section to calculate synthetic tomography. I consider an 

anomalous region in the depth range of 200–325 km and change systematically its 

nature to i) thermal, ii) chemical composition, and iii) seismic velocities (VP and VS). 

3.6.1. Thermal anomalies 
Mantle flow can change the temperature in the sublithospheric mantle 

producing colder and hotter domains, which can be represented as thermal anomalies 

in LitMod2D_2.0. To account for these thermal perturbations, I modify the constant 

adiabatic thermal gradient such that the imposed temperature perturbation (∆T) is 

added to the steady state temperature distribution. Then, LitMod2D_2.0 recalculates 

the relevant physical properties (density, seismic velocities, phase changes, and 

thermal conductivity) at T+∆T and P conditions, where T and P, are pressure and 

temperature at a given depth below the LAB. 

To illustrate the effect of hot and cold thermal anomalies on the sublithospheric 

mantle with a DMM composition, I consider a thermal anomaly ranging from -400 ºC to 

+400 ºC in steps of 100ºC (Figure 3.6). As expected, cold thermal anomalies increase 

density, P- and S-wave velocities, while hot anomalies have the opposite effect. The 

amplitude of the resulting anomalies varies such that density has the least relative 

change, whereas S-waves have the highest change due to the high sensitivity of S-

wave velocities to temperature. To first order, the absolute density change depends 

linearly on the sign of the thermal anomaly, thus similar perturbations (in magnitude) 

can be seen at both sides of the 0% anomaly in Figure 3.6b. In contrast, seismic 

velocities show higher relative changes for positive temperature perturbations than for 

the equivalent negative ones (Figures 3.6c and 3.6d). This is because of the enhanced 

anelastic attenuation at higher temperatures. Moreover, the amplitude of seismic 

velocity anomalies decreases with depth due to the decreasing attenuation of seismic 

waves (low Q factor, Figure 3.2) at lithosphere-sublithosphere transition depths. This 
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non-linear dependence of seismic velocities on temperature has strong implications for 

qualitative interpretation of seismic tomography models (Cammarano et al., 2003). A 

second order variation in density and seismic velocities occurs around 310 km depth 

(Figure 3.6, inset) coinciding with the orthopyroxene-clinopyroxene (Figure 3.12) 

phase transition and could be the reason for the X-discontinuity imaged in seismic 

data (Revenaugh et al., 2008). 

 

Figure 3.6 Synthetic examples of thermal anomalies in the sublithospheric mantle. Input thermal 

anomalies are plotted in (a). Resultant change in (b) density, (c) P-wave velocities, and (d) S-wave 

velocities are plotted with same colour code as input. All anomalies are referred to a reference model, 

shown as inset in the upper right corner. 

3.6.2. Chemical composition anomalies 
Understanding of chemical heterogeneity in the upper mantle is crucial for the 

geochemical evolution of the Earth governed by lithosphere recycling, mineral phase 

changes and mantle mixing models (Van Keken et al., 2002). Chemical heterogeneity 

in the upper mantle can be a result of metasomatic processes changing the chemical 

composition in the sublithospheric mantle by enrichment or depletion of the major 

elements. In turn, delamination, slab break-off, and slab tear processes can induce the 

sinking of pieces of cold lithosphere, with different chemical composition, into the 

sublithospheric mantle. LitMod2D_2.0 allows considering such types of anomalies of 

chemical origin, or a combination of chemical composition and temperature. For the 

case of chemical compositional anomalies, LitMod2D_2.0 recalculates the relevant 

physical parameters at the corresponding P-T conditions according to the prescribed 

composition in a given region beneath the LAB. For the case of combined thermal and 

compositional anomalies, the relevant parameters are recalculated at T+∆T and P 

conditions from the prescribed chemical composition. 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

63 

 

 

Figure 3.7 Synthetic example illustrating the contribution of compositional (Average Garnet Tecton, 

blue), thermal (+50 ºC, orange), and combination of both (green) anomalies to (a) density ,(b) P-wave 

velocities, and (c) S-wave velocities, with respect to the reference model shown as inset in the upper right 

corner. 

Figure 3.7 shows a synthetic example of a compositional and a combination of 

thermal and compositional anomalies, where the separate effect of temperature is also 

shown. In the case of compositional anomaly, I have considered an Average Garnet 

Tecton chemical composition, which is depleted with respect to DMM (Table 3.1). 

Results show that density reduces by ~0.4% (Figure 3.7a), which is almost equal to 

the average change in P-wave velocities (~0.4%, Figure 3.7b) and higher than the 

change in S-wave velocities (~0.2%, Figure 3.7c). A combination of compositional and 

thermal anomalies (∆T = +50 ºC) results in a maximum decrease in density and 

seismic velocities (Figure 3.7) because increasing temperature also tends to decrease 

density and seismic velocities. Indeed, P-wave velocities are more sensitive to 

composition than S-wave velocities. By studying the effect of melt removal from a 

fertile composition (i.e., range of Mg#) on S-wave velocities, Priestley and McKenzie 

(2006) have also reported low sensitivity of S-waves to composition. Note that 

depending on the chemical composition of the anomaly (degree of depletion) and the 

temperature perturbation, the sublithospheric anomalies can have competing effects 

on density and seismic velocities. 
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3.6.3. Seismic velocity anomalies 
LitMod2D_2.0 allows for implementing seismic velocity anomalies by providing 

the absolute velocity values or the velocity variation, in percentage, relative to a 

reference model. The anomalies are incorporated in two ways: 1) giving the average 

absolute or relative value of the anomaly over a predefined region beneath the LAB; 

and 2) varying the absolute or relative magnitude of the anomaly along up to five depth 

levels beneath the LAB. In the first case, a chemical compositional anomaly can also 

be assigned to the anomalous region. In the second case, a separate input file 

including horizontal distances and depth levels together with the anomalous values 

must be specified. Seismic velocities are non-linear function of temperature because 

of the non-linear dependence of the anelastic attenuation on temperature (Eqns. 3.2-

3.4) and stability of stable mineral phase-assemblages (Chapter 3, Section 2.5). 

Hence, in order to convert input seismic velocity anomaly (relative or absolute) to 

temperature, LitMod2D_2.0 looks up for the temperature at the prevailing pressure 

and adjusted seismic velocities for the input anomaly from the assigned chemical 

composition material file for the anomalous region. Once seismic velocity anomalies 

are converted to temperature, they are treated as thermal anomalies (section 3.6.1) 

and, in case of assigned chemical composition, as a combination of thermal and 

compositional anomalies (section 3.6.2). 

Figure 3.8 shows an example of seismic velocities anomalies at different depth 

levels below LAB along the profile using a separate input file. This is applicable in 

regions where seismic tomography depth slices are available. Figure 3.8a show an 

input file with a relative P-wave seismic velocity anomaly with varying magnitude along 

the profile at five depths levels, namely 160 km, 250 km, 300km, 350 km and 400 km. 

In every input file, the level at 400 km, base of the model, must be specified. Lines 

below the specified depth of each level indicate the anomaly magnitude at each node 

(distance) along the profile. This allows the user to define a varying magnitude of 

anomaly along the profile as well in depth by specifying different depth levels. Figure 

3.8b shows the resultant variation in temperature, density and absolute seismic 

velocities (P- and S-wave). 
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Figure 3.8 Example of a varying magnitude (along the profile) relative P-wave seismic velocity anomaly. 

(a) Screenshot of the input file used in this synthetic example. (b) Resultant temperature, density and 

seismic velocities. 

Here, I focus on anomalous seismic velocities (VP and VS) assigned to a 

predefined region beneath the LAB and their translation into temperature and 

densities. I consider relative anomalies of ±1.5% in P-and S-wave velocities below the 

LAB and discuss the equivalent thermal and density recovery (Figure 3.9). Results 

show that for a given magnitude of seismic anomaly, 1.5% in the presented example, 

P-wave translates into a higher temperature anomaly of ~250 °C than that from S-

wave (~150 °C) (Figure 3.9a) which is consistent with the higher sensitivity of S-waves 

to temperature. In other words, a given temperature change requires a higher 

percentage variation in the S-wave velocities than in the P-wave velocities as shown in 

Figure 3.6. Subsequently, density change (Figure 3.9b) is higher (~0.75%) in case of 

P-wave velocity input than S-wave input (~0.45%). Note that density and temperature 

changes are not symmetric for positive and negative velocity anomalies. Changes in 

density depend on the P‐T conditions, which control stable phase and mineral 

assemblages. 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

66 

 

Figure 3.9 Synthetic examples of input P- and S-wave anomalies of ±1.5% in the sublithospheric mantle. 

Recovered temperature (a) and density (b) from the input seismic velocity anomalies are plotted with 

respect to the reference model shown in the upper right corner. 

3.7. Open source graphic user interface (GUI) 
and input/output data 

To make LitMod2D_2.0 more accessible to users, I have developed an open 

source GUI in Python, which is not platform depending and can be easily 

updated/modified by the user. A detailed manual (Appendix A) is provided with the 

new LitMod2D_2.0 version distributed through online GitHub repository 

(https://github.com/ajay6763/LitMod2D_2.0_package_dist_users). Here, I briefly 

discuss the main features. The new GUI allows the organization of different projects in 

separate folders containing the relevant surface geophysical observables (e.g., 

elevation, Bouguer and free-air gravity anomaly, geoid height, and SHF) and the 

material files with thermo-physical properties for each project. Mantle material files are 

lookup tables of all relevant physical properties (density, thermal conductivities and 

seismic velocities) as functions of pressure, temperature, and chemical composition. 

These are computed by the GENERATOR module (Section 3.1) using components of 

the software Perple_X (Connolly, 2005; 2009). An option to plot previously digitized 

data on the background (e.g., Moho depths, LAB depths, interpretation from active 

seismic lines) is also provided. 
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The GUI main window allows defining the geometry of the model made up of 

different bodies, each one with its physical properties. Different buttons are provided in 

the top and bottom of the main window to add and delete bodies, edit properties and 

shape of bodies, and to run the model (Figure 3.10a). After the run finishes, a window 

shows up with the geometry of the model and the fit between surface observables and 

the calculated values (Figure 3.10b, left panel), and the calculated temperature, 

density, and seismic velocities distributions (Figure 3.10b, right panel). Results are 

plotted in an interactive Matplotlib environment and can be modified for publication 

purposes. All the surface observables (elevation, Bouguer and free-air gravity 

anomalies, geoid height, and surface heat-flow) are saved, and can be used for 

customized visualization and further processing of the model output. Likewise, a 

master output file containing the Cartesian coordinates of the grid nodes and the 

corresponding temperature, pressure, seismic velocities, density, and material file 

code are saved to be used in the post-processing toolbox according to the particular 

needs of the user (Section 3.9).  

3.8. Application to a synthetic subduction zone 

To illustrate the applicability of the new LitMod2D_2.0 package, I performed a 

synthetic model representing a simplified active margin with a subducting slab and the 

associated mantle wedge. The objective of this section is to show the functionalities 

and practicalities of LitMod2D_2.0, as well as the possibilities of the post-processing 

tool-box rather than studying specific aspects of a real subduction setting. 

3.8.1. Input data, model geometry, and physical 
properties 

The synthetic model is 1000 km long, and comprises three regions: the oceanic 

domain, the active subduction zone, and the continental domain (Fig 3.10a). The 

oceanic domain is characterized by a bathymetry of 5.5 km, and a 6 km thick crust 

without sediments, and a 100 km thick lithospheric mantle with a composition 

calculated by 7% fractional melting considering DMM as source. Active subduction 

zones are characterized by inverted isotherms such that the 1300 ºC can be found at 

three different depths for the same horizontal position, resulting in a triple LAB. This 

boundary condition cannot be solved by the 2D heat transport equation under steady-

state incorporated in the LitMod2D_2.0 code and hence, the subducted oceanic 

lithosphere is modelled as a sublithospheric thermo-compositional anomaly, with ∆T = 
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-300 ºC and with an oceanic lithosphere chemical composition. Similarly, the mantle 

wedge is modelled as a sublithospheric thermal anomaly with ∆T = +100 ºC. This 

simple treatment of the active subduction zone allows calculating the average physical 

properties of the anomalous bodies and their effects on elevation, seismic velocities, 

and gravity potential field. The stable continental domain consists of a 35 km thick 

crust and a 115 km thick lithospheric mantle with Average Garnet Tecton composition. 

Near the subduction zone the crust thickens up to 40 km whereas the lithospheric 

mantle thins to minimum values of 78 km. For simplicity, I have considered a single 

crustal layer but the user can add as many layers and bodies as needed through the 

GUI. Thermo-physical parameters in the crust and chemical composition in the 

lithosphere mantle are incorporated via GUI and correspond to those listed in Table 

3.3 and Table 3.1, respectively.  

Figure 3.10b shows a screenshot of the main results window, which includes 

the calculated and measured surface observables together with the model geometry 

and the calculated temperature, density and P- and S-wave velocities distribution. The 

anomalous sublithospheric bodies have a clear signature on the temperature 

distribution, as they have been defined as thermal anomalies, but also on the 

calculated density and seismic velocities. In the case of the subducting slab, the 

combined thermal and compositional anomalies increase density and P- and S-wave 

seismic velocities, whereas along the mantle wedge, the temperature increase of 100 
oC results in a decrease of the three observables. 

As the modelled profile is a synthetic model, I have considered that the 

observed elevation, gravity, geoid and heat flow coincide exactly with the calculated 

values and an additional run of the model is made without sublithospheric anomalies, 

all the other parameters unmodified. In this way, I highlight the effect of the 

sublithospheric anomalies on the surface observables (Figure 3.10b).  
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Figure 3.10 Screen shots from the new open-source GUI, provided with LitMod2D_2.0, (a) Graphic user 

interface input window showing the geometry of the modelled profile and various functions to interact and 

work with the model. (b) Screenshots of model outputs from the model, in the left panel forward prediction 

of surface observables, observed (blue) and calculated (red and black) and the model geometry at the 

bottom. Surface observables without the sublithospheric mantle anomalies are plotted in red to highlight 

their effect. Right panel in (b) shows the temperature, density and seismic velocity distribution (P-wave 

and S-wave) from the model. 
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LitMod2D_2.0 calculates the absolute elevation from the final density 

distribution, under the assumption of local isostatic equilibrium with a compensation 

depth at the base of the model (400 km). Lateral density variations beneath the LAB 

will tend to generate dynamic Stokes flow in the underlying less viscous mantle which 

can be enhanced by sublithospheric mantle anomalies. Vertical stresses associated 

with this dynamic flow can be transmitted to the surface topography depending on the 

viscosity distribution with depth. By default, LitMod2D_2.0 estimates the influence of 

sublithospheric mantle anomalies on the calculated elevation by considering two end 

member conditions representing the upper and lower bounds of the dynamic 

topography contribution (Carballo et al., 2015b; Tunini et al., 2016; Jiménez-Munt et 

al., 2019): 1) coupled elevation, when the vertical stresses induced by the buoyancy of 

sublithospheric mantle anomalies are completely transmitted to the surface; and 2) 

uncoupled elevation, when sublithospheric mantle anomalies have no effect on 

topography. In the synthetic model presented here, the net effect of the sublithospheric 

anomalies on elevation is of ≤ 1000 m (Fig 3.10b). In the case of coupled anomalies, 

the cold slab near the subduction zone pushes down the elevation because of its 

higher density. The relatively lower density of the mantle wedge does not suffice to 

cancel the negative slab buoyancy. Density perturbations from the cold subducted slab 

and the hot corner flow primarily affect the geoid height and free-air gravity anomaly 

across the model whereas Bouguer anomaly is slightly affected. This is because geoid 

is sensitive to the density moment which in the modelled synthetic profile is mainly 

related to the topography and the sublithospheric anomalies. Free-air is very sensitive 

to topography and in a less extent to sublithospheric anomalies due to the inverse 

square law dependence; whereas Bouguer anomaly is also depending on the inverse 

square law but corrected for topography effects and then, is essentially sensitive to 

lateral crustal density variations. 

3.9. Post-processing toolbox 
The main idea of the post-processing toolbox is that from the obtained 

parameters characterizing the physical state of the crust and upper mantle (pressure, 

temperature, density, P- and S-wave seismic velocities, and material type) at each 

node, the user can further process these data to do a variety of additional calculations, 

such as strength envelopes, flexural effects on elevation, Stokes flow, distribution of 

stable mineral-assemblages, synthetic passive seismological data, etc. The post-

processing toolbox is a set of independent scripts/codes linking the LitMod2D_2.0 

master output with other software (Figure 3.1). The user can use, adapt or create new 
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scripts or codes according to her/his own interest and needs and can add them to the 

GitHub (https://github.com/ajay6763/LitMod2D_2.0_package_dist_users) for the 

community to use. 

3.9.1. Seismic velocities post-processing example 
The following example illustrates the potential of the post-processing toolbox 

focused, in this case, on the calculation of synthetic seismic tomography and synthetic 

passive seismological data.Post-processing of seismic velocities is done in the light of 

non-uniqueness and variability in the tomography models, as discussed in Foulger et 

al. (2013). 

I provide shell scripts to compute synthetic tomography from the LitMod2D_2.0 

seismic velocities, using the reference model defined in section 3.5. For the presented 

synthetic example, maximum positive anomalies are observed along the oceanic 

lithosphere, whereas the thinned continental lithosphere above the subducted slab 

results in negative velocity anomaly (Figure 3.11a). Thick continental lithosphere 

results in positive velocity anomaly but with smaller magnitude relative to the oceanic 

lithosphere. In the sublithospheric mantle, the subducted slab and corner flow regions 

result in positive and negative velocity anomalies, respectively, and the rest of the 

sublithospheric mantle show no deviation from the reference model.  

Joint inversion of receiver-functions and surface-wave dispersion has been 

widely used to image major velocities discontinuities and absolute seismic velocity 

distributions with depth (e.g., Julià et al., 2000; Langston, 1979; Vinnik, 1977). P-wave 

receiver functions are sensitive to the S-wave velocity discontinuities where P-to-S 

converted waves sample the subsurface discontinuities, whereas surface-waves are 

sensitive to the average S-wave velocities distribution. 

LitMod2D_2.0 gives the depth distribution of absolute P- and S-wave velocities 

from a structural (e.g., Moho and LAB geometries), thermal and chemical composition 

model. Hence, comparing observed surface-wave dispersions and P-wave receiver 

functions with those inferred from LitMod2_2.0 can further constrain the obtained 

models. This is done by coupling the calculated P- and S-wave seismic velocities from 

LitMod2D_2.0 with the ‘Computer Programs in Seismology’ tool by Herrmann (2013) 

through Shell and Python scripts to calculate synthetic Rayleigh-surface-wave 

dispersion curves and P-wave receiver functions. Within the crust, P-wave velocities 

are calculated using empirical VP-density relationships from Brocher (2005), whereas 

S-wave velocities are calculated assuming a constant input of VP/VS = 1.73 (Fig 3.11b). 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users
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Indeed, an option including crustal material files is kept for future or if user have a 

thermodynamic database for the crustal chemical composition (e.g., Diaferia and 

Cammarano, 2017). Below 400 km depth (base of the model), velocities from ak135 

model are used. 

The depth distributions of the resulting S-wave velocity at three locations along 

the synthetic profile are shown in Figure 3.11b corresponding to: a) ocean (300 km), b) 

subduction zone (500 km), and c) continent (950 km). Synthetic P-wave receiver 

functions (Figure 3.11c) show a clear positive converted phase (Ps, black) at Moho 

discontinuity, which arrives earlier for oceanic domain because of the lower crustal 

thickness, and is delayed for thick continental crust. Each of the converted phase at 

Moho (Ps) has a positive phase (Ppps) and a negative phase (Ppss) multiples which 

are helpful in determining whether the Ps phase corresponds to a velocity 

discontinuity. Rayleigh group and phase velocities (Figure 3.11d) are faster for the 

oceanic domain than for the continental domain because of the high S-wave velocities 

of the oceanic lithosphere at lithospheric depths (Figures 3.11b and 3.10b). At short 

periods, velocities are lower than at higher periods because shallow structures (slow 

velocities) are more sensitive to surface waves at short time periods. Group velocities 

show an absolute maximum, whereas phase velocities show relative maxima 

increasing for higher periods. This behaviour is because of the differential depth 

sensitivity of group and phase velocities. For the oceanic domain the maxima of group 

velocities is at ~25 s, whereas for the subduction zone and the continental domains 

maxima is reached at ~75 s. Phase velocities show a local maxima which is shifted 

towards lower periods relative to the maximum of group velocities. The effect of 

lithosphere thickness is observed in the continental domain showing higher velocities 

(both group and phase) in regions with thick lithosphere than in the thin lithosphere 

near the subduction zone. The effect of the cold subducted slab is clearly visible in 

both group and phase velocities (black dashed line), where maxima for group 

velocities (local maxima in case of phase velocities) has been shifted towards high 

periods and velocities are increased in comparison to dispersion curves without slab. 

 

 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

73 

 

Figure 3.11 Example of seismic velocities post-processing. (a) Synthetic P-wave tomography along the 

modelled synthetic profile. (b) Depth distribution of S-wave velocities at three locations along the profile 

with colour coded and marked in (a). (c) Synthetic P-wave receiver functions at the three locations marked 

in (a). At the subduction zone two receiver functions with (filled orange) and without (black line) the 

subducted slab, are plotted for comparison. (d) Synthetic Rayleigh-surface-wave group (left) and phase 

(right) velocities. At the subduction zone orange dispersion curves corresponds to the model without the 

slab and dashed-black line to the model with the slab. 
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3.9.2. Depth distribution of stable mineral-assemblages 
I provide a collection of Python and bash-shell scripts to plot the depth 

distribution of volume fraction, weight%, density, and seismic velocities of stable 

mineral-assemblage in LitMod2D_2.0. These scripts look for the stable mineral 

assemblages, at the pressure and temperature conditions along the profile, in the 

extended material files. Extended material files are produced by opting for the full 

property and system option in the GENERATOR module (Appendix A). Options for 

depth distribution of all minerals at a distance point (Figure 3.12), or depth distribution 

of individual mineral along the profile (Figure 3.13), are provided. Figure 3.12 shows 

an example of stable mineral distribution with depth for the reference model defined in 

section 3.5. Major discontinuities in the upper mantle (Moho and LAB) are manifested 

by changes in stable mineral weight percentages. Plagioclase and spinel are stable in 

the shallow part of the lithosphere and constitute few weight percentage of the total. 

Olivine constitutes most of the upper mantle, about ~60 weight%. The weight% 

increases with depth for garnet, whereas it decreases for orthopyroxene which almost 

disappears at around 310 km. Clinopyroxene weight% varies from around 13 –10% in 

the upper mantle. 

 

Figure 3.12 Weight% of different stable minerals with depth for the reference model defined in 

LitMod2D_2.0 (section 3.5). Note that total weight% does not add to 100% in the shallow lithosphere (< 

50 km) and around 300 km; this could be because of the failed numerical energy minimizations during the 

computation of stable mineral assemblage, although difference is only about <5%. 
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Chapter 4 

Present-day crust and upper mantle 
structure of the Alboran and Algerian 
basins and their margins 

In this chapter, I present the modelling results of the present-day crust to upper 

mantle (~400 km depth) structure along two NNW-SSE oriented geo-transects in the 

Alboran and Algerian basins (Figure 4.1a). Improved LitMod2D_2.0 presented in 

Chapter 3 (Kumar et al., 2020) is used to model the temperature, density (i.e., 

chemical composition) and seismic velocity distribution by combining surface geology, 

elevation, Bouguer anomaly, geoid height, SHF and mantle xenoliths data in a self-

consistent thermodynamic framework.  

The Alboran Basin geo-transect is presented for the first time while the Algerian 

Basin geo-transect follows the TRANSMED-II profile, that was modelled using a 

thermal approach (Roca et al., 2004), and later refined in Carballo et al. (2015a) using 

integrated geophysical-petrological modelling. Although the regional structure of the 

lithosphere across the region has already been studied by Carballo et al. (2015a,b) 

and Fullea et al. (2010), I focus here on more detailed structure of the Betics and 

Greater Kabylies belts and offshore regions (i.e. Alboran and Algerian basins) using 

the new LitMod2D_2.0 version. LitMod2D_2.0 allows to model 

thermal/seismic/compositional sublithospheric mantle anomalies (Chapter 3), thus 

allowing to incorporate the well imaged positive seismic velocity anomalies in the high 

resolution tomography, beneath the Betics (Figure 4.1b; Palomeras et al., 2017; 

Villaseñor et al., 2015; Bezada et al., 2013; Spakman and Wortel, 2004), and the 

Kabylies (Figure 4.1; Fichtner and Villaseñor, 2015). The models presented here also 

integrate the latest geophysical results along the Algerian margin of NW Africa, mainly 

new active seismic data (e.g., SPIRAL, Aïdi et al., 2018), and the Moroccan margin 

(Gómez de la Peña et al., 2018).  
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Figure 4.1 (a) Simplified geological map of the study region showing the location of the Alboran and 

Algerian basin geo-transects in shaded grey line. Earthquakes location colour coded for depth from 1964-

2016 taken from International Seismological Centre (ISC, https://doi.org/10.31905/D808B830) catalogue 

are also plotted. (b) P-wave travel-time tomography along the Alboran Basin geo-transect from Bezada et 

al. (2013). (c) Absolute S-wave velocity model from Rayleigh surface-wave dispersion tomography 

(Palomeras et al. 2014) along the Alboran Basin geo-transect. (d) S-wave tomography using full-

waveform inversion (modified after Figure 8 of Fichtner and Villaseñor, 2015) along the direction of cross-

section C-C’ marked in (a). 

4.1. Data 

4.1.1. Regional geophysical data 
Elevation data from ETOPO1 (Amante and Eakins, 2009), a global elevation 

model of the Earth surface with 1x1-min arc resolution available on the NOAA website 

(National Oceanic and Atmospheric Administration, 

http://www.ngdc.noaa.gov/mgg/global/global.html) is used (Figure 4.2a). The Bouguer 

gravity anomaly data comes from a recent compilation of gravity data in Iberia (Ayala, 

et al., 2016) (Figure 4.2b). For the rest of Africa and offshore regions, it is calculated 

by applying the complete Bouguer correction to free air satellite data (Sandwell and 

Smith, 1997), updated 2007) using the software FA2BOUG (Fullea et al., 2008) with a 

density reduction of 2670 kg/m3. Geoid height data come from ICGEM (Ince et al., 

2019; http://icgem.gfz-potsdam.de) where GECO model (Gilardoni et al., 2016) is used 

(Figure 4.2c). Geoid data is filtered up to degree and order 10, to retain geoid 

anomalies coming from lateral density variations within the crust and upper mantle to 

~400 km depth (Chapter 2, Section 2.3.2). SHF measurements have been compiled 
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from Poort et al. (2020) in the Algerian Basin, Rimi et al. (2005) in Morocco, Marzán 

(2000) and Fernàndez et al. (1998a) in Iberia, Polyak et al. (1996) in the Alboran 

Basin, Foucher et al. (1992) in the Valencia Trough, and the International Heat Flow 

Commission global data set for Algeria (http://www.heatflow.und.edu/index2.html) 

(Figure 4.2a). 

 

Figure 4.2 Geophysical observables in the region. (a) Shaded elevation and surface heat flow (dots), (b) 

Bouguer anomaly, (c) geoid filtered up to degree and order 10. Grey thick lines show the locations of the 

modelled NNW-SSE oriented geo-transects. 

Alboran Basin geo-transect  

In onshore Iberia, elevation increases from 500 m in the Iberia Massif to as 

much as ~2500 m in the eastern Internal Betics, coinciding with a decrease of the 

Bouguer anomaly to values of -120 mGal. Geoid height also decreases from 6–7 m in 

the SW Iberian Massif to 3–0 m in the western Betics and the Guadalquivir Basin, 

respectively. A local geoid high of 6 m is observed in the eastern Internal Betics where 

elevation attains its maximum values (Figure 4.2). The Alboran Basin shows positive 

Bouguer anomalies, except in its westernmost end where large accumulations (up to 8 

–9 km) of Oligocene to Recent sediments are recorded. An ENE-WSW relative high 

delineates the central region of the basin, attaining values of up to 160 mGal in its 

easternmost end, in the transition to the oceanic crust of the Algerian Basin. Along the 

geo-transect, Bouguer anomalies decrease asymmetrically from the axis of the basin 

to the onshore regions. While to the Iberian margin there is a rapid decrease of the 

anomalies, towards the African margin there is a gentler decrease towards the 

Algerian Plateau where values of -90 mGal are achieved (Figure 4.2b). The Alboran 
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Basin shows a geoid high (~3 m) in its central region that asymmetrically decreases to 

the east and west, increasing in an N-S direction, with values of 5–6 m in onshore 

Iberia and >7 m in the Algerian Plateau (Figure 4.2c). The N-S geoid high delineates 

the magmatic arc region and the North African continental margin block and separates 

the prominent geoid low associated with the Gulf of Cadiz accretionary wedge and the 

fore-arc West Alboran Basin from the Algerian oceanic back-arc basin. Interestingly 

along the geo-transect, geoid height and elevation follow a similar regional trend, 

characterized by a rapid increase from the centre of the basin to the Internal Betics 

with local highs of 6 m and >2000 m, respectively, and a smoother increase towards 

the Algerian Plateau, where geoid and elevation attain values of up to 8 m and 1000 

m, respectively. On the contrary, the Bouguer anomaly does not record a similar local 

high and instead there is a rapid decrease from the gravity high of central Alboran 

Basin to the gravity low of the Internal Betics. SHF data, though sparse, shows 

relatively higher values in the Alboran Basin increasing from west to east into the 

Algerian Basin (Figure 4.2a). Onshore Iberia shows lower SHF (~48 mW/m2) than the 

onshore north Africa (~100 mW/m2). 

Algerian Basin geo-transect 

In the interior regions of the Tell Mountains and Salt Waters Lakes, elevation 

ranges from 500 m to 1000 m, with a local low located at the SSE end of the geo-

transect, whereas Bouguer anomalies are in the range of -40 mGal to -80 mGal 

decreasing towards the Saharan Atlas. Geoid shows values of ~3–4 m in the Tell 

Mountains that rapidly decrease to the SE where a prominent regional geoid low is 

located (Figure 4.2c). Along the geo-transect, local highs of elevation and Bouguer 

anomaly are observed in the Greater Kabylies and Tell Mountains, which coincide with 

a geoid regional high. The Bouguer anomaly increases abruptly from 60–80 mGal 

close to the shoreline, to above 160 mGal in the central regions of the Algerian Basin 

indicating the pronounced crustal thinning along the continental slope and slope break, 

and the oceanic nature of the crust in the central Algerian Basin. Elevation and geoid 

abruptly decrease to reach values of < -3000 m and 0-1 m, respectively, in the slope 

break, values that characterize the central regions of the basin. 

A very abrupt increase of elevation is observed along the Emile-Baudot 

escarpment that marks the southeast side of the Balearic Promontory, a ~350 km long 

and 105–155 km wide topographic feature with an average elevation of 500 m that 

separates the Valencia Trough to the northwest, from the Algerian Basin to the 

southeast. The Promontory is characterized by a smooth decrease of the Bouguer 



Present-day crust and upper mantle structure of the Alboran and Algerian basins 
 

81 

anomaly and an increase of geoid heights (Figure 4.2b and c). Elevation and geoid 

decrease towards the central region of the Valencia Trough coinciding with an 

increase of the gravity anomalies indicating the presence of a thinned continental 

crust. SHF data exhibit a wide scatter around a mean value of 65 mW/m2 onshore 

eastern Iberia, increasing to 70m–90 mW/m2 in the Valencia Trough, and decreasing 

again to the Balearic Promontory, where measurements are strongly affected by 

shallow groundwater circulation (Fernàndez and Cabal, 1992). SHF data show a very 

poor coverage in the Algerian Basin and onshore Africa along the geo-transect. 

Nevertheless, seafloor heat flow measurements carried out in the western Algeria 

Basin show values ranging from 90–120 mW/m2 (Marzán Blas, 2000) (Figure 4.2a). In 

summary both basins show a rather similar regional pattern of the surface 

observables, the main difference being their amplitude that reflects the different stages 

of their evolution. While back-arc extension in the Algerian Basin progressed to the 

onset of new oceanic crust, in the Valencia Trough extension resulted in noticeable 

crustal thinning that progresses in a SW-NE direction towards the Ligurian-Provencal 

Basin.  

4.1.2. Crustal data 
Thermo-physical properties in the crust are taken from the previous studies and 

are listed in Table 4.1. The initial crustal geometry along the geo-transects is based on 

geological maps and cross-sections, and active and passive seismology experiments. 

Along the Alboran Basin geo-transect, the crustal structure in the Iberian Massif is 

mainly based on the ALCUDIA2 Wide-Angle Seismic Reflection Transect (Ehsan et 

al., 2015). In the Guadalquivir Basin and Betics (Internal and External), seismic data 

come from different experiments (e.g., Banda et al., 1993; Carbonell et al., 1997; 

Comas et al., 1995; Gallart et al., 1995) and geological cross-sections (e.g., Ruiz-

Constan et al., 2012; Frizon de Lamotte et al., 2004; Platt et al., 2003; Michard et al., 

2002; Berástegui et al., 1998; Banks and Warburton, 1991). Crustal data in the 

Alboran Basin and the North Africa margin come from active seismic lines processed 

and interpreted in Gómez de la Peña et al. (2018). In addition to these data, the Moho 

depth along the geo-transect is also constrained by the active and passive seismic 

data compilation (Diaz et al., 2016), joint inversion of elevation and gravity (Globig et 

al., 2016; Torne et al., 2015), surface wave dispersion tomography (Palomeras et al., 

2017) and previous integrated geophysical-petrological modelling (Carballo et al., 

2015a, b; Fullea et al., 2010) (Figure 4.3a).  
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Table 4.1 Thermo-physical properties of the different tectonic units in the crust along the geo-transects. 

Tectonic units Density 
(kg/m3) 

Thermal 
Conductivity 

(W/K·m) 

Radiogenic Heat 
Production 
(μW/m3) 

Sediments Neogene 2400 2.2 1.00 

Neogene/Mesozoic 2600 2.4 1.00 

Mesozoic sediments 2650 2.5 1.00 

Betics Nevado-Filabride 2900 2.5 1.00 

Alpujarride 2850* 2.5 1.00 

External Units 2600* 2.5 1.20 

GreaterKabylie

s 

Internal Units 2900* 2.5 1.00 

External Units 2600* 2.5 1.20 

Continental     

crust 

Upper crust 2750 2.4 1.65 

Middle crust 2850 2.1 0.50 

Lower crust 2950 2.0 0.20 

Volcanic crust 2820 2.1 0.20 

Oceanic crust 2950 2.5 0.30 

*Calculated as a function of depth to incorporate pressure dependence.Densities are assigned according 

to previous studies (e.g., Carballo et al., 2015a, b) and using velocity-density envelops defined in Brocher 

(2005). The densities of the HP/LT units result from modelling (Figure 4.4). Thermal conductivities are 

taken from previous studies (e.g., Carballo et al., 2015a,b; Torne et al., 2000, 2015; Teixell et al., 2005; 

Zeyen et al., 2005), and radiogenic heat production comes from direct measurements in the Iberian 

Massif and Betics (Fernàndez et al.,1998b) and a global compilation of relevant crustal rocks (Vilà et al., 

2010). 

The crustal geometry along the Algerian Basin geo-transect, except for the 

onshore northern Africa margin, is well known from the numerous deep seismic 

reflection and wide-angle/refraction geo-transects collected during the last decades 

(Figure 4.3b). Moho depths for the Valencia Trough and Balearic Promontory are 

taken from Torne et al. (1992) and Pascal et al. (1992), while the crustal structure is 

summarized in TRANSMED-II transect (Roca et al., 2004) and Carballo et al. (2015a). 

For the sake of completeness, original seismic data come from VALSIS-II (Torne et al., 

1992), ESCI-Valencia (Vidal et al., 1998), Hinz (1972), and ALE-4 (an industry 

transect) in the Algerian Basin. In the North Africa margin, crustal structure is taken 

from the SPIRAL active seismic experiment (Aïdi et al., 2018) and further south from 

the geological cross-section by Frizon de Lamotte et al. (2011). Onshore, in the 
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Catalan Coastal Ranges, receiver function and deep seismic sounding Moho depths 

are taken from Diaz et al. (2016). 

 

Figure 4.3 Crustal structure corresponding to the best fitting model for the (a) Alboran Basin and (b) 

Algerian Basin geo-transects. Densities used in each body are colour-coded (see the legend). Moho 

depths from previous studies (including active seismic, receiver functions, surface wave dispersion and 

joint modelling of gravity and elevation) are also plotted for comparison. Earthquakes (Mb >= 3.0; 1964-

2016, ISC catalogue) projected 50 km across the geo-transects are plotted with black circles. Note that 

the y-axis is exaggerated by two times the x-axis for better visualization. GB, Guadalquivir Basin; CCR, 

Catalan Coastal Ranges; RF, Receiver functions; DSS, Deep seismic sounding. 

4.1.3. Mantle structure and chemical composition 
The depth to the base of the lithosphere (LAB), the chemical composition of the 

defined lithospheric domains, and the sublithospheric mantle anomalies are 

constrained by available tomography studies, geochemical analyses from mantle 

xenoliths and exhumed rocks, and previous modelling results. Initial LAB depths along 

the geo-transects come from previous 2D and 3D lithospheric models using elevation, 

gravity and geoid height, based on pure thermal and geophysical-petrological 

approaches (e.g., Carballo et al., 2015a, b; Fullea et al., 2010; Globig et al., 2016; 

Torne et al., 2015) and, in the case of the Alboran Basin geo-transect, also from the 

regional seismic tomography model by Palomeras et al. (2017). 
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Table 4.2 Major elements composition (weight %) in the NCFMAS system for the lithospheric mantle and 

sublithospheric domains used in the modelling and corresponding relevant physical properties at 

lithosphere and sublithospheric mantle pressure and temperature. 

Name SiO2 Al2O3 FeO MgO CaO Na2O #Mg ρ (kg/m3) VP & VS (km/s) 

 P=3GPa     
(~100km)       
T=1300 oC 

P=6GPa                    
(~200km)T
=1400oC 

P=3GPa            
(~100km)T
=1300 oC 

P=6GPa            
(~200km)           
T=1400oC 

PUM  45.00 4.50 8.10 37.80 3.60 0.360 89.3 3310 3396 7.986      
4.441 

8.254       
4.523 

DMM   44.70 3.98 8.18 38.73 3.17 0.130 89.4 3307 3391 7.950 
4.396 

8.232 
4.491 

DMM - 
3%* 

44.59 3.51 8.21 39.63 3.02 0.007 89.6 3300 3385 7.936       
4.390 

8.222      
4.488 

DMM - 
6%* 

44.47 3.08 8.23 40.54 2.78 0.051 89.7 3294 3378 7.929       
4.388 

8.211      
4.484 

DMM - 
7% * 

44.43 2.97 8.23 40.78 2.70 0.045 89.8 3293 3376 7.927     
4.388 

8.209      
4.484 

Tc_1   44.50 3.50 8.00 39.79 3.10 0.240 89.8 3296 3381 7.934 
4.391 

8.213 
4.488 

Pr_6  45.40 3.70 8.30 39.90 3.20 0.260 90.6 3299 3385 7.931       
4.388 

8.213     
4.486 

CVP   44.51 3.76 8.75 37.89 3.28 0.360 91.0 3309 3395 7.909      
4.374 

8.194     
4.473 

*Calculated using melting model described in Chapter 2, Section 2.8.PUM, Primitive Upper mantle 

(McDonough and Sun, 1995); DMM, Depleted mid-oceanic-ridge-basalt Mantle (Workman and Hart, 

2005); Tc_1, Average Garnet Tecton (Griffin et al., 2009); Pr_6,Average Proton Lherzolite (Griffin et al., 

2009; Le Roux et al., 2007); CVP, Calatrava Volcanic Province (Villaseca et al., 2010) 

In the onshore regions (Iberia and north Africa) lithospheric mantle 

compositional domains are taken from the previous studies in the same zone, which 

are based on mantle xenoliths, exhumed mantle rocks or tectono-thermal age of the 

crust (e.g., Jiménez-Munt et al., 2019; Carballo et al., 2015a,b; Fullea et al., 2010; 

Griffin et al., 2009). In the Algerian and Alboran basins, the Valencia Trough, and the 

Kabylies and Betics, mantle chemical composition is calculated from the major oxides 

partition as a function of aggregate melting using the empirical formulation of Niu 

(1997), as discussed in Chapter 2.  
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4.2. Alboran Basin geo-transect: structure, 
temperature, and density 

4.2.1. Crustal and upper mantle structure 
The crust of the Iberian and African mainland and their margins has been 

modelled using a three-layer crustal model; upper, middle and lower crust (Table 4.1 

and Figure 4.3a). In the Iberian Massif the crust is ~32 km thick which is consistent 

with previous studies and thickens up to ~37 km below the Internal Betics over a 

distance of 100 km. The Guadalquivir foreland basin, reaches a maximum depth of 4 

km close to the Betic fold belt front. The structure of the External Betics is constrained 

by low seismic velocity anomalies at crustal levels as observed in tomography models 

(Moudnib et al., 2015; Carbonell et al., 1998), while the structure of the Nevado-

Filabride and Alpujarride Internal Units are mainly defined from geological 

observations (Figure 4.3a). These two tectonically stacked HP/LT Betics Internal Units 

are defined as high density tectonic nappes according to P-T conditions of their 

metamorphic facies and densities of their basement and cover protoliths after 

metamorphic peaks (e.g., Gómez-Pugnaire et al., 2019) (Figure 4.4). The Nevado-

Filabride, at the base of the thrust sheet pile, forms an open and elongated dome that 

is overlaid to the N by the Alpujarride thrusts. To the SSE, the Alpujarride Unit is 

slightly dipping towards the Alboran Basin and thus forming the basement of the 

Neogene sedimentary infill in the proximal Iberian margin. The crust of the Alboran 

Basin is modelled as a highly intruded volcanic domain cropping out near the Alboran 

Ridge (Gómez de la Peña et al., 2018). The thinnest crust along the whole geo-

transect is found in the Alboran Basin with Moho depths of 16–17 km being consistent 

with previous estimates (Figure 4.3a). Southeast of the Alboran Ridge, the crust is 

interpreted as African continental crust of about 18 km thickness, with thinning 

localized mainly at mid- and lower-crustal levels (Gómez de la Peña et al., 2018). 

Moho depth increases gradually southwards from 17 km to 31 km across the North 

Africa margin (Figure 4.3a). 
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Figure 4.4 Pressure and temperature dependent density distribution for average sediments, upper crust, 

middle crust and lower crust compositions (see legend), computed from stable phases and mineral 

assemblages using the Gibbs free-energy minimization algorithm (Connolly, 2005, 2009). Red and black 

dashed line boxes mark the range of high pressure metamorphic peaks for Alpujarride and Nevado-

Filabride HP/LT metamorphic units, respectively, determined from thermo-barometry (Augier et al., 2005; 

López Sánchez- Vizcaíno et al., 2001; Puga et al., 2000; Azañón and Crespo-Blanc, 2000). 

Three different chemical composition domains are deemed within the 

lithospheric mantle along the Alboran Basin geo-transect (Table 4.2 and Figure 4.5). 

For the Iberian lithosphere, a depleted composition is considered which is taken from 

mantle xenoliths sampled in the Calatrava Volcanic Province (CVP, Villaseca et al., 

2010) as in Jiménez-Munt et al. (2019). In the Alboran Basin, the lithospheric mantle 
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composition corresponds to the residual of 6% aggregate decompressional melting of 

DMM based on the pervasive magmatic intrusion related to the retreat of the Alboran 

slab. This chemical domain extends also beneath the Betics as a result of the NNW 

directed slab roll-back and associated mantle delamination (Figure 4.5). In the North 

African margin and the Algerian Plateau, the composition of the lithospheric mantle 

corresponds to Average-Garnet-Tecton, an average Phanerozoic mantle composition 

(Tc_1; Griffin et al., 2009), in agreement with previous models on the region (e.g., 

Carballo et al., 2015a; Fullea et al., 2010). The LAB depth is ~110 km beneath the 

stable Iberian Massif increasing to ~130 km beneath the Betics and decreasing 

abruptly to ~64 km towards the Alboran Basin from where the LAB deepens gently 

beneath the North African margin down to ~112 km below the Algerian Plateau (Figure 

4.5e). 

Seismic tomography models show a positive velocity anomaly beneath the 

Betics that amounts ~2–3 % in P-wave relative to the ak135 global velocity model 

(e.g., Garcia-Castellanos and Villaseñor, 2011; Bezada et al., 2013; Villaseñor et al., 

2015) and an excess of 0.15-0.3 km/s in S-wave (e.g., Palomeras et al., 2014,2017; 

Civiero et al., 2018). This anomaly extends down to 670 km depth and has been 

interpreted as the Tethyan subducted lithosphere that is detached from the Iberian 

lithosphere along a lateral tear affecting the region crossed by the geo-transect (e.g., 

Spakman and Wortel, 2004; Garcia-Castellanos and Villaseñor, 2011; Bezada et al., 

2013; Palomeras et al., 2017) (Figures 1.4, 4.1b and 4.1c). Consequently, I have 

considered a sublithospheric mantle anomaly situated below 140 km depth simulating 

the detached Alboran slab characterized by a P-wave velocity anomaly of ∆VP = +2% 

and using the residual composition after 3% aggregate melting from DMM (DMM-3%; 

Figure 4.5). I have tested different possible chemical compositions for the Alboran slab 

ranging from pure oceanic lithosphere to CVP (Table 4.3 and Figure 4.6), DMM-3% 

being the one with the best-fitting 
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Figure 4.5 Best fitting model along the Alboran Basin geo-transect. (a) Surface heat flow. (b) Geoid 

height. (c) Bouguer anomaly. (d) Elevation. Blue line represents the calculated values from the model. 

Red dots denote measured data, and vertical bars denote the standard deviation calculated across a strip 

of 25 km half width. In (b) geoid height with no slab anomaly is plotted in grey for comparison. In (d) 

isostatic elevation is plotted in solid blue while the effect of slab on elevation (coupled elevation) is plotted 
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in dashed blue line. Elevation assuming flexural isostasy for elastic thickness of 10 km and 30 km are 

plotted in orange and light-green, respectively. (e) Temperature distribution along the geo-transect. 

Continuous black lines highlight the Moho and LAB depth from our model. LAB depths from previous 

studies (dashed colour lines) are overlay plotted for comparison. (f) Density distribution in the mantle. The 

different composition domains in the lithospheric mantle are separated by thin black lines. The bold text in 

grey colour denotes chemical composition used in the different lithospheric mantle domains listed in Table 

4.2. 

 

Figure 4.6 Alboran slab chemical composition sensitivity to the (a) geoid height and (b) Bouguer 

anomaly. Chemical composition has minuscule effect on the Bouguer anomaly and has noticeable effect 

on the geoid height. Variation in the Alboran slab composition, situated at depths >140 km, changes the 

mass distribution in the slab region and consequently affects the geoid at longer wavelengths along the 

geo-transect. DMM-3% chemical composition fits the geoid better along the Alboran Basin geo-transect. 

The geophysical observables and the calculated values obtained with the 

proposed model are shown in the upper panels of Figure 4.5. The calculated SHF falls 

within the available measurements though these are sparse and uncorrected for 

surface perturbations and transient effects (Figure 4.5a). Deep groundwater circulation 

in the Tell Mountains can result in anomalously high heat flow in the Algerian Plateau. 

Similarly, recent mantle upwelling and volcanism can be responsible for the high heat 

flow measured in the Alboran Basin. The calculated geoid height and the Bouguer 

gravity anomaly match satisfactorily the observations (Figures 4.5b and 4.5c), whereas 
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local isostatic elevation shows remarkable misfits of ~100 m in the Guadalquivir Basin, 

and ~500 m in the Betics and the Alboran Basin (Figure 4.5d). However, when flexural 

rigidity of the lithosphere is considered and vertical loads associated with the 

topography misfits are applied, the calculated elevation fits well with the observations 

(Figure 4.5d). An effective elastic thickness (Te) of 10 km is enough to fit the elevation 

over most of the geo-transect. This value agrees with the elastic thickness obtained in 

the same region from other methodologies (e.g. Kaban et al., 2018). It is worth noting 

that elevation is well reproduced when considering that the sublithospheric anomaly 

related to the detached slab does not transfer any traction stress on the overlying 

lithosphere. In the case that the slab would transfer all the gravitational potential to the 

surface, i.e. when the sublithospheric anomaly is fully coupled to the lithosphere, the 

resulting isostatic elevation would decrease by ~1000–2000 m in the Betic region and 

increase by few 100 m in the Alboran Basin depending on the considered equivalent 

elastic thickness (dashed lines in Figure 4.7a).  

 

Figure 4.7 Observed and modelled elevation across (a) Alboran Basin geo-transect and (b) Algerian 

basin geo-transect. Region highlighted in white shows extend along the geo-transect to which the slabs 

would affect the elevation. Dark-grey shaded strip shows the observed elevation across 50 km wide swath 

along the geo-transects. Solid coloured lines represent elevation with no slab anomaly (uncoupled), while 

dashed colour lines show calculated elevation considering the slab (coupled elevation). Blue lines shows 

isostatic elevation (i.e. Te = 0 km). Orange and green lines show elevation considering flexural isostasy, 

Te = 10 km, and 30 km, respectively. 
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Table 4.3 Root mean square error (RMSE) associated with the tested models. RMSE is calculated by 

considering the lateral variability of the observables through the assigned error bars (see text for 

explanation). 

Geo-
transect 

Model Model fit (RMSE) 

 
 
 
 

Alboran 
Basin 

 Geoid 
(m) 

Bouguer 
anomaly 
(mGal) 

Topography (m) 
         

Te=0 km 
             

Te=10 km 
           

Te=30 km 
homogenous 

lithospheric mantle 
composition (Tc_1) 

            
0.96 

                  
12.41 

              
332 

                    
96 

                  
73 

 
without the slab 

 
0.85 

 
7.41 

 
256 

 
62 

 
42 

 
Alboran slab with CVP 

composition  

 
0.31 

 
5.55 

 
256    

                 
500 

                 
339 

 
Alboran slab with 

DMM-7% 
Composition 

 
0.20 

 
5.42 

 
256 

                   
197 

                  
113              

 
Alboran slab with 

DMM-3% composition 
(Figure 4.5) 

 
0.10 

 
5.26 

 
256 

                
266 

                 
164 

 
Algerian 

Basin 

homogenous 
lithospheric mantle 
composition (Tc_1) 

            
0.78 

                  
15.17 

     
       226 

                              
48 

                  
31 

 
without the slab 

 
0.56 

 
14.80 

 
202 

 
52 

 
30 

 
Algerian slab with 

DMM-7% composition 
(Figure 4.9) 

 
 

0.25 

 
 

13.14 

 
 

202 

                  
 

212 

                  
 

153 

 

Table 4.3 displays the root mean square error (RMSE) associated with different 

tested models including no slab with homogenous and non-homogeneous lithosphere, 

detached slab of different compositions (CVP, DMM-3% and DMM-7%; Table 4.2), 

and different elastic thickness (Te = 0 km, 10 km and 30 km). To calculate the RMSE 

related to geoid, gravity and elevation, I have considered the absolute difference 

between the calculated and observed values and its associated standard deviation. 

Therefore, RSME = 0, for |calc – obs| ≤ std, and RMSE = |calc – obs| - std, for |cal – 

obs| > std; where calc, obs, and std are the calculated and observed values, and the 

standard deviation, respectively. Variations in the composition of the detached slab 

decrease noticeably the RMSE of the geoid height and in a lesser extent the RSME of 

the Bouguer gravity anomaly. If the sublithospheric anomaly is ignored the RMSE 

related to the geoid height is eight times higher than the best fitting model and then is 

unacceptable as shown in Figure 4.5b. Note that the RMSE of elevation for Te = 0 km 
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does not vary with the composition of the slab because in all the cases I am 

considering that it acts as an uncoupled sublithospheric anomaly and then it is 

irrelevant for the calculated elevation. Whereas, for Te = 10 km and Te = 30 km, 

RMSE for elevation varies because of density variations associated with slab 

composition and resulting pressure variations related to topography loads at the base 

of the model. 

4.2.2. Temperature and density distribution 
The temperature distribution along the entire geo-transect is shown in Figure 

4.5e. The Iberian Massif is characterized by flat isotherms in the crust with a Moho 

temperature of ~650 °C, and a slight upward deflection at deep lithospheric mantle 

levels related to the thinning of the lithosphere beneath the Calatrava Volcanic 

Province. In the Betics, the slab break-off produces the deepening of the LAB and the 

consequent downward deflection of the isotherms. The maximum Moho temperature 

along the geo-transect is reached in the Betics (800 ºC) as a combined effect of crustal 

thickening and the sharp lithospheric thinning towards the adjacent Alboran Basin, 

where Moho temperatures are around 550 ºC. Towards the stable Algerian Plateau the 

isotherms become roughly horizontal with a Moho temperature similar to the Iberian 

Massif (~650 °C). The temperature distribution within the sublithospheric mantle 

results from the combined effect of lithospheric thickness variations and the imposed 

adiabatic thermal gradient except within the detached lithospheric slab where the P-

wave velocity anomaly of ∆VP = +2% translates into a depth average temperature 

anomaly of ∆T ≈ -430 ºC. Note that the temperature variation with depth within the slab 

is not constant because of the non-linear relationship between temperature and 

seismic velocities. The calculated density variations in the lithospheric mantle are due 

to the different chemical compositions and the P-T conditions resulting from laterally 

varying the lithospheric thickness (Figure 4.5f). In the Iberian Massif density is almost 

constant in the Calatrava Volcanic Province (3300–3310 kg/m3) increasing rapidly 

towards the Betics where density increases with depth from 3300 kg/m3 beneath the 

Moho to ~3350 kg/m3 near the LAB. This lateral change in the density distribution is 

mainly related to the variations in the LAB depth and its effect on pressure and 

temperature distribution. The pronounced lithospheric thinning affecting the Alboran 

Basin results in high temperature and low pressure conditions that decrease the 

density in the lithospheric mantle. This effect adds to the density decrease associated 

with the compositional change between the Iberian lithospheric mantle (CVP) to the 

oceanic-like lithospheric mantle of the Alboran Basin (DMM-6%), which may amount 
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10 - 15 kg/m3 (Table 4.2). As a result, the lithospheric mantle density in the central part 

of the Alboran Basin shows the lowest values along the geo-transect with a depth-

dependent decrease from 3290 kg/m3 beneath the Moho to 3250 kg/m3 near the LAB. 

Towards the Iberian and African margins density increases laterally and keeps almost 

constant with depth due to strong variations in the LAB depth indicating that in these 

regions pressure and temperature effects tend to counterbalance each other. Beneath 

the stable Algerian Plateau density in the lithospheric mantle increases with depth 

from 3270 kg/m3 beneath the Moho to 3320 kg/m3 near the LAB. 

At shallow sublithospheric mantle levels, the lateral density variations are 

related to the changes in the lithospheric thickness such that the thinner the 

lithosphere the lower the density, with values ranging from 3345 kg/m3 beneath the 

Betics to 3260 kg/m3 beneath the Alboran Basin. At deeper sublithospheric mantle 

depths (>150 km) density increases with depth almost linearly and lateral variations 

are negligible, except for the cold and detached Alboran slab region, where the 

associated depth averaged density anomaly amounts ~50 kg/m3 (Figure 4.8) and 

increases as much as ~125 kg/m3 at the base of the model (400 km) due to the depth 

decrease of the olivine-wadsleyite phase transition resulting from the colder 

temperatures within the slab. 

 

Figure 4.8 Temperature, density, and P- and S-wave velocity depth distribution in the Alboran slab at 

three locations spanning the slab region along the Alboran Basin geo-transect (see the legend). Upper 

panel shows the absolute deviation with respect to the LitMod reference column (Chapter 3) and lower 

panel shows the percentage change. 
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4.3. Algerian Basin geo-transect: structure, 
temperature, and density 

4.3.1. Crustal and upper mantle structure 
The crustal structure roughly coincides with that proposed by Carballo et al. 

(2015a) except for the three-layered continental crust and the internal structure of the 

Greater Kabylies (Figure 4.3b). The crust is ~36 km thick beneath the Tell-Atlas 

Mountains gently thinning towards the margin up to ~30 km with the basement 

deepening smoothly beneath the Greater Kabylies. The Greater Kabylies are 

characterized by high density metamorphic slices (Internal Units) thrusting onto the 

folded non-metamorphic Mesozoic External Units overlying the African crust showing 

an architecture similar to the Betics (Figure 4.3a). Further to the NNW, the crust thins 

abruptly towards the Algerian Basin where the Moho is found at 10–12 km depth. The 

crust of the Algerian Basin is composed of a ~6 km thick oceanic layer overlaid by a ~ 

3 km thick Neogene sedimentary layer. The Balearic Promontory, the Valencia Trough 

and the Catalan Coastal Ranges are characterized by a thinned continental crust and 

a Mesozoic to Neogene sedimentary cover of variable thickness. Our results are 

consistent with previous findings derived from active seismic experiments (e.g., Torne 

et al., 1992; Vidal et al., 1996), which proposed a clear crustal asymmetry between the 

Catalan Coastal Ranges, with a thickness of ~32 km, and the thinner crust (~22 km) 

below the Balearic Promontory. In the axis of the Valencia Trough, the Moho is found 

at ~18 km along the modelled transect, in agreement with the aforementioned works 

(Figure 4.3b). 

In the mantle along the Algerian Basin geo-transect, I have considered five 

lithospheric mantle domains (Figure 4.9 and Table 4.2) following the structure from 

Carballo et al. (2015a) and the different tectonic domains. In the Catalan Coastal 

Ranges and the Balearic Promontory I use an Average Proton Lherzolite (Pr_6; Griffin 

et al., 2009; Le Roux et al., 2007) as in Carballo et al. (2015a), except for the Balearic 

Promontory where they used a primitive upper mantle composition. In the Valencia 

Trough I use a residual composition corresponding to DMM-6% based on the inferred 

high degree of decompression melting driven by lithospheric extension and mantle 

upwelling (Martí et al., 1992). Since the Algerian Basin is a back-arc oceanic basin 

with a ~6 km thick oceanic magmatic layer (Booth-Rea et al., 2007), I have increased 

the amount of melting to ~7% (Klein and Langmuir, 1987), while beneath the Greater 

Kabylies this percentage is reduced to 3% to account for the melting of the depleted 

asthenosphere (DMM) following delamination and slab detachment (Chazot et al., 
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2017). In the North Africa margin, beneath the Tell-Atlas Mountains, I have considered 

a lithospheric mantle with a Phanerozoic Tc_1 composition according to Carballo et al. 

(2015a), which is similar to the North Africa margin mantle to the west along the 

Alboran Basin geo-transect. The LAB depth varies from ~135 km over a flat region 

beneath the Tell-Atlas Mountains to ~150 km below the Greater Kabylies and 

decreases rapidly to ~60 km in the Algerian Basin. Towards the Balearic Promontory 

the LAB deepens abruptly to ~84 km shallowing slightly towards the centre of the 

Valencia Trough (~80 km) and increases gradually to ~120 km onshore Iberia.  

The positive seismic velocity anomaly beneath the North Africa margin 

(Figures1.4b and 4.1d; after Fichtner and Villaseñor, 2015) is modelled as a 

sublithospheric mantle body situated below 200 km depth with an anomalous S-wave 

velocity of ∆VS = +3.5% and a chemical composition similar to that of the current 

Algerian Basin lithospheric mantle (DMM-7%).This composition fits better the geoid 

height than the African lithospheric mantle composition (i.e., Tc_1) and the more 

enriched DMM-3% considered for the delaminated mantle beneath the Greater 

Kabylies(Table 4.3 and Figure 4.10). 
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Figure 4.9 Best fitting model along the Algerian Basin geo-transect, rest of the caption as in Figure 4.5. 

Figure 4.9 shows the fitting of the geophysical observables from the proposed 

model. The calculated SHF falls within the range of measured values though these are 

unevenly distributed and show a high scatter (Figure 4.9a). The calculated geoid 

height shows a very good fit with observations all along the geo-transect (Figure 4.9b), 
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with minor misfits (< 1m) in the Greater Kabylies. The calculated Bouguer anomaly 

matches the regional trend (Figure 4.9c) with significant misfits all along the Greater 

Kabylies, where the calculated values are clearly underestimated though the low 

quality of available gravity data in the region does not allow for firm conclusions. This 

model shows the minimum RMSE values for geoid height and Bouguer anomaly, 0.25 

m and 13.14 mGal, respectively when compared to a no slab model or to model with 

DMM-3% and Tc_1 slab composition (Table 4.3 and Figure 4.10). 

 

Figure 4.10 Algerian slab chemical composition sensitivity to the (a) geoid height and (b) Bouguer 

anomaly. DMM-7% chemical composition, resulting from 7%melting of DMM, fits better the geoid height 

along the Algerian Basin geo-transect. 

The calculated isostatic elevation also matches the regional trend but shows a 

long wavelength misfit of ~400 m in the Algerian Basin and ~250 m in the Tell-Atlas 

Mountains, with local misfits of ~700 m in the Greater Kabylies (Figure 4.9d). However, 

when I consider the flexural rigidity of the lithosphere, the fit between calculated and 

observed elevation is largely improved (Figure 4.7b). Along most of the profile, an 

effective elastic thickness of Te = 10 km reduces the RMSE from 202 m to 52 m 

(Table 3), although a higher elastic thickness (Te = 30 km) is required for the Africa 

mainland resulting in RMSE = 30 m (Figure 4.7b and Table4.3). These elastic 

thickness values are in agreement with those predicted by coherence analysis of 

topography and gravity (e.g. Pérez-Gussinyé et al., 2009; Kaban et al, 2018). The 

estimated coupled elevation, which includes the isostatic effect of the cold and denser 

slab, would decrease the elevation by 500–2000 m in the Greater Kabylies. Near the 
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coast, elevation decreases because of the fore-deep and increases in the Algerian 

Basin because of the fore-bulge associated with the assumed Algerian slab attached 

to the lithosphere (Figure 4.7b). These variations in elevation amount few hundred 

meters depending on the considered elastic thickness. 

4.3.2. Temperature and density distribution 
The temperature distribution along the Algerian Basin geo-transect is shown in 

Figure 4.9e. At deep lithospheric levels, isotherms mimic the depth variations of the 

LAB showing a step-like shape. In the Tell-Atlas Mountains region isotherms are 

roughly flat showing an upward deflection beneath the Great Kabylies and the Africa 

margin, and become flat again in the Algerian Basin. Further to the NNW, isotherms 

deepen slightly below the Balearic Promontory flattening beneath the Valencia Trough 

and deepening gently towards the Catalan Coastal Ranges. The calculated 

temperature at the Moho varies from ~630 ºC in the Tell-Atlas Mountains, decreasing 

rapidly beneath the Greater Kabylies (600–400 ºC) and reaching the minimum value of 

~250 ºC in the Algerian Basin. Towards the Iberia Margin, the Moho temperature 

shows noticeable variations reaching ~600 ºC in the Balearic Promontory, ~400 ºC in 

the Valencia Trough and ~700 ºC in the Catalan Coastal Ranges. At sublithospheric 

mantle levels, below 200 km depth, the temperature distribution responds to the 

imposed adiabatic thermal gradient except within the detached slab where the seismic 

anomaly of ∆VS = 3.5% translates into a depth average temperature anomaly of ∆T ≈ -

400 ºC (Figure 4.11). 

The calculated density distribution along the Algerian Basin geo-transect is 

shown in Figure 4.9f, reflecting the different chemical compositions and P-T conditions 

in the upper mantle. The lithospheric mantle in the Tell-Atlas Mountains, with the same 

composition than in the Algerian Plateau (i.e., Tc_1, Table 4.2) shows a density 

increase with depth from ~3280 kg/m3 at the Moho to ~3340 kg/m3 at the LAB being 

slightly higher than in the Algerian Plateau lithosphere of the parallel Alboran Basin 

geo-transect (3270kg/m3-3320 kg/m3, Figure 4.5f) due to the higher lithospheric 

thickness. Density decreases laterally across the margin, beneath the Greater 

Kabylies, and towards the Algerian Basin from 3320 kg/m3 to less than 3290 kg/m3 

being almost constant with depth. These density changes are the combined effect of 

varying the chemical composition from Tc_1 to DMM-3% (Table 4.2) and the 

lithospheric thinning which counterbalance the depth-dependent pressure and 

temperature effects. The oceanic lithospheric mantle in the Algerian Basin, with a 

DMM-7% composition (Table 4.2), shows a density exceeding 3300 kg/m3 at the 
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uppermost mantle levels until a depth of ~20 km related to the plagioclase-spinel 

phase transition. Below this depth, density decreases with depth to 3250 kg/m3 at the 

LAB, which is the lowest mantle density along the geo-transect. To the NNW, the 

transition to a Proterozoic composition (Pr-6, Table 4.2) beneath the Balearic 

Promontory together with the lithosphere thickening, results in a lateral increase of 

densities to an average value of ~3285 kg/m3 which keeps almost constant with depth. 

The lithospheric mantle beneath the Valencia Trough, with DMM-6% composition, 

shows a density of ~3300 kg/m3 at the Moho depth decreasing to 3280 kg/m3 at the 

LAB demonstrating some oscillations in the pressure gradient related to the 

plagioclase-spinel (25–35 km depth) and spinel-garnet (60–90 km depth) phase 

transitions. Density increases again laterally towards the Catalan Coastal Ranges as a 

combined effect of composition and P-T conditions.  

 

Figure 4.11 Temperature, density, P-wave velocity and S-wave velocity depth distribution in the Algerian 

slab at three locations (see the legend) spanning the slab region along the Algerian Basin geo-transect. 

Rest of the caption is same as in Figure 4.8. 

Similar to the Alboran Basin geo-transect, at shallow sublithospheric mantle 

levels, density variations are related to LAB depth variations affecting especially the 

Algerian Basin, the Balearic Promontory and the Valencia Trough regions. At deeper 

sublithospheric mantle levels (> 150 km), lateral variations are negligible, except for 

the detached Algerian slab region where above 300 km depth, density increases by 

~30 kg/m3 and decreases to < 20 kg/m3 at 350 km depth, as composition effects 

competes with those of the temperature (Figure 4.11).Close to the base of the model, 

density increases by as much as ~100 kg/m3 in the slab region due to the olivine-

wadsleyite phase transition alike to the Alboran slab at these depths (Figures 4.8 and 
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4.11). It is interesting to note that the density change in case of the Alboran slab at 400 

km is higher than that for the Algerian slab. The temperature change at these depths is 

similar for both slabs at these depths; hence, the difference in the density change can 

be attributed to the composition which is relatively more fertile in the Alboran slab 

(DMM-3%, Table 4.2) than in the Algerian slab (DMM-7%, Table 4.1). 

4.4. Mantle seismic velocities and comparison 
with passive seismological data 

In this section, I show the calculated seismic velocities in the upper mantle 

according to the mineral aggregates resulting from the ascribed chemical composition, 

and the prevailing pressure and temperature conditions. The results are compared 

with the available seismic data and tomography models. 

As discussed in Chapter 3, absolute seismic velocities obtained in 

LitMod2D_2.0 can be used to compute passive seismological data (e.g., receiver 

functions and surface wave dispersion curves). Forward prediction of P-wave receiver 

functions and dispersion curves of Rayleigh surface-wave phase velocities dispersion 

curves are computed using the post-processing toolbox in LitMod2D_2.0 and are also 

compared with the available observed data. 

4.4.1. Alboran Basin geo-transect 
 Figure 4.12a shows the P-wave velocity distribution along the Alboran Basin 

geo-transect. As shown in Table 4.2, seismic velocities depend to a larger extent on 

temperature and pressure than on composition. The lower VP values within the 

lithospheric mantle are found close to the LAB in regions affected by lithospheric 

thinning, as the Calatrava Volcanic Province in the Iberian Massif (VP < 8.0 km/s), and 

the Alboran Basin and its margins (VP < 7.85 km/s). In these regions, VP decreases 

with depth indicating that the temperature effect prevails on the pressure effect. In 

contrast, P-wave velocities beneath the Betics, in the thicker lithosphere region, 

increase from ~8.05 km/s in the uppermost mantle, consistent with the observed Pn 

velocities of 8.0 km/s - 8.2 km/s (Diaz et al., 2008, 2013), to 8.1 km/s at LAB depths. 

Beneath the Algerian Plateau, P-wave velocities keep almost constant with depth (VP ≈ 

8.0 km/s) showing a lateral decrease towards the Africa margin.  
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Figure 4.12 Seismic velocities and synthetic seismic tomography along the geo-transects. (a) and (b) 

shows the absolute P-wave and S-wave velocities, respectively and (c) synthetic P-wave anomalies for 

the Alboran Basin geo-transect. Similarly (d) and (e) shows the absolute P- and S-wave velocities, 

respectively, and (f) synthetic P-wave anomalies along the Algerian Basin geo-transect. 

The relatively fertile (DMM-6%) composition of the central segment of the geo-

transect, close to primitive upper mantle (PUM; McDonough and Sun, 1995), produces 

shallow mantle P-wave velocities of 7.97 km/s in the Alboran Basin as found by Fullea 

et al. (2010). These low P-wave velocities can be further reduced by the presence of 

partial melts, as the geotherm intersects the dry peridotite solidus (Figure 4.13a), and 

anisotropy (not considered here) becoming close to the observed low Pn velocities 

(7.5–8.1 km/s, Hatzfeld et al., 1978; Calvert et al., 2000b). At sublithospheric mantle 

depths down to 150 km, lateral variations of seismic velocities result solely from the P-

T conditions imposed by the lateral lithospheric thickness variations since the entire 

sublithospheric mantle has the same composition, except in the slab region. Below 

150 km, P-wave velocities increase almost linearly with depth up to >8.7 km/s at 400 
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km depth. In the region of the detached Alboran slab, P-wave velocities increase by 

~0.18 km/s as imposed from tomography models (∆VP = 2%) with a highest increase 

of ~0.3 km/s just above 400 km depth related to the olivine-wadsleyite phase transition 

(Figure 4.8).  

 Calculated S-wave velocities (Figure 4.12b) show a similar pattern than P-wave 

velocities but with a lesser influence of pressure such that, VS decreases with depth 

from Moho to LAB all along the geo-transect. Likewise, changes in the composition 

domain show smaller effects on VS than on VP due to the lesser sensitivity of S-wave 

to composition (e.g., Kumar et al., 2020; Priestley and McKenzie, 2006). Below the 

LAB, VS increases with depth delineating a low-velocity zone down to 200–250 km 

which is enhanced in magnitude in those regions affected by lithospheric thinning.  

 

Figure 4.13 Geotherms (solid lines) at selected locations along the (a) Alboran Basin and (b) Algerian 

Basin geo-transects. Dry and wet peridotites solidus for different amount of bulk water from Katz and 

Spiegelman (2003) are also plotted. Presence of water in the mantle brings down the solidus resulting in 

presence of partial melts.  

 The Alboran slab shows an S-wave velocity increase of ~0.15 km/s (+3.5%) up 

to ~270 km resulting from the prescribed 2% P-wave anomaly. The resulting variation 

in the S-wave velocities below ~270 km is related to the implied temperature in the 

slab and increases to a maximum value ~0.30 km/s (+7%) at 400 km depth which is 

related to the olivine-wadsleyite phase transition (Figure 4.8). The calculated S-wave 

velocity pattern compares well with the regional S-wave tomography model projected 

onto the transect (Figure 4.1c) obtained by Palomeras et al. (2017) from Rayleigh 

surface-wave dispersion tomography. 
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In order to compare the computed mantle velocities with the P-wave travel-time 

tomography models, the lateral variations of P-wave in % (Figure 4.12c) are calculated 

relative to the reference column defined in LitMod2D_2.0 (Chapter 3; Kumar et al., 

2020). The computed synthetic tomography reproduces the main pattern of slow and 

fast velocity regions observed in the global/regional P-wave tomography models 

(Bezada et al., 2013, Figure 4.1b) with minor discrepancies in the amplitudes. Note 

that the colour scale of the calculated tomography saturates in the regions of Moho 

depth < 35 km because of the used reference model, which consists of a 35 km crust 

(Kumar et al., 2020) and, highlights the crustal thinning as observed in the tomography 

model of Bezada et al. (2013) (Figure 4.1b). 

Comparison with the passive seismological data  

Broadband teleseismic earthquake waveform data recorded at stations shown 

in Figure 4.14 are downloaded from the IRIS-DMC (https://ds.iris.edu/ds/nodes/dmc/). 

Earthquakes in the epicentral distance range of 30º to 90º are used for P-wave 

receiver function calculations.  

I use the following processing steps to calculate P-receiver functions: 

• The three-component broadband earthquake waveform data are pre-

processed by rotating the horizontal (north-south and east-west) components 

into radial and tangential directions to separate P-SV energy. 

• Waveforms are cut 20s before and 60 s after the hand-picked arrival of P-wave 

on the vertical component.  

• Waveforms are filtered using a low-pass Gaussian filter of width 2.5 with a 

corner frequency of ~1.2 Hz. 

• Iterative time-domain deconvolution algorithm (Ligorria and Ammon, 1999) is 

applied to construct a spike train by cross-correlating the radial waveforms with 

the vertical waveforms. The spike train is then convolved with the observed 

vertical component waveform to produce synthetic radial component and is 

compared with the observed radial component in a least square manner. This 

step is repeated until a threshold least square fit is reached (chosen 0.001) or 

the maximum numbers of iterations are reached (200).  

• The final P-wave receiver functions are assessed for quality by % fit of the 

calculated radian component to the observed radial component. I use 

waveforms with fit >80% for further analysis.  
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This procedure is repeated for all stations along the Alboran Basin geo-transect 

(Figure 4.14). Then, I calculate the piercing point for all the calculated P-wave receiver 

functions at 35 km depth by back-projecting the traces using the ak135 velocity model 

and obtain a latitude and longitude for each receiver function at 35 km depth. Then, I 

stack all the receiver functions along the geo-transect within a 10 km distance bin 

along the profile and 25 km half-width window across the profile.  

 

Figure 4.14 Location of the seismic stations along the geo-transects used to calculate P-wave receiver 

functions. Blue points show the location of piercing point at a depth 35 km along the Alboran Basin geo-

transect. 

Fundamental mode Rayleigh-surface-wave phase velocity tomography model from 

Palomeras et al. (2017) is used to extract dispersion curves along the Alboran Basin 

geo-transect. This tomography model uses data from 368 broadband seismic stations 

of permanent and temporary arrays in Morocco, Spain, Portugal, IberArray (2007-

2013, Spain), and PICASSO (2009-2012) experiments. The model includes Ambient 

Noise Tomography between 4 s - 50 s periods to enhance the shallow depth structure 
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together with natural earthquake data in 20–167 s periods for deep structure until ~200 

km. Note that the North Africa margin along the Alboran Basin geo-transect falls 

outside the good-ray-coverage/less-resolved region of Palomeras et al. (2017) (see 

their Figure 2)  

Post-processing tool-box in the LitMod2D_2.0 (Chapter 3) is used to calculate 

synthetic the P-receiver functions and fundamental mode Rayleigh-surface-wave 

phase velocities from the S-wave velocity along the Alboran Basin geo-transect 

(Figure 4.12b). As I do not solve for phase equilibrium in the crust, the P-and S-wave 

velocities are calculated using empirical VP-density relationships from Brocher (2005), 

and S-wave velocities in the crust are calculated assuming a constant VP/VS = 1.73 

ratio (Figure 4.15a). In the lithospheric and sublithospheric mantle, seismic velocities 

from LitMod2D_2.0 are used (Figure 4.12b). Below 400 km depth (base of the model), 

velocities from the ak135 model are used.  

Forward calculated P-wave receiver functions (Figure 4.15b, green) matches 

reasonably well with the observed P-wave receiver functions (wherever available, 

Figure 4.15b, grey). Some misfit can be seen, delay or advance of phases which can 

be attributed to the assumption of constant VP/VS ratio used here. VP/VS ratio should 

vary with depth at least in the Alboran Basin and Betics because of the HP/LT 

metamorphic and volcanic rocks (Figure 4.3a).  

In case of Rayleigh-surface-wave phase velocity dispersion, forward 

predictions fit very well at long-periods (> 30 s),which are sensitive to the mantle 

velocity structure, for the Alboran Basin, Betics, and Iberian Massif regions (Figure 

4.15c). For the North Africa margin (distance along profile < 225 km) synthetic phase 

velocities are consistently higher than observed ones (period 30–100 s) which can be 

attributed to less resolution for this region in the observed phase velocities, as 

mentioned before. Hence, S-wave velocities for the Alboran Basin geo-transect model 

are consistent with the available surface wave dispersion data in the upper mantle. 

Predicted higher phase velocities at the short-period (< 30 s) could be again explained 

by using a constant VP/VS ratio. 
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Figure 4.15 Plot showing the forward calculation of passive seismological data from the velocities 

obtained along Alboran Basin geo-transect. (a) Crustal S-wave velocities calculated using empirical 

relations (see text for details). (b) P-wave receiver function at distance, labelled in each plot, along the 

geo-transect. Solid green represent forward calculation and grey is observed P-wave receiver function 

(where available). (c) Rayleigh surface-wave fundamental mode phase velocity dispersion curves along 

the Alboran Basin geo-transect at distance along the geo-transect labelled in each plot. Grey circles 

represent the observed phase velocities and bars represent corresponding error. Green circles represent 

the forward calculation from the seismic velocity model obtained from LitMod2D_2.0. 

Receiver functions are sensitive to depths of impedance contrasts (i.e., seismic 

velocity discontinuities), while surface wave dispersion curves are sensitive to the 

vertical averages of shear wave velocity. Joint inversion of the two data sets 

complements each other and provides better constrained S-wave velocity structure of 

the crust. S-wave velocities from integrated geophysical-petrological modelling can 

serve as the starting model, and joint inversion will allow better imaging of the crustal 

S-wave velocity structure. I note it to be one of the future directions to perform such 

joint inversion. 

4.4.2. Algerian Basin geo-transect 
Figure 4.12d shows the calculated P-wave mantle velocities along the Algerian 

Basin geo-transect. As in the Alboran Basin geo-transect, the lower velocities are 

found at LAB levels in regions affected by lithospheric thinning including the Algerian 
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Basin, the Balearic Promontory and the Valencia Trough. In these regions, VP 

decreases from 7.90–7.95 km/s beneath the Moho to < 7.9 km/s at LAB depths with 

the lowest value along the whole geo-transect (< 7.8 km/s) being at the Algerian Basin. 

The calculated uppermost mantle velocities are slightly higher than the reported Pn 

velocities in the Valencia Trough and the Algerian Basin, ranging from 7.7 km/s to 7.95 

km/s (Torne et al., 1992; Dañobeitia et al., 1992; Vidal et al., 1998). Note that I do not 

include the effects of melt; hence, calculated velocity will further decrease as the 

geotherm in Algerian Basin is intersecting the mantle solidus (Figure 4.13b). Towards 

the Iberian and African margins (Catalan Coastal Ranges and Greater Kabylies, 

respectively), P-wave velocities increase laterally showing almost constant values with 

depth. Beneath the thicker lithosphere of the Tell-Atlas Mountains, P-wave velocities 

increase with depth from 7.9 km/s at the Moho to 8.1 km/s at the LAB, being slightly 

higher than in the Algerian Plateau lithosphere (Figure 4.12a). Down to ~150 km 

depth, the effect of lithosphere thickness is reflected in P-wave velocities where the 

thin lithosphere of the Algerian Basin results in a low velocity zone, similar to that in 

the Alboran Basin, extending towards the Balearic Promontory and the Valencia 

Trough. Below this depth, P-wave velocities are essentially depending on pressure 

increasing mostly linearly with depth up to >8.7 km/s at 400 km depth. In the region of 

the detached Algerian slab, P-wave velocities are increased by ~0.18 km/s ( ~2%) and 

near the base of the slab  (400 km) increase to as high as 0.30 km/s (> ~3 %) because 

of the olivine-wadsleyite phase transition (Figure 4.14).  

S-wave velocities also show a low velocity zone extending from mid-

lithospheric mantle levels to 200–250 km depth being more pronounced beneath the 

Algerian Basin, the Balearic Promontory and the Valencia Trough due to the 

prevalence of temperature effects on pressure effects in these regions (Figure 4.9e). 

Minimum values of S-wave velocities (≤ 4.35 km/s) are obtained at the base of the 

lithosphere along the thinned lithosphere regions, whereas beneath the Africa and 

Iberia mainland, minimum S-wave velocities exceed 4.45 km/s. The region 

corresponding to the detached Algerian slab, is characterized by an average increase 

of S-wave velocity of ~0.16 km/s in agreement with the prescribed anomaly of ∆VS = 

3.5%. The computed synthetic P-wave tomography (Figure 4.12f) shows negative VP 

anomalies of less than -2% beneath the Algerian Basin and the Valencia Trough, in 

agreement to regional and global P-wave tomography models (e.g., Amaru, 2007; 

Piromallo and Morelli, 2003; Spakman and Wortel; 2004). The detached Algerian slab 

is characterized by a positive VP anomaly of~2% resulting from the prescribed VS 

anomaly (∆VS = 3.5%; Fichtner and Villaseñor, 2015). 
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Comparison with the passive seismological data  

There is a lack of passive seismic data along most of the Algerian Basin geo-

transect (Figure 4.14); hence in this section, I compare the synthetic receiver functions 

and Rayleigh surface-wave dispersion curves in the Algerian and Alboran basins, and 

in the regions of subducted slabs (Figure 4.16).  

 

Figure 4.16 Plot showing the comparison between forward prediction of receiver functions and Rayleigh 

surface-wave dispersion curves at selected locations. (a) Shows the depth distribution of S-wave 

velocities colour coded for location (see the legend). (b) P-wave receiver function, (c) group velocities, 

and (d) phase velocities colour coded for location (see legend in a). 

Both the P-wave receiver functions and Rayleigh surface-wave dispersion 

curves show distinctive features at the selected locations (Figure 4.16). The effect of 
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thin crust and higher seismic velocities in the Algerian Basin is clearly reflected by the 

early arrival of Moho converted phase (Ps) compared to the delayed arrival in the 

thicker Alboran Basin (Figure 4.16b). The P-wave receiver functions for the Betics and 

Greater Kabylies show much delayed Moho converted phase in comparison to the 

Algerian and the Alboran basins, though that of the Betics is slightly more delayed 

than that of the Greater Kabylies because of the thicker crust in the Betics. Phases 

before the Moho phase reflect the three-layered continental crust considered beneath 

the Betics and the Greater Kabylies. Rayleigh surface-wave dispersion curves at low 

periods (< 50 s) show a distinct pattern, being highest in the Algerian Basin and lowest 

in the Betics reflecting the highest and lowest S-wave velocities pattern at crustal 

depths, respectively (Figure 4.16a). Both, the group and phase velocities, shows 

higher values at longer periods (> 100 s) reflecting the increased S-wave velocities in 

the sublithospheric mantle because of the Alboran and Algerian slabs.  
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Chapter 5 

Discussion 
The observed sublithospheric mantle positive seismic velocity anomalies 

beneath the Betics-Rif and the north-Algeria margin in the Western Mediterranean 

motivated this thesis. These anomalies are qualitatively interpreted as the subducted 

Ligurian-Tethys lithosphere, which is one of the constraining basis for the geodynamic 

evolution models of the Western Mediterranean. In general, such anomalies are 

understood qualitatively as colder than average mantle in case of positive seismic 

velocity anomalies, or as hotter in case of negative seismic velocity anomalies. A 

quantitative physical interpretation (thermal and/or compositional) of sublithospheric 

mantle anomalies is challenging and is required to understand the geodynamic and 

geological processes. In the first part of this thesis, I improved an already existing tool, 

LitMod2D_1.0, to LitMod2D_2.0 to model such seismic velocity anomalies to 

quantitatively infer them in terms of temperature and/or composition using 

thermodynamically self-consistent integrated geophysical-petrological modelling 

approach. In the second part of the thesis, I applied the improved LitMod2D_2.0 to 

model the present-day crust and upper mantle(up to 400 km depth) structure of the 

Betics-Rif and Kabylies-Tell-Atlas orogenic systems along two geo-transects crossing 

the Alboran and Algerian back-arc basins and their opposed margins of North Africa 

and Iberia, respectively. 

In this chapter, I first present the discussion on the methodological 

developments in the improved LitMod2D_2.0.Then, I compare and discuss the results 

of present-day crust and upper mantle structure derived using improved LitMod2D_2.0 

in the Alboran and Algerian Basin geo-transects. The results are discussed in terms of 

the geodynamic implications for the closure of the Jurassic Ligurian-Tethys Ocean and 

the opening of the new oceanic and thinned continental domains of the Algerian and 

Alboran back-arc basins in an overall convergence regime that has lasted for the past 

85 My involving the African and European plates. 
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5.1. LitMod2D_2.0 
The improved LitMod2D_2.0 software has been presented in Chapter 3, which 

allows studying the temperature, density (i.e., chemical composition), and seismic 

velocities of the crust and upper mantle, including thermal, chemical, and seismic-

velocities anomalies in the sublithospheric mantle. The discussion related to each 

improvement is already included in Chapter 3. In the following paragraphs, I will mainly 

discuss the assumptions made in LitMod2D_2.0 and how they can be relaxed in 

future. 

The integrated geophysical-petrological modelling in LitMod2D_2.0 assumes 

thermal steady-state regime without advection. Although this assumption is valid for 

old tectono-thermal regions (>100 Ma) it is less valid in regions with recent tectonic 

deformation (e.g., in Western Mediterranean where tectonic deformation is Cenozoic). 

Despite this, the modelling results are constrained by the simultaneous fitting of a set 

of “instantaneous” density-dependent observables such as gravity, geoid and 

elevation. Hence, the results must be considered as a snapshot of the present-day 

density distribution related to active tectonic processes. In regions affected by thermal 

relaxation after lithospheric thinning, the actual temperature at Moho depth levels is 

higher than the calculated assuming thermal steady-state because the mass deficit 

associated with the transient thermal perturbation must be compensated by a larger 

lithospheric thickness to keep elevation. Therefore, steady-state modelling tends to 

underestimate the Moho temperature and overestimate the actual lithospheric 

thickness in regions of lithospheric thinning, showing the opposite effects where the 

lithosphere is thickened (Fullea et al., 2007). Temperature and density distribution 

could be improved using a transient thermal model but this requires a more 

sophisticated numerical approach (i.e., solving the diffusion and advection terms in 

heat flow equation with time) and, more importantly, an in-depth knowledge of the past 

and ongoing geodynamic processes and particularly their evolution through time. 

LitMod2D_2.0 integrates data across disciplines to put integrated constraints 

on the present-day structure but makes it challenging to put uncertainties introduced 

from the errors in the used parameters (e.g., thermodynamic database, Moho depths, 

and LAB depths). A formal solution to put uncertainties on the final results, noted to be 

one of the future directions, would be to formulate the modelling in an inversion 

scheme as recently done in the 3D versions of LitMod (LitMod_4INV; Afonso et al., 

2013a, b and 2016b) at the cost of computation resources. Although, inversion 

algorithms allow an exhaustive sampling of the parameter space, they still need an 
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initial model and appraisal of the inversion results, requiring additional information 

(e.g., geology of the study area). However, an ad-hoc procedure can be applied by 

iteratively changing the parameters of interest to study their sensitivity as done in 

composition of subducted slabs and lithospheric mantle in Chapter 4. 

Surface topography has contributions from three fundamental processes: 

isostasy, flexure and dynamic flow in the mantle. Decoupling the individual contribution 

of these three processes to the surface topography is fundamental to understand 

landscape evolution and facilitates linking deep Earth processes to surface processes. 

LitMod2D_2.0 does model the isostatic and flexural component of the topography but 

does not model the dynamic component (also known as dynamic topography) 

explicitly, which is most likely to be present in tectonically active areas (e.g., 

subduction zones). In cases where upper mantle anomalies are detached from the 

overlying lithosphere, LitMod2D_2.0 calculates coupled elevation by accounting for the 

density variations from anomalous regions, which together with the uncoupled 

elevation (i.e., isostatic elevation) can serve as lower and upper bound for the dynamic 

topography, respectively. A more complete treatment of the problem would require 

using the density and viscosity distribution, calculated as a function of pressure, 

temperature and composition from LitMod2D_2.0 to solve the Stokes flow equation for 

the wholemodelling domain. The resulting normal stresses at the surface or at the 

base of the lithosphere will allow calculating a more realistic dynamic topography 

contribution (e.g., Afonso et al., 2016b). Integrating a Stokes flow solver in the post-

processing LitMod2D_2.0 tool-box is one of the future directions.  

 

5.2. Present-day crust and upper mantle 
structure of the Alboran and Algerian basins and 
their margins 

5.2.1. Crustal and lithospheric structure 
The multiple seismic surveys carried out in the study region allowed me to have 

a good constraint on the Moho depth along most of the sections of both the Alboran 

and Algerian basins geo-transects (Figure 4.3). The sections that are less constrained 

are the Algerian Plateau, the Tell-Atlas Mountains and the Greater Kabylies where 

deep seismic data are not available.  
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To overcome the uncertainties associated with seismic data and its uneven 

coverage, I have considered that the crust of the Iberia and Africa mainland consists of 

three layers, namely upper, middle and lower crust, plus a sedimentary cover. The 

geometry of these crustal layers responds to the density variations required to fit the 

observables (Bouguer anomaly, geoid, and elevation) and to tectonic criteria. The 

structure of the Betics and Greater Kabylies is more complex and differs noticeably 

from previous lithospheric cross-sections (e.g., Frizon de Lamotte et al., 2004; Roca et 

al., 2004; Carballo et al., 2015a, b).In these regions, I have included exhumed high-

density metamorphic rocks of the Internal Units overthrusting the folded External Units 

that belonged to the former passive margins (see latter in Geodynamic implications 

section). Across the Alboran Basin, main differences with previous sections are due to 

the incorporation of recent interpretations of seismic data (Gómez de la Peña et al., 

2018) that led me to consider a thin and highly intruded continental crust in the north 

Alboran margin transitioning to a magmatic crust in the central part of the Alboran 

Basin. Seismic data suggest a sharp transition in the centre of the basin (Alboran 

Ridge), separating the magmatic crust domain from the thinned north-Africa 

continental crust domain, which continues towards the Africa mainland. 

After incorporating these changes, the Moho depth obtained from the models is 

generally within the uncertainty bounds of seismic data and follows similar trends of 

previous studies with some localized differences in the margins of the Alboran and 

Algerian basins and the Valencia Trough (Figure 4.3).Moho depth is a major physical 

and chemical discontinuity which is imaged by modelling the data sensitive to physical 

properties, i.e., seismic velocities and density. P-wave receiver functions are routinely 

used to determine the depth of this contrast using standard H-k stacking method (Zhu 

and Kanamori, 2000). In H-k stacking, depth of the Moho (H) is determined by 

assuming an average VP/VS (k) for the crust and fitting the arrival time of the Moho 

converted phase and associated reverberations valid for the isotropic velocity 

structure. Note that P-wave receiver functions are also sensitive to the intra-crustal 

structure (e.g., dipping layers) and anisotropy which is not considered in H-k stacking 

method. Indeed, noticeable discrepancies on Moho depths derived from receiver 

functions (Diaz et al., 2016) are observed beneath the Betics, which can be attributed 

to the presence of intra-crustal dipping layers with varying VP/VS ratio with depth, and 

to a heterogeneous crustal structure (Figure 4.3). 

Figures 4.5e and 4.9e compare the calculated LAB depths to that reported 

from other modelling approaches and techniques showing that although there is 

coincidence with the main trends of lithospheric thickness variations, there are also 
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pronounced discrepancies in the LAB depth values. Along the Alboran Basin geo-

transect, the LAB depth beneath the Iberian Massif, the Betics Mountains and the 

north Alboran margin is consistent with previous models based on potential field 

modelling and thermal analysis (Torne et al., 2015) and 2D geophysical-petrological 

modelling (Carballo et al., 2015b), though our LAB depth values are consistently 

shallower. These discrepancies in LAB depth (< 15%) are related to the different 

modelling approach and the simplified crustal structure used in Torne et al. (2015), 

and differences in the geometry of intra crustal bodies beneath the Betics and the 

chemical composition of the upper mantle used in Carballo et al. (2015b).  

Discrepancies with the LAB depth derived from the 3D geophysical-petrological 

model by Fullea et al. (2010) are noticeably larger (Figure 4.5e). The LAB proposed by 

Fullea et al. (2010) beneath the Betics and the north-African margin is much deeper in 

comparison, with a similar lithospheric thinning below the Alboran Basin affecting a 

narrower region. These discrepancies may be related to the simpler crustal structure 

considered by these authors, differences in crustal thickness and chemical 

compositional domains in the Alboran Basin lithosphere (PUM instead of DMM-6%) 

and sublithospheric mantle (PUM instead of DMM), and lack of the radiative 

contribution in calculating the mantle thermal conductivities. The LAB depth beneath 

the north African margin derived from combined elevation and geoid modelling by 

Globig et al. (2016) is also noticeably higher (Figure 4.5e) due to the different 

approach used by these authors, yielding a > 5 km thicker crust in this region (Figure 

4.3a). 

The LAB depth proposed by Palomeras et al. (2017) from surface wave 

tomography shows a similar lateral trend with consistently shallower depths that 

roughly follows the 1000 ± 50 oC isotherm, except beneath the Betics where the LAB is 

deeper coinciding with the high velocity anomaly related to the Alboran slab (Figure 

4.5e). Seismically, the LAB is defined as a low-velocity layer and in Palomeras et al. 

(2017) it is derived from the depth of the negative S-wave velocity gradient and, 

therefore, is a proxy of the base of the high-velocity mantle lid. A major misfit occurs at 

the central part of the Alboran Basin, where the seismically derived LAB is at 250 km 

depth. Although the precise determination of the LAB depth depends on how it is 

measured (Eaton et al., 2009), the different definitions should show a similar trend as 

they all are imaging the rheological strong outer layer of the Earth.  

Along the Algerian Basin geo-transect, the only previous works extending 

along the whole profile are from Roca et al. (2004), based on a pure-thermal 
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integrated geophysical approach with a temperature-dependent lithospheric mantle 

density; and Carballo et al. (2015a), based on an integrated geophysical-petrological 

methodology. Both works show similar results from the Catalan Coastal Ranges to the 

southern margin of the Algerian Basin, which are also roughly coincident with the 

model presented in this thesis, despite the methodological differences (Figure 4.8e). It 

is worth noting that beneath the Algerian margin and the Greater Kabylies region none 

of the previous works, including Globig et al. (2016) for Africa mainland, considered 

the presence of a detached Ligurian-Tethys slab segment (i.e., Algerian slab, Figure 

4.1d). Despite of that, main discrepancies are found regarding to the work by Carballo 

et al. (2015a), who proposed a LAB depth up to 60 km shallower than that proposed in 

this thesis beneath the Greater Kabylies, whereas discrepancies with Roca et al. 

(2004) and Globig et al. (2016) amount less than 20–25 km. The method used in 

Carballo et al. (2015a) is similar to the approach used in this thesis; however, 

calculation of mantle thermal conductivity including the radiative contribution was still 

not included. Therefore, differences in the LAB-depth can be mainly attributed to small 

differences in the calculated mantle thermal conductivity, but also to the crustal 

structure differences (Figure 4.3b) and to the positive seismic velocity anomaly 

beneath north Algeria (Figure 4.1d) resulting in a deeper LAB in this part of the geo-

transect.  

5.2.2. Mantle composition 
Identifying bulk mantle composition based on density and seismic velocities is 

not straightforward because of the highly non-linear nature of the problem and the lack 

of uniqueness. Based on a non-linear 3D multi-observable probabilistic (Bayesian) 

inversion, Afonso et al. (2013a, b) showed that a wide range of compositions can, 

equally well, explain multiple geophysical data. In consequence, the considered 

mantle chemical compositions compatible with the geophysical observables needs 

further appraisal based on the geological history of the study region.  
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Figure 5.1 Major element oxide weight% of the upper mantle compositions (Table 4.2) are plotted as 

function of Mg#, a measure of the fertility of the mantle. PUM-MS is also plotted for comparison. Blue 

shaded region represents the oceanic lithospheres and red shaded area the continental lithospheres. 

DMM composition and its derivatives (Table 4.2) show correlation between 

#Mg and major oxides as a function of the percentage of melting indicating 

progressive depletion (Figure 5.1). The mantle compositions used in the onshore 

lithospheres (i.e., continental lithospheres), though have higher #Mg, does not follow 

the depletion trend as the derivatives of DMM, suggesting that these compositions 

might have experienced refertilization through metasomatism events, as they are 

geologically much older than the oceanic lithosphere. CVP composition has been 

reported to be refertilized indicating mixing between asthenospheric mantle and deeply 

recycled enriched mantle from oceanic subduction (e.g., Bianchini et al., 2010; 

Villaseca et al., 2010). High CaO and Al2O3 content in the Average Proton Lherzolite 

(Pr_6) has been reported to be representative of Phanerozoic reworking of Proterozoic 

to Archean crust (Griffin et al., 2009). Interestingly Average Garnet Tecton (Tc_1) lies 

near the transition between DMM derivative compositions to continental composition 

suggesting its juvenile nature because of the moderate depletion from the primitive 

upper mantle (Griffin et al., 2009).  
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Although lithospheric mantle compositions in Table 4.2 show small variations in 

major oxides and #Mg space (Figure 5.1), the computed stable minerals in the models 

show noticeable differences in the mantle (Figures 5.2 and 5.3). Variation in weight% 

of each mineral is a function of pressure-temperature and elements these minerals 

can accommodate in their lattice structure, hence, the bulk mantle composition (Table 

2.2).  

 

Figure 5.2 Depth distribution of weight% of the stable minerals (see the title of each subplot) along the 

Alboran Basin geo-transect computed from the Gibbs-free energy minimization. Dashed light black line 

indicates the LAB and text in white colour indicates the chemical composition listed in the Table 4.2. 

In the lithospheric mantle, different compositional domains show variation in 

weight% of the minerals (Figures 5.2 and 5.3). Plagioclase and spinel are stable at 

shallow mantle depths and accommodates Al, Ca and Na, hence, there is low weight% 

of garnet at shallow depths. The regions with thin lithosphere (i.e., Alboran and 

Algerian basins, Valencia Trough, Balearic Promontory) shows higher weight% of 

plagioclase and spinel whereas regions corresponding to thick lithosphere (i.e., 

onshore Iberia and Africa) shows relatively higher weight% of garnet because of the 

resultant pressure-temperature conditions. Olivine, othropyroxene, and clinopyroxene 

also show variations laterally, as well as, with depth. Lateral variations in the mineral 

weight% occur because of the different compositional domains defined in the 

lithospheric mantle. Depth-wise variations in the mineral weight% are stronger in the 
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regions of thin lithosphere in the Western Mediterranean in comparison to the thick 

lithosphere in the onshore regions. 

 

Figure 5.3 Depth distribution of weight% of the stable minerals (see the title of each subplot) along the 

Algerian Basin geo-transect computed from the Gibbs-free energy minimization chemical compositions 

used in the mantle. Rest of the caption as in Figure 5.2. 

Sublithospheric mantle shows, except in the slab regions, a rather constant 

distribution of olivine and a varying distribution with depth of garnet, orthopyroxene, 

and clinopyroxene. A major change in the weight% of these minerals occurs at ~310 

km depth, where garnet weight% increases while that of orthopyroxene decreases. 

This is because both the garnet and orthopyroxene can accommodate Al and 

increasing the stability of one of them results in decreasing the other (Table 2.2). The 

variation of minerals weight% in the slab regions is mainly related to the colder 

temperature and different chemical composition relative to that of the ambient 

sublithospheric mantle. A clear example of such variation is the decrease in the olivine 

weight% at ~400 km, indicating transformation to its denser polymorph, wadsleyite 

(Figure 2.2).  

Al2O3, FeO, and SiO2 are three main oxides primarily controlling the physical 

properties (i.e., density, P-wave velocity, S-wave velocity) of the mantle. The amount 

of Al2O3 controls the amount of the high-density-velocity Al phases (i.e., spinel - 

shallow mantle, garnet - deep mantle), which in turn exerts a first-order control on the 
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physical properties of the bulk mantle. FeO controls the bulk physical properties of all 

dominant phases, olivine and pyroxene and their relative proportions are controlled by 

the SiO2 content. Hence, the variations in weight% of individual minerals will affect the 

relevant bulk rock physical properties as they are calculated by taking in account the 

individual mineral abundance (Equations 2.29 and 2.35) and the physical properties 

are different for each mineral (Figure 5.4). Garnet shows highest density as well as 

both the P-and S-wave velocities in the upper mantle. Orthopyroxene shows the least 

density and increases progressively for: clinopyroxene, and olivine. For the seismic 

velocities, both the P-and S-wave, this trend breaks and clinopyroxene shows the least 

values and increases for olivine and orthopyroxene. Variation in the individual minerals 

weight% in the slab regions (Figures 5.2 and 5.3) causes the second order variations 

of density and P-and S-wave velocities (Figures 4.8 and 4.11). As pointed out in 

Chapter 4, Section 4.3.2, at 400 km depth the Alboran slab shows a higher density 

change than the Algerian slab, which is due to the higher amount of garnet in the case 

of the Alboran slab (Figures 5.2 and 5.3) as DMM-3% composition has higher amount 

of Al2O3 than DMM-7% (Figure 5.1).  

 

Figure 5.4 Plots showing depth variation of (a) density, (b) P-wave velocity, and (c) S-wave velocity for 

different minerals present in the mantle. 

The bulk density of DMM derivative compositions (e.g., DMM-3%, DMM-6%, 

DMM-7%) decreases with depletion or in other words with increasing #Mg; however, 

this trend breaks for the continental lithospheric mantle compositions (Figure 5.5a). 

Interestingly, Al2O3 shows a positive correlation with density for all the compositions 

used here, since it controls the abundance of the high-density mineral garnet (Figure 

5.4), serving as a metric for mantle fertility (Afonso et al., 2013a) (Figure 5.5b). 

Seismic velocities show a decreasing trend with increasing #Mg, though the 
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magnitude of its variation among the compositions used is within <0.1 km/s for the P-

wave velocities and < 0.04 km/s for the S-wave velocities (Figures 5.5c and d), which 

is contrary to the positive correlation between #Mg and seismic velocities (Griffin et al., 

2009). Note that the mantle compositions I used here are skewed to the lower #Mg 

values, so the dichotomy in density versus #Mg and decreasing seismic velocities with 

Mg# for DMM derivatives and continental compositions might not be representative of 

the mantle composition variability. Afonso et al. (2010), using global database of 

garnet and spinel peridotite xenoliths (#Mg range ~88 to 95), have shown negative 

correlation between density and #Mg whereas positive correlation between seismic 

velocities and #Mg.  

Although there is no univocal relationship between mantle chemical 

composition and its density and elastic properties, the considered lithospheric mantle 

compositions can be related to major geodynamic processes operating in the Western 

Mediterranean, which are dominated by subduction of the Ligurian-Tethys Ocean. 

Subduction processes can modify the mantle chemical composition by incorporating 

fluids and sediments carried by the subducting slab resulting in chemical enrichment 

by metasomatism (Ringwood, 1974; Spandler and Pirard, 2013). At the same time, 

mantle flow generated during subduction can produce melting by adiabatic 

decompression which will deplete the sublithospheric mantle (Magni, 2019). Generally, 

volcanic rocks produced from mantle melting show the geochemical signatures similar 

to the environment in which they are produced. However, interactions of magmas with 

crustal rocks during ascent and emplacement can influence their geochemical 

signature. Melchiorre et al. (2017) using Principal Component Analysis (PCA) applied 

to the Western Mediterranean volcanism concluded that the subduction-related (i.e., 

orogenic) volcanism shows a greater compositional variability than the intraplate (i.e., 

anorogenic) volcanism. Compositional variation in orogenic volcanism is associated 

with the extensive recycling of geochemically different lithologies producing large 

heterogeneities in the lithospheric mantle (Melchiorre et al., 2017). The large variability 

of volcanic chemical composition in the Mediterranean region impedes to assign a 

unique genetic origin to the volcanism and it has been interpreted as the interaction of 

multiple processes as mentioned by many authors (e.g., Lustrino et al., 2011; Duggen 

et al., 2008; Melchiorre et al., 2017).  

https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0510
https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0570
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Figure 5.5 Plots showing variation of relevant physical properties with #Mg and major oxide weight 

percentages for the composition in Table 4.2, colour coded in (a). (a) Shows variation of density with #Mg 

and (b) with Al2O3. (c) - (h) show variation of P-wave and S-wave velocity with #Mg, FeO, Al2O3.Circles 

with thin-black outline corresponds to P = 3 GPa (~100 km) and T=1300 oC, and circles with thick black 

outline corresponds to at P = 6 GPa (~ 200 km) and T = 1400 oC (listed in Table 4.2). 

The lithospheric mantle composition of the offshore segments is related to their 

back-arc origin and the degree of partial melting expected from the nature and volume 

of magmatic events. During slab roll-back the space opened between the trench and 

the upper plate is replaced by fertile sublithospheric mantle with DMM composition that 
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will undergo partial melting by adiabatic decompression. The Algerian Basin shows a 

typical oceanic crust of 6 km thickness (Booth-Rea et al., 2007) which corresponds to 

a ~7% of sublithospheric mantle melting and hence to the DMM-7% composition (Klein 

and Langmuir, 1987; Workman and Hart, 2005). However, in the Valencia Trough and 

the Alboran Basin melting was less extensive producing large magmatic intrusions and 

volcanism, hence a DMM-6% composition is more likely. These subtle differences in 

the chemical composition of the lithospheric mantle respond to geodynamic criteria 

that require a depleted DMM composition and allow fitting the geophysical 

observables. Moreover, compositions in the offshore lithospheric mantle also 

reproduce the seismic velocities derived from seismic data (see Chapter 4, section 

4.4).  

In the models presented in this thesis, the lithospheric mantle beneath the 

Betics and Greater Kabylies is fertile compared to the Iberian and North African 

lithospheric mantle (Figures 4.5 and 4.9). This suggests that continental basement 

beneath the South Iberia and North Algeria is not attached to the continental 

lithospheric mantle and indicates the delamination of the continental lithospheric 

mantle during collision of the retreating slabs with the passive margins. The Alboran 

Basin geo-transect runs across the zone where the Iberian lithosphere has been 

interpreted to be delaminated, and the Alboran slab has broken off, whereas to the 

west delamination has not been achieved, and slab-tear is in progress (Mancilla et al., 

2015), as is manifested by the lack of lithospheric mantle level earthquakes in the 

eastern Betics (depth 60–100 km) (Figures 4.1). A similar situation occurs in the 

Algerian Basin geo-transect beneath the Greater Kabylies. 

In order to test the implied delamination and replacement by the relatively 

fertile sublithospheric mantle (DMM) beneath the Betics and Greater Kabylies, I run 

models where composition of the mantle beneath the Betics and Greater Kabylies is 

changed to as that of the continental lithosphere and LAB depths varies smoothly 

towards the back-arc basins (Figures 5.6 and 5.7). These models results in a 

noticeable misfit in geoid height in the Betics and Greater Kabylies. 
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Figure 5.6 Model showing the effect of the delaminated Iberian lithospheric mantle on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the mantle is plotted. Blue line 

represents the calculated values from the model. Red dots denote measured data, and vertical bars 

denote the standard deviation calculated across a strip of 25 km half width.Continuous black lines 

highlight the Moho and LAB depth. The different composition domains in the lithospheric mantle are 

separated by thin black lines. The bold grey text denotes different chemical composition listed in Table 

4.2. Note the continuation of the Iberian lithospheric mantle (CVP) beneath the Betics to simulate no 

delamination and geometry of the delaminated lithosphere corresponding to the best fitting model is 

shown with thick dashed grey line. 
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Figure 5.7 Model showing the effect of the delaminated African lithospheric mantle on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the mantle is plotted. Note the 

continuation of the African lithospheric mantle (Tc_1) beneath the Greater Kabylies to simulate no 

delamination. Rest of the caption is same as in Figure 5.6. 

As mentioned before, different compositional domains in the lithosphere are 

required in order to fit the geophysical data (Table 4.3) and have consistency with the 

geological and geodynamic constrains. Having said that, it does not mean that these 

compositional domains are homogeneous with depth and depth dependent variation in 

composition is plausible. For example, the oceanic lithosphere is known to have 

pressure dependent (i.e., depth dependent) degree of fraction melting and hence, 

depth varying composition (Chapter 2, Section 2.8). Also in the case of the continental 

lithosphere, mantle xenoliths from Slave, Siberian, and Kaapval cratons show depth 

dependent fertility where at depths >150 km, composition is more fertile (Lee at el., 

2011). Hence, the composition considered in the different lithospheric mantle domains 

should be conceived as a depth averaged composition. 
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5.2.3. Subducted Ligurian-Tethys slabs 
During subduction, the slab exchanges heat with the hotter ambient 

sublithospheric mantle and the temperature of the slab increases while the amplitude 

of the positive seismic velocity anomaly decreases through time (e.g., Boonma et al., 

2019). The precise quantification of these transient effects needs additional data 

regarding the angle and velocity of subduction and other parameters that are poorly 

constrained (e.g., thermal diffusivity, mantle viscosity, volatile content etc.). The 

Cenozoic evolution of the Alboran and Algerian basins is related to the subduction of 

the Ligurian-Tethys Ocean which, according to paleo-geographic reconstructions, was 

composed of several transtensive and highly extended continental segments 

transitioning to oceanic lithosphere to the east (Fernàndez et al., 2019; Schettino and 

Turco, 2011; Stampfli and Borel, 2002).  

Both the Alboran and Algerian slabs have been modelled as ~80 km thick 

bodies centred on the highest positive velocity anomaly and converted to temperature 

anomalies according to their chemical composition and P-T conditions, resulting in ∆T 

≈ -400 ºC in both cases (Figures 4.5 and 4.9). It is of interest to highlight the 

consistency of the seismic velocity anomalies depicted by two independent 

tomography models based on P-wave travel-time (Alboran slab) and S-wave full-

waveform inversion (Algerian slab), which result in very similar temperature anomalies 

as corresponds to slabs of comparable ages. Further, DMM-3% composition in the 

Alboran slab is consistent with the paleo-geographic reconstructions purposing highly 

extended segments in west as compared to the fully developed oceanic lithosphere in 

the east (i.e. DMM-7% composition of the Algerian slab). 

The weight of the cold and dense slabs is not transmitted isostatically to the 

surface because they have torn/broken off (Figure 4.7). If the slabs were attached, it 

would decrease the elevation in the Betics by 700–1000 m, and in the Greater 

Kabylies by 600–1200 m, and increase it by few 100 m in both the Alboran and 

Algerian basins for an effective elastic thickness of 30 km (Figure 4.7). The 

subsidence produced by the attached Alboran slab in the Betics compares well with 

the residual topography model of Civiero et al. (2020) indicating the magnitude of the 

isostatic rebound after slab tear which can be related to the closure of the connection 

between the Atlantic Ocean and the Mediterranean Sea through the Betics corridor 

before the Messinian salinity crisis (García-Castellanos and Villaseñor, 2011).The 

modelled unhooked slab below the Betics agrees with the reported slab tearing from 

tomography images (e.g. García-Castellanos and Villaseñor, 2011; Civiero et al., 
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2020). Increased elevation in the Alboran and Algerian basins also hints towards the 

fact that slabs are not attached to the lithosphere, hence, does not contribute to the 

flexural isostasy. Further, the best fitting modelled elevation (i.e., isostasy + flexure for 

the uncoupled case) falls at the upper bound of the observed elevation in the Betics 

and the lower bound in the Greater Kabylies. This suggests that the potential dynamic 

pull associated with the dense slabs in the less viscous mantle, not modelled here, is 

higher in the Betics because the torn Alboran slab lies as shallow depths (Figure 4.5). 

The exact magnitude of the contribution of the dynamic slab pull to elevation will 

depend on the coupling in between the slabs and the ambient mantle, and requires 

computation of the induced mantle flow.  

5.2.4. Geodynamic implications 
The present‐day structure of the crust and lithospheric mantle in the Western 

Mediterranean is the result of a long-lived tectonic evolution since the Jurassic 

stretching and ocean spreading of the Ligurian Tethys Ocean to the present-day 

configuration of Western Mediterranean. The analyzed geo-transects show the 

present-day crust mostly formed during the pervasive Cenozoic northern Africa 

convergence triggering the building of the Betics-Rif and Kabylies-Tell-Atlas 

subduction-related orogenic systems. On the contrary, the upper mantle structure 

shows its current state that is mostly post-tectonic, since it is the result of the 

lithosphere-asthenosphere interaction governed by the subduction of Ligurian-Tethys 

lithosphere. 

The Alboran Basin has experienced different and partially coeval geodynamic 

processes. These are the subduction of the Ligurian-Tethys due to the convergence of 

Africa-Iberia and further roll-back, delamination and slab break-off processes related to 

the subducting slab. The high density Internal Betics, mostly characterized by 

Paleozoic and pre-Upper Triassic HP/LT metamorphic rocks, are interpreted to 

represent the highly extended Iberian distal margin (Vergés and Fernàndez, 2012; 

Figure 4.3a). This SE Iberian margin of the Ligurian-Tethys Ocean underwent partial 

subduction during Africa-Iberia convergence as evidenced from P-T-t paths and ages 

of HP/LT metamorphic peaks (summary in Gómez-Pugnaire et al., 2019). These 

HP/LT metamorphic units were later exhumed along the subduction interface forming 

a roughly NW-directed stack of relatively thin tectonic nappes, each nappe recording 

specific metamorphic histories. The low-density External Units in the Betics is 

constituted by a thick sedimentary sequence starting in the Upper Triassic evaporites 
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that constitute the main detachment level of the Betics orogenic system at the scale of 

the whole orogenic system as discussed in Vergés and Fernàndez (2012).  

I also test the alternative scenario where the Internal Units are thicker and 

overlie the Iberian basement as proposed by Mancilla et al. (2015) from receiver 

function data (Figure 5.8). Increasing the thickness of the Internal Units significantly 

increases the geoid and the Bouguer anomaly because of the higher volume of the 

denser Nevado-Filabride units (2900 kg/m3; Table 4.1). It can be argued that the 

density of the HP/LT units could be < 2900 km/m3 improving the fit to the gravity data, 

however, as shown in Figure 4.4, the high density of Internal Units are highly plausible. 

 

Figure 5.8 Model showing the effect of the thick Nevado-Filabride HP/LT Internal Units on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the crust is plotted. Blue line 

represents the calculated values from the model. Red dots denote measured data, and vertical bars 

denote the standard deviation calculated across a strip of 25 km half width. Note that below the crust, the 

model is the same as that of the best fitting model in Figure 4.5. 

The External Betics represents the Upper Triassic and post-Upper Triassic 

non-metamorphic sedimentary rocks. The External Units attain a similar density at 

mid-crustal depths as that of the upper crust because of the higher pressure and 

cannot be distinguished solely based on the gravity field, allowing for an alternative 

interpretation (Figure 5.9). However, underthrusting of the cover is conceptually 
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consistent with the NW retreat of the Alboran slab. Additionally, clustering of the 

seismicity in the External Betics, beneath the Internal Units, points to activated 

weaknesses (i.e., faults) developed during accretion of the cover. The Betic orogenic 

system is therefore formed by a system of thrusts that tectonically emplace the large 

Jurassic Ligurian-Tethys extensional domains that configured the SE Iberian margin 

on top of each other from the most distal margin (Internal Betics) in the hinterland to 

the proximal margin (External Betics) in the foreland (e.g., Vergés and Fernàndez, 

2012; Pedrera et al., 2020). 

 

Figure 5.9 Crustal density distribution along the (a) Alboran Basin and (b) Algerian Basin geo-transects. 

Seismicity similar to the Figure 4.3 is also plotted. Note the increasing density with depth in the External 

units reaching values close to the upper crust. 

The evolution of the Algerian  Basin is triggered by the NW-dipping subduction 

of the Ligurian-Tethys oceanic segments existing between the Balearic Promontory 

and the Algerian domain of the NW Africa margin (Alvarez et al., 1974), and is widely 

accepted by most models (e.g., Frizon de Lamotte et al., 2000; Roure et al., 2012; 

Verges and Sabat, 1999; van Hinsbergen et al., 2014; Casciello et al., 2015; among 

others). The Kabylies form the HP/LT Internal Units with a relatively high density 

(Bruguier et al., 2017; Caby et al., 2014; Fernandez et al., 2016; Mahdjoub et al., 

1997; Michard et al., 2006; Platt et al., 2013; Rossetti et al., 2010); the Flysch units 

represent the detached cover above the Ligurian-Tethys sea floor from Jurassic to 

Late Miocene (e.g., Guerrera and Martín-Martín, 2014, among others), while the Tell 

and the Atlas form the External Units corresponding to the Algerian margin of the 
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Ligurian-Tethys Ocean (Leprêtre et al., 2018; Roure et al., 2012). For the modelling 

purposes the Flysch and External Units are combined since they represent the 

sedimentary cover (Figure 4.3b). Similar to the Betics, the Internal Units of the Greater 

Kabylies Massif are thrusting on the Flysch units which are further thrusted over the 

Tellian External Units. Seismicity beneath the Greater Kabylies is distributed in the 

African basement and the External and Internal Units, although it does not show clear 

clustering probably due to the lack of local seismic recording stations. Earthquakes 

below Moho near the present-day passive margin of Algeria could represent the 

purposed initiation of a new subduction zone (e.g., Déverchère et al., 2005; Hamai et 

al., 2018). 

In a slab roll-back subduction system the crust thickens in the arc region and 

thins/stretches in the back-arc. Sufficient stretching in the back-arc can lead to the 

decompressional melting of the fertile mantle producing new oceanic lithosphere. In 

the models for the Alboran and Algerian basin geo-transects, Crust is thicker in the 

regions of HP/LT exhumed metamorphic rocks and thins drastically over short 

distance to the oceanic/magmatic crust of the back-arc regions in comparison to the 

gradual thickening in the opposed margins (Figure 5.10). Along the Alboran Basin geo-

transect, ~37 km thick crust beneath the Betics thins drastically to ~16 km magmatic 

and volcanism intruded crust of the East Alboran Basin before it transitions to the 

thinned continental crust south of the Alboran Ridge and thickens gradually further to 

the SSE in the NW African margin (e.g., Booth-Rea et al., 2007; Gómez de la Peña et 

al., 2020). Along the Algerian basin geo-transect a relatively thick crust of ~30 km 

beneath northern Algeria (Greater Kabylies) transitions abruptly to ~10 km thick 

oceanic crust of the Algerian Basin to the NNW (Figure 5.10). Similarly, thicker 

lithospheres beneath the Betics and northern Algeria transitions abruptly to only ~60 

km thick and fertile lithosphere (i.e., oceanic lithosphere) of both the Alboran and 

Algerian back-arc basins (Figure 5.10).  

The lithospheric structures beneath Algeria and SE Iberia margins, tough 

comparable, are different in width and thickness. The Algerian margin is ~200 km wide 

while that of Alboran is only 80 km wide. The maximum lithospheric thickness is ~150 

km below Algeria and ~130 km below Iberia, although the regional lithospheric 

thickness of Africa is thicker than in Iberia (Figure 5.10). The existence of quasi-

vertical detached Ligurian-Tethys lithospheric slabs under the north Algeria and SE 

Iberian margins is another feature of resemblance although with opposite apparent 

dip, to the SSE under Iberia and to the NNW beneath Algeria (Figure 5.10). The two 

lithospheric slabs are located ~80 km inland from the current shoreline because of the 
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post slab roll-back mantle delamination and subsequent slab tear, detachment or 

break-off, of subduction and collision with the margins Iberia and Algeria. Mantle 

delamination could have promoted the inflow of the fertile sublithospheric mantle 

beneath the Iberian and Algerian crusts underlying the allochthonous HP/LT 

metamorphic nappes of the Internal Betics and Greater Kabylies explaining their 

relatively fertile lithospheric mantle compared to the depleted continental lithospheres 

of foreland regions in Iberia and Saharan Atlas (Figure 5.10).  

Interestingly, the crustal and upper mantle structures in the Betics and the 

Kabylies-Tell-Atlas are roughly similar, but with opposite tectonic vergence, which 

could be conceived as having been moulded by similar lithospheric and 

sublithospheric processes (Figure 5.10). According to our models, the South Iberia 

margin acted as active margin where the HP/LT slices are stacked leaving the NW 

Africa margin, in between Rif and Tell-Atlas, as a passive margin influenced by the 

extension during the slab retreat. An opposite situation occurs in the Algerian Basin 

where north Algeria acted as an active margin and the Balearic Promontory and 

Valencia Trough acted as passive margins experiencing extension from the slab 

retreat (Figure 5.10).  

The present-day lithospheric scale thickening beneath the Greater Kabylies 

and extensional back-arc oceanic Algerian Basin is consistent with SSE retreating 

subduction kinematics, hence can be explained by all the three geodynamic scenarios 

proposed for the Western Mediterranean evolution (Figures 1.5 and 5.10). However, 

each of these models imply different lithospheric structure along the Alboran Basin 

geo-transect. The geodynamic model with a single long subduction, scenario 2, 

covering both the Alboran and Algerian basins, retreating to the south cannot explain 

the NW vergence of the Internal and External Units of the Betics nor their age of 

tectonic emplacement, the lithospheric structure, and the position of the Alboran slab 

beneath the Betics (Figure 1.5, scenario 2). Whereas the other two models, scenario 1 

and scenario 3 are consistent with the structure beneath the Betics but implying 

contrary lithospheric structure along the NW Africa margin. According to the scenario 1 

model (Figure 1.5, van Hinsbergen et al., 2014), the Alboran slab segment retreated to 

the west, before colliding with the Iberian margin and rotating by ~180o, along the 

purposed North Africa transform fault (i.e. Subduction-Transform Edge Propagator, or 

STEP fault; Govers and Wortel, 2005) and should produce a significant step in the 

lithospheric structure of NW Africa, in between Rif and Tell-Atlas Mountains, which is 

contrary to the observed gradual lithospheric thinning in our lithospheric structure 

model (Figure 5.10). 
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The opposite direction of slab retreat in the adjacent segments according to the 

scenario 3 (Figure 1.5, Vergés and Fernàndez, 2012) implies opposite symmetry in the 

crust and upper mantle structure as observed in our models (Figure 5.10). This 

scenario 3 is based on the pre-convergence geometry of the Iberia-Africa Ligurian 

Tethys segmented margin configuration (Frizon de Lamotte et al., 2011; Schettino & 

Turco, 2011; Vergés & Fernàndez, 2012; Fernàndez et al., 2019; Fernandez, 2019; 

Ramos et al., 2020; Martín-Chivelet et al., 2019) that exerted a strong control on 

further evolution during Africa northern convergence since the Late Cretaceous (e.g., 

Macchiavelli et al., 2017). The dynamics of such subduction system has been studied 

using analogue and numerical experiments by Peral et al. (2018) and Peral et al. 

(2020a and b). The observed lithospheric scale thickening beneath the HP/LT 

metamorphic rocks of the Betics followed by extension driven thinning and abundant 

volcanism in the Alboran Basin is consistent with a NW retreating subduction. It must 

be noted that, to the west of NW Africa margin, in the Rif mountains, lithosphere is 

thick, which is related to NW-W retreat of the Alboran slab and the trench curvature 

produced by the higher resistance to slab retreat in the western end of the segment 

and the further tightening due to the protracted Iberia–Africa convergence (Fernàndez 

et al., 2019; Kumar et al., 2018; Peral et al., 2020a, b). 

The amount of isostatic rebound in both margins after slab tearing/detachment 

could reach 500 m - 1200 m when considering Te values between 10 and 30 km or up 

to 1500m - 2000 m in the absence of flexural rigidity, as calculated indirectly in the 

region of Gibraltar (Jiménez-Munt et al., 2019). The slab is still attached under the 

western Betics (e.g., Civiero et al., 2020; Mancilla et al., 2015). Slab break-off, that 

along strike, is defined as slab tear with a large gap in the east decreasing towards the 

west where the slab is continuous at depth below the Gibraltar arc (Mancilla et al., 

2018; Negredo et al., 2020). 
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Figure 5.10 Crustal and lithospheric cross-sections at scale along modelled Algerian Basin-Kabylies-Tell-Atlas and Alboran Basin-Internal Betics-External Betics-foreland geo-

transects. The structure of both the margins is similar and comparable implying that the underlying geodynamic processes are same for both the margins.  



 

136 

  



Conclusions 

137 

 

 

 

CHAPTER 6 
Conclusions 

 

 

 

 

 

 

 

 

 

 

 



Conclusions 

138 

 

 

  



Conclusions 

139 

Chapter 6 

Conclusions 
In this thesis, I have presented an improved LitMod2D_2.0 software package, 

which allows studying the thermal, density (i.e., composition), and seismic velocity 

structure of the non-homogeneous lithosphere and sublithospheric mantle by 

integrating geophysical and geochemical datasets in a self-consistent thermodynamic 

way. The most exciting improvement in LitMod2D_2.0 is to infer the thermal and/or 

chemical nature of the sublithospheric mantle anomalies observed in seismic 

tomography models and their effect on the elevation. The main motivation for this 

improvement came from the Western Mediterranean, which has experienced 

subduction during Cenozoic, resulting in subducted slabs in the sublithospheric 

mantle. Hence, it became the first part of the thesis. In general, this improvement 

allows the application of LitMod2D_2.0 to regions affected by complex geodynamic 

processes, such as mantle upwelling, subduction, delamination, and metasomatism 

(i.e., processes that can easily modify the temperature and/or chemical composition 

beneath the LAB). In the second part of the thesis, the improved LitMod2D_2.0 is 

applied to study the present-day thermal, density and seismic velocity structure along 

two geo-transects in the Alboran and the Algerian basins and their corresponding 

margins in Iberian and North Africa.  The main novelty relative to previous studies is 

the incorporation of the positive seismic velocity anomalies observed in the seismic 

tomography models as subducted slabs of the Liguria-Tethys lithosphere. Knowledge 

of the present-day deep structure and composition of the lithosphere and uppermost 

sublithospheric mantle may help to discriminate among the proposed models and 

therefore in constraining the geodynamic evolution of the region. In the following, I 

report the conclusion from the two parts separately.  
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6.1. LitMod2D_2.0: An improved tool for the 
integrated geophysical-petrological 
interpretation of upper mantle anomalies 

In Chapter 3, I have presented an improved version of the LitMod2D_2.0. The 

new improvements have been demonstrated with the help of synthetic examples. 

Based on the synthetic experiment, I draw the following conclusions and list the main 

improvements included in the new LitMod2D_2.0 software package:  

• All the purposed depleted chemical compositions for the sublithospheric mantle 

shows < 1% of variations in physical properties (i.e., density and seismic 

velocities) with respect to the Primitive Upper Mantle composition (PUM). 

• DMM (depleted MORB mantle) instead of PUM (primitive upper mantle) 

chemical composition is used in the sublithospheric mantle for geochemical 

consistency. Nevertheless, the relative differences with respect to PUM in the 

calculated density and P- and S-wave seismic velocities are less than 0.2 %.   

• Anelasticity is now calculated in the GENERATOR thermodynamic module 

using updated parameters in the power-law attenuation model allowing for the 

physical (temperature, composition) characterization of sublithospheric mantle 

anomalies. Both oscillation period and grain size remain as input parameters. 

Assuming the same errors in anelastic attenuation parameters, the frequency 

dependence of anelastic attenuation and activation energy contributes more to 

the errors in the final seismic velocities than the activation volume.   

• Sublithospheric mantle anomalies may have a thermal, seismic or 

compositional origin, or a combination of them, allowing for estimating the 

response of geodynamic processes such as mantle upwelling, subduction, 

delamination, and metasomatism on the surface observables (elevation, 

gravity, and geoid). 

• Synthetic experiments on thermal anomalies in the sublithospheric mantle 

show a non-linear dependence between the sign of the thermal anomaly and 

the resulting magnitude of seismic velocities. Depending on the sign 

(decreasing/increasing), thermal anomalies produce different magnitude of 

seismic velocity anomalies. This non-linearity has an important implication for 

the qualitative interpretation of seismic velocity anomalies observed in 

tomography models. 

• Synthetic experiments show that shear wave velocities are more sensitive to 

temperature, whereas P-wave velocities are to composition. Hence, modelling 
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both P-and S-wave velocities together with geoid height, which is sensitive to 

deep mantle level density variations, holds a potential to infer the thermal 

and/or chemical heterogeneity in the mantle. 

• To compute synthetic VP and VS tomography models, an upper mantle model is 

made, which consists of Average Garnet Tecton composition in the lithospheric 

mantle, with ZMoho= 35 km and ZLAB= 120 km, and a DMM composition in the 

sublithospheric mantle down to 400 km depth. This model reproduces the P-

wave seismic velocities of the global average reference model ak135 in the 

depth range of 35 – 250 km and avoids the unsolved mismatch between the 

thermodynamically calculated seismic velocities and those from ak135 model 

below 250 km depth.   

• A new open-source graphic user interface is developed under Python 

programming language simplifying the input/output data files to obtain across 

platforms versatility, to gain ease of use, and allow future user developments.  

• A post-processing toolbox is incorporated allowing the user to apply 

predefined/customized codes and scripts linking with the LitMod2D_2.0 output 

file to calculate additional observables according to specific needs (synthetic 

tomography, regional isostasy, stable mineral assemblages, surface wave 

dispersion curves and receiver functions, etc.). The user can customize the 

provided codes/scripts or develop new ones to be shared with the scientific 

community. 
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6.2. Present-day crust and upper mantle 
structure in the Alboran and Algerian basins and 
their margins 

In the second part of the thesis, Chapter 4, I presented an integrated 

geophysical-petrological models of the crust and upper mantle structure of the 

Western Mediterranean along two geo-transects crossing the Alboran and Algerian 

basins, and the active/orogenic margins of the Betics and Kabylies-Tell-Atlas 

Mountains, and the passive/conjugate margins of NW Africa and Eastern Iberia (i.e., 

Balearic Promontory and Valencia Trough), respectively. At the crust level models 

presented in this thesis differ from previous crustal-scale models highlighting the use 

of relatively thin Internal Units above sediments of the External Units in the Betics and 

Greater Kabylies. The resulting models are constrained by geological and geophysical 

data and are consistent with the surface observables (elevation, gravity, geoid and 

surface heat flow) and seismic tomography models. Different lithospheric mantle 

compositional domains in accordance with geological domains are required to fit the 

surface observables. Modelling results show an active interaction between the 

lithosphere and the underlying sublithospheric mantle which was governed by the 

Alpine subduction dynamics in addition to the NW-SE Africa-Eurasia convergence 

acting since Late Cretaceous. From the results presented in Chapter 4, I draw 

following conclusions: 

• The thick crust beneath the Betics (~37 km) thins abruptly to 16 km below the 

Eastern Alboran Basin, which is modelled as a mostly magmatic crust largely 

intruded by volcanic rocks, and thickens gradually to ~31 km further to the SE 

in NW Morocco. The thick crust beneath the Greater Kabylies (~30 km) is 

thinning more abruptly to the northwest reaching ~10 km below the Algerian 

Basin, modelled as oceanic crust. 

• The lithospheres beneath the Internal Betics and the Greater Kabylies are thick 

and structures are comparable but showing an opposite symmetry, though the 

lithospheric thickness is larger below the Greater Kabylies. In SE Iberia, the 

lithosphere beneath the Betics is ~130 km thick thinning sharply to the SSE to 

~60 km under the Alboran Basin and thickens again, but gradually, towards 

NW Africa to ~112 km. The lithosphere beneath the Greater Kabylies is of 

~150 km thickness and thins to the NNW to ~60 km thick oceanic lithosphere of 

the Algerian Basin.  
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• The present-day lithospheric mantle composition of the Alboran and Algerian 

basins are modelled as depleted residue from 6–7% aggregate 

decompressional melting of the relatively fertile sublithospheric mantle 

composition. This is consistent with the back-arc setting of both the Alboran 

and Algeria basins related to the retreating of the Ligurian-Tethys lithosphere. 

Slab retreat triggered the melting of the underlying fertile sublithospheric 

mantle generating oceanic crust in the Algerian Basin and extensive magmatic 

and volcanic crust in the Alboran Basin. 

• The modelled lithospheric mantle composition beneath the Internal Betics and 

Greater Kabylies HP/LT metamorphic domains is fertile compared to the 

corresponding continental lithosphere of the External Betics and Saharan 

Atlas, respectively. This fertile composition beneath the internal domains of the 

orogenic systems is related to mantle delamination and inland displacement of 

the slabs during the later stages of subduction and collision, which promoted 

the inflow of the fertile sublithospheric mantle material. 

• Two detached sub-vertical Ligurian-Tethys lithospheric slabs, with an 

anomalous temperature of about -400 ºC, constrained using the seismic 

tomography models, about 80 km onshore from the present-day coastlines and 

restricted to beneath SE Iberia and Algeria. Their most suitable composition is 

relatively fertile (alike to an oceanic lithosphere), than those below the 

continental lithospheres of Iberia and North Africa.  

• The Ligurian-Tethys slab beneath the SE Iberia shows an apparent dip to the 

SE whereas the slab below Algeria dips to the NNW, matching the NW- and 

SE-tectonic transport direction of the fold and thrust belts of the Betics and 

Greater Kabylies-Tell-Atlas subduction-related orogens, respectively. 

• The large-scale configuration of present-day SE Iberia and Algerian margins as 

well as their mantle compositions in the Alboran and Algerian geo-transects is 

consistent with opposite dipping subduction of two segments of the Jurassic 

Ligurian-Tethys domain. Their present configurations agree with Neogene slab 

roll-back process triggering mantle delamination followed by slab break-off in 

both opposite subduction segments. 

• Uplift related to the slab break-off, considering local and regional isostasy, is 

~700–1000 m in SE Iberia and ~600–1200 m in Algeria. These detached 

Ligurian-Tethys slabs might exert a vertical pull down related to the induced 

dynamic mantle flow.  
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Appendix A: LitMod2D_2.0 User 
Manual 

A1. Introductions 
LitMod2D 2.0 is a finite element code which combines potential field, 

geochemical and seismological data to work out thermo-chemical structure of the 

lithosphere. This document is a manual for a python based GUI to build the model 

where the user draws geometry of the bodies in the cross-section and associate 

physical properties to those bodies. 

A2. Installation 
User can download or clone the package from 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users.git .You will have 

following directory structure: 

./LitMod2D_2.0_package_dist_users 

 ./Generator_Linux: to generate material file 

  ./GUI: includes the GUI in python 

 ./Manual: Manual for GUI use 

 ./Post_processing: packages for post-processing 

   ./flexure_tao 

   ./Phase_diagrams 

   ./RF 

   ./Surface_wave_dispersion 

   ./Synthetic_Seismic_tomography 

To setup Generator, follow the instructions in REAME.md file in the Generator 

Linux directory. Now we need to setup the GUI which essentially means we need to 

install python libraries. Generally, Linux comes with installed python2.7 but in Windows 

you might have to install python2.7 (https://www.python.org/getit/). This GUI uses 

packages from python which do not come pre-installed with stand-alone python 

installation. This GUI is python2.7 compatible. All packages used here can be installed 

using ”pip” a python package manager which can be easily installed in Windows or 

Linux distributions (https://pip.pypa.io/en/stable/installing/). 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users.git
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Once you have the python and pip setup go into the GUI directory and run the 

following command: 

pip install -r requirements.txt 

This should have you almost everything needed for the GUI. In addition to this 

you might have to install “Tkinter” and “PyQt4”, and can installed using following 

commands: 

sudo apt-get update 

sudo apt-get python-tk 

sudo apt-get PyQt4 

If python-tk does not install than try installing using Synaptic package manager. 

Open it and search for Tkiner and install python-tk from there. Once you have 

everything installed you need to add the LitMod2D to you your path. To do this simply 

open /.bashsrc and add following lines:  

export LitModHOME= ”absolute path of LitMod2D 2.0” 

where “absolute path of LitMod2D 2.0” is the path to LitMod2D 2.0 dist users in your 

system. 

A3. How to make and work with models? 
To start the LitMod2D 2.0 go into GUI folder and run main.py (in Linux type 

“python main.py” in Windows you can double click on the main.py file), running which 

Figure 1 will appear. Here you have three options. Build model option is to build a 

model from scratch. Load Model is to load a previously build model and the last option 

is about help.  

*Note: In dialog boxes, put your mouse in a field and additional information will appear. 
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Figure A1 Welcome Page 

 

A3.1. Build Model 
Before building a model user should have a clear idea and sketch of the model user 

wants to build. User should know nodes along which different bodies will be 

connected. A model is build from top-to-bottom and left to right and every time user 

wants to exit and wants to save the model, user should close the model by clicking the 

close Model button on top right. After clicking close model click  

 

Figure A2 Model setup on dialog box about model size and location some info about the model. 

After user hits Build Model option a dialogue box appears (Figure A2) asking 

for information about the model and another dialogue box asking for digitized file 

where you already have nodes of the bodies (e.g., digitized sketch, Moho and LAB 
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depths; two column, X (distance along profile, km) Y(depth, km) ). This digitized file will 

be plotted in background and you can click on the plotted points. 

**Note: Bodies are added from left to right 

 Start of the profile (km): This is the left most starting point of profile (it can be negative 

too. In that case all the observable files should have same limits). 

End of the profile (km): This the right most end point of profile. 

 Depth of the profile: This is the depth of the profile in km. It must be 400km, so it must 

not be changed. 

Resolution along the profile: resolution of the profile 

 Folder: Here user selects the folder in which observable files are put and it becomes 

the working folder for LitMod2D 2.0. All the outputs files are stored in this folder. 

Tip: For each of your model you can make folder where you put all observables files, 

material files from Generator. Later you can load the model by browsing into this 

folder. 

After the user hits OK button build model window will appear (Figure A3). Here the 

user has different option. 

Add Body 
Bodies are added from top to bottom, each body is drawn left to the right. To 

add a body press the add button on the window (Figure A3), which will open a dialog 

box asking for information about the body (Figure A4) 
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Figure A3 Build Model Window. 

*Please note that format in which default values appear should be maintained. 

Fields description:  

Name: Name of the body. Just for your reference 

Body number: Index of the body starting from the top. 

Material: Type of material of the body 

Body type: if you are adding a body which is new, this option should be normal. If you 

are splitting a body change this option to split. If you are adding an anomaly, change 

this option to type of anomaly you are adding (thermal or seismic or from a file). 

Once the user is done with adding properties user should hit OK and control will be 

back to the plotting area.  

To add point: Middle mouse click (Scroller) 

To delete current point: double left click. 

To close body: right click 
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Figure A4 Body property editor. 

 

Delete body 
The user can delete the last body entered by clicking on the delete button. Let 

us say a user has drawn three bodies. To delete second body first user has to delete 

the third body. So essentially you can only delete the last entered body. If you want to 

delete a body in between, then you can use the merge function (see following 

sections). 

Change shape of the bodies 
To move, delete or add node points of the drawn body’s user can click on 

shape button. After clicking this button a separate plot will appear where all bodies will 

be drawn as points (In case you have anomalies in the model other than from a 

external file then second window also appears where you can edit anomalous bodies 

too). Now user can move these point by left click drag, to delete a point move the 
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cursor on the point and then press ’d’ key on the keyboard (sometimes there are more 

than one points so keep pressing ’d’ until the point is gone). To insert a node go to the 

node and press ’i’ key on the keyboard. After you are done changes can be saved with 

right click while the cursor is on the edit plot window. Once you have saved changes 

close the window and come back to the main window and hit plot button which will 

update the changes. This function will only work after you have closed your model.  

*Note: when you see the plot of the bodies (for anomalies) in separate window, you 

might see some lines connecting different bodies, just ignore them. To have clear idea 

keep main window where you added bodies in front of you along with this separate 

window 

Edit properties 
To edit properties of a body already drawn click on edit button and a dialog box 

will appear asking for the index of the body you want to edit.  

Split body 
This function allows the user to split a body into two (does not work for 

anomalous bodies). This function should be used with a lot of care. The user should 

know exactly where to start split. Tip to use this option is that when you enter a body it 

is added in counter-clockwise direction, but when body is save it is save in clock-wise 

direction. Now the start point of the axis along which you have to split the body should 

be first in clock-wise direction than the last point. Once you have split a body save the 

model and then again load it. 

*Note: If for some reasons split does not work then you can load model again and try 

to split it again. 

Anomalies in the sublithospheric mantle 
 In this GUI anomalies (Composition, thermal, seismic) are added on top of the 

completely closed profile. You can edit the shape of these anomalies and properties 

(type and amount of anomaly) with shape and edit function respectively. These types 

of anomalies can be drawn in the profile. There is another way to enter anomalies 

where you enter them in a file and you choose the file (For more information about this 

file refers to the LitMod2D_usage.pdf, supplied in this folder. Only seismic anomalies 

can be added in this way. 
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* Note that if you have selected anomalies in form of a file then all other anomalies 

(drawn on the profile) are not considered even if you have added them. 

Save Model 
When you are done with the profile and you have closed it by clicking on the 

Close model button, it can be saved by clicking on save button. After you click on the 

save button a window will appear asking for some more information. You can choose 

observable file, where you should have three columns with distance, data value, and 

error. Total length and sampling of these observables should be exactly same as that 

in your profile. One important thing is to have starting and end point of these 

observables data as that of start and end you choose to make your profile. After 

browsing the file try to keep only the name of the input file try to delete the absolute 

path. Here making a folder for each of your model, which can be at any location in 

your computer, helps keeping things in track. 

Every time you save a model, a back-up of three files, and 1) litmod.inp, 2) 

bodies_GUI.dat, 3) bodies_GUI_envelops.out, with a date and time added. You can 

later rename these set of files and load them again. 

A3.2. Run model 
To run a model first you have to save the model by clicking on the save button, 

but before that, your model should be closed. You should also put the observables file 

(topography, Bouguer, geoid, free air, heat flux) and composition files (e.g., 80, 81, 88, 

99 etc.) which you have associated with the bodies in your model, in the same folder. 

Note: To run a model you should have LitMod2D 2.0 program executable for 

Windows or Linux based on your system. Executable for Linux is provided with the 

distribution. Name of these executables should be LitMod2D 2.0_V4_Windows for 

windows and should be in LitMod2D 2.0 package folder and for Linux it should be in 

same folder with name LitMod2D_2.0_V4_Linux. 

A 3.4. Load Model 
This option lets the user load previously build models. To load models user 

need three files, 1) litmod.inp, an input file to the LitMod2D 2.0, 2) bodies_GUI.out, this 

file contains nodes point of the bodies in the model and colour of the body and 3) 

bodies_GUI_envelops.out. Units of nodes points in bodies GUI.dat are in kilometres. 

This option also allows you to restore changes while you are working. For instance if 

something goes wrong (e.g., split body, merge body) you can load last saved session 
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and start from there again. You can also track this threes files saved in same folder at 

any time you have saved them, rename them and can load them again. 

A4. Post-processing toolbox 
Post-processing toolbox contains a set of codes/scripts linking with outputs 

from LitMod2D 2.0 with other softwares. At this point is it coupled with “Computer 

programs in Seismology (CPS)” tool (Herrmann, 2013) and “tao-geo” (Garcia- 

Castellanos et al., 2002) software. It also includes scripts to produce stable phase and 

mineral assemblages in the profile. Installations of coupled softwares are explained 

below.  

A4.1. Passive Seismological data 
Forward prediction of surface wave dispersion curves and receiver functions 

can be calculated from the seismic velocities distribution with depth at each node 

along the profile. This is done by feeding in seismic velocities to CPS. CPS can be 

easily downloaded and install from http://www.eas.slu.edu/eqc/eqccps.html and needs 

to in your path.  

 

Figure A5 Generator console showing option to generate full property table. 
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A4.2. Flexural Isostasy 
Flexural isostasy is incorporated via “tao-geo” and can be downloaded and 

installed from https://github.com/danigeos/tao-geo and should be added in your path. 

A4.3. Stable phase and mineral assemblages 

To do this user should have full property tables from the GENERATOR module. 

Opting for option ”1” shown in 5 produces both full property material file along  with 

simple material file with physical properties only. Full property material file contains 

information on stable phase and mineral assemblages (weight percentage, volume 

percentage) along with the physical properties (density, seismic velocities). Simple 

material files, with material code ’90, 99... .’ are read in the LitMod2D 2.0 whereas full 

property material files named as ’99_FULL etc.’ are used to produce stable phase and 

mineral assemblages. Full property material files should be in the model directory. 

First user should run “make_mineral_wise_files_full.sh”. This produces mineral wise 

properties along the profile. User can plot a property (e.g., weight%) of stable mineral 

at a distance point along the profile running ’phase_ diagram 1D.py’ 6 or depth 

distribution of individual minerals along the profile using ’phase_diagram 2D.py’  

 

Figure A6 Example of stable mineral wt% distribution at a distance point. 
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Figure A7 Example of stable mineral wt% distribution along a profile. 

A5. Miscellaneous 
User can also use other functionality. They are listed below: 

Values of coordinates are shown at the bottom right corner of the plot. It is useful to 

add points at specific positions. 

You can zoom in at any area of the profile by clicking at the functions in the left bottom 

of the window. You can also go to the zoom mode by pressing “o” on the keyboard. 

Then you can select area to zoom in with mouse and navigate back and forth with 

arrow keys on the keyboard. It is useful for small area bodies. 

To go back out of zoom mode you should press “o” again. 

You can drag the profile and to go to this mode you can press “p” on the keyboard. 

If you want to go straight to the initial level after zooming at different levels just    press 

“h” key on the keyboard. 
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Summary 
The closure of the Ligurian-Tethys Ocean, opened during Jurassic and 

consisting of highly segmented margins in between Africa and Iberia, has produced 

the Alboran and Algerian basins in the Western Mediterranean through subduction and 

slab roll-back processes during the Cenozoic. Towards the end of the slab roll back, 

collision with the continental margins led to the formation of the Betic-Rif orogen in 

south Iberia and the Tell-Kabylies in north Algeria. Both, the Betics-Rif and Tell-

Kabylies, shows the high-pressure and low-temperature (HP-LT) rocks exhumed from 

the subduction channel but with opposite tectonic vergence, to the NW in Betics and to 

the SE in Kabylies. While the Cenozoic evolution of the back-arc basins in the Central 

and Eastern Mediterranean (i.e., Liguro-Provenca, Tyrrehenian and Aegean) are well 

understood, the evolution of the Alboran and Algerian basins in the Western 

Mediterranean is under debate, leading to the proposal of different geodynamic 

evolution models. All the models agree on that the subduction and subsequent slab-

rollback was operating but argues for the direction of subduction trench and slab-

rollback. At present, positive seismic velocity anomalies in the upper mantle are 

observed in the tomography models around the Alboran Basin and beneath the North- 

Algeria margin. These high velocity anomalies are qualitatively interpreted to be cold, 

hence, remnant of the subducted Ligurian-Tethys lithosphere in order to explain 

geodynamic evolution of the Alboran and Algerian basins. 

Subduction processes must have left its imprint on the crust and upper mantle 

structure, temperature and chemical composition, which dictate the present-day 

physical state. Physical state inside the Earth controls the physical properties (i.e., 

density, seismic velocities, and thermal conductivity) which in turn control the 

geophysical observables at the surface (i.e., elevation, gravity anomaly, geoid height, 

and surface heat flow). Integrated geophysical-petrological modelling of these surface 

observables allows exploring and reconciling observations from different datasets and 

methods. However, thermal and/or chemical nature of the imaged seismic velocity 

anomalies (e.g., subducted Ligurian-Tethys) needs to be incorporated in such models. 

In general, seismic tomography models reports relative positive or negative velocities 

with respect to a reference model which are further inferred qualitatively as cold or hot 

regions in the upper mantle, respectively. Quantitative interpretation of the seismic 

velocity anomalies in terms of temperature and/or chemical composition is challenging 

and is at the forefronts of the modern day geophysics. 
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Hence, the objectives of this thesis is twofold: 1) to develop a methodological 

framework to incorporate the sublithospheric anomalies observed in seismic 

tomography in the integrated geophysical-petrological modelling of the geophysical 

surface observables, and 2) its application to the Alboran and Algerian basins and 

their margins to model the present-day crust and upper mantle thermo-chemical 

structure yielding temperature, density (i.e., chemical composition) and seismic 

velocities to put constrains on their geodynamic evolution.  

In the first part, an already existing tool, LitMod2D_1.0, is improved into a new 

LitMod2D_2.0 version which allows to model the sublithospheric anomalies and to be 

available for the scientific community. Various synthetic tests of the upper mantle 

anomalies have been performed to understand the sensitivity of temperature and 

chemical composition to the density and seismic velocities. Results show nonlinearity 

between the sign of thermal and seismic velocity anomalies, and that S-wave 

velocities are more sensitive to temperature whereas P-wave velocities are to 

composition. A synthetic example of subduction is made to understand the sensitivity 

of sublithospheric mantle anomalies associated with the slab and the corner flow, on 

surface observables (elevation, geoid height, and gravity anomalies). A new 

open‐source graphic user interface is incorporated in the new version for ease of 

application. The output of the code is simplified by writing only the relevant physical 

parameters (temperature, pressure, material type, density, and seismic velocities) to 

allow the user to utilize predefined post‐processing codes from a toolbox (flexure, 

mineral assemblages, synthetic passive seismological data, and tomography) or 

designing new ones. A post-processing example is demonstrated by calculating 

synthetic seismic tomography, Rayleigh-surface‐wave dispersion curves, P-wave 

receiver functions and stable minerals distribution from the output file of LitMod2D_2.0. 

In the second part of this thesis, I apply improved LitMod2D_2.0 to define the 

present day crustal and lithospheric structure along two 2D geo-transects beneath the 

Betics-Alboran and Greater Kabylies-Tell-Algerian orogenic systems to discuss the 

highly debated and contrasting existing models. Results show a thick crust (37 km and 

30 km) and a relative deep LAB (130 km and 150 km) underneath the HP-LT 

metamorphic units of the Internal Betics and Greater Kabylies that contrast with the 

~16 km thick magmatic crust of the Alboran Basin and the ~10 km thick oceanic crust 

of the Algerian Basin, respectively. This sharp change in crustal thickness, from the 

orogenic wedge to the back-arc basins, contrasts with the gentler crustal thickening 

towards the respective opposed margins. Despite the similar LAB depth (~60 km) in 

both basins, the chemical composition of the lithospheric mantle beneath the Alboran 
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Basin is slightly more fertile than beneath the Algerian Basin. At sublithospheric levels, 

results show that both the Alboran slab beneath the Betics and Algerian slab beneath 

the Kabylies, are about -400 oC colder than the ambient mantle but have different 

chemical composition. Alboran slab is slightly fertile compared to the typical oceanic 

lithospheric of the Algerian slab. Both slabs are detached from the respective 

continental lithospheric mantle of Iberia and Africa, since their weight is not transmitted 

isostatically to the surface. Results show that the uplift related to the slab break-off is 

~700–1000 m in the Betics and is ~600–1200 m in north Algeria.  

The Ligurian-Tethys slab beneath the SE Iberia shows an apparent dip to the 

SSE whereas the slab below Algeria dips to the NNW, matching the NW- and SE-

tectonic transport direction of the fold and thrust belts of the Betics and Greater 

Kabylies-Tell-Atlas subduction-related orogens, respectively. The large-scale 

configuration of present-day SE Iberia and Algerian margins as well as their mantle 

compositions in the Alboran and Algerian geo-transects is consistent with opposite 

dipping subduction of two segments of the Jurassic Ligurian-Tethys domain. Their 

present configurations agree with Neogene slab roll-back process triggering mantle 

delamination followed by slab break-off in both opposite subductions. 
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Chapter 1 

Introduction 
The closure of the Tethys Ocean, located along the northern margin of the 

paleo-continent Gondwana, associated with the northward displacement of India, 

Arabia, and Africa lead to the subduction of its different segments and has produced 

the ~12000 km long Alpine-Himalayan collision zone (Figure 1.1). The convergence 

velocity with respect to Eurasia was decreasing from east to west, such that India was 

moving ~120 mm/yr to NNE, Arabia was moving ~32 mm/yr to NNE-N, and Africa was 

moving 4 mm/yr -10 mm/yr to N-NNW (e.g., Hatzfeld and Molnar, 2010). To the east, 

after the consumption of the Tethys lithosphere, which at present is sitting in the 

underlying mantle, the Indian (at ~50 Ma) and Arabian (at ~35 Ma) continental 

lithosphere collided with Eurasia and has generated the Tibetan Plateau and the 

Zagros Mountains (e.g., Hatzfeld and Molnar, 2010). In the Mediterranean region, 

collision between Eurasia and Africa is not achieved yet and represents an early stage 

of continent-continent collision where a mixture of oceanic and transitional lithosphere 

is still present (Royden and Faccenna, 2018). The subduction of the different 

segments of the Tethys and subsequent slab rollback, in an overall slow convergent 

setting with Africa, generated different back-arc basins (e.g., Aegean Basin, 

Tyrrhenian Basin, Alboran Basin, Algerian Basin) in overriding plates leading to the 

formation of highly extended continental crust or new ocean floor, and several narrow 

arcuate orogens (e.g., Hellenic Arc, Calabrian Arc, Betic-Rif Arc) which are 

characteristic of the Alpine-Mediterranean system (e.g., Faccenna et al., 2014; 

Royden and Faccenna, 2018; van Hinsbergen et al., 2020). 
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Figure 1.1 Topography map of the Alpine-Himalayan collision zone. The area inside the black box is the 

focus of this thesis. 

The North Balearic Transform Zoneis recognized as a major transform fault 

separating the Liguro-Provencal and the Tyrrhenian realm from the Alboran-Algerian 

realm (Figure 1.2). The Alboran and Algerian basins lie in the western end of the 

Alpine-Himalayan collision zone and constitute the Western Mediterranean in between 

Iberia and Africa (Figure 1.2). The origin of these basins, like other Mediterranean 

basins, has been attributed to the roll-back of the subducted Ligurian-Tethys 

lithosphere at the western end of the Tethys Ocean (Faccenna et al., 2004). The 

Ligurian-Tethys was generated by the propagation of the Central Atlantic ridge during 

the Early Jurassic in between Africa, Iberia and Adria, and was composed of several 

transtensive and highly extended continental segments transitioning to oceanic 

lithosphere to the east (Schettino and Turco, 2011; Stampfli and Borel, 2002). Trans-

tension ceased in the Early Cretaceous as the mid-Atlantic ridge propagated 

northwards along the Newfoundland-Iberia margin and triggered the eastward motion 

of the Iberia plate together with the African plate (Nirrengarten et al., 2018). The 

protracted N-NNW displacement of Africa relative to Eurasia, varying from several 

millimetres per year across the Western Mediterranean to approximately 10 mm/yr 

across the eastern Mediterranean (e.g., Dewey et al. 1989, McClusky et al. 2003), 

since the Late Cretaceous is accommodated by the consumption of the highly 

segmented Ligurian-Tethys, a significant intra-plate deformation in the Iberian plate 

and the formation of the Pyrenees in the northern Iberian margin (Vergés and 

Fernàndez 2006; Macchiavelli et al., 2017). Subduction of the highly segmented 

Ligurian-Tethys and subsequent extension from the slab roll-back in an overall slow 
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convergence setting produced the Alboran and Algerian basins, and the consequent 

collision with the passive margins producing the Betic-Rif orogen in south Iberia and 

the Tell-Kabylies orogen in north Algeria (Figure 1.2). 

 

Figure 1.2 Geological map of the Western Mediterranean showing the main orogenic belts and basins 

(Modified from Vergés and Sàbat, 1999). NBTZ, North Balearic Transform Zone; EB, Emile-Baudot 

Escarpment. 

Exhumation of high-pressure and low-temperature (HP/LT) metamorphic rocks 

is a typical process of roll-back subduction systems (e.g., Agard et al., 2018). Such 

metamorphic rocks, referred to as Internal Units in the literature, are found in the 

Betics-Rif orogen in the southern margin of Iberia and along the northern margin of 

Africa in Algeria (Figure 1.3). The Betic-Rif orogenic system consists of a typical 

subduction-related fold and thrust belt, which from the External to Internal Units is 

formed by the Guadalquivir and Rharb flexural foreland basins, the External Betics, the 

Flysch units, the Internal Betics, and the extensional back-arc Alboran Basin (see the 

structural style of these units in Michard et al., 2002; Vergés and Fernàndez, 2012). 

The HP/LT metamorphic rocks of the Betics Internal Units from bottom to top are the 

Nevado-Filabride, the Alpujarride and the Malaguide (Figure 1.3). The Rif fold and 



Introduction 

12 

thrust belt shows a similar tectonic architecture except for its N-S direction and for the 

lack of the equivalent Nevado-Filabride unit. The northern margin of Algeria shows 

similar characteristics but opposite spatial association compared to the Betic-Rif 

orogen (Figure 1.3). The main tectonic units, from the Internal to External units, are the 

extensional back-arc Algerian Basin, the HP/LT rocks in the Kabylies in the Internal 

Units followed by the thrusting of the Flysch Units over the External Units, and farther 

to the SSE, the fold and thrust belt in the Tell-Atlas Mountains (see the structural style 

in Khomsi et al., 2019). 

 

 

Figure 1.3 Detailed geological map of the Western Mediterranean showing main geologic units in the 

Alboran and Algerian basins, and the Betics-Rif and Kabylies-Tell-Atlas Mountains. Locations of the two 

geo-transects modelled in this thesis are shown by grey shadowed strips. 

The basement in the Alboran Basin changes from the west to the east (Figure 

1.3). The Western Alboran basin is floored by thin continental crust, including the HP 

Alpujarride metamorphic basement units (Soto and Platt, 1999), and numerous 

volcanic intrusions (Gómez de la Peña et al., 2018), whereas the Eastern Alboran 

basin is mostly floored by magmatic crust (Booth-Rea et al., 2007). South of the 

Alboran Ridge, situated in the middle of the Alboran Basin, the basin is floored by an 
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African continental crust with magmatic intrusions (Gómez de la Peña et al., 2018). 

The magmatic crustal domain of the Eastern Alboran basin transitions eastward to the 

oceanic crust of the Algerian Basin (Booth-Rea et al., 2007; Pascal et al., 1993). The 

Valencia Trough, situated NW of the Algerian Basin, in between the Catalan Coastal 

Ranges and the Balearic Promontory, has a very thin continental basement (Torné et 

al., 1992; Pascal et al., 1992), which experienced a huge extension during 

Mesozoic(Roca, 2001; Etheve et al., 2018). The trough underwent compression in late 

Paleogene during the convergence between Africa and Iberia, and renewed extension 

from Late Oligocene to Langhian period (Morgan and Fernàndez, 1992; Fernàndez et 

al., 1995; Roca, 1996; Torné et al., 1996; Sàbat et al., 1997; Gaspar-Escribano et al., 

2004). The basement of the Balearic Promontory is continental, similar to the Iberian 

basement beneath the Catalan Coastal Ranges (Torné et al., 1992; Pascal et al., 

1992; Vidal et al. 1998).   

Volcanism in the Western Mediterranean has been a focus of numerous 

studies (Melchiorre et al., 2017; Lustrino et al., 2011; Lustrino and Wilson, 2007; 

Duggen et al., 2005, 2008; Martí et al., 1992). In the Alboran Basin volcanism is mainly 

orogenic with wide geochemical variation (Lustrino et al., 2011) showing tholeiitic 

Miocene affinity in the centre surrounded by calc-alkaline volcanism (Duggen et al., 

2008). The southern Iberian (e.g., Tallante area) and north-western African (e.g., 

Oujda area) continental margins show Lower Pliocene to Upper Miocene Si-K-rich 

(i.e., orogenic) and Upper Miocene to Pleistocene Si-poor (i.e., anorogenic or intra-

plate volcanism) magmatism (Duggen et al., 2005). The northern coast of Algeria, 

along the Algerian basin, experienced K-rich (and minor medium-K) calc-alkaline 

volcanic activity (i.e., orogenic) along a ~450 km long E-W trending zone during 

Miocene (17 to 11 Ma) (Maury et al., 2000; Fourcade et al., 2001; Laouar et al., 2005). 

The younger anorogenic volcanism (alkaline) is observed in the eastern and western 

end of the Tell Mountains (Coulon et al. 2002; Maury et al., 2000; Wilson and 

Bianchini, 1999). The Valencia Trough experienced calc-alkaline volcanism (i.e., 

orogenic) in the Early-Middle Miocene and alkaline volcanic activity (i.e., anorogenic) 

from Middle Miocene to Recent (Martí et al., 1992). 

The upper mantle structure in the Western Mediterranean has been studied by 

various global, regional and local seismic tomography studies. A high-velocity anomaly 

around the Alboran Basin (Figure 1.4a) has been reported in global to local seismic 

tomography models (Palomeras et al., 2017; Villaseñor et al., 2015; Bezada et al., 

2013; Spakman and Wortel, 2004). This anomaly shows an arcuate shape and lies in 

the mantle roughly beneath the Betics-Rif Mountains and is interpreted as a subducted 
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slab from the Ligurian-Tethys (i.e., Alboran slab). Imaging the mantle in the northern 

margin of Africa is limited by the absence of passive seismic data and hence, by 

intermediate to poor resolution in the standard travel-time seismic tomography models. 

Recently, Fichtner and Villaseñor (2015), using state of the art full-waveform inversion 

seismic tomography reported high-velocity anomalies beneath the North-Africa margin 

(Figure 1.4b). Full waveform tomography leverages the station coverage by using 

earthquake source and recording station in pairs and utilizing the complete recorded 

waveform instead of a part of the seismic waveform. These high-velocity anomalies 

are also interpreted as the subducted slabs from the Ligurian-Tethys and are detached 

from the African lithosphere. 

 

Figure 1.4 Upper mantle seismic tomography models in the Alboran and Algerian basins.(a) P-wave 

travel time tomography model slice at 320 km depth (Villaseñor et al.,2013) and (b) Full-waveform 

inversion seismic tomography model at different depths (Fichtner and Villaseñor, 2015). 
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 While the Cenozoic evolution of the Liguro-Provencal, Tyrrhenian, and Aegean 

back-arc basins are well understood (Faccenna et al., 2004), the evolution of the 

Alboran and Algerian basins in the Western Mediterranean is still debated (Casciello et 

al., 2015; Faccenna et al., 2004; Jolivet et al., 2009; Spakman and Wortel, 2004; van 

Hinsbergen et al., 2014; Vergés and Fernàndez 2012). The opening of both basins for 

the last 35 My, is being explained by three different geodynamic scenarios, each 

based on slab roll-back as the driving mechanism (Figure 1.5). There is consensus 

that the Algerian Basin is an oceanic basin opened in the upper plate during the NW-

dipping Tethys slab retreat, in agreement with the SSE-polarity of the Kabylies-Tell-

Atlas orogenic system; however no agreement has been reached so far on the origin 

and evolution of the Alboran Basin and related Betic-Rif orogenic system. Main 

disagreements are on the original disposition of the tectono-sedimentary domains 

involved in the Betic-Rif subduction-related orogenic system and on the geodynamic 

interpretation used to build-up this orogenic system. The pros and cons of the three 

scenarios are discussed in detail by Chertova et al. (2014) using numerical modelling 

and concluding that both Scenario 1 and Scenario 3 are plausible despite the authors 

favour Scenario 1. 

 

Figure 1.5 Models purposed for the geodynamic evolution of the Western Mediterranean. Scenario 1 

after Van Hinsbergen et al. (2014) involves a single short subduction zone initially dipping to NW starting 

near the Balearic Promontory and then retreats to the SE before it separates into two different segment. 

One of the segments continue retreating to SE before it collides with North Africa and other continue 

retreating to the west and collides with Iberia resulting in180o clock-wise rotation.Scenario 2 involves a 

long initial subduction dipping to the N-NW along the entire Gibraltar-Balearic Promontory margin (e.g., 

Gueguen et al., 1998; Faccenna et al., 2004; Jolivet et al.,2009). Scenario 3 after Vergés and Fernàndez 

(2012) involves two separate subduction segments with opposite subduction direction for the Alboran 

(subduction dipping to the SE and retreating to the NW) and Algerian (subduction dipping to the NW and 

retreating to the SE) basins. Direction of rollback is shown by the yellow arrows. Black dashed lines 

represent the proposed transform faults separating the different subduction segments (Figure modified 

after Chertova et al., 2014). 
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Presence of subduction in the Western Mediterranean during the Cenozoic is 

evident from the geological and geophysical observations (previous paragraphs). 

Although purposed models differ in the paleo-geographic setting of subduction, they all 

have subduction processes common to them (e.g., slab rollback, back-arc extension, 

slab tear). Irrespective of the model applicable to the Western Mediterranean, the 

subduction process must have left imprints on the present-day crust and mantle 

structure. A typical subduction system involves compression and the orogenic 

volcanism near the arc. In settings dominated by slab rollback, the upper plate 

undergoes extension and thins, producing anorogenic volcanism by mantle 

decompression. Sufficient decompressional melting can produce a new oceanic 

lithosphere as is observed in the Western Mediterranean basins (e.g., Algerian and 

Tyrrhenian basins).During the final stages of slab roll-back subduction system, 

collision with the continental lithosphere leads to the stacking and exhumation of the 

metamorphic slices of the subducted thinned continental crust of the former extended 

margins (Brun and Faccenna, 2008). Involvement of the passive margin also 

introduces mechanical weakness and the dense slabs can break-off/tear/detach 

(Fernández-García et al., 2019). Hence, the compression near the subduction front 

and extension in the back-arc must have affected the present-day lithospheric 

thickness. Further, the chemical composition of the lithospheric mantle must also be 

affected. Therefore, precise knowledge of the present-day lithospheric structure and 

chemical composition of the upper mantle are crucial constraints to decipher the 

geodynamic evolution of theWestern Mediterranean. 

The characterization of the present-day physical state (pressure, temperature, 

density, i.e. chemical composition, and seismic velocities) of the lithosphere and 

sublithospheric upper mantle and its architecture are fundamental for understanding 

their evolution through geological time scale and is a primary goal of modern 

geophysics (Afonso et al., 2016a; Hoggard et al., 2020). In this context a great deal of 

information comes from modelling, standalone or in pairs, of surface observables 

sensitive to temperature (surface heat flow), density (gravity, geoid, elevation), seismic 

velocities (passive and active seismic data), and chemical composition derived from 

mantle xenocrysts and xenoliths(e.g., Lachenbruch and Morgan, 1990; Griffin et al., 

1999; Deen et al., 2006; Goes et al., 2000; Ritzwoller et al., 2004; Zeyen et al., 2005; 

Priestley and McKenzie, 2006; Fullea et al., 2007). However, significant discrepancies 

in the predictions from these methods are rather common in the literature (Afonso et 

al., 2008 and references therein) 
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Integrated geophysical-petrological modelling of these observables (i.e., 

elevation, gravity anomalies, geoid height, surface heat-flow, seismic velocities, mantle 

xenoliths and xenocrysts data) is a particular approach that allows exploring and 

reconciling observations from different datasets and methods. In particular, 

LitMod2D_1.0 (Afonso et al., 2008) is a tool developed to study the thermal, 

compositional, density, and seismological structure of the crust and the lithospheric 

and sublithospheric mantle by combining information from petrology, mineral physics, 

and geophysical observables within a self-consistent thermodynamic framework. As 

such, this approach is well suited to i) handle the intrinsic non-uniqueness problem 

associated with the modelling of single observables and ii) distinguish thermal from 

compositional effects in geophysical signatures. 

LitMod2D_1.0 has been successfully applied in various tectonic settings 

including continental margins (e.g., Fernàndez et al., 2010; Pedreira et al., 2015) and 

continental collision regions (e.g., Carballo et al., 2015a; Tunini et al., 2015).It allows 

considering different chemical compositional domains within the lithospheric mantle, 

but assumes a homogeneous sublithospheric mantle with a theoretically determined 

primitive upper mantle (PUM) chemical composition (McDonough and Sun, 1995). The 

latter assumption limits the use of LitMod2D_1.0to regions affected by mantle 

upwelling, subduction, and/or delamination (e.g., Western Mediterranean). These 

regions are often characterized by changes in temperature and/or chemical 

composition in the sublithospheric mantle, as suggested by tomography models and 

are imaged in terms of seismic velocities variation (e.g., Koulakov et al., 2016; 

Cammarano et al., 2009). Seismic tomography models usually report positive and 

negative velocity anomalies with respect to global average reference seismic velocity 

models (e.g., ak135) in the mantle and are qualitatively interpreted. Positive seismic 

velocity anomalies are commonly interpreted, as in the case of the Western 

Mediterranean, as colder than average subducted slabs. The prompt question one 

could ask is: how much cold are these slabs with respect to the ambient mantle? And 

further to be comprehensive: what is the chemical composition of these slabs? For 

such a quantitative interpretation, one needs to decouple the temperature and 

chemical composition signal from the observed seismic velocities, which is not a 

straightforward task (Cammarano et al., 2009). Challenges in doing so come from the 

highly non-linear nature of the problem, computation of the temperature field in regions 

with subducted slabs, and temperature-pressure dependent anelastic attenuation 

correction of mineral physics derived anharmonic seismic velocities in the mantle. 
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1.1. Objectives 
The generic objective of this thesis is twofold:  

 To develop a methodology to decipher temperature and chemical 

composition of upper mantle anomalies observed in seismic tomography 

models. 

 
 Using the developed methodology to model the present-day crust to upper 

mantle (~400 km) structure across the Alboran and Algerian basins in the 

Western Mediterranean and to interpret the results in terms of the 

geodynamic evolution of the region. 

Hence, this thesis is divided into two main parts (Figure 1.6).In the first part, the 

LitMod2D_1.0 software package (Afonso et al., 2008) has been improved to 

incorporate sublithospheric mantle anomalies in the modelling along with other 

improvements into a new LitMod2D_2.0 version. The specific objectives of this part 

are: 

• Use of a depleted chemical composition of the sublithospheric mantle 

determined from geochemical data as opposed to the theoretical primitive 

upper mantle (PUM; McDonough and Sun, 1995) used in LitMod2D_1.0. 

• Incorporation of anelasticity calculations in the GENERATOR module to allow 

the conversion of seismic velocities to temperature anomalies and vice versa 

using the latest experimentally determined anelastic attenuation parameters on 

the anharmonic seismic velocities calculated from stable mineral assemblages. 

• Defining a reference chemical compositional model of the upper mantle to 

compare the seismic velocity anomalies obtained in LitMod2D_2.0withseismic 

tomography models. 

• Development of a new open-source graphic user interface (GUI) with improved 

functionalities to facilitate its updating and cross-platform use.  

• To simplify the input and output data in the LitMod2D_2.0 to facilitate the use of 

a central post-processing tool-box. The post-processing tool-box will help the 

users to use provided codes/scripts according to specific modelling needs. 

In the second part of the thesis, the new LitMod2D_2.0 package is employed to 

model the present-day crust to upper mantle (~400 km) scale temperature, density and 

seismic velocity structure along two NNW-SSE oriented cross-sections (from now on 
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referred as geo-transects) across the Alboran and Algerian basins and the respective 

Iberian and African margins (Figure 1.3). Orientation and location of the geo-transects 

are chosen based on: i) the regional vergence of the major tectonic units (Figure 1.3), 

ii) available recent geophysical data (e.g., seismic tomography, active seismic lines 

and geological cross-sections), and iii) the different tectonic style, crustal nature, and 

lithospheric geometry of both basins. These two geo-transects are also chosen to see 

the possible opposite symmetry in the crust and upper mantle structure related to the 

opposite subduction polarity proposed for the geodynamic evolution of the Alboran and 

Algerian basins (Scenario 3, Figure 1.5; Vergés and Fernàndez, 2012). The specific 

objectives of this part are: 

• To develop a detailed crustal cross-section along the geo-transects 

incorporating surface geology, geological data, seismic tomography and active 

seismic lines. 

• To identify different lithospheric mantle domains along the geo-transects based 

on surface geology and mantle xenoliths. In regions dominated by extensive 

magmatism the mantle chemical composition must be compatible with melting 

models. 

• To determine the composition and temperature of the subducted slabs inferred 

from the seismic tomography models, and their control on the elevation. 

• Finally, to compare the obtained results along the geo-transects and to discuss 

their tectonic significance in terms of the geodynamic evolution of the Western 

Mediterranean. 

1.2. Thesis outline 
This thesis is divided into six chapters which are organised as follows: 

Chapter 2 focuses on basic concepts. The general definition of the lithosphere 

and sublithosphere are described. Mathematical formulation of the physical properties 

(i.e., density, seismic velocities and thermal conductivity) and how they are sensitive to 

the surface observables (e.g., the gravitational field of the Earth, surface heat-flow, 

and elevation) are described. 

Chapter 3 is dedicated to methodological improvements to the previous 

LitMod2D_1.0 version incorporated into a new LitMod2D_2.0 version. In this chapter, I 

present the numerical implementation of the new improvements, which are directed to 

provide a modelling tool for the scientific community to be used in regions affected by 
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geodynamic processes that can affect temperature and chemical composition in the 

sublithospheric mantle. The dependence of relevant physical properties of the upper 

mantle (i.e., seismic velocities and density) on the temperature and chemical 

composition is analyzed through synthetic models. The new graphic user interface 

(GUI) is used to perform synthetic model of a subduction zone to demonstrate full 

capability of LitMod2D_2.0. Post-processing tool-box is used to calculate synthetic 

receiver functions and surface-wave dispersion curves using the seismic velocities 

from the synthetic subduction zone model, and the stable minerals in the mantle. 

The results presented in Chapter 3 are published in the scientific journal 

Geochemistry, Geophysics, Geosystems (American Geophysical Union):  

Kumar, A., Fernàndez, M., Jiménez‐Munt, I., Torne, M., Vergés, J., & Afonso, J. C. 

(2020).LitMod2D_2.0: An improved integrated geophysical‐petrological modelling tool 

for the physical interpretation of upper mantle anomalies. Geochemistry,Geophysics, 

Geosystems, 21,https://doi.org/10.1029/2019GC008777. 

A version of the LitMod2D_2.0 has been used in a collaborative study along a 

geo-transect running from South Iberia to North Africa crossing the western Gibraltar 

Arc and published in the scientific journal:    

Jiménez‐Munt, I., Torne, M., Fernàndez, M., Vergés, J., Kumar, A., Carballo, A., & 

García‐Castellanos, D. (2019). Deep seated density anomalies across the Iberia‐Africa 

plate boundary and its topographic response. Journal of Geophysical Research: Solid 

Earth, 124, https://doi.org/10.1029/2019JB018445. 

Chapter 4 presents the results of the present-day structure along two selected 

geo-transects in the Alboran and Algerian basins. Previously published geological 

cross-sections, active seismic lines, Moho depths active and passive seismic data and 

surface geology along the geo-transects are used to constrain crustal-scale cross-

sections. The lithospheric mantle is incorporated to the model based on published LAB 

depths, and chemical compositional domains are added based on available mantle 

xenoliths and surface geology data. Predictions of the surface observables from the 

lithospheric scale models are compared with the observed data, and finally, 

sublithospheric mantle anomalies observed in seismic tomography are added to the 

model. A range of possible chemical compositions of the subducted slabs are tested in 

order to fit the surface observables. Computed seismic velocities are also compared 

with the available passive seismological data.    
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A manuscript showing the results presented in Chapter 4 is in preparation to be 

submitted in a scientific journal.   

Chapter 5 presents the general discussion on the new LitMod2D_2.0 software 

package and its application to model the present-day crust to upper mantle structure in 

the Western Mediterranean. The discussion on LitMod2D_2.0 is focused on the 

assumptions made and the potential future developments. The obtained results along 

the two modelled geo-transects are compared and discussed in terms of their tectonic 

significance.  

Finally, Chapter 6 presents the final conclusions of this thesis. 
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Figure 1.6 Flow chart showing the work-flow and the steps followed to achieve the objectives of this 

thesis.

Methodology 

Thermal and chemical imaging of the upper mantle anomalies: application to the 
Western Mediterranean 

Synthetic experiments of sublithospheric mantle anomalies 

• Sensitivity of density and seismic velocities to temperature and 
chemical composition. 

• Effect of sublithospheric mantle anomalies on the surface observables. 
• Demonstration of the improved LitMod2D_2.0 using a synthetic model 

of subduction zone. 

 

 
Present-day crust and upper mantle structure in the Alboran and 

Algerian basins 

• Integrated geophysical-petrological model of the crust and upper 
mantle structure in the Alboran and Algerian basins.    

• Tectonic implications for the geodynamic evolution of the region.  

 

Synthetic 
models 

Application to 
Western 

Mediterranean 

• Improved LitMod2D_2.0 tool for the scientific community to model the 
upper mantle anomalies. 

• Constrains for the geodynamic evolution of the Western Mediterranean 
based on the integrated geophysical-petrological modelling of the 
present-day crust and upper mantle structure. 

LitMod2D 2.0 

 
• Methodological improvements on an already existing tool, 

LitMod2D_1.0, into a new improved LitMod2D_2.0 version.                                                                                                                           
• A tool for the scientific community to model geodynamic processes 

which can change the temperature and/or chemical composition in the 
upper mantle. 

 

 

 

Results 
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CHAPTER 2 
Fundamentals 

 
“If you want to find the secrets of the universe, think in 

terms of energy, frequency and vibration” 

 
-Nikola Tesla 
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Chapter 2 

Fundamentals 
This thesis is based on integrating the surface observables (i.e., gravity 

anomaly, geoid height, and surface heat flow, elevation, and mantle xenoliths and 

xenocrysts) and the physical properties sensitive to them (i.e., temperature, density, 

and seismic velocities) in a self-consistent thermodynamic manner to model the 

thermal, chemical and physical architecture of the lithosphere and upper mantle. 

Hence, it is necessary to state the basic principles and definitions adopted and the 

physical laws used in this thesis. In this chapter, I describe the basic definitions of the 

lithosphere, sublithosphere, surface observables (i.e., data) and their dependence on 

the physical properties. 

2.1. Lithosphere 
The lithosphere is the long-term rigid outer shell of the Earth and it is 

subdivided into tectonic plates, fundamental units of plate tectonics. However, 

depending on the timescale of applied stresses and the amount of strain rate, rocks in 

the Earth can show distinct behaviour (elastic, viscous, plastic).The lithosphere is a 

chemical, mechanical, and thermal boundary layer that overtops a hotter and 

rheological weak material. Chemically, the lithosphere is divided into the crust (usually 

silica rich) and the uppermost mantle (lithospheric mantle) where the conductive mode 

of heat transfer prevails.  

The crust is the outermost layer of the Earth consisting mainly of sediments, 

granite, gneisses, granodiorite, gabbro, amphibolite, granulite and volcanic material for 

the continental crust, and of sediments, basalts, gabbros and some serpentinites for 

the oceanic crust. From a chemical point of view five oxides: SiO2, Al2O3, FeO, MgO, 

CaO, and Na2O dominate in the crust (Table 2.1). The continental crust contains 

higher silica and aluminium than the basaltic oceanic crust, hence is less dense 

than basalt. The Mohorovičić discontinuity (Moho) separates the crust from the 

relatively ductile mantle and represents a major chemical discontinuity from felsic crust 

to mafic upper mantle resulting in a major seismic velocity and density contrast. This 

major velocity contrast is imaged using earthquake waveforms or active seismic 

sources to map the depth of this discontinuity. The continental crust is usually divided 
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into three layers: an upper crust with densities between 2650 kg/m3and 2710 kg/m3, a 

middle crust with densities from 2710 kg/m3 to 2860 kg/m3, and a lower crust ranging 

from 2860 kg/m3 to 2960 kg/m3 (Christensen and Mooney, 1995). The oceanic crust is 

composed by a gabbroic layer, overlain by basaltic pillow lavas and sheeted dykes. A 

low velocity and density sedimentary layer is usually present in the crust regardless of 

continental or oceanic showing a wide variety of density values (2000-2650 kg/m3). 

Table 2.1 Major oxide compositions (weight %) of the crust. 

Name SiO2 Al2O3 FeO MgO CaO Na2O 

Continental upper crusta 66.60 15.40 5.00 2.50 3.59 3.27 

Continental middle crusta 63.50 15.00 6.02 3.60 5.25 3.39 

Continental lower crusta 53.40 16.90 8.57 7.20 9.59 2.65 

Oceanic upper crustb 48.99 14.89 9.86 7.56 11.26 2.70 

Oceanic lower crustc 52.58 13.83 6.74 12.48 10.52 1.20 
a Rudnick and Gao (2003); bSchilling et al. (1983); cBehn and Kelemen (2003) 

The lithospheric mantle is a chemically distinct layer spaning from the Moho to 

the top of the asthenosphere. The base of the lithospheric mantle is also denoted as 

the lithosphere-asthenosphere boundary (LAB) whose depth and physical 

characteristics depend on the way it is observed. The seismological lithosphere is 

defined as the high velocity lid that overlies the upper mantle Low Velocity Zone (LVZ), 

although this definition is more appropriate for oceanic rather than for continental 

lithospheres (Anderson, 1989; Carlson et al., 2005). Thermally, the lithosphere is 

defined as the thermal boundary layer in which the heat transfer by conduction 

predominates over convective processes. The base of the lithospheric mantle or LAB 

is commonly defined as a particular isotherm (usually 1200 ºC - 1350 ºC) determined 

by the intersection between a conductive geotherm and a mantle adiabat (Schubert et 

al., 2001). From a geochemical point of view the LAB would be the maximum depth 

from which low-Y (< 10 ppm) garnets, characteristic of depleted lithosphere, are 

derived (Griffin et al., 1999). This definition matches pretty well with the thermal 

definition of the LAB being at the 1200 ºC - 1300 ºC isotherm. The mechanical 

lithosphere can be defined as a layer not affected by the convection beneath it, at 

geological time scales. The boundary between mechanical lithosphere and convective 

mantle is typically around 800 ºC - 900 ºC, based on the deformation of the olivine-rich 

rocks (Schubert et al., 2001). Hence, the thermal lithosphere includes the mechanical 

lithosphere. Accordingly, there is an upper layer that takes no active part in 
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convection, underlain by the lower part of the thermal boundary layer which, under 

some circumstances, can become unstable and convect. Hence, depending on the 

considered physical property in observing or modelling the lithosphere its definition 

can change. In this thesis, LAB is referred to as a thermal and a chemical boundary 

unless specified otherwise.  

2.2. Sublithospheric mantle 
The Earth’s mantle beneath the LAB spans until the core-mantle boundary, 

which is roughly at ~2900 km. The mantle is further divided into upper and lower 

mantle separated by the mantle transition zone (MTZ). The MTZ starts at 410 km, 

which is marked by the exothermic phase transition of olivine to its high-pressure 

polymorph, wadsleyite. The bottom of the MTZ lies at 660 km depth involving the 

endothermic phase transition of wadsleyite to its high-pressure polymorph called 

ringwoodite. The thickness and depth of the mantle transition zone can vary locally 

since it is defined by endothermic and exothermic phase transition (e.g., if a cold 

subducting slab penetrates the MTZ its thickness increases whereas if a hot plume 

rises through MTZ its thickness decreases).In this thesis, I only focus up to the upper 

mantle (400 km depth) and refer to it as sublithospheric mantle (i.e., asthenosphere). 

Hence, the base of the sublithospheric mantle is fixed at 400 km depth, and the 

temperature at this depth is taken to be 1520 °C (Afonso et al., 2008) which is 

consistent with the experiments at high-pressure and high-temperature on phase 

equilibria of olivine-wadsleyite (Ito and Katsura, 1989; Katsura et al., 2004) giving a 

temperature of 1487 ± 45°C at the 410km discontinuity. 

The sublithospheric mantle is the hotter layer beneath the LAB in which 

convection prevails, implying a more ductile behaviour than the lithosphere at geologic 

time scale. Heat transport in the sublithospheric mantle is carried out by convection 

and is parameterized with an adiabatic thermal gradient. 

Chemically, the sublithospheric mantle is homogenous but distinct than the 

lithospheric mantle. One basis on which composition in the mantle is compared is the 

fertility, which simply means enrichment in compatible elements concentration and 

depletion in incompatible elements. The compatible/incompatible nature of elements 

depends on the bulk distribution coefficient during solid to liquid phase transition called 

chemical differentiation. The bulk distribution coefficient is the ratio of the element 

concentration in the solid phase over the liquid phase. In Figure 2.1, it can be seen 

that MgO is highly compatible and Al2O3, CaO, and Na2O are incompatible whereas 
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FeO and SiO2 are slightly incompatible. The sublithospheric mantle is a chemical 

reservoir source to Mid-Oceanic-Ridge-Basalts (MORB) since the onset of plate-

tectonics and is depleted in incompatible elements (i.e., Ca, Al, Fe) and enriched in 

compatible elements (Mg) and hence, is more fertile than the lithospheric mantle.  

 

Figure 2.1 Bulk distribution coefficients of major oxides during melting at the mid-oceanic-ridge 

calculated using empirical relations from Niu (1997). A black horizontal line with bulk distribution 

coefficient of 1 separates compatible elements above it from the incompatible elements below it. 

2.3. Gravitational field 
The Earth’s gravitational field is a direct manifestation of the density distribution 

in the Earth’s interior and hence, complements other geophysical observables (i.e., 

elevation and passive and active seismic data). The real equipotential surface of the 

Earth, called geoid, follows the mean sea level in the oceanic areas and referenced 

sea level surface over the continents. As a good approximation, the geoid can be 

described by an equipotential revolution ellipsoid and is called the normal or 

theoretical field, or the reference geoid.  

Mathematically, the gravity potential of the Earth can be adequately described 

using a global geopotential model, i.e., a spherical harmonic expansion, to degree and 

order N, plus a centrifugal term:  

W(r,ϕ, λ) =
GMT

r ���
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where 𝐺𝐺 is the universal gravitational constant (6.674 x10-11 m3/kg.s2), MT the total 

mass of the Earth, r,  𝜙𝜙, 𝜆𝜆, x and y the geocentrical coordinates of the observation 

point, 𝐶𝐶𝑛𝑛𝑛𝑛 , 𝑆𝑆𝑛𝑛𝑛𝑛 a set of fully normalized coefficients, 𝑃𝑃𝑛𝑛𝑛𝑛 the fully normalized 

associated Legendre functions, and 𝜔𝜔 is the angular rotation velocity of the Earth.  

The actual gravity potential of the Earth, W, can be written as sum of the potential 

from the reference ellipsoid, U, and the difference between W and U called anomalous 

potential:  

𝑊𝑊 = 𝑈𝑈 + 𝑇𝑇                 (2.2) 

Such partition of the Earth’s gravity field simplifies the mathematical formulation of 

the normal potential (U) as the ellipsoidal field and its deviation with respect to the real 

field. Both, the gravity (free air and Bouguer) and the geoid anomalies, are referred to 

the normal field produced by the reference ellipsoid. 

2.3.1. Gravity anomaly 
The gravity anomaly (Δg) is the difference between the measured gravity over 

or reduced to the geoid, g, and the normal (theoretical) gravity at a point projected 

along a normal to the reference ellipsoid from the measurement point, 𝜆𝜆. Both, the 

measured and the normal gravity, can be derived from the Earth and ellipsoidal 

potentials:  

𝑔𝑔 = ∇𝑊𝑊              (2.3) 

𝜆𝜆 = ∇𝑈𝑈                (2.4) 

Since gravity anomaly follows the inverse square law, it is mainly sensitive to 

lateral density variations at crustal depths. Measured gravity data contain the effects of 

latitude, Earth tides, instrumental drift, distance from the reference ellipsoid and 

masses between the actual topography and the reference ellipsoid. Hence, in order to 

obtain anomalies comparable over large areas, corrections must be applied for the 

above mentioned effects. Corrections for Earth tides, instrumental drift, latitude, and 

free air to the measured gravity gives us the free air gravity anomaly (ΔgFA), which at 

short wavelengths correlates strongly with topography. The free air correction takes 

into account whether the measuring point is above or below the reference ellipsoid, 

considering the vertical gravity gradient. Once the correction for the topography 

masses are applied to the free-air gravity anomaly, called terrain correction, the 

Bouguer anomaly (ΔgB) is obtained. The primary objective of the complete Bouguer 
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correction is to remove all non-geological components of the gravity anomalies 

enhancing subsurface mass variations by correcting for the gravitational attraction of 

topography to the free-air anomaly. Hence, Bouguer anomaly correlates mainly with 

lateral variations of the density and thickness of the crust.  

2.3.2. Geoid anomaly 
The geoid is the equipotential surface of the Earth and coincides with the 

average sea level and contains, ideally, all the mass of the Earth. However, this is not 

a rigorous definition, since the average sea level is not completely equipotential 

(dynamic ocean processes) and, in addition, onshore topographical masses can lie 

above the geoid. The geoid anomaly is then the distance between the geoid surface 

and the reference ellipsoid model. The geoid anomaly, N, and the anomalous 

potential, T, in equation 2.2, are related by the Brun’s formula:   

𝑁𝑁 =
𝑇𝑇
𝛾𝛾

                           (2.5) 

where 𝛾𝛾 is the normal gravity field. In equation 2.5 it is assumed that the potential of 

the geoid and the reference ellipsoid are equal. In addition, the geoid anomaly, the 

gravity anomaly and the anomalous potential are related by the fundamental equation 

of the physical geodesy (Heiskanen and Moritz, 1967): 

∇𝑔𝑔 = −
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

+  𝑁𝑁
𝜕𝜕𝛾𝛾
𝜕𝜕𝜕𝜕

              (2.6)             

where 𝜕𝜕 is the elevation or orthometric height along the plumb line (positive upwards, 

negative towards the Earth’s interior). Although equation 2.6 has the form of a partial 

differential equation, it must be considered as a boundary condition, as the gravity 

anomaly, g, is only known over a surface (the geoid). If we assume that the mass 

distribution outside the geoid is null, T becomes a harmonic function and: 

∇2𝑇𝑇 = 0                       (2.7) 

Equation 2.7, in conjunction with the boundary condition expressed by equation 

2.6, is a genuine partial differential equation. The knowledge of the anomalous 

potential using gravity measurements (Equations 2.6 and 2.7) allows us to determine 

the geoid anomaly through equation 2.5. The spherical approximation considers the 

reference ellipsoid as a sphere and it is interesting for practical purposes. In the 

spherical approximation, equation 2.6 has the following form: 
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∇𝑔𝑔 +  
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

+  2 
𝑇𝑇
𝑅𝑅𝑇𝑇

= 0                (2.8) 

where 𝜕𝜕 is the radial distance and 𝑅𝑅𝑇𝑇 is the radius of the Earth. Offshore, geoid 

variations can be determined straightforward via satellite altimetry. Onshore, the geoid 

anomaly must be determined by indirect methods. The Stokes formula gives us the 

geoid anomaly as a function of the gravity anomalies in the spherical approximation: 

𝑁𝑁 =
𝑅𝑅𝑇𝑇

4𝜋𝜋𝑔𝑔0
�∇𝑔𝑔𝑆𝑆(𝜓𝜓) 𝑑𝑑𝑑𝑑            (2.9)  

where 𝜓𝜓is the spherical distance between the calculation point and the mass 

distribution, 𝑔𝑔0 is an average value of the gravity attraction over the surface of the 

Earth, 𝑑𝑑𝑑𝑑 is the differential element of surface, and 𝑆𝑆(𝜓𝜓) is the Stokes function, 

defined as: 

𝑆𝑆(𝜓𝜓) =
1

sin �𝜓𝜓
2
�

 − 6 sin �
𝜓𝜓
2
� +  1 − 5 cos(𝜓𝜓) −   3 cos(𝜓𝜓) L �sin �

𝜓𝜓
2
� + sin2 �

𝜓𝜓
2
��            (2.10) 

 

The surface integral of equation 2.9 spans the whole surface of the Earth, and 

assumes the following assumptions:  

• The mass within the reference ellipsoid is equal to the mass of the Earth.  

• The potential of the geoid and the reference ellipsoid are equal. 

• The centre of the reference ellipsoid is coincident with the centre of the Earth.  

• There are no masses outside the geoid (equation 2.7). 

• Spherical approximation. 

The assumption that no masses lie outside the geoid is not valid over the 

continents, since the geoid surface is located beneath the topography. In such cases, 

topography outside the geoid must be removed by some procedure (e.g., Helmert 

condensation) taking into account the indirect effect that such procedure introduces in 

the geoid determination. 

Since the geoid anomaly is the difference between two potential surfaces, it 

depends on the inverse of the distance to density anomalies and is affected by lateral 

density variations located in a wide range of depths ranging from the core-mantle 

boundary up to crustal levels. As a general rule of thumb, an excess of mass produces 

positive geoid anomalies and vice versa. Unfortunately, it is not possible to determine 

univocally the depth of the density anomaly, i.e., to decompose the potential field of 
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the Earth into its causative sources (Bowin, 2000). However, global studies show that 

the geoid anomalies with wavelengths greater than 4000 km are produced by density 

variations at sublithospheric depths (Bowin, 1983). As consequence, to study the 

upper mantle structure, we must retain only geoid signal with wavelengths smaller 

than 4000 km. The relation between the degree, 𝑛𝑛, and the associated wavelength of 

the spherical harmonics, 𝜆𝜆, is (Strang van Hees, 2000): 

 𝜆𝜆 =  
4√𝜋𝜋𝑅𝑅𝑇𝑇
𝑛𝑛 + 1

                (2.11) 

According to equation 2.11, for the degree 10 harmonic, the associated 

wavelength is about 4106 km. Therefore, degrees 𝑛𝑛≤ 10 must be removed in order to 

keep the more likely “upper mantle” contribution to the geoid anomaly. For a punctual 

mass, 𝑚𝑚𝑝𝑝, we can obtain an equation that relates the gravity anomaly and the geoid 

anomaly in spherical coordinates. The anomalous potential produced by a punctual 

mass anomaly at a depth 𝑧𝑧 is:  

𝑇𝑇 =  𝐺𝐺
𝑚𝑚𝑝𝑝

𝑧𝑧
                    (2.12) 

The gravity anomaly produced by the same punctual mass anomaly reads: 

Δ𝑔𝑔 =  𝐺𝐺
𝑚𝑚𝑝𝑝

𝑧𝑧2
                   (2.13) 

Combining equations 2.12 and 2.13 with equation 2.5, the following expression 

is obtained for the depth at which the punctual mass anomaly is located: 

𝑍𝑍 =
𝑁𝑁𝛾𝛾
Δ𝑔𝑔

                           (2.14) 

According to equation 2.14, a punctual mass anomaly that produces a gravity 

anomaly of 50 mGal, and a geoid anomaly of 1 m, would be located at a depth of 

about 20 km. 

2.4. Temperature field 
Dynamics of the Earth is essentially related with dissipation of the primordial 

heat (i.e., the heat generated during formation of the Earth) and the heat generated 

from the decay of radioactive elements. Inside the Earth heat can be transferred in 

four different ways: advection, convection, conduction, and radiation. The advection 

heat transfer occurs due to forced motion of mass and, in geological processes, via 
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erosion/sedimentation, isostatic uplift, magmatic ascent, and tectonic deformation. 

Convection is a special form of advection in which the motion is related to the grain 

level boundaries of the material, and is important in fluids and gases. Conduction of 

heat implies the transmission of the kinetic energy between adjacent atoms in the 

crystalline lattice or between neighbourhood molecules. Radiation involves the direct 

transfer of heat by electromagnetic radiation. 

Although convection is not applicable to the rigid solids, over geological times 

the mantle behaves as a very high viscosity fluid and, therefore, slow convection is 

possible in the mantle. The lithosphere acts as a thermal boundary layer where the 

primary mode of heat transfer is conductive. 

The heat transport inside the Earth can be expressed by the general equation 

(e.g., Schubert et al., 2001): 

𝜌𝜌Cp
𝑑𝑑𝑇𝑇
𝑑𝑑𝑑𝑑

=  𝛻𝛻 ·  (𝑘𝑘𝛻𝛻𝑇𝑇) +  𝐻𝐻 −  𝜌𝜌Cp𝑢𝑢�⃗ · 𝛻𝛻𝑇𝑇      (2.17) 

where, T is the temperature, t is the time, k is the thermal conductivity (W/K.m), ρ is the 

density (kg/m3), 𝐶𝐶𝑝𝑝 is the specific heat at constant pressure (J/K.kg), u is the vector of 

velocity (m/s), and H is the radiogenic heat production per unit volume (µ.W/m3). The 

first term of the right-hand side of equation 2.17 corresponds to diffusion of heat by 

conduction, the second one reflects the presence of heat sources, and the third one is 

the advective/convective transfer of heat. 

Under steady-state conditions and in the absence of advection, equation 2.17 

can be written as: 

𝛻𝛻 ·  ( 𝑘𝑘𝛻𝛻𝑇𝑇) = − 𝐻𝐻                                      (2.18) 

In absence of advection/convection, the main contribution to the heat source 

term, H, comes from the radiogenic heat production from the radioactive decay of 

isotopes U238, Th232 and K40. On average, uranium and thorium contribute more to the 

heat production than potassium. In general, granite has a more important internal heat 

generation (2 – 4 µ.W/m3) than mafic igneous rocks (0.2 – 0.4 µ.W/m3) (e.g., Vilà et al., 

2010). The undepleted mantle contribution to the heat source term is very low (0.01 – 

0.02 µ.W/m3).  

Numerically computed temperature field yields forward prediction of the surface 

heat flow (SHF), which is a measure of the energy released from the Earth per unit 

area and per unit time, and can be compared with measurements at the surface. 



Fundamentals 

34 

However, SHF measurements are expensive (particularly for continental areas) and, 

therefore, are sparse. Further, SHF data are submitted to various perturbation 

processes like water circulation, faults, paleoclimate variations or data acquisition. In 

continents (including arcs and continental margins), the average SHF (64.7 m.W/m2) is 

low compared to the average value for the oceans (95.9 m.W /m2; Davis, 2013).In the 

absence of advection due to tectonic activity, SHF is mainly controlled by the 

radiogenic heat production in the crust and the heat flow from the underlying mantle. 

SHF values tend to be higher in the areas with recent tectonic activity.  

2.5. Mineral physics 
For any given thermodynamic system (e.g., a mineral) with its chemical 

composition and components, the equilibrium state in terms of state variables (i.e. 

pressure and temperature) can be calculated by minimizing the Gibb’s free energy. 

This equilibrium state consists of thermodynamically stable components at a given 

pressure and temperature and allows calculating the physical properties. Recalling the 

first law of thermodynamics, the total energy of a system is conserved or, in other 

words, the internal energy, 𝑈𝑈 of a mineral structure, considered as a thermodynamic 

system, is constant. The internal energy is the sum of the potential energy stored in 

the interatomic chemical bonds and the kinetic energy related to atomic vibrations. If 

any heat is supplied to the system, the kinetic energy through the vibrations of 

chemical bonds will increase, leading to an increase in the temperature and, 

ultimately, in the internal energy. If any work is done on a mineral structure or if it is 

allowed to expand, it will do some work on the surrounding and its internal energy will 

change. The change in the internal energy can be expressed as 

𝑑𝑑𝑈𝑈 = 𝑑𝑑𝑑𝑑 − 𝑃𝑃𝑑𝑑𝑃𝑃                (2.19) 

where 𝑑𝑑𝑑𝑑 is the exchanged heat, and 𝑃𝑃𝑑𝑑𝑃𝑃 is the work done during expansion, 𝑃𝑃 being 

the pressure and 𝑑𝑑𝑃𝑃 the change in volume (𝑃𝑃) due to the expansion. Since 

temperature is a state variable, any property changing it, is a fundamental property of 

a material and hence, heat capacity 𝐶𝐶 is defined as the amount of heat 𝑑𝑑𝑑𝑑 required to 

raise the temperature of a mole of material by𝑑𝑑𝑇𝑇. Expressing 𝑑𝑑𝑑𝑑 in the equation 2.19 

in terms of 𝐶𝐶 gives the following expression: 

𝐶𝐶 =
𝑑𝑑𝑈𝑈
𝑑𝑑𝑇𝑇

+
𝑃𝑃𝑑𝑑𝑃𝑃
𝑑𝑑𝑇𝑇

                  (2.20) 
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If the volume is constant then 𝐶𝐶 in equation2.20 becomes the heat capacity at 

constant volume that is 𝐶𝐶𝑣𝑣, which then becomes the direct measure of change in the 

internal energy. In experiments involving solids, it is easier to maintain constant 

pressure than constant volume, so we need to define another energy function called 

enthalpy, H as   

    𝐻𝐻 = 𝑈𝑈 + 𝑃𝑃𝑃𝑃                       (2.21) 

Since we are interested in changes of these energy functions, let us 

differentiate it 

𝑑𝑑𝐻𝐻 = 𝑑𝑑𝑈𝑈 + 𝑃𝑃𝑑𝑑𝑃𝑃 + 𝑃𝑃𝑑𝑑𝑃𝑃    (2.22) 

Substituting for 𝑑𝑑𝑈𝑈  from equation2.19 and for heat capacity and rearranging 

we get  

𝐶𝐶 =
𝑑𝑑𝐻𝐻
𝑑𝑑𝑇𝑇

+
𝑃𝑃𝑑𝑑𝑃𝑃
𝑑𝑑𝑇𝑇

                    (2.23) 

Now if pressure is constant, the above equation becomes the heat capacity at 

constant pressure, 𝐶𝐶𝑝𝑝, which is the heat change, 𝑑𝑑𝑑𝑑, required to change the 

temperature by 𝑑𝑑𝑇𝑇at constant pressure and is equal to the enthalpy change and can 

be easily measured in the laboratory experiments. Hence, enthalpy becomes 

analogous to internal energy. The difference between 𝐶𝐶𝑝𝑝 and 𝐶𝐶𝑣𝑣 is expressed as 

𝐶𝐶𝑝𝑝 −  𝐶𝐶𝑣𝑣 = 𝑇𝑇𝑃𝑃
𝛼𝛼2

𝛽𝛽
                (2.24) 

where 𝛼𝛼 is the thermal expansion coefficient and 𝛽𝛽 is the compressibility which are 

again properties of a system. 𝛼𝛼 and 𝛽𝛽 can be experimentally measured for individual 

minerals, hence 𝐶𝐶𝑣𝑣 can be calculated using equation2.24 and the change in the 

internal energy can be calculated.  

During the change in internal energy of a mineral, heat is exchanged with the 

surrounding and the state of order, a measure of entropy (𝑆𝑆), changes. Now, recalling 

the second law of thermodynamics, for any reaction in nature entropy always 

increases and the entropy change is defined as  

𝑑𝑑𝑆𝑆 >
𝑑𝑑𝑑𝑑
𝑇𝑇

                                (2.25) 
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Since the exchange of heat is related to enthalpy, the final criteria for feasibility 

of reactions become 

𝑑𝑑𝐻𝐻 − 𝑇𝑇𝑑𝑑𝑆𝑆 < 0                (2.26) 

The left-hand side of equation2.26 is defined as the Gibb’s free energy 

(Equation 2.27) of the reaction, and its change should be negative for a reaction to 

proceed or, in other words, the components assemblages that have the minimum 

Gibb’s free energy change will be stable for a given temperature and pressure. 

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇𝑆𝑆                     (2.27) 

Hence, to determine thermodynamically stable minerals assemblages inside 

the Earth, a thermodynamic database is needed which consists of 𝑃𝑃, 𝛼𝛼, 𝛽𝛽 , 𝐻𝐻, 𝑆𝑆, 

𝐶𝐶𝑝𝑝(𝑇𝑇,𝑃𝑃) values for the possible mantle minerals to determine the Gibb’s free energy 

for a give geotherm. 

The chemical composition of the mantle can be described by the bulk rock 

major element oxides (in weight %), within the Na2O-CaO-FeO-MgO-Al2O3-SiO2 

(NCFMAS) system since they account for the ~99% of the Earth’s mantle (Palme and 

O’Neill, 2013). Since observational data (i.e., gravity field, SHF, seismograms, 

elevation) depends on bulk rock physical properties(density, bulk and shear modulus, 

and thermal conductivity), the major oxides chemical composition needs to be 

converted to pressure-temperature dependent stable phases called P-T phase 

diagrams for the mantle (Figure 2.2). Phases include the stable mineral assemblages 

found in the mantle, which allows calculating their physical properties. Minerals in the 

mantle exist in the form of solid solutions (Table 2.2) and have thermodynamically 

stable equilibrium assemblages as a function of pressure-temperature and 

composition.The upper mantle down to 400 km depth is mainly composed of olivine, 

garnet, orthopyroxene, and clinopyroxene (Figure 2.2). In the lithospheric mantle, at 

shallower depths, two other Al bearing minerals, plagioclase and spinel, are present 

depending on the depth (plagioclase is stable at shallow depths which converts to 

spinel at relatively higher depths and ultimately to garnet at greater depths). 
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Figure 2.2 Mineral proportions for a pyrolitic composition as function of pressure and temperature range 

in the mantle. Black circles with error bars shows the experimentally determined phase proportions in dry 

pyrolite from Irifune and Isshiki (1998) based on high-T-P experiments. Red circles are predictions from 

Afonso and Zlotnik (2011) thermodynamic database and stars are predictions from the dataset of Xu et al. 

(2008). Figure is taken from Afonso and Zlotnik (2011). 

Stable phase and mineral assemblages can be computed numerically using a 

Gibbs free-energy minimization algorithm (e.g., Connolly, 2005, 2009), which requires 

a thermodynamic database as explained above. A thermodynamic database contains 

experimentally determined thermodynamic parameters of end-member minerals 

contribution to the phase solution and their pressure-temperature dependent physical 

properties (e.g., density, bulk and shear modulus, thermal conductivity). 

Table 2.2 Mineral solid solution notation and formulae. 

Symbol Solution Chemical formula 
Ol Olivine [MgxFe1-x]2SiO4 

Gt Garnet Fe3xCa3yMg3(1-x+y+z/3) 

Al2-2zSi3+zO12; x+y+4z/3 ≤ 1 

Opx Orthopyroxene [MgxFe1-x]2-yAl2ySi2-yO6 

Cpx Clinopyroxene Ca1-y[MgxFe1-x]1+ySi2O6 

C2/c Pyroxene [MgxFe1-x]4Si4O12 

Sp Spinel MgxFe1-xAl2O4 

Pl Plagioclase NaxCa1-xAl2-xSi2+xO8 

Wad Wadsleyite [MgxFe1-x]2SiO4 
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2.6. Physical properties 
The equilibrium compositions of the phases using Gibb’s free energy 

minimization allow estimating the amount of end-member minerals present in each 

phase. The relative amount of end-member minerals present in each phase allows 

calculating the bulk rock physical properties using rules of mixtures. 

2.6.1. Density 
In general, the mineral equilibria within the crust are not solved due to the large 

variety of mineral phases and then, the density can be calculated using  

𝜌𝜌(𝑇𝑇,𝑃𝑃) = 𝜌𝜌0 −  𝜌𝜌0𝛼𝛼(𝑇𝑇 − 𝑇𝑇0) + 𝜌𝜌0𝛽𝛽(𝑃𝑃 − 𝑃𝑃0)         (2.28) 

where 𝜌𝜌0 is the reference density at temperature (𝑇𝑇0) and pressure (𝑃𝑃0) , 𝛼𝛼 is the 

thermal expansion coefficient and  𝛽𝛽  is the compressibility. 

In the mantle, the fourth-order Birch-Murnaghan equation of state (EoS) allows 

to calculate the density of end-member minerals. Density of phases is computed using 

experimental models (e.g., Brey et al., 1999; Lee, 2003) where densities of each end-

member are weighted by their mole fraction in each stable phase. Finally, the bulk rock 

density as a function of temperature and pressure for a given composition, including 

phase changes as well, can be calculated using a rule of mixture as: 

𝜌𝜌 = �𝜌𝜌𝑖𝑖𝑣𝑣𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

                   (2.29) 

where 𝑛𝑛 is the number of stable phases, 𝜌𝜌𝑖𝑖 and 𝑣𝑣𝑖𝑖 are the density and volumetric 

fraction of the ith phase, respectively. 

2.6.2. Thermal conductivity 
Thermal conductivity, which controls the heat transport, depends on pressure, 

temperature and chemical composition. Conductive heat transport occurs by two 

processes: 1) lattice vibrations and 2) diffusive radiation. Lattice vibrations mainly 

involve vibration of the chemical bonds upon transfer of heat from neigh boring 

molecules and dissipating it. Diffusive radiation involves electromagnetic radiation from 

the molecules upon receiving the heat from neighbouring molecules and, in turn, 

affecting them. Since these processes occur simultaneously, the total thermal 

conductivity is the sum of the lattice vibrations and the radiative transfer.  
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Thermal conductivity, k, is related to the thermal diffusivity, D, by: 

𝐷𝐷 =
𝑘𝑘
𝜌𝜌𝐶𝐶𝑝𝑝

                                                           (2.30) 

where 𝜌𝜌 is the density and 𝐶𝐶𝐶𝐶 is the heat capacity at constant pressure. Equation 

2.30suggests strong dependence of thermal conductivity on the chemical composition 

since density and heat capacity are specific for each mineral.  

Thermal diffusivity for each mineral can be expressed as (Grose and Afonso, 

2013):  

𝐷𝐷(𝑇𝑇) = 𝑎𝑎 + 𝑏𝑏 · 𝑒𝑒𝑒𝑒𝐶𝐶−𝑐𝑐𝑇𝑇 +  𝑑𝑑 · 𝑒𝑒𝑒𝑒𝐶𝐶−𝑒𝑒𝑇𝑇        (2.31) 

where T is temperature and a, b, c, d, e are the coefficients corresponding to each 

mineral derived from laboratory measurements.  

The radiative contribution to the thermal conductivity is calculated as a function 

of the temperature, composition, grain size, and optical properties of crystals 

(Hofmeister, 2005), using: 

𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟(𝑇𝑇,𝑑𝑑) = 𝐴𝐴 𝑒𝑒𝑒𝑒𝐶𝐶 �
(𝑇𝑇 − 𝑇𝑇𝐴𝐴)2

2𝑒𝑒𝐴𝐴2
� +  𝐵𝐵 �

(𝑇𝑇 − 𝑇𝑇𝐵𝐵)2

2𝑒𝑒𝐵𝐵2
�     (2.32) 

where A, B, TA, TB, xA, xB are all a function of grain size 𝑑𝑑 (further details in Grose and 

Afonso, 2013; Tunini, 2015). 

Then thermal conductivity for each mineral is calculated using equation 2.30 

including thermal diffusivity (Equation 2.31), and radiative contribution is added using 

equation 2.32.  

2.6.3. Mantle seismic velocities 
Mantle seismic velocities depend on composition, pressure and temperature. 

The calculation requires knowledge of the elastic moduli (𝐾𝐾: bulk modulus and 𝐺𝐺: 

shear modulus) of each end-member mineral and the bulk rock density at the 

pressures and temperatures of interest. In this manner, isotropic anharmonic seismic 

compressional (VP) and shear (VS) wave velocities can be calculated using the 

following equations: 

𝑃𝑃𝑃𝑃2𝜌𝜌 =  K +  
4
3

G      (2.33) 
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𝑃𝑃𝑆𝑆2𝜌𝜌 =  𝐺𝐺                  (2.34) 

where 𝜌𝜌 is the temperature-, pressure- and composition-dependent bulk rock density, 

𝐾𝐾 is the bulk modulus, and 𝐺𝐺 is the shear modulus of each end-member 

mineraldetermined experimentally and are included in the thermodynamic database. 

Bulk rock density is calculated as mentioned in section 2.6.1.  

To calculate the bulk rock elastic moduli used in equations 2.33 and 2.34, first 

the elastic moduli of each phase is calculated using the molar proportions weighted 

arithmetic mean of the elastic moduli of each end-member mineral. These elastic 

moduli are pressure and temperature dependent, and are calculated when 

constructing the thermodynamic database (e.g., Connolly and Kerrick, 2002). Then, 

bulk rock elastic moduli are computed from volumetrically weighted elastic moduli of 

each phase using a Voigt-Reuss-Hill (VRH) averaging scheme (Hill, 1952) as: 

𝑀𝑀𝐵𝐵 =

⎣
⎢
⎢
⎡
��

𝑤𝑤𝑖𝑖
𝑀𝑀𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

�

−1

+ �𝑤𝑤𝑖𝑖

𝑖𝑖=𝑛𝑛

𝑖𝑖=1

𝑀𝑀𝑖𝑖

⎦
⎥
⎥
⎤
       (2.35) 

 

where 𝑛𝑛 is the total number of phases, 𝑀𝑀𝑖𝑖 and 𝑤𝑤𝑖𝑖 are the moduli of the phases 

calculated in the first step and their volumetric fractions, respectively.  

Seismic velocities calculated from elastic moduli of stable mineral and phase 

assemblages represent the unrelaxed oscillation of the chemical bonds in response to 

the elastic stresses produced by the propagation of high-frequency waves. In nature, 

rocks are not perfect solids or simple oscillators and the presence of defects in the 

crystalline structure, melt, and viscous nature at high temperatures can lead to 

dissipation of the energy imparted by elastic stresses, leading to relaxation of chemical 

bonds. This dissipation, called anelastic attenuation, results in loss of energy or 

relaxation of the elastic modulus leading to dispersion and change in the seismic 

velocities. Hence, in order to be able to compare calculated seismic velocities with the 

modelled seismic velocities using passive seismological data, anelastic effects must 

be accounted in the calculated seismic velocities (Chapter 3). 
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2.7. Isostasy and elevation 
Under the assumption of isostatic equilibrium, local isostasy implies that a 

series of rigid vertical columns (the lithosphere) float freely on an inviscid liquid (the 

sublithospheric mantle) such that the pressure does not vary laterally below a certain 

compensation level. Alternatively, this implies that the lithosphere does not support 

vertical shear stresses. Local isostasy is an alternative statement of Archimedes’ 

principle of hydrostatic equilibrium. Local isostasy has been proven to be an apt 

approximation in the absence of short-wavelength, elastically supported, features such 

as topographic and/or buried loads (Turcotte and Schubert, 1982). The principle of 

isostasy implies that all regions of the Earth with the same elevation must have the 

same buoyancy when referenced to a common compensation level. For the 

lithosphere and sublithosphere mantle, it can be assumed that the compensation level 

is located at 400 km depth (Afonso et al., 2008). The choice of a global compensation 

level at this depth has two advantages: (1) it covers the whole range of estimated 

lithospheric thicknesses, and (2) there is no need to change the calibration constants 

for different regions.  

To calculate the absolute elevation, a calibration with respect to a reference 

column is needed. This reference column can be taken at a mid-oceanic ridge (MOR), 

where the mean elevation and the density-depth distribution are assumed to be known 

(Afonso et al., 2008). The absolute elevation is calculated using the following 

equations:  

𝜕𝜕𝑟𝑟 = �
𝜌𝜌𝑏𝑏 − 𝜌𝜌𝑙𝑙(𝑧𝑧)

𝜌𝜌𝑏𝑏

𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐿𝐿𝑏𝑏𝑏𝑏𝑡𝑡
𝑑𝑑𝑧𝑧–𝛱𝛱𝑜𝑜   (2.36) 

𝜕𝜕𝑏𝑏 = 𝜕𝜕𝑟𝑟
𝜌𝜌𝑏𝑏

𝜌𝜌𝑏𝑏 − 𝜌𝜌𝑤𝑤
                                (2.37) 

  

where 𝜕𝜕𝑟𝑟 and 𝜕𝜕𝑏𝑏 are the elevations above and below the sea level, respectively. 𝐿𝐿𝑡𝑡𝑜𝑜𝑝𝑝 

is top of the column and 𝐿𝐿𝑏𝑏𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜𝑛𝑛 is the bottom of the column, 𝜌𝜌𝑏𝑏 is the density of the 

mantle at 400 km depth and 𝜌𝜌𝑙𝑙 is the depth-dependent density of the column, and 𝜌𝜌𝑤𝑤 

is the density of seawater. 𝛱𝛱𝑜𝑜 is a calibration constant which depends on the average 

density, structure, and the elevation of the reference column (see Afonso et al., 2008).  

Due to the long-term rigid nature of the lithosphere, it flexes under vertical 

loading and can be considered as an elastic plate with an effective elastic thickness, 

Te, resting on an inviscid or on a viscous fluid. Local isostasy ignores the short-
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wavelength loads, and such loads can partly be supported elastically resulting in 

lithospheric deflection. The flexural response of a thin elastic plate is (e.g., Turcotte 

and Schubert, 1982): 

𝑞𝑞(𝑒𝑒) = 𝐷𝐷
𝑑𝑑4𝑤𝑤(𝑒𝑒)
𝑑𝑑𝑒𝑒4

+  𝑁𝑁
𝑑𝑑2𝑤𝑤(𝑒𝑒)
𝑑𝑑𝑒𝑒2

+ 𝑞𝑞𝑟𝑟(𝑒𝑒)    (2.38) 

 

𝐷𝐷 =  
𝜕𝜕𝑦𝑦𝑇𝑇𝑒𝑒3

12(1 − 𝑣𝑣2)
                                              (2.39) 

 

where D is the flexural rigidity, q the vertical load, qd the restoring force, w is the 

deflection, Nis the horizontal force per unit length, Ey is the Young’s modulus, v is the 

Poisson’s ratio, and Te is the elastic thickness of the plate. Solving for the surface 

deflections using equation 2.38 allows integrating the elastic nature of the lithosphere 

along with its thermal and chemical nature in order to reconcile the short wavelength 

variations of elevation. 

2.8. Mantle melting and volcanism 
Melting of rocks inside the Earth requires either its temperature to increase, 

such that it surpasses the solidus, or changes in the composition (e.g., the addition of 

volatiles), which lowers the solidus temperature. One other process which leads to 

melting at the Mid-Oceanic-Ridge is the adiabatic decompression. In thermodynamics, 

adiabatic processes occur without transfer of heat to the surroundings, hence when 

decompression occurs and the mantle is brought up with an almost constant 

temperature that surpasses the solidus temperature, melting occurs.  

Volatiles (e.g., water in sediments) brought into the subduction channel leads 

to melting along the fore-arc in the subduction zones. The volcanic rocks produced in 

these settings inherit a crustal geo-chemical imprint and the associated volcanism is 

called orogenic volcanism. In contrast, melting in the intra-plate regions that does not 

have this crustal imprint is called anorogenic volcanism. However, the interaction of 

the ascending melts with the crust can change the geochemical signature of the 

emplaced volcanic rocks. Likewise, sediments brought into the mantle by subduction 

can change the mantle composition locally and influence the composition of volcanic 

rocks upon its melting. 
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Partial melting experiments on natural mantle peridotites have put important 

constraints on the total amount of partial melting (Kushiro, 2001). Combining 

information from laboratory melting experiments with the formal thermodynamic 

relations, we can calculate the total amount of partial melting necessary to generate a 

‘‘standard’’ oceanic crust ~6–7 km thick (e.g., Klein and Langmuir, 1987; McKenzie 

and Bickle, 1988; Asimow et al., 2001, 2004; Kushiro, 2001; Presnall et al., 2002). 

Klein and Langmuir (1987) first purposed such formalism for the relationship between 

fraction melting, F, and the thickness of oceanic crust, hc, at the ridge. The total 

amount of F can be calculated from a path integral of pressure from the pressure at 

which melting starts, P0, to the pressure at which melting stops, Pf, as follows: 

𝐹𝐹 = � 𝐹𝐹(𝑃𝑃)𝑑𝑑𝑃𝑃
𝑃𝑃𝑓𝑓

𝑃𝑃𝑏𝑏
                              (2.40 )       

The mean fractional melting, 𝐹𝐹 can be calculated as   

𝐹𝐹 =   
∫ 𝐹𝐹(𝑃𝑃)𝑑𝑑𝑃𝑃𝑃𝑃𝑓𝑓
𝑃𝑃𝑏𝑏
(P0 − Pf)

                            (2.41 )       

The function 𝐹𝐹(𝑃𝑃) is a complex function of P (depth); however, it can be 

approximated within a finite pressure interval, n, by a constant slope, 𝛾𝛾𝑛𝑛 called the 

productivity function as (Langmuir et al., 1992; Phipps Morgan, 2001)  

𝛾𝛾𝑛𝑛 = �
𝑑𝑑𝐹𝐹
𝑑𝑑𝑃𝑃
�
𝑆𝑆

 =   

αT
ρcp

− �𝑟𝑟𝑇𝑇𝑠𝑠
𝑟𝑟𝑃𝑃
�
𝐹𝐹

Hm
cp

+  �𝑟𝑟𝑇𝑇𝑠𝑠
𝑟𝑟𝐹𝐹
�
𝑃𝑃

      (2.42 )       

where 𝑇𝑇𝑠𝑠 is the solidus temperature, α the coefficient of thermal expansion (CET), 𝑐𝑐𝑝𝑝 

the heat capacity, and 𝐻𝐻𝑛𝑛 the latent heat of melting. For commonly accepted values of 

these variables, average 𝛾𝛾 values range between 10%- 20% per GPa of pressure 

release (e.g., Langmuir et al., 1992). The amount of melt present at any pressure Px is 

given by the sum of 𝛾𝛾𝑛𝑛(𝑃𝑃𝑛𝑛−1 − 𝑃𝑃𝑛𝑛) for all relevant n (i.e., pressure intervals), where Pn 

becomes Pf in the last pressure interval and Pn-1 is Po in the first pressure interval. 

Thus, equation 2.42 becomes  

𝜌𝜌𝑐𝑐𝑔𝑔ℎ𝑐𝑐  = 𝐹𝐹�𝑃𝑃0 − 𝑃𝑃𝑓𝑓�               (2.43) 

Rearranging equation 2.43 and taking pressure in GPa, densities in kg/m3, and 

𝐹𝐹 in % crustal thickness, hc, can be approximated as 
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ℎ𝑐𝑐  = 𝐹𝐹�𝑃𝑃0 − 𝑃𝑃𝑓𝑓�
104

𝜌𝜌𝑐𝑐𝑔𝑔
            (2.44) 

For example, for typical values of 𝐹𝐹 = ~7.2%, P0 = 2.75 GPa, Pf = 0.2 GPa, and 𝜌𝜌𝑐𝑐 = 

2880 kg/m3, gives hc = 6.5 km (Asimow et al., 2001). 

Once melt is produced and segregated from the source, the chemical 

composition of the residue changes. The composition of the residue can be calculated 

from mass-balance using the initial concentration of element or component in the 

system (e.g., major oxides), the bulk distribution coefficient D, and the fraction of liquid 

F. As a first-order approximation the composition of the solid residue can be estimated 

as (Langmuir et al., 1992) 

𝑒𝑒𝑖𝑖𝑠𝑠  =  
𝑒𝑒𝑖𝑖𝑜𝑜

𝐹𝐹
𝐷𝐷𝑖𝑖

   (1 − 𝐹𝐹)
                  (2.45) 

where 𝑒𝑒𝑖𝑖𝑜𝑜 and 𝑒𝑒𝑖𝑖𝑠𝑠 is the concentration of the ith oxide in the original source and in the 

residue, respectively. 𝐷𝐷𝑖𝑖 is the bulk distribution coefficient of the ith oxide. The bulk 

distribution coefficients are function of pressure and amount of the melting (Niu, 1997). 

Therefore if the mean fractional melting, F, is known then equation 2.45 allows 

calculating the amount of each oxide in the solid residue after melting.
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Chapter 3 

Integrated geophysical-petrological 
modelling of the upper mantle 
anomalies  

Integrated geophysical-petrological modelling of surface observables (i.e., 

gravity anomalies, geoid height, SHF, seismic velocities, xenolith data, and elevation) 

is a comprehensive approach and allows reconciling observations made by different 

datasets and methods. Each one of these observables is sensitive to the 

thermophysical properties of the materials under study, which in turn depend on 

temperature, pressure, and composition (Chapter 2). Therefore, a simultaneous fit to 

the surface observables reduces the uncertainties associated with the modelling of 

each of them alone or in pairs, as commonly found in the literature. Moreover, since 

these observables have a distinctive sensitivity to shallow/deep, thermal/compositional 

density anomalies (Chapter 2), this approach allows having improved control of 

thermal and density (i.e., composition) variations at different depths. 

In this chapter, I present the new LitMod2D_2.0 software package, an updated 

version of the original 2D software by Afonso et al. (2008). In order to make physical 

inferences on seismic velocities, results on anelastic attenuation from recent 

laboratory-based measurements are incorporated in the anharmonic seismic velocities 

obtained from stable mineral assemblages that were considered externally in the 

previous version, LitMod2D_1.0. I test different available depleted chemical 

compositions in the sublithospheric mantle in order to be consistent with geochemical 

data. The numerical implementation of sublithospheric mantle anomalies is illustrated 

with the help of synthetic models. The nature of these anomalies can be i) chemical 

composition, ii) thermal, iii) seismic velocities (relative or absolute), and a combination 

of chemical composition with the latter two.LitMod2D_2.0 works under a forward 

modelling scheme and needs interactive input based on the assessment of the fit to 

the geophysical observables within uncertainty bounds. A new open-source graphic 

user interface (GUI) has been developed under Python programming language 

(Hunter 2007; Rossum, 1995), with improved functionalities, ease of use, and cross-

platform dependence. Further, I make a synthetic model of a subduction zone setting 

to illustrate the sensitivity of sublithospheric mantle anomalies to the surface 
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observables. Finally, I discuss the post-processing capabilities of the LitMod2D_2.0 

outputs to incorporate additional datasets in the modelling. As an example of post-

processing, I compute Rayleigh-surface-wave dispersion curves, synthetic P-wave 

receiver-functions, and stable minerals distribution with depth in the mantle. Dispersion 

curves and receiver functions are calculated to demonstrate the possibility of 

comparing the resultant seismic velocities from LitMod2D_2.0 with passive 

seismological data. 

3.1. General modelling workflow 
LitMod2D is a software package based on the finite-element forward modelling 

approach of the CAGES code (Zeyen and Fernàndez 1994). LitMod2D_1.0 

incorporated an external GENERATOR module based on Perple_X subroutines 

(Connolly, 2005), later upgraded (Connolly, 2009), to calculate the mineral 

assemblages and their physical properties as functions of the bulk composition of 

mantle domains. It also incorporates a MATLAB-based GUI. For a detailed description 

of LitMod2D_1.0 the reader is referred to Afonso et al. (2008). Here, I provide a brief 

summary of the critical aspects of the method and focus on the implementation of the 

new features/improvements in LitMod2D_2.0. 

The general work-flow (Figure 3.1) in both versions is similar, except for the 

simplified input/output files, new improvements, and the new post-processing toolbox 

module. The numerical domain extends from the surface to 400 km depth and 

comprises different crustal and mantle bodies characterized by their individual thermo-

physical properties and chemical composition. Crustal bodies are characterized by 

user-defined thermo-physical properties (e.g., thermal conductivity, volumetric heat 

production rate, coefficient of thermal expansion, and compressibility), with an option 

of depth and/or temperature dependence. The composition of upper mantle bodies is 

assigned within the Na2O-CaO-FeO-MgO-Al2O3-SiO2 (NCFMAS). Stable mineral 

assemblages are calculated by the external module GENERATOR using a Gibbs free-

energy minimization algorithm (Connolly, 2005; 2009; Chapter 2 section 2.5) for 

pressure and temperature ranges in the upper mantle (Chapter 2, Table 2.2). Here, I 

use an augmented-modified version of Holland and Powell (1998) thermodynamic 

database (Afonso and Zlotnik, 2011). Relevant physical properties (density, thermal 

conductivity, and bulk and shear modulus) are calculated for each mineral and 

averaged according to Voigt-Reuss-Hill procedure (Hill, 1952) producing look-up 

tables as function of P and T (Chapter 2, section 2.6). In this way, the user can 

produce its own library of look-up tables for different mantle compositions beforehand. 
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Figure 3.1 Flow chart diagram showing the workflow of LitMod2D_2.0. The new LitMod2D version may 

account for sublithospheric mantle anomalies in which case coupled elevation is calculated. It also has an 

option for post-processing of relevant physical properties (temperature, pressure, density and seismic 

velocities) to compare with additional datasets. Flexural isostasy is included by coupling ‘tao-geo’ software 

(Garcia-Castellanos et al., 2002). “Computer Programs in Seismology” (CPS, Herrmann, 2013) is also 

coupled to work with passive seismological datasets. Stable mineral-assemblages are extracted from the 

material files produced by the GENERATOR subprogram. 

The heat transport equation 2.18, Chapter 2, is solved with finite elements 

using Galerkin’s ponderation method (Zienkiewicz, 1977) under steady-state, 

subjected to prescribed boundary conditions at the surface (e.g., 0 ºC), at the LAB 

(e.g., 1320 ºC) , and no heat flow across the lateral boundaries of the model. Thermal 

conductivities for crustal bodies are taken from literature, whereas for the lithospheric 

mantle are calculated by GENERATOR (Chapter 2, section 2.6.2), and are 

temperature, pressure, and composition dependent and read from the look-up tables. 

Below the LAB, the algorithm considers a 40 km thick thermal buffer with a 

temperature of 1400 ºC at its base to avoid unrealistic discontinuities between a 

conductive thermal gradient within the lithospheric mantle and an adiabatic thermal 
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gradient within the sublithospheric mantle. The temperature gradient below the thermal 

buffer layer is restricted to 0.35 ≤ dT/dz ≤ 0.50 ºC/km.  

The density distribution is obtained with an iterative scheme to include the 

effect of pressure, temperature and composition. Pressure is calculated at every node 

as a function of the overburden lithostatic pressure and it is then used to obtain the P-

T-composition dependent density at the node. In case of bodies with assigned 

composition (e.g., in the mantle), density is read from the look-up tables produced by 

GENERATOR. This density then is used in the next iteration to update the overburden 

pressure and to solve for an updated density.  

Once the final density distribution is obtained, the gravity potential field is 

calculated. Gravity anomalies are calculated by applying the Talwani’s algorithm for 

polygonal bodies (Talwani et al., 1959) to the elements of the mesh, therefore 

considering both horizontal and vertical density variations. The gravity effect of all the 

elements is finally added and calculated either at the top of the model or at the sea 

level, depending on if the elevation is above or below sea level, respectively. . 

Geoid height is calculated converting the adjacent elements of the numerical 

mesh into rectangular prisms, then solving the integral of the gravity potential and 

substituting the result into the Brun’s formula (Equation 2.5) and is expressed as: 

𝑁𝑁 =
𝐺𝐺 𝜌𝜌
𝑔𝑔0

�
1

�𝑒𝑒2 + 𝑦𝑦2+ 𝑧𝑧2

𝑥𝑥2,𝑦𝑦2,𝑧𝑧2

𝑥𝑥1,𝑦𝑦1,𝑧𝑧1

𝑑𝑑𝑒𝑒𝑑𝑑𝑦𝑦𝑑𝑑𝑧𝑧     (3.1) 

where 𝐺𝐺 is the universal gravitational constant,𝑔𝑔0the normal gravity acceleration, 𝜌𝜌 the 

rectangular prism density, and 𝑒𝑒, 𝑦𝑦, 𝑧𝑧the prism boundary coordinates. LitMod2D uses 

the method by Zeyen et al. (2005), based on an analytical solution of equation3.1, to 

obtain 2.5-D geoid heights along the model. In calculating both gravity and geoid 

anomalies, the models are extended horizontally 1x105 km beyond the profile limits to 

avoid boundary effects. 

3.2. Anelasticity 
A physical interpretation of seismic velocities in terms of temperature and/or 

chemical composition requires anelastic effects to be incorporated in the anharmonic 

seismic velocities from stable mineral assemblages (Lau and Faul, 2019; Takei, 2017; 

Abers et al., 2014; Afonso et al., 2008; Cammarano et al., 2008; Goes et al., 2000; 
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Sobolev et al., 1996). Understanding of anelasticity mainly comes from two 

approaches: 1) attenuation tomography using passive seismological data, and 2) 

laboratory experiments on materials representative of the mantle (e.g., olivine). 

Attenuation tomography using passive seismological data is often low resolution and 

has large uncertainties. Controlled laboratory experiments on the polycrystalline olivine 

help understanding the fundamental physical processes involved and then 

extrapolation of observations to the physical conditions (mainly for grain size and 

pressure) inside the Earth.  

Experiments at mantle temperatures and seismic wave frequencies show that 

grain boundary sliding is the main process of energy dissipation (attenuation). Grain 

boundaries have a finite width and viscosity and, under the application of shear stress, 

result in relative motion on either side. Motion is resisted by the viscosity of the grain 

boundary resulting in dissipation of energy, which is termed as elastically 

accommodated grain boundary sliding. In case the shear stresses are continued to 

high temperatures, the normal stresses concentrated at the grain corners resulting 

from the grain boundary sliding drive diffusion (Raj, 1975), and these normal stresses 

act as a restoring force upon removal of shear stresses. Redistribution of the stresses 

from diffusion results in transient creep, termed as diffusion assisted grain boundary 

sliding (Morris and Hackson, 2009) resulting in continuously increasing dissipation with 

increasing timescale and causing the high-temperature background or absorption 

band (Anderson and Minster 1979; Gribb and Cooper 1998). This transient phase 

ends when the stress distribution matches the steady-state diffusion creep stress 

distribution. This type of diffusion occurs on the scale of the grain size because of a 

constant grain boundary normal stress, and the resulting strain is not recoverable. The 

transition from diffusion assisted grain boundary sliding to steady-state diffusion creep 

is a function of timescale as it is evident that at earthquake time scale mantle behaves 

as elastic solid, but at geological time scales it behaves as a fluid. 

A consistent and robust feature of the experimental studies on melt-free 

polycrystalline aggregates is an absorption band with mild frequency dependence 

between 900 ºC - 1100 ºC temperature range prevalent in the lithospheric mantle 

(Jackson and Faul, 2010; Faul and Jackson, 2015). Jackson and Faul (2010) showed 

that the experimental data on dissipation for this absorption band are consistent with 

power-law variation of dissipation, however, they purpose more complex models (e.g., 

extended Burgers model) mainly to explain the dissipation peak at temperatures < 900 

ºC representing elastically accommodated grain boundary sliding. This peak occurs at 

the experimental resolution limit and is less constrained (Faul and Jackson, 2015); 
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therefore I use the power-law attenuation model to correct for anelastic attenuation 

(Jackson and Faul, 2010). Further, the power law formulation reproduces the 

seismological determined global average attenuation (Figure 3.2).  

In the previous LitMod2D_1.0 version, the anelastic attenuation correction was 

incorporated a posterior using an external code. The new LitMod2D_2.0 package 

incorporates the anelastic effects according to stable mineral assemblages at the 

corresponding P-T conditions in the look-up tables produced by the GENERATOR 

module, using equations 3.2 to 3.4 and the empirical parameters proposed by Jackson 

and Faul (2010).  

𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑜𝑜(𝑇𝑇,𝑃𝑃) �1 −
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𝛼𝛼

        (3.4) 

 

where QP= (9/4)QS is assumed. VPo(T,P) and VSo(T,P) are the anharmonic seismic 

velocities at a given temperature and pressure for a given chemical composition, and 

A = 816 s−αμm−α, 𝛼𝛼 = 0.36 is the frequency dependence factor, E = 293 kJ/mol is the 

activation energy, V = 1.2 x 10-5 m3/mol is the activation volume, and R the universal 

gas constant. Here, I use a grain size of d = 10 mm in the mantle and an oscillation 

period of To = 75 s, since this combination produces QP and QS values in the range of 

global average attenuation models, particularly close to the LAB where anelastic 

attenuation is believed to be high (Figure 3.2). Both grain size and oscillation period 

are input parameters that can be modified. Moreover, the user can incorporate her/his 

preferred attenuation model into the GENERATOR module by changing the provided 

source code. Hereinafter, I use seismic velocities corrected for anelastic attenuation 

unless specified otherwise. 
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Figure 3.2 Depth distribution of anelastic attenuation parameter (Q, quality factor) for a range of grain 

sizes (1-100 mm) and oscillation periods (10-100s) compared with global average QP and QS models. (a) 

and (b) shows the depth distribution of QP and QS for varied grain size and constant oscillation period of 

T0= 75 s, respectively. (c) and (d) shows depth distribution of QP and QS for varied oscillation period (10-

100 s) and constant grain size of d = 10 mm, respectively. QP and QS from ak135 global average model 

(continuous red solid line, Kennett et al., 1995), and QS from QL6c (continuous grey line, Durek and 

Ekström, 1996), are also plotted for comparison. 

Anelastic attenuation parameters derived from laboratory measurements on dry 

polycrystalline olivine often need to be extrapolated to conditions pertaining to the 

upper mantle, as explained above, thus introducing unquantifiable uncertainties 

(Priestley and McKenzie, 2013; Faul and Jackson, 2015). While it is hard to put 

quantifiable uncertainty values on these parameters, here I assume 10 % error and 

explore how these errors propagate to the calculated seismic velocities. Uncertainties 

in computed seismic velocities (VP and VS) are calculated using: 
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where 𝜕𝜕𝜕𝜕𝑃𝑃 𝑆𝑆⁄

𝜕𝜕𝛼𝛼
  is the partial derivative of the P- or S-wave velocities (Equations 3.2 and 

3.3) with respect to α, and 𝛿𝛿𝛼𝛼 is the assumed error in 𝛼𝛼; similar terms apply for E and 

V. 

 

Figure 3.3 Percentage error introduced in the (a) P-wave velocities and (b) S-wave velocities 

considering 10% error in α(dashed blue line), E (dotted-dashed blue line), and V (dotted blue line). The 

total error is plotted in solid blue line and temperature distribution is plotted in solid-red line. 

Figure 3.3 shows the resulting errors in VP and VS. These errors have the 

largest effect on seismic velocities around the LAB, being the frequency, α, the 

dominant source of uncertainty affects the seismic velocities the most and V, the 

activation volume, the least influential. Note that the error in velocity (Equation 3.5) is 

directly proportional to the error in anelastic parameters and therefore increasing 

uncertainty in any individual parameter will scale the uncertainty in the velocity in a 

quasi-linear fashion. The effects of melt or water content on seismic velocities are not 

included here. If melt is present, an additional correction needs to be applied to the 

computed seismic velocities (e.g., Afonso et al., 2016b) which can easily be included 

into the GENERATOR module by changing the provided codes. 
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3.3. Sublithospheric mantle composition 
The chemical composition of the lithospheric mantle may be estimated from 

available mantle xenoliths and xenocrysts and/or exposed massifs in mobile belts. 

Although sublithospheric mantle rocks are less represented in these suites, 

compositional estimates can sometimes be obtained by analyzing the chemistry of 

primitive basaltic melts when available (e.g., Shorttle and Maclennan, 2011; Brown et 

al., 2020). As mentioned in the Chapter 1, LitMod2D_1.0 uses a fixed chemical 

composition for the sublithospheric mantle, corresponding to the primitive upper 

mantle (PUM) of McDonough and Sun (1995). The upper mantle however, has been a 

source for oceanic and continental crust since the onset of plate tectonics and should 

be less fertile than PUM (Van Keken et al., 2002). Here, I test the most common 

sublithospheric mantle compositions proposed so far (Table 3.1), and compare their 

relevant physical properties with that of PUM. The depleted MORB mantle (DMM) is a 

source reservoir to mid-ocean-ridge basalts (MORBs) and has been computed using a 

robust geochemical dataset (trace elements) on abyssal peridotites (Workman and 

Hart, 2005). Other commonly used sublithospheric mantle compositions are PUM-

3%_N_MORB (Workman and Hart, 2005) and pyrolite (Ringwood, 1977). PUM-

3%_N_MORB is computed by extracting 3% of normal MORB from PUM composition, 

whereas pyrolite is calculated by mixing appropriate fractions of basalts (partial melts 

from the mantle) and peridotites (the presumed residues from partial melting). 

Table 3.1 Major oxide compositions (weight %) in the mantle. 

Name SiO2 Al2O3 FeO MgO CaO Na2O Mg#a 

Lithospheric mantle  

Average Garnet Tectonb 44.50 3.50 8.00 39.80 3.10 0.240 89.8 

Oceanic lithosphere 44.43 2.97 8.23 40.78 2.70 0.045 89.7 

Sublithospheric mantle  

PUM 45.00 4.50 8.10 37.80 3.60 0.360 89.3 

DMMc 44.70 3.98 8.18 38.73 3.17 0.130 89.4 

PUM - 3% N_MORB 44.90 4.07 8.05 38.68 3.27 0.300 89.5 

Pyrolite 45.10 4.60 7.60 38.10 3.10 0.400 89.9 

aMg# = 100xMgO/[MgO + FeO], bAfter (Griffin et al., 2009), cWater 100 ppm (Workman and Hart, 2005), 

PUM- Primitive upper mantle (McDonough and Sun, 1995), DMM- depleted mid-oceanic ridge basalt 

mantle (Workman and Hart, 2005),PUM-3% N_MORB- Primitive upper mantle after 3% extraction of 

normal mid-oceanic ridge basalt (Workman and Hart, 2005). 
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All tested compositions are less dense than PUM at sublithospheric mantle 

depths (Fig 3.4a), which is consistent with their higher Mg# (100xMgO/ [MgO+FeO]) 

and depleted reservoirs. DMM shows a small density change of -0.18% relative to 

PUM between 120 km and 340 km depth and an increase of ~0.1%below ~340 km, 

whereas pyrolite shows a maximum change of ~-0.6%. PUM-3%_N_MORB exhibits 

variations in between those associated with DMM and pyrolite. In terms of anharmonic 

P- and S-wave velocities (Figures 3.4b and 3.4c), pyrolite is the slowest, DMM is 

slightly faster in comparison to PUM, and PUM-3%_N_MORB is intermediate. A water 

content of 100 ppm (70-160 ppm; Workman and Hart, 2005) in DMM slightly 

decreases the density compared to its dry counterpart and produces a decrease in P-

waves velocities higher than in S-wave velocities because of its lower bulk modulus 

(Watanabe, 1993). 

 

Figure 3.4 Comparison of different compositions tested in the sublithospheric mantle (Table3.1). 

Resulting density (a), P-wave velocities (b) and S-wave velocities (c) are compared with that to PUM. 

Although PUM-3%_N_MORB and pyrolite attest to be depleted with respect to 

PUM, they still are theoretically computed. Furthermore, the pyrolite composition has 

been reported not to satisfy trace elements or isotopic data on basalts, violating the 

chondritic abundances (Anderson, 1989). DMM composition is consistent with trace 

elements data and with ~6% aggregated fractional melting to produce an average 6 

km thick oceanic crust at the mid-oceanic-ridge (Workman and Hart, 2005; Klein and 

Langmuir, 1987). In addition, DMM has also been shown to be balanced by continental 

crust, ocean-island-basalt (OIB) source, and oceanic crust, which are the products of 

mantle melting (Workman and Hart, 2005). Although the differences in physical 
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properties are small, in the new LitMod2D_2.0 version I fix the sublithospheric mantle 

chemical composition corresponding to DMM for geochemical consistency. 

3.4. Recalibration of elevation 
Changing the chemical composition of the sublithospheric mantle requires a 

recalibration of the calculated absolute elevations since the total load of the 

sublithospheric mantle will vary according to the adopted composition. In contrast to 

LitMod2D_1.0, that considers a reference column at mid-oceanic-ridge (MOR) down to 

400 km depth, in LitMod2D_2.0I consider a reference column corresponding to a 

thermally stable oceanic lithosphere and the underlying sublithospheric mantle. A 

thermally stable oceanic lithosphere is chosen because the depth-dependent T-P-

composition is arguably less complicated than at actively spreading MOR, where melt 

content and short-lived buoyancy sources can complicate its characterization. Four 

compositional layers have been considered in the lithosphere and their bulk 

composition is calculated according to the depth-dependent melt fraction for a 

standard MOR model (Turcotte and Morgan, 2013; Niu, 1997) as used in Fernàndez et 

al. (2010) (Table 3.2). Calibration is done using the formulation described in Afonso et 

al. (2008) and Fullea et al. (2009), where I solve for a calibration parameterΠo,the 

thermal and lithostatic equations on a given reference column (Equations 2.36 and 

2.37; Chapter 2). This reference column, corresponding to a stable oceanic 

lithosphere, consists of a 5.37 km water layer with a density of 1030 kg/m3, 6.8 km 

crustal thickness including sediments, with an average density of 2858 kg/m3, and a 

LAB depth of ~122 km with an average density resulting from the mineral compositions 

and assemblages mentioned previously (Table 3.2). 
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Table 3.2 Physical properties and major oxides composition in the mantle of a column at an old oceanic 

lithosphere used to compute calibration parameters for elevation. 

Layer Thickness 
(km) 

Density 
(kg/m3) 

          Crust 
Water 5.37 1030 

Sediments 0.80 2200 

Oceanic crust 6.140 2930 

Lithospheric Mantle 
Mantle layer Thickness 

(km) 
SiO2 Al2O3 FeO MgO CaO Na2O 

Layer 1 17.4 44.00 1.50 8.23 43.40 1.90 0.010 

Layer 2 20.0 44.60 2.77 8.14 40.70 2.75 0.035 

Layer 3 25.0 44.90 3.60 8.08 39.20 3.30 0.170 

Layer 4 48.0 44.95 4.00 8.06 38.50 3.48 0.235 

Sublithospheric 
Mantle (DMM) 

278.0 44.70 3.98 8.18 38.73 3.17 0.130 

3.5. Reference model for synthetic seismic 
tomography 

The calculated seismic velocities in the sublithospheric mantle also depend on 

chemical composition. Seismic tomography models are usually reported as deviations 

from global reference velocity models, ak135being one of the most widely used 

reference models (Kennett et al., 1995). To compare the seismic velocities obtained 

from LitMod2D_2.0 with those from ak135, I consider a model with i) a 35-km thick 

continental crust, and ii) a 85-km thick lithospheric mantle, similar to ak135 model, with 

Average Garnet Tecton composition (Tc_1 in Griffin et al., 2009), resulting in a LAB 

depth of 120 km. The composition of the sublithospheric mantle corresponds to DMM. 

The thermo-physical parameters used in the crust and the composition used in the 

lithospheric mantle are listed in Table 3.3 and Table 3.1, respectively. 

The ak135 model was designed to predict arrival times for seismic phases in 

observational seismology by inverting smoothed empirical travel times (Kennett et al., 

1995; Kennett, 2006). P-wave velocities are better constrained than S-wave velocities 

since P-waves are first arrivals, whereas S-waves have low frequency and can be 

interfered by the CODA of P-waves. Considering this and the inherent uncertainties in 

earthquake hypocentres, I assign uncertainties of 0.5% and 1% to P- and S-wave 

velocities, respectively. 
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Table 3.3 Thermophysical parameters used in the crust to compare calculated seismic velocities with 

those from ak135 model. 

Body name Density 
(kg/m3) 

Heat Production 
(µW/m3) 

Thermal conductivity 
(W/K.m) 

Continental crust 2800 1.00 2.5 

Oceanic crust 2950 0.30 2.2 

 

Different thermodynamic databases produce noticeably different seismic 

velocities, particularly in the sublithospheric mantle (Figure 3.5), resulting in a 

dispersion of ~1%. Formal errors resulting from each thermodynamic database can be 

calculated from the uncertainties in the elastic moduli of individual minerals. Both 

Stixrude and Lithgow-Bertelloni (2005) and Holland and Powell (1998) modified by 

Afonso and Zlotnik (2011) databases reasonably reproduce the ak135 model for 

depths between 35 km and 250 km, whereas Xu et al. (2008) database results in very 

slow P-wave velocities (Figure 3.5a).Below 250 km depth, only Stixrude and Lithgow-

Bertelloni (2005) database shows good agreements with ak135 model, both in P- and 

S-velocities, whereas Holland and Powell (1998) modified by Afonso and Zlotnik 

(2011) and Xu et al. (2008) databases are significantly slower (~1–2%). Slow velocities 

below 250 km depth are also observed in Cammarano et al. (2005). Fitting the ak135 

velocities below 250 km with these thermodynamic databases would require either a 

lower temperature than that predicted by the assumed adiabatic thermal gradient, or a 

change in the chemical composition at these depths (Cammarano et al., 2009). 

Another possible contribution to the discrepancies between predicted and reference 

velocities could be that the temperature and pressure derivatives of elastic moduli in 

Afonso and Zlotnik (2011) need to be updated. In contrast to the other two 

databases/formalisms, that of Afonso and Zlotnik (2011) supplements equilibrium 

phase diagrams with an independent database of velocity derivatives. Small 

corrections to these derivatives can produce changes in the velocities of the same 

order as the discrepancies in Figure 3.5. Despite this, the phase equilibria predictions 

show excellent agreement with experimental data (Figure 2.2, Chapter 2; Afonso and 

Zlotnik, 2011). 
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Figure 3.5 Depth distributions of seismic velocities, (a) P-wave and (b) S-wave assuming an Average 

Garnet Tecton composition in the lithosphere mantle and a DMM composition in the sublithospheric 

mantle. Seismic velocities are calculated using Afonso and Zlotnik (2011) (solid, modified Holland and 

Powell, 1998), Stixrude and Lithgow-Bertelloni (2005) (thick dashed) and Xu et al. (2008) (thin dashed) 

thermodynamic databases. Resulting seismic velocities are corrected for anelastic attenuation using a 

constant grain size of 10 mm and oscillation period of 75 s. Global average seismic velocities from ak135 

(Kennett et al., 1995), in solid grey circles, with an error of 0.5% in P-wave velocities and 1% in S-wave 

velocities are plotted for comparison. 

Here, I choose  the Holland and Powell (1998) modified by Afonso and Zlotnik 

(2011) database in LitMod2D_2.0 to calculate the physical properties in the upper 

mantle given its performance in reproducing experimental data, but I note that a future 

reassessment of the elastic moduli derivatives is necessary. Since deviations with 

respect to the ak135 model are always negative below ~250 km (in the absence of 

thermal or compositional perturbations at these depths), I use the aforementioned 

reference model (35 km thick crust and 120 km LAB depth; Figure 3.5) to avoid this 

systematic misfit when calculating synthetic tomography from LitMod2D_2.0. 

3.6. Sublithospheric mantle anomalies 
A major contribution of LitMod2D_2.0 is the possibility to incorporate 

sublithospheric mantle anomalies into the modelling workflow, thus opening up the 

possibility of modelling complex geodynamic processes, such as mantle upwelling, 
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subduction, delamination, and metasomatism (i.e., processes that can easily modify 

the temperature and/or the chemical composition beneath the LAB). Since seismic 

tomography has the potential to detect such perturbations in terms of fast/slow 

velocities, I added in LitMod2D_2.0 a functionality to incorporate i) thermal anomalies, 

ii) compositional anomalies, and iii) seismic velocity (VP,VS) anomalies, in the 

sublithospheric mantle. 

In this section I discuss the numerical implementation of sublithospheric mantle 

anomalies and its applicability to various geological settings considering the reference 

model defined in the previous section to calculate synthetic tomography. I consider an 

anomalous region in the depth range of 200–325 km and change systematically its 

nature to i) thermal, ii) chemical composition, and iii) seismic velocities (VP and VS). 

3.6.1. Thermal anomalies 
Mantle flow can change the temperature in the sublithospheric mantle 

producing colder and hotter domains, which can be represented as thermal anomalies 

in LitMod2D_2.0. To account for these thermal perturbations, I modify the constant 

adiabatic thermal gradient such that the imposed temperature perturbation (∆T) is 

added to the steady state temperature distribution. Then, LitMod2D_2.0 recalculates 

the relevant physical properties (density, seismic velocities, phase changes, and 

thermal conductivity) at T+∆T and P conditions, where T and P, are pressure and 

temperature at a given depth below the LAB. 

To illustrate the effect of hot and cold thermal anomalies on the sublithospheric 

mantle with a DMM composition, I consider a thermal anomaly ranging from -400 ºC to 

+400 ºC in steps of 100ºC (Figure 3.6). As expected, cold thermal anomalies increase 

density, P- and S-wave velocities, while hot anomalies have the opposite effect. The 

amplitude of the resulting anomalies varies such that density has the least relative 

change, whereas S-waves have the highest change due to the high sensitivity of S-

wave velocities to temperature. To first order, the absolute density change depends 

linearly on the sign of the thermal anomaly, thus similar perturbations (in magnitude) 

can be seen at both sides of the 0% anomaly in Figure 3.6b. In contrast, seismic 

velocities show higher relative changes for positive temperature perturbations than for 

the equivalent negative ones (Figures 3.6c and 3.6d). This is because of the enhanced 

anelastic attenuation at higher temperatures. Moreover, the amplitude of seismic 

velocity anomalies decreases with depth due to the decreasing attenuation of seismic 

waves (low Q factor, Figure 3.2) at lithosphere-sublithosphere transition depths. This 
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non-linear dependence of seismic velocities on temperature has strong implications for 

qualitative interpretation of seismic tomography models (Cammarano et al., 2003). A 

second order variation in density and seismic velocities occurs around 310 km depth 

(Figure 3.6, inset) coinciding with the orthopyroxene-clinopyroxene (Figure 3.12) 

phase transition and could be the reason for the X-discontinuity imaged in seismic 

data (Revenaugh et al., 2008). 

 

Figure 3.6 Synthetic examples of thermal anomalies in the sublithospheric mantle. Input thermal 

anomalies are plotted in (a). Resultant change in (b) density, (c) P-wave velocities, and (d) S-wave 

velocities are plotted with same colour code as input. All anomalies are referred to a reference model, 

shown as inset in the upper right corner. 

3.6.2. Chemical composition anomalies 
Understanding of chemical heterogeneity in the upper mantle is crucial for the 

geochemical evolution of the Earth governed by lithosphere recycling, mineral phase 

changes and mantle mixing models (Van Keken et al., 2002). Chemical heterogeneity 

in the upper mantle can be a result of metasomatic processes changing the chemical 

composition in the sublithospheric mantle by enrichment or depletion of the major 

elements. In turn, delamination, slab break-off, and slab tear processes can induce the 

sinking of pieces of cold lithosphere, with different chemical composition, into the 

sublithospheric mantle. LitMod2D_2.0 allows considering such types of anomalies of 

chemical origin, or a combination of chemical composition and temperature. For the 

case of chemical compositional anomalies, LitMod2D_2.0 recalculates the relevant 

physical parameters at the corresponding P-T conditions according to the prescribed 

composition in a given region beneath the LAB. For the case of combined thermal and 

compositional anomalies, the relevant parameters are recalculated at T+∆T and P 

conditions from the prescribed chemical composition. 
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Figure 3.7 Synthetic example illustrating the contribution of compositional (Average Garnet Tecton, 

blue), thermal (+50 ºC, orange), and combination of both (green) anomalies to (a) density ,(b) P-wave 

velocities, and (c) S-wave velocities, with respect to the reference model shown as inset in the upper right 

corner. 

Figure 3.7 shows a synthetic example of a compositional and a combination of 

thermal and compositional anomalies, where the separate effect of temperature is also 

shown. In the case of compositional anomaly, I have considered an Average Garnet 

Tecton chemical composition, which is depleted with respect to DMM (Table 3.1). 

Results show that density reduces by ~0.4% (Figure 3.7a), which is almost equal to 

the average change in P-wave velocities (~0.4%, Figure 3.7b) and higher than the 

change in S-wave velocities (~0.2%, Figure 3.7c). A combination of compositional and 

thermal anomalies (∆T = +50 ºC) results in a maximum decrease in density and 

seismic velocities (Figure 3.7) because increasing temperature also tends to decrease 

density and seismic velocities. Indeed, P-wave velocities are more sensitive to 

composition than S-wave velocities. By studying the effect of melt removal from a 

fertile composition (i.e., range of Mg#) on S-wave velocities, Priestley and McKenzie 

(2006) have also reported low sensitivity of S-waves to composition. Note that 

depending on the chemical composition of the anomaly (degree of depletion) and the 

temperature perturbation, the sublithospheric anomalies can have competing effects 

on density and seismic velocities. 
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3.6.3. Seismic velocity anomalies 
LitMod2D_2.0 allows for implementing seismic velocity anomalies by providing 

the absolute velocity values or the velocity variation, in percentage, relative to a 

reference model. The anomalies are incorporated in two ways: 1) giving the average 

absolute or relative value of the anomaly over a predefined region beneath the LAB; 

and 2) varying the absolute or relative magnitude of the anomaly along up to five depth 

levels beneath the LAB. In the first case, a chemical compositional anomaly can also 

be assigned to the anomalous region. In the second case, a separate input file 

including horizontal distances and depth levels together with the anomalous values 

must be specified. Seismic velocities are non-linear function of temperature because 

of the non-linear dependence of the anelastic attenuation on temperature (Eqns. 3.2-

3.4) and stability of stable mineral phase-assemblages (Chapter 3, Section 2.5). 

Hence, in order to convert input seismic velocity anomaly (relative or absolute) to 

temperature, LitMod2D_2.0 looks up for the temperature at the prevailing pressure 

and adjusted seismic velocities for the input anomaly from the assigned chemical 

composition material file for the anomalous region. Once seismic velocity anomalies 

are converted to temperature, they are treated as thermal anomalies (section 3.6.1) 

and, in case of assigned chemical composition, as a combination of thermal and 

compositional anomalies (section 3.6.2). 

Figure 3.8 shows an example of seismic velocities anomalies at different depth 

levels below LAB along the profile using a separate input file. This is applicable in 

regions where seismic tomography depth slices are available. Figure 3.8a show an 

input file with a relative P-wave seismic velocity anomaly with varying magnitude along 

the profile at five depths levels, namely 160 km, 250 km, 300km, 350 km and 400 km. 

In every input file, the level at 400 km, base of the model, must be specified. Lines 

below the specified depth of each level indicate the anomaly magnitude at each node 

(distance) along the profile. This allows the user to define a varying magnitude of 

anomaly along the profile as well in depth by specifying different depth levels. Figure 

3.8b shows the resultant variation in temperature, density and absolute seismic 

velocities (P- and S-wave). 
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Figure 3.8 Example of a varying magnitude (along the profile) relative P-wave seismic velocity anomaly. 

(a) Screenshot of the input file used in this synthetic example. (b) Resultant temperature, density and 

seismic velocities. 

Here, I focus on anomalous seismic velocities (VP and VS) assigned to a 

predefined region beneath the LAB and their translation into temperature and 

densities. I consider relative anomalies of ±1.5% in P-and S-wave velocities below the 

LAB and discuss the equivalent thermal and density recovery (Figure 3.9). Results 

show that for a given magnitude of seismic anomaly, 1.5% in the presented example, 

P-wave translates into a higher temperature anomaly of ~250 °C than that from S-

wave (~150 °C) (Figure 3.9a) which is consistent with the higher sensitivity of S-waves 

to temperature. In other words, a given temperature change requires a higher 

percentage variation in the S-wave velocities than in the P-wave velocities as shown in 

Figure 3.6. Subsequently, density change (Figure 3.9b) is higher (~0.75%) in case of 

P-wave velocity input than S-wave input (~0.45%). Note that density and temperature 

changes are not symmetric for positive and negative velocity anomalies. Changes in 

density depend on the P‐T conditions, which control stable phase and mineral 

assemblages. 
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Figure 3.9 Synthetic examples of input P- and S-wave anomalies of ±1.5% in the sublithospheric mantle. 

Recovered temperature (a) and density (b) from the input seismic velocity anomalies are plotted with 

respect to the reference model shown in the upper right corner. 

3.7. Open source graphic user interface (GUI) 
and input/output data 

To make LitMod2D_2.0 more accessible to users, I have developed an open 

source GUI in Python, which is not platform depending and can be easily 

updated/modified by the user. A detailed manual (Appendix A) is provided with the 

new LitMod2D_2.0 version distributed through online GitHub repository 

(https://github.com/ajay6763/LitMod2D_2.0_package_dist_users). Here, I briefly 

discuss the main features. The new GUI allows the organization of different projects in 

separate folders containing the relevant surface geophysical observables (e.g., 

elevation, Bouguer and free-air gravity anomaly, geoid height, and SHF) and the 

material files with thermo-physical properties for each project. Mantle material files are 

lookup tables of all relevant physical properties (density, thermal conductivities and 

seismic velocities) as functions of pressure, temperature, and chemical composition. 

These are computed by the GENERATOR module (Section 3.1) using components of 

the software Perple_X (Connolly, 2005; 2009). An option to plot previously digitized 

data on the background (e.g., Moho depths, LAB depths, interpretation from active 

seismic lines) is also provided. 
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The GUI main window allows defining the geometry of the model made up of 

different bodies, each one with its physical properties. Different buttons are provided in 

the top and bottom of the main window to add and delete bodies, edit properties and 

shape of bodies, and to run the model (Figure 3.10a). After the run finishes, a window 

shows up with the geometry of the model and the fit between surface observables and 

the calculated values (Figure 3.10b, left panel), and the calculated temperature, 

density, and seismic velocities distributions (Figure 3.10b, right panel). Results are 

plotted in an interactive Matplotlib environment and can be modified for publication 

purposes. All the surface observables (elevation, Bouguer and free-air gravity 

anomalies, geoid height, and surface heat-flow) are saved, and can be used for 

customized visualization and further processing of the model output. Likewise, a 

master output file containing the Cartesian coordinates of the grid nodes and the 

corresponding temperature, pressure, seismic velocities, density, and material file 

code are saved to be used in the post-processing toolbox according to the particular 

needs of the user (Section 3.9).  

3.8. Application to a synthetic subduction zone 

To illustrate the applicability of the new LitMod2D_2.0 package, I performed a 

synthetic model representing a simplified active margin with a subducting slab and the 

associated mantle wedge. The objective of this section is to show the functionalities 

and practicalities of LitMod2D_2.0, as well as the possibilities of the post-processing 

tool-box rather than studying specific aspects of a real subduction setting. 

3.8.1. Input data, model geometry, and physical 
properties 

The synthetic model is 1000 km long, and comprises three regions: the oceanic 

domain, the active subduction zone, and the continental domain (Fig 3.10a). The 

oceanic domain is characterized by a bathymetry of 5.5 km, and a 6 km thick crust 

without sediments, and a 100 km thick lithospheric mantle with a composition 

calculated by 7% fractional melting considering DMM as source. Active subduction 

zones are characterized by inverted isotherms such that the 1300 ºC can be found at 

three different depths for the same horizontal position, resulting in a triple LAB. This 

boundary condition cannot be solved by the 2D heat transport equation under steady-

state incorporated in the LitMod2D_2.0 code and hence, the subducted oceanic 

lithosphere is modelled as a sublithospheric thermo-compositional anomaly, with ∆T = 



Integrated geophysical-petrological modelling of the upper mantle anomalies 

68 

-300 ºC and with an oceanic lithosphere chemical composition. Similarly, the mantle 

wedge is modelled as a sublithospheric thermal anomaly with ∆T = +100 ºC. This 

simple treatment of the active subduction zone allows calculating the average physical 

properties of the anomalous bodies and their effects on elevation, seismic velocities, 

and gravity potential field. The stable continental domain consists of a 35 km thick 

crust and a 115 km thick lithospheric mantle with Average Garnet Tecton composition. 

Near the subduction zone the crust thickens up to 40 km whereas the lithospheric 

mantle thins to minimum values of 78 km. For simplicity, I have considered a single 

crustal layer but the user can add as many layers and bodies as needed through the 

GUI. Thermo-physical parameters in the crust and chemical composition in the 

lithosphere mantle are incorporated via GUI and correspond to those listed in Table 

3.3 and Table 3.1, respectively.  

Figure 3.10b shows a screenshot of the main results window, which includes 

the calculated and measured surface observables together with the model geometry 

and the calculated temperature, density and P- and S-wave velocities distribution. The 

anomalous sublithospheric bodies have a clear signature on the temperature 

distribution, as they have been defined as thermal anomalies, but also on the 

calculated density and seismic velocities. In the case of the subducting slab, the 

combined thermal and compositional anomalies increase density and P- and S-wave 

seismic velocities, whereas along the mantle wedge, the temperature increase of 100 
oC results in a decrease of the three observables. 

As the modelled profile is a synthetic model, I have considered that the 

observed elevation, gravity, geoid and heat flow coincide exactly with the calculated 

values and an additional run of the model is made without sublithospheric anomalies, 

all the other parameters unmodified. In this way, I highlight the effect of the 

sublithospheric anomalies on the surface observables (Figure 3.10b).  
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Figure 3.10 Screen shots from the new open-source GUI, provided with LitMod2D_2.0, (a) Graphic user 

interface input window showing the geometry of the modelled profile and various functions to interact and 

work with the model. (b) Screenshots of model outputs from the model, in the left panel forward prediction 

of surface observables, observed (blue) and calculated (red and black) and the model geometry at the 

bottom. Surface observables without the sublithospheric mantle anomalies are plotted in red to highlight 

their effect. Right panel in (b) shows the temperature, density and seismic velocity distribution (P-wave 

and S-wave) from the model. 
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LitMod2D_2.0 calculates the absolute elevation from the final density 

distribution, under the assumption of local isostatic equilibrium with a compensation 

depth at the base of the model (400 km). Lateral density variations beneath the LAB 

will tend to generate dynamic Stokes flow in the underlying less viscous mantle which 

can be enhanced by sublithospheric mantle anomalies. Vertical stresses associated 

with this dynamic flow can be transmitted to the surface topography depending on the 

viscosity distribution with depth. By default, LitMod2D_2.0 estimates the influence of 

sublithospheric mantle anomalies on the calculated elevation by considering two end 

member conditions representing the upper and lower bounds of the dynamic 

topography contribution (Carballo et al., 2015b; Tunini et al., 2016; Jiménez-Munt et 

al., 2019): 1) coupled elevation, when the vertical stresses induced by the buoyancy of 

sublithospheric mantle anomalies are completely transmitted to the surface; and 2) 

uncoupled elevation, when sublithospheric mantle anomalies have no effect on 

topography. In the synthetic model presented here, the net effect of the sublithospheric 

anomalies on elevation is of ≤ 1000 m (Fig 3.10b). In the case of coupled anomalies, 

the cold slab near the subduction zone pushes down the elevation because of its 

higher density. The relatively lower density of the mantle wedge does not suffice to 

cancel the negative slab buoyancy. Density perturbations from the cold subducted slab 

and the hot corner flow primarily affect the geoid height and free-air gravity anomaly 

across the model whereas Bouguer anomaly is slightly affected. This is because geoid 

is sensitive to the density moment which in the modelled synthetic profile is mainly 

related to the topography and the sublithospheric anomalies. Free-air is very sensitive 

to topography and in a less extent to sublithospheric anomalies due to the inverse 

square law dependence; whereas Bouguer anomaly is also depending on the inverse 

square law but corrected for topography effects and then, is essentially sensitive to 

lateral crustal density variations. 

3.9. Post-processing toolbox 
The main idea of the post-processing toolbox is that from the obtained 

parameters characterizing the physical state of the crust and upper mantle (pressure, 

temperature, density, P- and S-wave seismic velocities, and material type) at each 

node, the user can further process these data to do a variety of additional calculations, 

such as strength envelopes, flexural effects on elevation, Stokes flow, distribution of 

stable mineral-assemblages, synthetic passive seismological data, etc. The post-

processing toolbox is a set of independent scripts/codes linking the LitMod2D_2.0 

master output with other software (Figure 3.1). The user can use, adapt or create new 
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scripts or codes according to her/his own interest and needs and can add them to the 

GitHub (https://github.com/ajay6763/LitMod2D_2.0_package_dist_users) for the 

community to use. 

3.9.1. Seismic velocities post-processing example 
The following example illustrates the potential of the post-processing toolbox 

focused, in this case, on the calculation of synthetic seismic tomography and synthetic 

passive seismological data.Post-processing of seismic velocities is done in the light of 

non-uniqueness and variability in the tomography models, as discussed in Foulger et 

al. (2013). 

I provide shell scripts to compute synthetic tomography from the LitMod2D_2.0 

seismic velocities, using the reference model defined in section 3.5. For the presented 

synthetic example, maximum positive anomalies are observed along the oceanic 

lithosphere, whereas the thinned continental lithosphere above the subducted slab 

results in negative velocity anomaly (Figure 3.11a). Thick continental lithosphere 

results in positive velocity anomaly but with smaller magnitude relative to the oceanic 

lithosphere. In the sublithospheric mantle, the subducted slab and corner flow regions 

result in positive and negative velocity anomalies, respectively, and the rest of the 

sublithospheric mantle show no deviation from the reference model.  

Joint inversion of receiver-functions and surface-wave dispersion has been 

widely used to image major velocities discontinuities and absolute seismic velocity 

distributions with depth (e.g., Julià et al., 2000; Langston, 1979; Vinnik, 1977). P-wave 

receiver functions are sensitive to the S-wave velocity discontinuities where P-to-S 

converted waves sample the subsurface discontinuities, whereas surface-waves are 

sensitive to the average S-wave velocities distribution. 

LitMod2D_2.0 gives the depth distribution of absolute P- and S-wave velocities 

from a structural (e.g., Moho and LAB geometries), thermal and chemical composition 

model. Hence, comparing observed surface-wave dispersions and P-wave receiver 

functions with those inferred from LitMod2_2.0 can further constrain the obtained 

models. This is done by coupling the calculated P- and S-wave seismic velocities from 

LitMod2D_2.0 with the ‘Computer Programs in Seismology’ tool by Herrmann (2013) 

through Shell and Python scripts to calculate synthetic Rayleigh-surface-wave 

dispersion curves and P-wave receiver functions. Within the crust, P-wave velocities 

are calculated using empirical VP-density relationships from Brocher (2005), whereas 

S-wave velocities are calculated assuming a constant input of VP/VS = 1.73 (Fig 3.11b). 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users
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Indeed, an option including crustal material files is kept for future or if user have a 

thermodynamic database for the crustal chemical composition (e.g., Diaferia and 

Cammarano, 2017). Below 400 km depth (base of the model), velocities from ak135 

model are used. 

The depth distributions of the resulting S-wave velocity at three locations along 

the synthetic profile are shown in Figure 3.11b corresponding to: a) ocean (300 km), b) 

subduction zone (500 km), and c) continent (950 km). Synthetic P-wave receiver 

functions (Figure 3.11c) show a clear positive converted phase (Ps, black) at Moho 

discontinuity, which arrives earlier for oceanic domain because of the lower crustal 

thickness, and is delayed for thick continental crust. Each of the converted phase at 

Moho (Ps) has a positive phase (Ppps) and a negative phase (Ppss) multiples which 

are helpful in determining whether the Ps phase corresponds to a velocity 

discontinuity. Rayleigh group and phase velocities (Figure 3.11d) are faster for the 

oceanic domain than for the continental domain because of the high S-wave velocities 

of the oceanic lithosphere at lithospheric depths (Figures 3.11b and 3.10b). At short 

periods, velocities are lower than at higher periods because shallow structures (slow 

velocities) are more sensitive to surface waves at short time periods. Group velocities 

show an absolute maximum, whereas phase velocities show relative maxima 

increasing for higher periods. This behaviour is because of the differential depth 

sensitivity of group and phase velocities. For the oceanic domain the maxima of group 

velocities is at ~25 s, whereas for the subduction zone and the continental domains 

maxima is reached at ~75 s. Phase velocities show a local maxima which is shifted 

towards lower periods relative to the maximum of group velocities. The effect of 

lithosphere thickness is observed in the continental domain showing higher velocities 

(both group and phase) in regions with thick lithosphere than in the thin lithosphere 

near the subduction zone. The effect of the cold subducted slab is clearly visible in 

both group and phase velocities (black dashed line), where maxima for group 

velocities (local maxima in case of phase velocities) has been shifted towards high 

periods and velocities are increased in comparison to dispersion curves without slab. 
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Figure 3.11 Example of seismic velocities post-processing. (a) Synthetic P-wave tomography along the 

modelled synthetic profile. (b) Depth distribution of S-wave velocities at three locations along the profile 

with colour coded and marked in (a). (c) Synthetic P-wave receiver functions at the three locations marked 

in (a). At the subduction zone two receiver functions with (filled orange) and without (black line) the 

subducted slab, are plotted for comparison. (d) Synthetic Rayleigh-surface-wave group (left) and phase 

(right) velocities. At the subduction zone orange dispersion curves corresponds to the model without the 

slab and dashed-black line to the model with the slab. 
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3.9.2. Depth distribution of stable mineral-assemblages 
I provide a collection of Python and bash-shell scripts to plot the depth 

distribution of volume fraction, weight%, density, and seismic velocities of stable 

mineral-assemblage in LitMod2D_2.0. These scripts look for the stable mineral 

assemblages, at the pressure and temperature conditions along the profile, in the 

extended material files. Extended material files are produced by opting for the full 

property and system option in the GENERATOR module (Appendix A). Options for 

depth distribution of all minerals at a distance point (Figure 3.12), or depth distribution 

of individual mineral along the profile (Figure 3.13), are provided. Figure 3.12 shows 

an example of stable mineral distribution with depth for the reference model defined in 

section 3.5. Major discontinuities in the upper mantle (Moho and LAB) are manifested 

by changes in stable mineral weight percentages. Plagioclase and spinel are stable in 

the shallow part of the lithosphere and constitute few weight percentage of the total. 

Olivine constitutes most of the upper mantle, about ~60 weight%. The weight% 

increases with depth for garnet, whereas it decreases for orthopyroxene which almost 

disappears at around 310 km. Clinopyroxene weight% varies from around 13 –10% in 

the upper mantle. 

 

Figure 3.12 Weight% of different stable minerals with depth for the reference model defined in 

LitMod2D_2.0 (section 3.5). Note that total weight% does not add to 100% in the shallow lithosphere (< 

50 km) and around 300 km; this could be because of the failed numerical energy minimizations during the 

computation of stable mineral assemblage, although difference is only about <5%. 
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Chapter 4 

Present-day crust and upper mantle 
structure of the Alboran and Algerian 
basins and their margins 

In this chapter, I present the modelling results of the present-day crust to upper 

mantle (~400 km depth) structure along two NNW-SSE oriented geo-transects in the 

Alboran and Algerian basins (Figure 4.1a). Improved LitMod2D_2.0 presented in 

Chapter 3 (Kumar et al., 2020) is used to model the temperature, density (i.e., 

chemical composition) and seismic velocity distribution by combining surface geology, 

elevation, Bouguer anomaly, geoid height, SHF and mantle xenoliths data in a self-

consistent thermodynamic framework.  

The Alboran Basin geo-transect is presented for the first time while the Algerian 

Basin geo-transect follows the TRANSMED-II profile, that was modelled using a 

thermal approach (Roca et al., 2004), and later refined in Carballo et al. (2015a) using 

integrated geophysical-petrological modelling. Although the regional structure of the 

lithosphere across the region has already been studied by Carballo et al. (2015a,b) 

and Fullea et al. (2010), I focus here on more detailed structure of the Betics and 

Greater Kabylies belts and offshore regions (i.e. Alboran and Algerian basins) using 

the new LitMod2D_2.0 version. LitMod2D_2.0 allows to model 

thermal/seismic/compositional sublithospheric mantle anomalies (Chapter 3), thus 

allowing to incorporate the well imaged positive seismic velocity anomalies in the high 

resolution tomography, beneath the Betics (Figure 4.1b; Palomeras et al., 2017; 

Villaseñor et al., 2015; Bezada et al., 2013; Spakman and Wortel, 2004), and the 

Kabylies (Figure 4.1; Fichtner and Villaseñor, 2015). The models presented here also 

integrate the latest geophysical results along the Algerian margin of NW Africa, mainly 

new active seismic data (e.g., SPIRAL, Aïdi et al., 2018), and the Moroccan margin 

(Gómez de la Peña et al., 2018).  
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Figure 4.1 (a) Simplified geological map of the study region showing the location of the Alboran and 

Algerian basin geo-transects in shaded grey line. Earthquakes location colour coded for depth from 1964-

2016 taken from International Seismological Centre (ISC, https://doi.org/10.31905/D808B830) catalogue 

are also plotted. (b) P-wave travel-time tomography along the Alboran Basin geo-transect from Bezada et 

al. (2013). (c) Absolute S-wave velocity model from Rayleigh surface-wave dispersion tomography 

(Palomeras et al. 2014) along the Alboran Basin geo-transect. (d) S-wave tomography using full-

waveform inversion (modified after Figure 8 of Fichtner and Villaseñor, 2015) along the direction of cross-

section C-C’ marked in (a). 

4.1. Data 

4.1.1. Regional geophysical data 
Elevation data from ETOPO1 (Amante and Eakins, 2009), a global elevation 

model of the Earth surface with 1x1-min arc resolution available on the NOAA website 

(National Oceanic and Atmospheric Administration, 

http://www.ngdc.noaa.gov/mgg/global/global.html) is used (Figure 4.2a). The Bouguer 

gravity anomaly data comes from a recent compilation of gravity data in Iberia (Ayala, 

et al., 2016) (Figure 4.2b). For the rest of Africa and offshore regions, it is calculated 

by applying the complete Bouguer correction to free air satellite data (Sandwell and 

Smith, 1997), updated 2007) using the software FA2BOUG (Fullea et al., 2008) with a 

density reduction of 2670 kg/m3. Geoid height data come from ICGEM (Ince et al., 

2019; http://icgem.gfz-potsdam.de) where GECO model (Gilardoni et al., 2016) is used 

(Figure 4.2c). Geoid data is filtered up to degree and order 10, to retain geoid 

anomalies coming from lateral density variations within the crust and upper mantle to 

~400 km depth (Chapter 2, Section 2.3.2). SHF measurements have been compiled 
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from Poort et al. (2020) in the Algerian Basin, Rimi et al. (2005) in Morocco, Marzán 

(2000) and Fernàndez et al. (1998a) in Iberia, Polyak et al. (1996) in the Alboran 

Basin, Foucher et al. (1992) in the Valencia Trough, and the International Heat Flow 

Commission global data set for Algeria (http://www.heatflow.und.edu/index2.html) 

(Figure 4.2a). 

 

Figure 4.2 Geophysical observables in the region. (a) Shaded elevation and surface heat flow (dots), (b) 

Bouguer anomaly, (c) geoid filtered up to degree and order 10. Grey thick lines show the locations of the 

modelled NNW-SSE oriented geo-transects. 

Alboran Basin geo-transect  

In onshore Iberia, elevation increases from 500 m in the Iberia Massif to as 

much as ~2500 m in the eastern Internal Betics, coinciding with a decrease of the 

Bouguer anomaly to values of -120 mGal. Geoid height also decreases from 6–7 m in 

the SW Iberian Massif to 3–0 m in the western Betics and the Guadalquivir Basin, 

respectively. A local geoid high of 6 m is observed in the eastern Internal Betics where 

elevation attains its maximum values (Figure 4.2). The Alboran Basin shows positive 

Bouguer anomalies, except in its westernmost end where large accumulations (up to 8 

–9 km) of Oligocene to Recent sediments are recorded. An ENE-WSW relative high 

delineates the central region of the basin, attaining values of up to 160 mGal in its 

easternmost end, in the transition to the oceanic crust of the Algerian Basin. Along the 

geo-transect, Bouguer anomalies decrease asymmetrically from the axis of the basin 

to the onshore regions. While to the Iberian margin there is a rapid decrease of the 

anomalies, towards the African margin there is a gentler decrease towards the 

Algerian Plateau where values of -90 mGal are achieved (Figure 4.2b). The Alboran 
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Basin shows a geoid high (~3 m) in its central region that asymmetrically decreases to 

the east and west, increasing in an N-S direction, with values of 5–6 m in onshore 

Iberia and >7 m in the Algerian Plateau (Figure 4.2c). The N-S geoid high delineates 

the magmatic arc region and the North African continental margin block and separates 

the prominent geoid low associated with the Gulf of Cadiz accretionary wedge and the 

fore-arc West Alboran Basin from the Algerian oceanic back-arc basin. Interestingly 

along the geo-transect, geoid height and elevation follow a similar regional trend, 

characterized by a rapid increase from the centre of the basin to the Internal Betics 

with local highs of 6 m and >2000 m, respectively, and a smoother increase towards 

the Algerian Plateau, where geoid and elevation attain values of up to 8 m and 1000 

m, respectively. On the contrary, the Bouguer anomaly does not record a similar local 

high and instead there is a rapid decrease from the gravity high of central Alboran 

Basin to the gravity low of the Internal Betics. SHF data, though sparse, shows 

relatively higher values in the Alboran Basin increasing from west to east into the 

Algerian Basin (Figure 4.2a). Onshore Iberia shows lower SHF (~48 mW/m2) than the 

onshore north Africa (~100 mW/m2). 

Algerian Basin geo-transect 

In the interior regions of the Tell Mountains and Salt Waters Lakes, elevation 

ranges from 500 m to 1000 m, with a local low located at the SSE end of the geo-

transect, whereas Bouguer anomalies are in the range of -40 mGal to -80 mGal 

decreasing towards the Saharan Atlas. Geoid shows values of ~3–4 m in the Tell 

Mountains that rapidly decrease to the SE where a prominent regional geoid low is 

located (Figure 4.2c). Along the geo-transect, local highs of elevation and Bouguer 

anomaly are observed in the Greater Kabylies and Tell Mountains, which coincide with 

a geoid regional high. The Bouguer anomaly increases abruptly from 60–80 mGal 

close to the shoreline, to above 160 mGal in the central regions of the Algerian Basin 

indicating the pronounced crustal thinning along the continental slope and slope break, 

and the oceanic nature of the crust in the central Algerian Basin. Elevation and geoid 

abruptly decrease to reach values of < -3000 m and 0-1 m, respectively, in the slope 

break, values that characterize the central regions of the basin. 

A very abrupt increase of elevation is observed along the Emile-Baudot 

escarpment that marks the southeast side of the Balearic Promontory, a ~350 km long 

and 105–155 km wide topographic feature with an average elevation of 500 m that 

separates the Valencia Trough to the northwest, from the Algerian Basin to the 

southeast. The Promontory is characterized by a smooth decrease of the Bouguer 
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anomaly and an increase of geoid heights (Figure 4.2b and c). Elevation and geoid 

decrease towards the central region of the Valencia Trough coinciding with an 

increase of the gravity anomalies indicating the presence of a thinned continental 

crust. SHF data exhibit a wide scatter around a mean value of 65 mW/m2 onshore 

eastern Iberia, increasing to 70m–90 mW/m2 in the Valencia Trough, and decreasing 

again to the Balearic Promontory, where measurements are strongly affected by 

shallow groundwater circulation (Fernàndez and Cabal, 1992). SHF data show a very 

poor coverage in the Algerian Basin and onshore Africa along the geo-transect. 

Nevertheless, seafloor heat flow measurements carried out in the western Algeria 

Basin show values ranging from 90–120 mW/m2 (Marzán Blas, 2000) (Figure 4.2a). In 

summary both basins show a rather similar regional pattern of the surface 

observables, the main difference being their amplitude that reflects the different stages 

of their evolution. While back-arc extension in the Algerian Basin progressed to the 

onset of new oceanic crust, in the Valencia Trough extension resulted in noticeable 

crustal thinning that progresses in a SW-NE direction towards the Ligurian-Provencal 

Basin.  

4.1.2. Crustal data 
Thermo-physical properties in the crust are taken from the previous studies and 

are listed in Table 4.1. The initial crustal geometry along the geo-transects is based on 

geological maps and cross-sections, and active and passive seismology experiments. 

Along the Alboran Basin geo-transect, the crustal structure in the Iberian Massif is 

mainly based on the ALCUDIA2 Wide-Angle Seismic Reflection Transect (Ehsan et 

al., 2015). In the Guadalquivir Basin and Betics (Internal and External), seismic data 

come from different experiments (e.g., Banda et al., 1993; Carbonell et al., 1997; 

Comas et al., 1995; Gallart et al., 1995) and geological cross-sections (e.g., Ruiz-

Constan et al., 2012; Frizon de Lamotte et al., 2004; Platt et al., 2003; Michard et al., 

2002; Berástegui et al., 1998; Banks and Warburton, 1991). Crustal data in the 

Alboran Basin and the North Africa margin come from active seismic lines processed 

and interpreted in Gómez de la Peña et al. (2018). In addition to these data, the Moho 

depth along the geo-transect is also constrained by the active and passive seismic 

data compilation (Diaz et al., 2016), joint inversion of elevation and gravity (Globig et 

al., 2016; Torne et al., 2015), surface wave dispersion tomography (Palomeras et al., 

2017) and previous integrated geophysical-petrological modelling (Carballo et al., 

2015a, b; Fullea et al., 2010) (Figure 4.3a).  
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Table 4.1 Thermo-physical properties of the different tectonic units in the crust along the geo-transects. 

Tectonic units Density 
(kg/m3) 

Thermal 
Conductivity 

(W/K·m) 

Radiogenic Heat 
Production 
(μW/m3) 

Sediments Neogene 2400 2.2 1.00 

Neogene/Mesozoic 2600 2.4 1.00 

Mesozoic sediments 2650 2.5 1.00 

Betics Nevado-Filabride 2900 2.5 1.00 

Alpujarride 2850* 2.5 1.00 

External Units 2600* 2.5 1.20 

GreaterKabylie

s 

Internal Units 2900* 2.5 1.00 

External Units 2600* 2.5 1.20 

Continental     

crust 

Upper crust 2750 2.4 1.65 

Middle crust 2850 2.1 0.50 

Lower crust 2950 2.0 0.20 

Volcanic crust 2820 2.1 0.20 

Oceanic crust 2950 2.5 0.30 

*Calculated as a function of depth to incorporate pressure dependence.Densities are assigned according 

to previous studies (e.g., Carballo et al., 2015a, b) and using velocity-density envelops defined in Brocher 

(2005). The densities of the HP/LT units result from modelling (Figure 4.4). Thermal conductivities are 

taken from previous studies (e.g., Carballo et al., 2015a,b; Torne et al., 2000, 2015; Teixell et al., 2005; 

Zeyen et al., 2005), and radiogenic heat production comes from direct measurements in the Iberian 

Massif and Betics (Fernàndez et al.,1998b) and a global compilation of relevant crustal rocks (Vilà et al., 

2010). 

The crustal geometry along the Algerian Basin geo-transect, except for the 

onshore northern Africa margin, is well known from the numerous deep seismic 

reflection and wide-angle/refraction geo-transects collected during the last decades 

(Figure 4.3b). Moho depths for the Valencia Trough and Balearic Promontory are 

taken from Torne et al. (1992) and Pascal et al. (1992), while the crustal structure is 

summarized in TRANSMED-II transect (Roca et al., 2004) and Carballo et al. (2015a). 

For the sake of completeness, original seismic data come from VALSIS-II (Torne et al., 

1992), ESCI-Valencia (Vidal et al., 1998), Hinz (1972), and ALE-4 (an industry 

transect) in the Algerian Basin. In the North Africa margin, crustal structure is taken 

from the SPIRAL active seismic experiment (Aïdi et al., 2018) and further south from 

the geological cross-section by Frizon de Lamotte et al. (2011). Onshore, in the 
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Catalan Coastal Ranges, receiver function and deep seismic sounding Moho depths 

are taken from Diaz et al. (2016). 

 

Figure 4.3 Crustal structure corresponding to the best fitting model for the (a) Alboran Basin and (b) 

Algerian Basin geo-transects. Densities used in each body are colour-coded (see the legend). Moho 

depths from previous studies (including active seismic, receiver functions, surface wave dispersion and 

joint modelling of gravity and elevation) are also plotted for comparison. Earthquakes (Mb >= 3.0; 1964-

2016, ISC catalogue) projected 50 km across the geo-transects are plotted with black circles. Note that 

the y-axis is exaggerated by two times the x-axis for better visualization. GB, Guadalquivir Basin; CCR, 

Catalan Coastal Ranges; RF, Receiver functions; DSS, Deep seismic sounding. 

4.1.3. Mantle structure and chemical composition 
The depth to the base of the lithosphere (LAB), the chemical composition of the 

defined lithospheric domains, and the sublithospheric mantle anomalies are 

constrained by available tomography studies, geochemical analyses from mantle 

xenoliths and exhumed rocks, and previous modelling results. Initial LAB depths along 

the geo-transects come from previous 2D and 3D lithospheric models using elevation, 

gravity and geoid height, based on pure thermal and geophysical-petrological 

approaches (e.g., Carballo et al., 2015a, b; Fullea et al., 2010; Globig et al., 2016; 

Torne et al., 2015) and, in the case of the Alboran Basin geo-transect, also from the 

regional seismic tomography model by Palomeras et al. (2017). 
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Table 4.2 Major elements composition (weight %) in the NCFMAS system for the lithospheric mantle and 

sublithospheric domains used in the modelling and corresponding relevant physical properties at 

lithosphere and sublithospheric mantle pressure and temperature. 

Name SiO2 Al2O3 FeO MgO CaO Na2O #Mg ρ (kg/m3) VP & VS (km/s) 

 P=3GPa     
(~100km)       
T=1300 oC 

P=6GPa                    
(~200km)T
=1400oC 

P=3GPa            
(~100km)T
=1300 oC 

P=6GPa            
(~200km)           
T=1400oC 

PUM  45.00 4.50 8.10 37.80 3.60 0.360 89.3 3310 3396 7.986      
4.441 

8.254       
4.523 

DMM   44.70 3.98 8.18 38.73 3.17 0.130 89.4 3307 3391 7.950 
4.396 

8.232 
4.491 

DMM - 
3%* 

44.59 3.51 8.21 39.63 3.02 0.007 89.6 3300 3385 7.936       
4.390 

8.222      
4.488 

DMM - 
6%* 

44.47 3.08 8.23 40.54 2.78 0.051 89.7 3294 3378 7.929       
4.388 

8.211      
4.484 

DMM - 
7% * 

44.43 2.97 8.23 40.78 2.70 0.045 89.8 3293 3376 7.927     
4.388 

8.209      
4.484 

Tc_1   44.50 3.50 8.00 39.79 3.10 0.240 89.8 3296 3381 7.934 
4.391 

8.213 
4.488 

Pr_6  45.40 3.70 8.30 39.90 3.20 0.260 90.6 3299 3385 7.931       
4.388 

8.213     
4.486 

CVP   44.51 3.76 8.75 37.89 3.28 0.360 91.0 3309 3395 7.909      
4.374 

8.194     
4.473 

*Calculated using melting model described in Chapter 2, Section 2.8.PUM, Primitive Upper mantle 

(McDonough and Sun, 1995); DMM, Depleted mid-oceanic-ridge-basalt Mantle (Workman and Hart, 

2005); Tc_1, Average Garnet Tecton (Griffin et al., 2009); Pr_6,Average Proton Lherzolite (Griffin et al., 

2009; Le Roux et al., 2007); CVP, Calatrava Volcanic Province (Villaseca et al., 2010) 

In the onshore regions (Iberia and north Africa) lithospheric mantle 

compositional domains are taken from the previous studies in the same zone, which 

are based on mantle xenoliths, exhumed mantle rocks or tectono-thermal age of the 

crust (e.g., Jiménez-Munt et al., 2019; Carballo et al., 2015a,b; Fullea et al., 2010; 

Griffin et al., 2009). In the Algerian and Alboran basins, the Valencia Trough, and the 

Kabylies and Betics, mantle chemical composition is calculated from the major oxides 

partition as a function of aggregate melting using the empirical formulation of Niu 

(1997), as discussed in Chapter 2.  
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4.2. Alboran Basin geo-transect: structure, 
temperature, and density 

4.2.1. Crustal and upper mantle structure 
The crust of the Iberian and African mainland and their margins has been 

modelled using a three-layer crustal model; upper, middle and lower crust (Table 4.1 

and Figure 4.3a). In the Iberian Massif the crust is ~32 km thick which is consistent 

with previous studies and thickens up to ~37 km below the Internal Betics over a 

distance of 100 km. The Guadalquivir foreland basin, reaches a maximum depth of 4 

km close to the Betic fold belt front. The structure of the External Betics is constrained 

by low seismic velocity anomalies at crustal levels as observed in tomography models 

(Moudnib et al., 2015; Carbonell et al., 1998), while the structure of the Nevado-

Filabride and Alpujarride Internal Units are mainly defined from geological 

observations (Figure 4.3a). These two tectonically stacked HP/LT Betics Internal Units 

are defined as high density tectonic nappes according to P-T conditions of their 

metamorphic facies and densities of their basement and cover protoliths after 

metamorphic peaks (e.g., Gómez-Pugnaire et al., 2019) (Figure 4.4). The Nevado-

Filabride, at the base of the thrust sheet pile, forms an open and elongated dome that 

is overlaid to the N by the Alpujarride thrusts. To the SSE, the Alpujarride Unit is 

slightly dipping towards the Alboran Basin and thus forming the basement of the 

Neogene sedimentary infill in the proximal Iberian margin. The crust of the Alboran 

Basin is modelled as a highly intruded volcanic domain cropping out near the Alboran 

Ridge (Gómez de la Peña et al., 2018). The thinnest crust along the whole geo-

transect is found in the Alboran Basin with Moho depths of 16–17 km being consistent 

with previous estimates (Figure 4.3a). Southeast of the Alboran Ridge, the crust is 

interpreted as African continental crust of about 18 km thickness, with thinning 

localized mainly at mid- and lower-crustal levels (Gómez de la Peña et al., 2018). 

Moho depth increases gradually southwards from 17 km to 31 km across the North 

Africa margin (Figure 4.3a). 
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Figure 4.4 Pressure and temperature dependent density distribution for average sediments, upper crust, 

middle crust and lower crust compositions (see legend), computed from stable phases and mineral 

assemblages using the Gibbs free-energy minimization algorithm (Connolly, 2005, 2009). Red and black 

dashed line boxes mark the range of high pressure metamorphic peaks for Alpujarride and Nevado-

Filabride HP/LT metamorphic units, respectively, determined from thermo-barometry (Augier et al., 2005; 

López Sánchez- Vizcaíno et al., 2001; Puga et al., 2000; Azañón and Crespo-Blanc, 2000). 

Three different chemical composition domains are deemed within the 

lithospheric mantle along the Alboran Basin geo-transect (Table 4.2 and Figure 4.5). 

For the Iberian lithosphere, a depleted composition is considered which is taken from 

mantle xenoliths sampled in the Calatrava Volcanic Province (CVP, Villaseca et al., 

2010) as in Jiménez-Munt et al. (2019). In the Alboran Basin, the lithospheric mantle 
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composition corresponds to the residual of 6% aggregate decompressional melting of 

DMM based on the pervasive magmatic intrusion related to the retreat of the Alboran 

slab. This chemical domain extends also beneath the Betics as a result of the NNW 

directed slab roll-back and associated mantle delamination (Figure 4.5). In the North 

African margin and the Algerian Plateau, the composition of the lithospheric mantle 

corresponds to Average-Garnet-Tecton, an average Phanerozoic mantle composition 

(Tc_1; Griffin et al., 2009), in agreement with previous models on the region (e.g., 

Carballo et al., 2015a; Fullea et al., 2010). The LAB depth is ~110 km beneath the 

stable Iberian Massif increasing to ~130 km beneath the Betics and decreasing 

abruptly to ~64 km towards the Alboran Basin from where the LAB deepens gently 

beneath the North African margin down to ~112 km below the Algerian Plateau (Figure 

4.5e). 

Seismic tomography models show a positive velocity anomaly beneath the 

Betics that amounts ~2–3 % in P-wave relative to the ak135 global velocity model 

(e.g., Garcia-Castellanos and Villaseñor, 2011; Bezada et al., 2013; Villaseñor et al., 

2015) and an excess of 0.15-0.3 km/s in S-wave (e.g., Palomeras et al., 2014,2017; 

Civiero et al., 2018). This anomaly extends down to 670 km depth and has been 

interpreted as the Tethyan subducted lithosphere that is detached from the Iberian 

lithosphere along a lateral tear affecting the region crossed by the geo-transect (e.g., 

Spakman and Wortel, 2004; Garcia-Castellanos and Villaseñor, 2011; Bezada et al., 

2013; Palomeras et al., 2017) (Figures 1.4, 4.1b and 4.1c). Consequently, I have 

considered a sublithospheric mantle anomaly situated below 140 km depth simulating 

the detached Alboran slab characterized by a P-wave velocity anomaly of ∆VP = +2% 

and using the residual composition after 3% aggregate melting from DMM (DMM-3%; 

Figure 4.5). I have tested different possible chemical compositions for the Alboran slab 

ranging from pure oceanic lithosphere to CVP (Table 4.3 and Figure 4.6), DMM-3% 

being the one with the best-fitting 
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Figure 4.5 Best fitting model along the Alboran Basin geo-transect. (a) Surface heat flow. (b) Geoid 

height. (c) Bouguer anomaly. (d) Elevation. Blue line represents the calculated values from the model. 

Red dots denote measured data, and vertical bars denote the standard deviation calculated across a strip 

of 25 km half width. In (b) geoid height with no slab anomaly is plotted in grey for comparison. In (d) 

isostatic elevation is plotted in solid blue while the effect of slab on elevation (coupled elevation) is plotted 



Present-day crust and upper mantle structure of the Alboran and Algerian basins 
 

89 

in dashed blue line. Elevation assuming flexural isostasy for elastic thickness of 10 km and 30 km are 

plotted in orange and light-green, respectively. (e) Temperature distribution along the geo-transect. 

Continuous black lines highlight the Moho and LAB depth from our model. LAB depths from previous 

studies (dashed colour lines) are overlay plotted for comparison. (f) Density distribution in the mantle. The 

different composition domains in the lithospheric mantle are separated by thin black lines. The bold text in 

grey colour denotes chemical composition used in the different lithospheric mantle domains listed in Table 

4.2. 

 

Figure 4.6 Alboran slab chemical composition sensitivity to the (a) geoid height and (b) Bouguer 

anomaly. Chemical composition has minuscule effect on the Bouguer anomaly and has noticeable effect 

on the geoid height. Variation in the Alboran slab composition, situated at depths >140 km, changes the 

mass distribution in the slab region and consequently affects the geoid at longer wavelengths along the 

geo-transect. DMM-3% chemical composition fits the geoid better along the Alboran Basin geo-transect. 

The geophysical observables and the calculated values obtained with the 

proposed model are shown in the upper panels of Figure 4.5. The calculated SHF falls 

within the available measurements though these are sparse and uncorrected for 

surface perturbations and transient effects (Figure 4.5a). Deep groundwater circulation 

in the Tell Mountains can result in anomalously high heat flow in the Algerian Plateau. 

Similarly, recent mantle upwelling and volcanism can be responsible for the high heat 

flow measured in the Alboran Basin. The calculated geoid height and the Bouguer 

gravity anomaly match satisfactorily the observations (Figures 4.5b and 4.5c), whereas 
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local isostatic elevation shows remarkable misfits of ~100 m in the Guadalquivir Basin, 

and ~500 m in the Betics and the Alboran Basin (Figure 4.5d). However, when flexural 

rigidity of the lithosphere is considered and vertical loads associated with the 

topography misfits are applied, the calculated elevation fits well with the observations 

(Figure 4.5d). An effective elastic thickness (Te) of 10 km is enough to fit the elevation 

over most of the geo-transect. This value agrees with the elastic thickness obtained in 

the same region from other methodologies (e.g. Kaban et al., 2018). It is worth noting 

that elevation is well reproduced when considering that the sublithospheric anomaly 

related to the detached slab does not transfer any traction stress on the overlying 

lithosphere. In the case that the slab would transfer all the gravitational potential to the 

surface, i.e. when the sublithospheric anomaly is fully coupled to the lithosphere, the 

resulting isostatic elevation would decrease by ~1000–2000 m in the Betic region and 

increase by few 100 m in the Alboran Basin depending on the considered equivalent 

elastic thickness (dashed lines in Figure 4.7a).  

 

Figure 4.7 Observed and modelled elevation across (a) Alboran Basin geo-transect and (b) Algerian 

basin geo-transect. Region highlighted in white shows extend along the geo-transect to which the slabs 

would affect the elevation. Dark-grey shaded strip shows the observed elevation across 50 km wide swath 

along the geo-transects. Solid coloured lines represent elevation with no slab anomaly (uncoupled), while 

dashed colour lines show calculated elevation considering the slab (coupled elevation). Blue lines shows 

isostatic elevation (i.e. Te = 0 km). Orange and green lines show elevation considering flexural isostasy, 

Te = 10 km, and 30 km, respectively. 
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Table 4.3 Root mean square error (RMSE) associated with the tested models. RMSE is calculated by 

considering the lateral variability of the observables through the assigned error bars (see text for 

explanation). 

Geo-
transect 

Model Model fit (RMSE) 

 
 
 
 

Alboran 
Basin 

 Geoid 
(m) 

Bouguer 
anomaly 
(mGal) 

Topography (m) 
         

Te=0 km 
             

Te=10 km 
           

Te=30 km 
homogenous 

lithospheric mantle 
composition (Tc_1) 

            
0.96 

                  
12.41 

              
332 

                    
96 

                  
73 

 
without the slab 

 
0.85 

 
7.41 

 
256 

 
62 

 
42 

 
Alboran slab with CVP 

composition  

 
0.31 

 
5.55 

 
256    

                 
500 

                 
339 

 
Alboran slab with 

DMM-7% 
Composition 

 
0.20 

 
5.42 

 
256 

                   
197 

                  
113              

 
Alboran slab with 

DMM-3% composition 
(Figure 4.5) 

 
0.10 

 
5.26 

 
256 

                
266 

                 
164 

 
Algerian 

Basin 

homogenous 
lithospheric mantle 
composition (Tc_1) 

            
0.78 

                  
15.17 

     
       226 

                              
48 

                  
31 

 
without the slab 

 
0.56 

 
14.80 

 
202 

 
52 

 
30 

 
Algerian slab with 

DMM-7% composition 
(Figure 4.9) 

 
 

0.25 

 
 

13.14 

 
 

202 

                  
 

212 

                  
 

153 

 

Table 4.3 displays the root mean square error (RMSE) associated with different 

tested models including no slab with homogenous and non-homogeneous lithosphere, 

detached slab of different compositions (CVP, DMM-3% and DMM-7%; Table 4.2), 

and different elastic thickness (Te = 0 km, 10 km and 30 km). To calculate the RMSE 

related to geoid, gravity and elevation, I have considered the absolute difference 

between the calculated and observed values and its associated standard deviation. 

Therefore, RSME = 0, for |calc – obs| ≤ std, and RMSE = |calc – obs| - std, for |cal – 

obs| > std; where calc, obs, and std are the calculated and observed values, and the 

standard deviation, respectively. Variations in the composition of the detached slab 

decrease noticeably the RMSE of the geoid height and in a lesser extent the RSME of 

the Bouguer gravity anomaly. If the sublithospheric anomaly is ignored the RMSE 

related to the geoid height is eight times higher than the best fitting model and then is 

unacceptable as shown in Figure 4.5b. Note that the RMSE of elevation for Te = 0 km 
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does not vary with the composition of the slab because in all the cases I am 

considering that it acts as an uncoupled sublithospheric anomaly and then it is 

irrelevant for the calculated elevation. Whereas, for Te = 10 km and Te = 30 km, 

RMSE for elevation varies because of density variations associated with slab 

composition and resulting pressure variations related to topography loads at the base 

of the model. 

4.2.2. Temperature and density distribution 
The temperature distribution along the entire geo-transect is shown in Figure 

4.5e. The Iberian Massif is characterized by flat isotherms in the crust with a Moho 

temperature of ~650 °C, and a slight upward deflection at deep lithospheric mantle 

levels related to the thinning of the lithosphere beneath the Calatrava Volcanic 

Province. In the Betics, the slab break-off produces the deepening of the LAB and the 

consequent downward deflection of the isotherms. The maximum Moho temperature 

along the geo-transect is reached in the Betics (800 ºC) as a combined effect of crustal 

thickening and the sharp lithospheric thinning towards the adjacent Alboran Basin, 

where Moho temperatures are around 550 ºC. Towards the stable Algerian Plateau the 

isotherms become roughly horizontal with a Moho temperature similar to the Iberian 

Massif (~650 °C). The temperature distribution within the sublithospheric mantle 

results from the combined effect of lithospheric thickness variations and the imposed 

adiabatic thermal gradient except within the detached lithospheric slab where the P-

wave velocity anomaly of ∆VP = +2% translates into a depth average temperature 

anomaly of ∆T ≈ -430 ºC. Note that the temperature variation with depth within the slab 

is not constant because of the non-linear relationship between temperature and 

seismic velocities. The calculated density variations in the lithospheric mantle are due 

to the different chemical compositions and the P-T conditions resulting from laterally 

varying the lithospheric thickness (Figure 4.5f). In the Iberian Massif density is almost 

constant in the Calatrava Volcanic Province (3300–3310 kg/m3) increasing rapidly 

towards the Betics where density increases with depth from 3300 kg/m3 beneath the 

Moho to ~3350 kg/m3 near the LAB. This lateral change in the density distribution is 

mainly related to the variations in the LAB depth and its effect on pressure and 

temperature distribution. The pronounced lithospheric thinning affecting the Alboran 

Basin results in high temperature and low pressure conditions that decrease the 

density in the lithospheric mantle. This effect adds to the density decrease associated 

with the compositional change between the Iberian lithospheric mantle (CVP) to the 

oceanic-like lithospheric mantle of the Alboran Basin (DMM-6%), which may amount 
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10 - 15 kg/m3 (Table 4.2). As a result, the lithospheric mantle density in the central part 

of the Alboran Basin shows the lowest values along the geo-transect with a depth-

dependent decrease from 3290 kg/m3 beneath the Moho to 3250 kg/m3 near the LAB. 

Towards the Iberian and African margins density increases laterally and keeps almost 

constant with depth due to strong variations in the LAB depth indicating that in these 

regions pressure and temperature effects tend to counterbalance each other. Beneath 

the stable Algerian Plateau density in the lithospheric mantle increases with depth 

from 3270 kg/m3 beneath the Moho to 3320 kg/m3 near the LAB. 

At shallow sublithospheric mantle levels, the lateral density variations are 

related to the changes in the lithospheric thickness such that the thinner the 

lithosphere the lower the density, with values ranging from 3345 kg/m3 beneath the 

Betics to 3260 kg/m3 beneath the Alboran Basin. At deeper sublithospheric mantle 

depths (>150 km) density increases with depth almost linearly and lateral variations 

are negligible, except for the cold and detached Alboran slab region, where the 

associated depth averaged density anomaly amounts ~50 kg/m3 (Figure 4.8) and 

increases as much as ~125 kg/m3 at the base of the model (400 km) due to the depth 

decrease of the olivine-wadsleyite phase transition resulting from the colder 

temperatures within the slab. 

 

Figure 4.8 Temperature, density, and P- and S-wave velocity depth distribution in the Alboran slab at 

three locations spanning the slab region along the Alboran Basin geo-transect (see the legend). Upper 

panel shows the absolute deviation with respect to the LitMod reference column (Chapter 3) and lower 

panel shows the percentage change. 
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4.3. Algerian Basin geo-transect: structure, 
temperature, and density 

4.3.1. Crustal and upper mantle structure 
The crustal structure roughly coincides with that proposed by Carballo et al. 

(2015a) except for the three-layered continental crust and the internal structure of the 

Greater Kabylies (Figure 4.3b). The crust is ~36 km thick beneath the Tell-Atlas 

Mountains gently thinning towards the margin up to ~30 km with the basement 

deepening smoothly beneath the Greater Kabylies. The Greater Kabylies are 

characterized by high density metamorphic slices (Internal Units) thrusting onto the 

folded non-metamorphic Mesozoic External Units overlying the African crust showing 

an architecture similar to the Betics (Figure 4.3a). Further to the NNW, the crust thins 

abruptly towards the Algerian Basin where the Moho is found at 10–12 km depth. The 

crust of the Algerian Basin is composed of a ~6 km thick oceanic layer overlaid by a ~ 

3 km thick Neogene sedimentary layer. The Balearic Promontory, the Valencia Trough 

and the Catalan Coastal Ranges are characterized by a thinned continental crust and 

a Mesozoic to Neogene sedimentary cover of variable thickness. Our results are 

consistent with previous findings derived from active seismic experiments (e.g., Torne 

et al., 1992; Vidal et al., 1996), which proposed a clear crustal asymmetry between the 

Catalan Coastal Ranges, with a thickness of ~32 km, and the thinner crust (~22 km) 

below the Balearic Promontory. In the axis of the Valencia Trough, the Moho is found 

at ~18 km along the modelled transect, in agreement with the aforementioned works 

(Figure 4.3b). 

In the mantle along the Algerian Basin geo-transect, I have considered five 

lithospheric mantle domains (Figure 4.9 and Table 4.2) following the structure from 

Carballo et al. (2015a) and the different tectonic domains. In the Catalan Coastal 

Ranges and the Balearic Promontory I use an Average Proton Lherzolite (Pr_6; Griffin 

et al., 2009; Le Roux et al., 2007) as in Carballo et al. (2015a), except for the Balearic 

Promontory where they used a primitive upper mantle composition. In the Valencia 

Trough I use a residual composition corresponding to DMM-6% based on the inferred 

high degree of decompression melting driven by lithospheric extension and mantle 

upwelling (Martí et al., 1992). Since the Algerian Basin is a back-arc oceanic basin 

with a ~6 km thick oceanic magmatic layer (Booth-Rea et al., 2007), I have increased 

the amount of melting to ~7% (Klein and Langmuir, 1987), while beneath the Greater 

Kabylies this percentage is reduced to 3% to account for the melting of the depleted 

asthenosphere (DMM) following delamination and slab detachment (Chazot et al., 
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2017). In the North Africa margin, beneath the Tell-Atlas Mountains, I have considered 

a lithospheric mantle with a Phanerozoic Tc_1 composition according to Carballo et al. 

(2015a), which is similar to the North Africa margin mantle to the west along the 

Alboran Basin geo-transect. The LAB depth varies from ~135 km over a flat region 

beneath the Tell-Atlas Mountains to ~150 km below the Greater Kabylies and 

decreases rapidly to ~60 km in the Algerian Basin. Towards the Balearic Promontory 

the LAB deepens abruptly to ~84 km shallowing slightly towards the centre of the 

Valencia Trough (~80 km) and increases gradually to ~120 km onshore Iberia.  

The positive seismic velocity anomaly beneath the North Africa margin 

(Figures1.4b and 4.1d; after Fichtner and Villaseñor, 2015) is modelled as a 

sublithospheric mantle body situated below 200 km depth with an anomalous S-wave 

velocity of ∆VS = +3.5% and a chemical composition similar to that of the current 

Algerian Basin lithospheric mantle (DMM-7%).This composition fits better the geoid 

height than the African lithospheric mantle composition (i.e., Tc_1) and the more 

enriched DMM-3% considered for the delaminated mantle beneath the Greater 

Kabylies(Table 4.3 and Figure 4.10). 
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Figure 4.9 Best fitting model along the Algerian Basin geo-transect, rest of the caption as in Figure 4.5. 

Figure 4.9 shows the fitting of the geophysical observables from the proposed 

model. The calculated SHF falls within the range of measured values though these are 

unevenly distributed and show a high scatter (Figure 4.9a). The calculated geoid 

height shows a very good fit with observations all along the geo-transect (Figure 4.9b), 
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with minor misfits (< 1m) in the Greater Kabylies. The calculated Bouguer anomaly 

matches the regional trend (Figure 4.9c) with significant misfits all along the Greater 

Kabylies, where the calculated values are clearly underestimated though the low 

quality of available gravity data in the region does not allow for firm conclusions. This 

model shows the minimum RMSE values for geoid height and Bouguer anomaly, 0.25 

m and 13.14 mGal, respectively when compared to a no slab model or to model with 

DMM-3% and Tc_1 slab composition (Table 4.3 and Figure 4.10). 

 

Figure 4.10 Algerian slab chemical composition sensitivity to the (a) geoid height and (b) Bouguer 

anomaly. DMM-7% chemical composition, resulting from 7%melting of DMM, fits better the geoid height 

along the Algerian Basin geo-transect. 

The calculated isostatic elevation also matches the regional trend but shows a 

long wavelength misfit of ~400 m in the Algerian Basin and ~250 m in the Tell-Atlas 

Mountains, with local misfits of ~700 m in the Greater Kabylies (Figure 4.9d). However, 

when I consider the flexural rigidity of the lithosphere, the fit between calculated and 

observed elevation is largely improved (Figure 4.7b). Along most of the profile, an 

effective elastic thickness of Te = 10 km reduces the RMSE from 202 m to 52 m 

(Table 3), although a higher elastic thickness (Te = 30 km) is required for the Africa 

mainland resulting in RMSE = 30 m (Figure 4.7b and Table4.3). These elastic 

thickness values are in agreement with those predicted by coherence analysis of 

topography and gravity (e.g. Pérez-Gussinyé et al., 2009; Kaban et al, 2018). The 

estimated coupled elevation, which includes the isostatic effect of the cold and denser 

slab, would decrease the elevation by 500–2000 m in the Greater Kabylies. Near the 
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coast, elevation decreases because of the fore-deep and increases in the Algerian 

Basin because of the fore-bulge associated with the assumed Algerian slab attached 

to the lithosphere (Figure 4.7b). These variations in elevation amount few hundred 

meters depending on the considered elastic thickness. 

4.3.2. Temperature and density distribution 
The temperature distribution along the Algerian Basin geo-transect is shown in 

Figure 4.9e. At deep lithospheric levels, isotherms mimic the depth variations of the 

LAB showing a step-like shape. In the Tell-Atlas Mountains region isotherms are 

roughly flat showing an upward deflection beneath the Great Kabylies and the Africa 

margin, and become flat again in the Algerian Basin. Further to the NNW, isotherms 

deepen slightly below the Balearic Promontory flattening beneath the Valencia Trough 

and deepening gently towards the Catalan Coastal Ranges. The calculated 

temperature at the Moho varies from ~630 ºC in the Tell-Atlas Mountains, decreasing 

rapidly beneath the Greater Kabylies (600–400 ºC) and reaching the minimum value of 

~250 ºC in the Algerian Basin. Towards the Iberia Margin, the Moho temperature 

shows noticeable variations reaching ~600 ºC in the Balearic Promontory, ~400 ºC in 

the Valencia Trough and ~700 ºC in the Catalan Coastal Ranges. At sublithospheric 

mantle levels, below 200 km depth, the temperature distribution responds to the 

imposed adiabatic thermal gradient except within the detached slab where the seismic 

anomaly of ∆VS = 3.5% translates into a depth average temperature anomaly of ∆T ≈ -

400 ºC (Figure 4.11). 

The calculated density distribution along the Algerian Basin geo-transect is 

shown in Figure 4.9f, reflecting the different chemical compositions and P-T conditions 

in the upper mantle. The lithospheric mantle in the Tell-Atlas Mountains, with the same 

composition than in the Algerian Plateau (i.e., Tc_1, Table 4.2) shows a density 

increase with depth from ~3280 kg/m3 at the Moho to ~3340 kg/m3 at the LAB being 

slightly higher than in the Algerian Plateau lithosphere of the parallel Alboran Basin 

geo-transect (3270kg/m3-3320 kg/m3, Figure 4.5f) due to the higher lithospheric 

thickness. Density decreases laterally across the margin, beneath the Greater 

Kabylies, and towards the Algerian Basin from 3320 kg/m3 to less than 3290 kg/m3 

being almost constant with depth. These density changes are the combined effect of 

varying the chemical composition from Tc_1 to DMM-3% (Table 4.2) and the 

lithospheric thinning which counterbalance the depth-dependent pressure and 

temperature effects. The oceanic lithospheric mantle in the Algerian Basin, with a 

DMM-7% composition (Table 4.2), shows a density exceeding 3300 kg/m3 at the 
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uppermost mantle levels until a depth of ~20 km related to the plagioclase-spinel 

phase transition. Below this depth, density decreases with depth to 3250 kg/m3 at the 

LAB, which is the lowest mantle density along the geo-transect. To the NNW, the 

transition to a Proterozoic composition (Pr-6, Table 4.2) beneath the Balearic 

Promontory together with the lithosphere thickening, results in a lateral increase of 

densities to an average value of ~3285 kg/m3 which keeps almost constant with depth. 

The lithospheric mantle beneath the Valencia Trough, with DMM-6% composition, 

shows a density of ~3300 kg/m3 at the Moho depth decreasing to 3280 kg/m3 at the 

LAB demonstrating some oscillations in the pressure gradient related to the 

plagioclase-spinel (25–35 km depth) and spinel-garnet (60–90 km depth) phase 

transitions. Density increases again laterally towards the Catalan Coastal Ranges as a 

combined effect of composition and P-T conditions.  

 

Figure 4.11 Temperature, density, P-wave velocity and S-wave velocity depth distribution in the Algerian 

slab at three locations (see the legend) spanning the slab region along the Algerian Basin geo-transect. 

Rest of the caption is same as in Figure 4.8. 

Similar to the Alboran Basin geo-transect, at shallow sublithospheric mantle 

levels, density variations are related to LAB depth variations affecting especially the 

Algerian Basin, the Balearic Promontory and the Valencia Trough regions. At deeper 

sublithospheric mantle levels (> 150 km), lateral variations are negligible, except for 

the detached Algerian slab region where above 300 km depth, density increases by 

~30 kg/m3 and decreases to < 20 kg/m3 at 350 km depth, as composition effects 

competes with those of the temperature (Figure 4.11).Close to the base of the model, 

density increases by as much as ~100 kg/m3 in the slab region due to the olivine-

wadsleyite phase transition alike to the Alboran slab at these depths (Figures 4.8 and 



Present-day crust and upper mantle structure of the Alboran and Algerian basins 

100 

4.11). It is interesting to note that the density change in case of the Alboran slab at 400 

km is higher than that for the Algerian slab. The temperature change at these depths is 

similar for both slabs at these depths; hence, the difference in the density change can 

be attributed to the composition which is relatively more fertile in the Alboran slab 

(DMM-3%, Table 4.2) than in the Algerian slab (DMM-7%, Table 4.1). 

4.4. Mantle seismic velocities and comparison 
with passive seismological data 

In this section, I show the calculated seismic velocities in the upper mantle 

according to the mineral aggregates resulting from the ascribed chemical composition, 

and the prevailing pressure and temperature conditions. The results are compared 

with the available seismic data and tomography models. 

As discussed in Chapter 3, absolute seismic velocities obtained in 

LitMod2D_2.0 can be used to compute passive seismological data (e.g., receiver 

functions and surface wave dispersion curves). Forward prediction of P-wave receiver 

functions and dispersion curves of Rayleigh surface-wave phase velocities dispersion 

curves are computed using the post-processing toolbox in LitMod2D_2.0 and are also 

compared with the available observed data. 

4.4.1. Alboran Basin geo-transect 
 Figure 4.12a shows the P-wave velocity distribution along the Alboran Basin 

geo-transect. As shown in Table 4.2, seismic velocities depend to a larger extent on 

temperature and pressure than on composition. The lower VP values within the 

lithospheric mantle are found close to the LAB in regions affected by lithospheric 

thinning, as the Calatrava Volcanic Province in the Iberian Massif (VP < 8.0 km/s), and 

the Alboran Basin and its margins (VP < 7.85 km/s). In these regions, VP decreases 

with depth indicating that the temperature effect prevails on the pressure effect. In 

contrast, P-wave velocities beneath the Betics, in the thicker lithosphere region, 

increase from ~8.05 km/s in the uppermost mantle, consistent with the observed Pn 

velocities of 8.0 km/s - 8.2 km/s (Diaz et al., 2008, 2013), to 8.1 km/s at LAB depths. 

Beneath the Algerian Plateau, P-wave velocities keep almost constant with depth (VP ≈ 

8.0 km/s) showing a lateral decrease towards the Africa margin.  
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Figure 4.12 Seismic velocities and synthetic seismic tomography along the geo-transects. (a) and (b) 

shows the absolute P-wave and S-wave velocities, respectively and (c) synthetic P-wave anomalies for 

the Alboran Basin geo-transect. Similarly (d) and (e) shows the absolute P- and S-wave velocities, 

respectively, and (f) synthetic P-wave anomalies along the Algerian Basin geo-transect. 

The relatively fertile (DMM-6%) composition of the central segment of the geo-

transect, close to primitive upper mantle (PUM; McDonough and Sun, 1995), produces 

shallow mantle P-wave velocities of 7.97 km/s in the Alboran Basin as found by Fullea 

et al. (2010). These low P-wave velocities can be further reduced by the presence of 

partial melts, as the geotherm intersects the dry peridotite solidus (Figure 4.13a), and 

anisotropy (not considered here) becoming close to the observed low Pn velocities 

(7.5–8.1 km/s, Hatzfeld et al., 1978; Calvert et al., 2000b). At sublithospheric mantle 

depths down to 150 km, lateral variations of seismic velocities result solely from the P-

T conditions imposed by the lateral lithospheric thickness variations since the entire 

sublithospheric mantle has the same composition, except in the slab region. Below 

150 km, P-wave velocities increase almost linearly with depth up to >8.7 km/s at 400 
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km depth. In the region of the detached Alboran slab, P-wave velocities increase by 

~0.18 km/s as imposed from tomography models (∆VP = 2%) with a highest increase 

of ~0.3 km/s just above 400 km depth related to the olivine-wadsleyite phase transition 

(Figure 4.8).  

 Calculated S-wave velocities (Figure 4.12b) show a similar pattern than P-wave 

velocities but with a lesser influence of pressure such that, VS decreases with depth 

from Moho to LAB all along the geo-transect. Likewise, changes in the composition 

domain show smaller effects on VS than on VP due to the lesser sensitivity of S-wave 

to composition (e.g., Kumar et al., 2020; Priestley and McKenzie, 2006). Below the 

LAB, VS increases with depth delineating a low-velocity zone down to 200–250 km 

which is enhanced in magnitude in those regions affected by lithospheric thinning.  

 

Figure 4.13 Geotherms (solid lines) at selected locations along the (a) Alboran Basin and (b) Algerian 

Basin geo-transects. Dry and wet peridotites solidus for different amount of bulk water from Katz and 

Spiegelman (2003) are also plotted. Presence of water in the mantle brings down the solidus resulting in 

presence of partial melts.  

 The Alboran slab shows an S-wave velocity increase of ~0.15 km/s (+3.5%) up 

to ~270 km resulting from the prescribed 2% P-wave anomaly. The resulting variation 

in the S-wave velocities below ~270 km is related to the implied temperature in the 

slab and increases to a maximum value ~0.30 km/s (+7%) at 400 km depth which is 

related to the olivine-wadsleyite phase transition (Figure 4.8). The calculated S-wave 

velocity pattern compares well with the regional S-wave tomography model projected 

onto the transect (Figure 4.1c) obtained by Palomeras et al. (2017) from Rayleigh 

surface-wave dispersion tomography. 
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In order to compare the computed mantle velocities with the P-wave travel-time 

tomography models, the lateral variations of P-wave in % (Figure 4.12c) are calculated 

relative to the reference column defined in LitMod2D_2.0 (Chapter 3; Kumar et al., 

2020). The computed synthetic tomography reproduces the main pattern of slow and 

fast velocity regions observed in the global/regional P-wave tomography models 

(Bezada et al., 2013, Figure 4.1b) with minor discrepancies in the amplitudes. Note 

that the colour scale of the calculated tomography saturates in the regions of Moho 

depth < 35 km because of the used reference model, which consists of a 35 km crust 

(Kumar et al., 2020) and, highlights the crustal thinning as observed in the tomography 

model of Bezada et al. (2013) (Figure 4.1b). 

Comparison with the passive seismological data  

Broadband teleseismic earthquake waveform data recorded at stations shown 

in Figure 4.14 are downloaded from the IRIS-DMC (https://ds.iris.edu/ds/nodes/dmc/). 

Earthquakes in the epicentral distance range of 30º to 90º are used for P-wave 

receiver function calculations.  

I use the following processing steps to calculate P-receiver functions: 

• The three-component broadband earthquake waveform data are pre-

processed by rotating the horizontal (north-south and east-west) components 

into radial and tangential directions to separate P-SV energy. 

• Waveforms are cut 20s before and 60 s after the hand-picked arrival of P-wave 

on the vertical component.  

• Waveforms are filtered using a low-pass Gaussian filter of width 2.5 with a 

corner frequency of ~1.2 Hz. 

• Iterative time-domain deconvolution algorithm (Ligorria and Ammon, 1999) is 

applied to construct a spike train by cross-correlating the radial waveforms with 

the vertical waveforms. The spike train is then convolved with the observed 

vertical component waveform to produce synthetic radial component and is 

compared with the observed radial component in a least square manner. This 

step is repeated until a threshold least square fit is reached (chosen 0.001) or 

the maximum numbers of iterations are reached (200).  

• The final P-wave receiver functions are assessed for quality by % fit of the 

calculated radian component to the observed radial component. I use 

waveforms with fit >80% for further analysis.  
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This procedure is repeated for all stations along the Alboran Basin geo-transect 

(Figure 4.14). Then, I calculate the piercing point for all the calculated P-wave receiver 

functions at 35 km depth by back-projecting the traces using the ak135 velocity model 

and obtain a latitude and longitude for each receiver function at 35 km depth. Then, I 

stack all the receiver functions along the geo-transect within a 10 km distance bin 

along the profile and 25 km half-width window across the profile.  

 

Figure 4.14 Location of the seismic stations along the geo-transects used to calculate P-wave receiver 

functions. Blue points show the location of piercing point at a depth 35 km along the Alboran Basin geo-

transect. 

Fundamental mode Rayleigh-surface-wave phase velocity tomography model from 

Palomeras et al. (2017) is used to extract dispersion curves along the Alboran Basin 

geo-transect. This tomography model uses data from 368 broadband seismic stations 

of permanent and temporary arrays in Morocco, Spain, Portugal, IberArray (2007-

2013, Spain), and PICASSO (2009-2012) experiments. The model includes Ambient 

Noise Tomography between 4 s - 50 s periods to enhance the shallow depth structure 
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together with natural earthquake data in 20–167 s periods for deep structure until ~200 

km. Note that the North Africa margin along the Alboran Basin geo-transect falls 

outside the good-ray-coverage/less-resolved region of Palomeras et al. (2017) (see 

their Figure 2)  

Post-processing tool-box in the LitMod2D_2.0 (Chapter 3) is used to calculate 

synthetic the P-receiver functions and fundamental mode Rayleigh-surface-wave 

phase velocities from the S-wave velocity along the Alboran Basin geo-transect 

(Figure 4.12b). As I do not solve for phase equilibrium in the crust, the P-and S-wave 

velocities are calculated using empirical VP-density relationships from Brocher (2005), 

and S-wave velocities in the crust are calculated assuming a constant VP/VS = 1.73 

ratio (Figure 4.15a). In the lithospheric and sublithospheric mantle, seismic velocities 

from LitMod2D_2.0 are used (Figure 4.12b). Below 400 km depth (base of the model), 

velocities from the ak135 model are used.  

Forward calculated P-wave receiver functions (Figure 4.15b, green) matches 

reasonably well with the observed P-wave receiver functions (wherever available, 

Figure 4.15b, grey). Some misfit can be seen, delay or advance of phases which can 

be attributed to the assumption of constant VP/VS ratio used here. VP/VS ratio should 

vary with depth at least in the Alboran Basin and Betics because of the HP/LT 

metamorphic and volcanic rocks (Figure 4.3a).  

In case of Rayleigh-surface-wave phase velocity dispersion, forward 

predictions fit very well at long-periods (> 30 s),which are sensitive to the mantle 

velocity structure, for the Alboran Basin, Betics, and Iberian Massif regions (Figure 

4.15c). For the North Africa margin (distance along profile < 225 km) synthetic phase 

velocities are consistently higher than observed ones (period 30–100 s) which can be 

attributed to less resolution for this region in the observed phase velocities, as 

mentioned before. Hence, S-wave velocities for the Alboran Basin geo-transect model 

are consistent with the available surface wave dispersion data in the upper mantle. 

Predicted higher phase velocities at the short-period (< 30 s) could be again explained 

by using a constant VP/VS ratio. 
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Figure 4.15 Plot showing the forward calculation of passive seismological data from the velocities 

obtained along Alboran Basin geo-transect. (a) Crustal S-wave velocities calculated using empirical 

relations (see text for details). (b) P-wave receiver function at distance, labelled in each plot, along the 

geo-transect. Solid green represent forward calculation and grey is observed P-wave receiver function 

(where available). (c) Rayleigh surface-wave fundamental mode phase velocity dispersion curves along 

the Alboran Basin geo-transect at distance along the geo-transect labelled in each plot. Grey circles 

represent the observed phase velocities and bars represent corresponding error. Green circles represent 

the forward calculation from the seismic velocity model obtained from LitMod2D_2.0. 

Receiver functions are sensitive to depths of impedance contrasts (i.e., seismic 

velocity discontinuities), while surface wave dispersion curves are sensitive to the 

vertical averages of shear wave velocity. Joint inversion of the two data sets 

complements each other and provides better constrained S-wave velocity structure of 

the crust. S-wave velocities from integrated geophysical-petrological modelling can 

serve as the starting model, and joint inversion will allow better imaging of the crustal 

S-wave velocity structure. I note it to be one of the future directions to perform such 

joint inversion. 

4.4.2. Algerian Basin geo-transect 
Figure 4.12d shows the calculated P-wave mantle velocities along the Algerian 

Basin geo-transect. As in the Alboran Basin geo-transect, the lower velocities are 

found at LAB levels in regions affected by lithospheric thinning including the Algerian 
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Basin, the Balearic Promontory and the Valencia Trough. In these regions, VP 

decreases from 7.90–7.95 km/s beneath the Moho to < 7.9 km/s at LAB depths with 

the lowest value along the whole geo-transect (< 7.8 km/s) being at the Algerian Basin. 

The calculated uppermost mantle velocities are slightly higher than the reported Pn 

velocities in the Valencia Trough and the Algerian Basin, ranging from 7.7 km/s to 7.95 

km/s (Torne et al., 1992; Dañobeitia et al., 1992; Vidal et al., 1998). Note that I do not 

include the effects of melt; hence, calculated velocity will further decrease as the 

geotherm in Algerian Basin is intersecting the mantle solidus (Figure 4.13b). Towards 

the Iberian and African margins (Catalan Coastal Ranges and Greater Kabylies, 

respectively), P-wave velocities increase laterally showing almost constant values with 

depth. Beneath the thicker lithosphere of the Tell-Atlas Mountains, P-wave velocities 

increase with depth from 7.9 km/s at the Moho to 8.1 km/s at the LAB, being slightly 

higher than in the Algerian Plateau lithosphere (Figure 4.12a). Down to ~150 km 

depth, the effect of lithosphere thickness is reflected in P-wave velocities where the 

thin lithosphere of the Algerian Basin results in a low velocity zone, similar to that in 

the Alboran Basin, extending towards the Balearic Promontory and the Valencia 

Trough. Below this depth, P-wave velocities are essentially depending on pressure 

increasing mostly linearly with depth up to >8.7 km/s at 400 km depth. In the region of 

the detached Algerian slab, P-wave velocities are increased by ~0.18 km/s ( ~2%) and 

near the base of the slab  (400 km) increase to as high as 0.30 km/s (> ~3 %) because 

of the olivine-wadsleyite phase transition (Figure 4.14).  

S-wave velocities also show a low velocity zone extending from mid-

lithospheric mantle levels to 200–250 km depth being more pronounced beneath the 

Algerian Basin, the Balearic Promontory and the Valencia Trough due to the 

prevalence of temperature effects on pressure effects in these regions (Figure 4.9e). 

Minimum values of S-wave velocities (≤ 4.35 km/s) are obtained at the base of the 

lithosphere along the thinned lithosphere regions, whereas beneath the Africa and 

Iberia mainland, minimum S-wave velocities exceed 4.45 km/s. The region 

corresponding to the detached Algerian slab, is characterized by an average increase 

of S-wave velocity of ~0.16 km/s in agreement with the prescribed anomaly of ∆VS = 

3.5%. The computed synthetic P-wave tomography (Figure 4.12f) shows negative VP 

anomalies of less than -2% beneath the Algerian Basin and the Valencia Trough, in 

agreement to regional and global P-wave tomography models (e.g., Amaru, 2007; 

Piromallo and Morelli, 2003; Spakman and Wortel; 2004). The detached Algerian slab 

is characterized by a positive VP anomaly of~2% resulting from the prescribed VS 

anomaly (∆VS = 3.5%; Fichtner and Villaseñor, 2015). 
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Comparison with the passive seismological data  

There is a lack of passive seismic data along most of the Algerian Basin geo-

transect (Figure 4.14); hence in this section, I compare the synthetic receiver functions 

and Rayleigh surface-wave dispersion curves in the Algerian and Alboran basins, and 

in the regions of subducted slabs (Figure 4.16).  

 

Figure 4.16 Plot showing the comparison between forward prediction of receiver functions and Rayleigh 

surface-wave dispersion curves at selected locations. (a) Shows the depth distribution of S-wave 

velocities colour coded for location (see the legend). (b) P-wave receiver function, (c) group velocities, 

and (d) phase velocities colour coded for location (see legend in a). 

Both the P-wave receiver functions and Rayleigh surface-wave dispersion 

curves show distinctive features at the selected locations (Figure 4.16). The effect of 
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thin crust and higher seismic velocities in the Algerian Basin is clearly reflected by the 

early arrival of Moho converted phase (Ps) compared to the delayed arrival in the 

thicker Alboran Basin (Figure 4.16b). The P-wave receiver functions for the Betics and 

Greater Kabylies show much delayed Moho converted phase in comparison to the 

Algerian and the Alboran basins, though that of the Betics is slightly more delayed 

than that of the Greater Kabylies because of the thicker crust in the Betics. Phases 

before the Moho phase reflect the three-layered continental crust considered beneath 

the Betics and the Greater Kabylies. Rayleigh surface-wave dispersion curves at low 

periods (< 50 s) show a distinct pattern, being highest in the Algerian Basin and lowest 

in the Betics reflecting the highest and lowest S-wave velocities pattern at crustal 

depths, respectively (Figure 4.16a). Both, the group and phase velocities, shows 

higher values at longer periods (> 100 s) reflecting the increased S-wave velocities in 

the sublithospheric mantle because of the Alboran and Algerian slabs.  
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Chapter 5 

Discussion 
The observed sublithospheric mantle positive seismic velocity anomalies 

beneath the Betics-Rif and the north-Algeria margin in the Western Mediterranean 

motivated this thesis. These anomalies are qualitatively interpreted as the subducted 

Ligurian-Tethys lithosphere, which is one of the constraining basis for the geodynamic 

evolution models of the Western Mediterranean. In general, such anomalies are 

understood qualitatively as colder than average mantle in case of positive seismic 

velocity anomalies, or as hotter in case of negative seismic velocity anomalies. A 

quantitative physical interpretation (thermal and/or compositional) of sublithospheric 

mantle anomalies is challenging and is required to understand the geodynamic and 

geological processes. In the first part of this thesis, I improved an already existing tool, 

LitMod2D_1.0, to LitMod2D_2.0 to model such seismic velocity anomalies to 

quantitatively infer them in terms of temperature and/or composition using 

thermodynamically self-consistent integrated geophysical-petrological modelling 

approach. In the second part of the thesis, I applied the improved LitMod2D_2.0 to 

model the present-day crust and upper mantle(up to 400 km depth) structure of the 

Betics-Rif and Kabylies-Tell-Atlas orogenic systems along two geo-transects crossing 

the Alboran and Algerian back-arc basins and their opposed margins of North Africa 

and Iberia, respectively. 

In this chapter, I first present the discussion on the methodological 

developments in the improved LitMod2D_2.0.Then, I compare and discuss the results 

of present-day crust and upper mantle structure derived using improved LitMod2D_2.0 

in the Alboran and Algerian Basin geo-transects. The results are discussed in terms of 

the geodynamic implications for the closure of the Jurassic Ligurian-Tethys Ocean and 

the opening of the new oceanic and thinned continental domains of the Algerian and 

Alboran back-arc basins in an overall convergence regime that has lasted for the past 

85 My involving the African and European plates. 
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5.1. LitMod2D_2.0 
The improved LitMod2D_2.0 software has been presented in Chapter 3, which 

allows studying the temperature, density (i.e., chemical composition), and seismic 

velocities of the crust and upper mantle, including thermal, chemical, and seismic-

velocities anomalies in the sublithospheric mantle. The discussion related to each 

improvement is already included in Chapter 3. In the following paragraphs, I will mainly 

discuss the assumptions made in LitMod2D_2.0 and how they can be relaxed in 

future. 

The integrated geophysical-petrological modelling in LitMod2D_2.0 assumes 

thermal steady-state regime without advection. Although this assumption is valid for 

old tectono-thermal regions (>100 Ma) it is less valid in regions with recent tectonic 

deformation (e.g., in Western Mediterranean where tectonic deformation is Cenozoic). 

Despite this, the modelling results are constrained by the simultaneous fitting of a set 

of “instantaneous” density-dependent observables such as gravity, geoid and 

elevation. Hence, the results must be considered as a snapshot of the present-day 

density distribution related to active tectonic processes. In regions affected by thermal 

relaxation after lithospheric thinning, the actual temperature at Moho depth levels is 

higher than the calculated assuming thermal steady-state because the mass deficit 

associated with the transient thermal perturbation must be compensated by a larger 

lithospheric thickness to keep elevation. Therefore, steady-state modelling tends to 

underestimate the Moho temperature and overestimate the actual lithospheric 

thickness in regions of lithospheric thinning, showing the opposite effects where the 

lithosphere is thickened (Fullea et al., 2007). Temperature and density distribution 

could be improved using a transient thermal model but this requires a more 

sophisticated numerical approach (i.e., solving the diffusion and advection terms in 

heat flow equation with time) and, more importantly, an in-depth knowledge of the past 

and ongoing geodynamic processes and particularly their evolution through time. 

LitMod2D_2.0 integrates data across disciplines to put integrated constraints 

on the present-day structure but makes it challenging to put uncertainties introduced 

from the errors in the used parameters (e.g., thermodynamic database, Moho depths, 

and LAB depths). A formal solution to put uncertainties on the final results, noted to be 

one of the future directions, would be to formulate the modelling in an inversion 

scheme as recently done in the 3D versions of LitMod (LitMod_4INV; Afonso et al., 

2013a, b and 2016b) at the cost of computation resources. Although, inversion 

algorithms allow an exhaustive sampling of the parameter space, they still need an 
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initial model and appraisal of the inversion results, requiring additional information 

(e.g., geology of the study area). However, an ad-hoc procedure can be applied by 

iteratively changing the parameters of interest to study their sensitivity as done in 

composition of subducted slabs and lithospheric mantle in Chapter 4. 

Surface topography has contributions from three fundamental processes: 

isostasy, flexure and dynamic flow in the mantle. Decoupling the individual contribution 

of these three processes to the surface topography is fundamental to understand 

landscape evolution and facilitates linking deep Earth processes to surface processes. 

LitMod2D_2.0 does model the isostatic and flexural component of the topography but 

does not model the dynamic component (also known as dynamic topography) 

explicitly, which is most likely to be present in tectonically active areas (e.g., 

subduction zones). In cases where upper mantle anomalies are detached from the 

overlying lithosphere, LitMod2D_2.0 calculates coupled elevation by accounting for the 

density variations from anomalous regions, which together with the uncoupled 

elevation (i.e., isostatic elevation) can serve as lower and upper bound for the dynamic 

topography, respectively. A more complete treatment of the problem would require 

using the density and viscosity distribution, calculated as a function of pressure, 

temperature and composition from LitMod2D_2.0 to solve the Stokes flow equation for 

the wholemodelling domain. The resulting normal stresses at the surface or at the 

base of the lithosphere will allow calculating a more realistic dynamic topography 

contribution (e.g., Afonso et al., 2016b). Integrating a Stokes flow solver in the post-

processing LitMod2D_2.0 tool-box is one of the future directions.  

 

5.2. Present-day crust and upper mantle 
structure of the Alboran and Algerian basins and 
their margins 

5.2.1. Crustal and lithospheric structure 
The multiple seismic surveys carried out in the study region allowed me to have 

a good constraint on the Moho depth along most of the sections of both the Alboran 

and Algerian basins geo-transects (Figure 4.3). The sections that are less constrained 

are the Algerian Plateau, the Tell-Atlas Mountains and the Greater Kabylies where 

deep seismic data are not available.  
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To overcome the uncertainties associated with seismic data and its uneven 

coverage, I have considered that the crust of the Iberia and Africa mainland consists of 

three layers, namely upper, middle and lower crust, plus a sedimentary cover. The 

geometry of these crustal layers responds to the density variations required to fit the 

observables (Bouguer anomaly, geoid, and elevation) and to tectonic criteria. The 

structure of the Betics and Greater Kabylies is more complex and differs noticeably 

from previous lithospheric cross-sections (e.g., Frizon de Lamotte et al., 2004; Roca et 

al., 2004; Carballo et al., 2015a, b).In these regions, I have included exhumed high-

density metamorphic rocks of the Internal Units overthrusting the folded External Units 

that belonged to the former passive margins (see latter in Geodynamic implications 

section). Across the Alboran Basin, main differences with previous sections are due to 

the incorporation of recent interpretations of seismic data (Gómez de la Peña et al., 

2018) that led me to consider a thin and highly intruded continental crust in the north 

Alboran margin transitioning to a magmatic crust in the central part of the Alboran 

Basin. Seismic data suggest a sharp transition in the centre of the basin (Alboran 

Ridge), separating the magmatic crust domain from the thinned north-Africa 

continental crust domain, which continues towards the Africa mainland. 

After incorporating these changes, the Moho depth obtained from the models is 

generally within the uncertainty bounds of seismic data and follows similar trends of 

previous studies with some localized differences in the margins of the Alboran and 

Algerian basins and the Valencia Trough (Figure 4.3).Moho depth is a major physical 

and chemical discontinuity which is imaged by modelling the data sensitive to physical 

properties, i.e., seismic velocities and density. P-wave receiver functions are routinely 

used to determine the depth of this contrast using standard H-k stacking method (Zhu 

and Kanamori, 2000). In H-k stacking, depth of the Moho (H) is determined by 

assuming an average VP/VS (k) for the crust and fitting the arrival time of the Moho 

converted phase and associated reverberations valid for the isotropic velocity 

structure. Note that P-wave receiver functions are also sensitive to the intra-crustal 

structure (e.g., dipping layers) and anisotropy which is not considered in H-k stacking 

method. Indeed, noticeable discrepancies on Moho depths derived from receiver 

functions (Diaz et al., 2016) are observed beneath the Betics, which can be attributed 

to the presence of intra-crustal dipping layers with varying VP/VS ratio with depth, and 

to a heterogeneous crustal structure (Figure 4.3). 

Figures 4.5e and 4.9e compare the calculated LAB depths to that reported 

from other modelling approaches and techniques showing that although there is 

coincidence with the main trends of lithospheric thickness variations, there are also 
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pronounced discrepancies in the LAB depth values. Along the Alboran Basin geo-

transect, the LAB depth beneath the Iberian Massif, the Betics Mountains and the 

north Alboran margin is consistent with previous models based on potential field 

modelling and thermal analysis (Torne et al., 2015) and 2D geophysical-petrological 

modelling (Carballo et al., 2015b), though our LAB depth values are consistently 

shallower. These discrepancies in LAB depth (< 15%) are related to the different 

modelling approach and the simplified crustal structure used in Torne et al. (2015), 

and differences in the geometry of intra crustal bodies beneath the Betics and the 

chemical composition of the upper mantle used in Carballo et al. (2015b).  

Discrepancies with the LAB depth derived from the 3D geophysical-petrological 

model by Fullea et al. (2010) are noticeably larger (Figure 4.5e). The LAB proposed by 

Fullea et al. (2010) beneath the Betics and the north-African margin is much deeper in 

comparison, with a similar lithospheric thinning below the Alboran Basin affecting a 

narrower region. These discrepancies may be related to the simpler crustal structure 

considered by these authors, differences in crustal thickness and chemical 

compositional domains in the Alboran Basin lithosphere (PUM instead of DMM-6%) 

and sublithospheric mantle (PUM instead of DMM), and lack of the radiative 

contribution in calculating the mantle thermal conductivities. The LAB depth beneath 

the north African margin derived from combined elevation and geoid modelling by 

Globig et al. (2016) is also noticeably higher (Figure 4.5e) due to the different 

approach used by these authors, yielding a > 5 km thicker crust in this region (Figure 

4.3a). 

The LAB depth proposed by Palomeras et al. (2017) from surface wave 

tomography shows a similar lateral trend with consistently shallower depths that 

roughly follows the 1000 ± 50 oC isotherm, except beneath the Betics where the LAB is 

deeper coinciding with the high velocity anomaly related to the Alboran slab (Figure 

4.5e). Seismically, the LAB is defined as a low-velocity layer and in Palomeras et al. 

(2017) it is derived from the depth of the negative S-wave velocity gradient and, 

therefore, is a proxy of the base of the high-velocity mantle lid. A major misfit occurs at 

the central part of the Alboran Basin, where the seismically derived LAB is at 250 km 

depth. Although the precise determination of the LAB depth depends on how it is 

measured (Eaton et al., 2009), the different definitions should show a similar trend as 

they all are imaging the rheological strong outer layer of the Earth.  

Along the Algerian Basin geo-transect, the only previous works extending 

along the whole profile are from Roca et al. (2004), based on a pure-thermal 
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integrated geophysical approach with a temperature-dependent lithospheric mantle 

density; and Carballo et al. (2015a), based on an integrated geophysical-petrological 

methodology. Both works show similar results from the Catalan Coastal Ranges to the 

southern margin of the Algerian Basin, which are also roughly coincident with the 

model presented in this thesis, despite the methodological differences (Figure 4.8e). It 

is worth noting that beneath the Algerian margin and the Greater Kabylies region none 

of the previous works, including Globig et al. (2016) for Africa mainland, considered 

the presence of a detached Ligurian-Tethys slab segment (i.e., Algerian slab, Figure 

4.1d). Despite of that, main discrepancies are found regarding to the work by Carballo 

et al. (2015a), who proposed a LAB depth up to 60 km shallower than that proposed in 

this thesis beneath the Greater Kabylies, whereas discrepancies with Roca et al. 

(2004) and Globig et al. (2016) amount less than 20–25 km. The method used in 

Carballo et al. (2015a) is similar to the approach used in this thesis; however, 

calculation of mantle thermal conductivity including the radiative contribution was still 

not included. Therefore, differences in the LAB-depth can be mainly attributed to small 

differences in the calculated mantle thermal conductivity, but also to the crustal 

structure differences (Figure 4.3b) and to the positive seismic velocity anomaly 

beneath north Algeria (Figure 4.1d) resulting in a deeper LAB in this part of the geo-

transect.  

5.2.2. Mantle composition 
Identifying bulk mantle composition based on density and seismic velocities is 

not straightforward because of the highly non-linear nature of the problem and the lack 

of uniqueness. Based on a non-linear 3D multi-observable probabilistic (Bayesian) 

inversion, Afonso et al. (2013a, b) showed that a wide range of compositions can, 

equally well, explain multiple geophysical data. In consequence, the considered 

mantle chemical compositions compatible with the geophysical observables needs 

further appraisal based on the geological history of the study region.  
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Figure 5.1 Major element oxide weight% of the upper mantle compositions (Table 4.2) are plotted as 

function of Mg#, a measure of the fertility of the mantle. PUM-MS is also plotted for comparison. Blue 

shaded region represents the oceanic lithospheres and red shaded area the continental lithospheres. 

DMM composition and its derivatives (Table 4.2) show correlation between 

#Mg and major oxides as a function of the percentage of melting indicating 

progressive depletion (Figure 5.1). The mantle compositions used in the onshore 

lithospheres (i.e., continental lithospheres), though have higher #Mg, does not follow 

the depletion trend as the derivatives of DMM, suggesting that these compositions 

might have experienced refertilization through metasomatism events, as they are 

geologically much older than the oceanic lithosphere. CVP composition has been 

reported to be refertilized indicating mixing between asthenospheric mantle and deeply 

recycled enriched mantle from oceanic subduction (e.g., Bianchini et al., 2010; 

Villaseca et al., 2010). High CaO and Al2O3 content in the Average Proton Lherzolite 

(Pr_6) has been reported to be representative of Phanerozoic reworking of Proterozoic 

to Archean crust (Griffin et al., 2009). Interestingly Average Garnet Tecton (Tc_1) lies 

near the transition between DMM derivative compositions to continental composition 

suggesting its juvenile nature because of the moderate depletion from the primitive 

upper mantle (Griffin et al., 2009).  
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Although lithospheric mantle compositions in Table 4.2 show small variations in 

major oxides and #Mg space (Figure 5.1), the computed stable minerals in the models 

show noticeable differences in the mantle (Figures 5.2 and 5.3). Variation in weight% 

of each mineral is a function of pressure-temperature and elements these minerals 

can accommodate in their lattice structure, hence, the bulk mantle composition (Table 

2.2).  

 

Figure 5.2 Depth distribution of weight% of the stable minerals (see the title of each subplot) along the 

Alboran Basin geo-transect computed from the Gibbs-free energy minimization. Dashed light black line 

indicates the LAB and text in white colour indicates the chemical composition listed in the Table 4.2. 

In the lithospheric mantle, different compositional domains show variation in 

weight% of the minerals (Figures 5.2 and 5.3). Plagioclase and spinel are stable at 

shallow mantle depths and accommodates Al, Ca and Na, hence, there is low weight% 

of garnet at shallow depths. The regions with thin lithosphere (i.e., Alboran and 

Algerian basins, Valencia Trough, Balearic Promontory) shows higher weight% of 

plagioclase and spinel whereas regions corresponding to thick lithosphere (i.e., 

onshore Iberia and Africa) shows relatively higher weight% of garnet because of the 

resultant pressure-temperature conditions. Olivine, othropyroxene, and clinopyroxene 

also show variations laterally, as well as, with depth. Lateral variations in the mineral 

weight% occur because of the different compositional domains defined in the 

lithospheric mantle. Depth-wise variations in the mineral weight% are stronger in the 
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regions of thin lithosphere in the Western Mediterranean in comparison to the thick 

lithosphere in the onshore regions. 

 

Figure 5.3 Depth distribution of weight% of the stable minerals (see the title of each subplot) along the 

Algerian Basin geo-transect computed from the Gibbs-free energy minimization chemical compositions 

used in the mantle. Rest of the caption as in Figure 5.2. 

Sublithospheric mantle shows, except in the slab regions, a rather constant 

distribution of olivine and a varying distribution with depth of garnet, orthopyroxene, 

and clinopyroxene. A major change in the weight% of these minerals occurs at ~310 

km depth, where garnet weight% increases while that of orthopyroxene decreases. 

This is because both the garnet and orthopyroxene can accommodate Al and 

increasing the stability of one of them results in decreasing the other (Table 2.2). The 

variation of minerals weight% in the slab regions is mainly related to the colder 

temperature and different chemical composition relative to that of the ambient 

sublithospheric mantle. A clear example of such variation is the decrease in the olivine 

weight% at ~400 km, indicating transformation to its denser polymorph, wadsleyite 

(Figure 2.2).  

Al2O3, FeO, and SiO2 are three main oxides primarily controlling the physical 

properties (i.e., density, P-wave velocity, S-wave velocity) of the mantle. The amount 

of Al2O3 controls the amount of the high-density-velocity Al phases (i.e., spinel - 

shallow mantle, garnet - deep mantle), which in turn exerts a first-order control on the 
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physical properties of the bulk mantle. FeO controls the bulk physical properties of all 

dominant phases, olivine and pyroxene and their relative proportions are controlled by 

the SiO2 content. Hence, the variations in weight% of individual minerals will affect the 

relevant bulk rock physical properties as they are calculated by taking in account the 

individual mineral abundance (Equations 2.29 and 2.35) and the physical properties 

are different for each mineral (Figure 5.4). Garnet shows highest density as well as 

both the P-and S-wave velocities in the upper mantle. Orthopyroxene shows the least 

density and increases progressively for: clinopyroxene, and olivine. For the seismic 

velocities, both the P-and S-wave, this trend breaks and clinopyroxene shows the least 

values and increases for olivine and orthopyroxene. Variation in the individual minerals 

weight% in the slab regions (Figures 5.2 and 5.3) causes the second order variations 

of density and P-and S-wave velocities (Figures 4.8 and 4.11). As pointed out in 

Chapter 4, Section 4.3.2, at 400 km depth the Alboran slab shows a higher density 

change than the Algerian slab, which is due to the higher amount of garnet in the case 

of the Alboran slab (Figures 5.2 and 5.3) as DMM-3% composition has higher amount 

of Al2O3 than DMM-7% (Figure 5.1).  

 

Figure 5.4 Plots showing depth variation of (a) density, (b) P-wave velocity, and (c) S-wave velocity for 

different minerals present in the mantle. 

The bulk density of DMM derivative compositions (e.g., DMM-3%, DMM-6%, 

DMM-7%) decreases with depletion or in other words with increasing #Mg; however, 

this trend breaks for the continental lithospheric mantle compositions (Figure 5.5a). 

Interestingly, Al2O3 shows a positive correlation with density for all the compositions 

used here, since it controls the abundance of the high-density mineral garnet (Figure 

5.4), serving as a metric for mantle fertility (Afonso et al., 2013a) (Figure 5.5b). 

Seismic velocities show a decreasing trend with increasing #Mg, though the 
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magnitude of its variation among the compositions used is within <0.1 km/s for the P-

wave velocities and < 0.04 km/s for the S-wave velocities (Figures 5.5c and d), which 

is contrary to the positive correlation between #Mg and seismic velocities (Griffin et al., 

2009). Note that the mantle compositions I used here are skewed to the lower #Mg 

values, so the dichotomy in density versus #Mg and decreasing seismic velocities with 

Mg# for DMM derivatives and continental compositions might not be representative of 

the mantle composition variability. Afonso et al. (2010), using global database of 

garnet and spinel peridotite xenoliths (#Mg range ~88 to 95), have shown negative 

correlation between density and #Mg whereas positive correlation between seismic 

velocities and #Mg.  

Although there is no univocal relationship between mantle chemical 

composition and its density and elastic properties, the considered lithospheric mantle 

compositions can be related to major geodynamic processes operating in the Western 

Mediterranean, which are dominated by subduction of the Ligurian-Tethys Ocean. 

Subduction processes can modify the mantle chemical composition by incorporating 

fluids and sediments carried by the subducting slab resulting in chemical enrichment 

by metasomatism (Ringwood, 1974; Spandler and Pirard, 2013). At the same time, 

mantle flow generated during subduction can produce melting by adiabatic 

decompression which will deplete the sublithospheric mantle (Magni, 2019). Generally, 

volcanic rocks produced from mantle melting show the geochemical signatures similar 

to the environment in which they are produced. However, interactions of magmas with 

crustal rocks during ascent and emplacement can influence their geochemical 

signature. Melchiorre et al. (2017) using Principal Component Analysis (PCA) applied 

to the Western Mediterranean volcanism concluded that the subduction-related (i.e., 

orogenic) volcanism shows a greater compositional variability than the intraplate (i.e., 

anorogenic) volcanism. Compositional variation in orogenic volcanism is associated 

with the extensive recycling of geochemically different lithologies producing large 

heterogeneities in the lithospheric mantle (Melchiorre et al., 2017). The large variability 

of volcanic chemical composition in the Mediterranean region impedes to assign a 

unique genetic origin to the volcanism and it has been interpreted as the interaction of 

multiple processes as mentioned by many authors (e.g., Lustrino et al., 2011; Duggen 

et al., 2008; Melchiorre et al., 2017).  

https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0510
https://www.sciencedirect.com/science/article/pii/S1367912017303449?dgcid=raven_sd_recommender_email#b0570
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Figure 5.5 Plots showing variation of relevant physical properties with #Mg and major oxide weight 

percentages for the composition in Table 4.2, colour coded in (a). (a) Shows variation of density with #Mg 

and (b) with Al2O3. (c) - (h) show variation of P-wave and S-wave velocity with #Mg, FeO, Al2O3.Circles 

with thin-black outline corresponds to P = 3 GPa (~100 km) and T=1300 oC, and circles with thick black 

outline corresponds to at P = 6 GPa (~ 200 km) and T = 1400 oC (listed in Table 4.2). 

The lithospheric mantle composition of the offshore segments is related to their 

back-arc origin and the degree of partial melting expected from the nature and volume 

of magmatic events. During slab roll-back the space opened between the trench and 

the upper plate is replaced by fertile sublithospheric mantle with DMM composition that 
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will undergo partial melting by adiabatic decompression. The Algerian Basin shows a 

typical oceanic crust of 6 km thickness (Booth-Rea et al., 2007) which corresponds to 

a ~7% of sublithospheric mantle melting and hence to the DMM-7% composition (Klein 

and Langmuir, 1987; Workman and Hart, 2005). However, in the Valencia Trough and 

the Alboran Basin melting was less extensive producing large magmatic intrusions and 

volcanism, hence a DMM-6% composition is more likely. These subtle differences in 

the chemical composition of the lithospheric mantle respond to geodynamic criteria 

that require a depleted DMM composition and allow fitting the geophysical 

observables. Moreover, compositions in the offshore lithospheric mantle also 

reproduce the seismic velocities derived from seismic data (see Chapter 4, section 

4.4).  

In the models presented in this thesis, the lithospheric mantle beneath the 

Betics and Greater Kabylies is fertile compared to the Iberian and North African 

lithospheric mantle (Figures 4.5 and 4.9). This suggests that continental basement 

beneath the South Iberia and North Algeria is not attached to the continental 

lithospheric mantle and indicates the delamination of the continental lithospheric 

mantle during collision of the retreating slabs with the passive margins. The Alboran 

Basin geo-transect runs across the zone where the Iberian lithosphere has been 

interpreted to be delaminated, and the Alboran slab has broken off, whereas to the 

west delamination has not been achieved, and slab-tear is in progress (Mancilla et al., 

2015), as is manifested by the lack of lithospheric mantle level earthquakes in the 

eastern Betics (depth 60–100 km) (Figures 4.1). A similar situation occurs in the 

Algerian Basin geo-transect beneath the Greater Kabylies. 

In order to test the implied delamination and replacement by the relatively 

fertile sublithospheric mantle (DMM) beneath the Betics and Greater Kabylies, I run 

models where composition of the mantle beneath the Betics and Greater Kabylies is 

changed to as that of the continental lithosphere and LAB depths varies smoothly 

towards the back-arc basins (Figures 5.6 and 5.7). These models results in a 

noticeable misfit in geoid height in the Betics and Greater Kabylies. 
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Figure 5.6 Model showing the effect of the delaminated Iberian lithospheric mantle on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the mantle is plotted. Blue line 

represents the calculated values from the model. Red dots denote measured data, and vertical bars 

denote the standard deviation calculated across a strip of 25 km half width.Continuous black lines 

highlight the Moho and LAB depth. The different composition domains in the lithospheric mantle are 

separated by thin black lines. The bold grey text denotes different chemical composition listed in Table 

4.2. Note the continuation of the Iberian lithospheric mantle (CVP) beneath the Betics to simulate no 

delamination and geometry of the delaminated lithosphere corresponding to the best fitting model is 

shown with thick dashed grey line. 
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Figure 5.7 Model showing the effect of the delaminated African lithospheric mantle on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the mantle is plotted. Note the 

continuation of the African lithospheric mantle (Tc_1) beneath the Greater Kabylies to simulate no 

delamination. Rest of the caption is same as in Figure 5.6. 

As mentioned before, different compositional domains in the lithosphere are 

required in order to fit the geophysical data (Table 4.3) and have consistency with the 

geological and geodynamic constrains. Having said that, it does not mean that these 

compositional domains are homogeneous with depth and depth dependent variation in 

composition is plausible. For example, the oceanic lithosphere is known to have 

pressure dependent (i.e., depth dependent) degree of fraction melting and hence, 

depth varying composition (Chapter 2, Section 2.8). Also in the case of the continental 

lithosphere, mantle xenoliths from Slave, Siberian, and Kaapval cratons show depth 

dependent fertility where at depths >150 km, composition is more fertile (Lee at el., 

2011). Hence, the composition considered in the different lithospheric mantle domains 

should be conceived as a depth averaged composition. 
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5.2.3. Subducted Ligurian-Tethys slabs 
During subduction, the slab exchanges heat with the hotter ambient 

sublithospheric mantle and the temperature of the slab increases while the amplitude 

of the positive seismic velocity anomaly decreases through time (e.g., Boonma et al., 

2019). The precise quantification of these transient effects needs additional data 

regarding the angle and velocity of subduction and other parameters that are poorly 

constrained (e.g., thermal diffusivity, mantle viscosity, volatile content etc.). The 

Cenozoic evolution of the Alboran and Algerian basins is related to the subduction of 

the Ligurian-Tethys Ocean which, according to paleo-geographic reconstructions, was 

composed of several transtensive and highly extended continental segments 

transitioning to oceanic lithosphere to the east (Fernàndez et al., 2019; Schettino and 

Turco, 2011; Stampfli and Borel, 2002).  

Both the Alboran and Algerian slabs have been modelled as ~80 km thick 

bodies centred on the highest positive velocity anomaly and converted to temperature 

anomalies according to their chemical composition and P-T conditions, resulting in ∆T 

≈ -400 ºC in both cases (Figures 4.5 and 4.9). It is of interest to highlight the 

consistency of the seismic velocity anomalies depicted by two independent 

tomography models based on P-wave travel-time (Alboran slab) and S-wave full-

waveform inversion (Algerian slab), which result in very similar temperature anomalies 

as corresponds to slabs of comparable ages. Further, DMM-3% composition in the 

Alboran slab is consistent with the paleo-geographic reconstructions purposing highly 

extended segments in west as compared to the fully developed oceanic lithosphere in 

the east (i.e. DMM-7% composition of the Algerian slab). 

The weight of the cold and dense slabs is not transmitted isostatically to the 

surface because they have torn/broken off (Figure 4.7). If the slabs were attached, it 

would decrease the elevation in the Betics by 700–1000 m, and in the Greater 

Kabylies by 600–1200 m, and increase it by few 100 m in both the Alboran and 

Algerian basins for an effective elastic thickness of 30 km (Figure 4.7). The 

subsidence produced by the attached Alboran slab in the Betics compares well with 

the residual topography model of Civiero et al. (2020) indicating the magnitude of the 

isostatic rebound after slab tear which can be related to the closure of the connection 

between the Atlantic Ocean and the Mediterranean Sea through the Betics corridor 

before the Messinian salinity crisis (García-Castellanos and Villaseñor, 2011).The 

modelled unhooked slab below the Betics agrees with the reported slab tearing from 

tomography images (e.g. García-Castellanos and Villaseñor, 2011; Civiero et al., 
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2020). Increased elevation in the Alboran and Algerian basins also hints towards the 

fact that slabs are not attached to the lithosphere, hence, does not contribute to the 

flexural isostasy. Further, the best fitting modelled elevation (i.e., isostasy + flexure for 

the uncoupled case) falls at the upper bound of the observed elevation in the Betics 

and the lower bound in the Greater Kabylies. This suggests that the potential dynamic 

pull associated with the dense slabs in the less viscous mantle, not modelled here, is 

higher in the Betics because the torn Alboran slab lies as shallow depths (Figure 4.5). 

The exact magnitude of the contribution of the dynamic slab pull to elevation will 

depend on the coupling in between the slabs and the ambient mantle, and requires 

computation of the induced mantle flow.  

5.2.4. Geodynamic implications 
The present‐day structure of the crust and lithospheric mantle in the Western 

Mediterranean is the result of a long-lived tectonic evolution since the Jurassic 

stretching and ocean spreading of the Ligurian Tethys Ocean to the present-day 

configuration of Western Mediterranean. The analyzed geo-transects show the 

present-day crust mostly formed during the pervasive Cenozoic northern Africa 

convergence triggering the building of the Betics-Rif and Kabylies-Tell-Atlas 

subduction-related orogenic systems. On the contrary, the upper mantle structure 

shows its current state that is mostly post-tectonic, since it is the result of the 

lithosphere-asthenosphere interaction governed by the subduction of Ligurian-Tethys 

lithosphere. 

The Alboran Basin has experienced different and partially coeval geodynamic 

processes. These are the subduction of the Ligurian-Tethys due to the convergence of 

Africa-Iberia and further roll-back, delamination and slab break-off processes related to 

the subducting slab. The high density Internal Betics, mostly characterized by 

Paleozoic and pre-Upper Triassic HP/LT metamorphic rocks, are interpreted to 

represent the highly extended Iberian distal margin (Vergés and Fernàndez, 2012; 

Figure 4.3a). This SE Iberian margin of the Ligurian-Tethys Ocean underwent partial 

subduction during Africa-Iberia convergence as evidenced from P-T-t paths and ages 

of HP/LT metamorphic peaks (summary in Gómez-Pugnaire et al., 2019). These 

HP/LT metamorphic units were later exhumed along the subduction interface forming 

a roughly NW-directed stack of relatively thin tectonic nappes, each nappe recording 

specific metamorphic histories. The low-density External Units in the Betics is 

constituted by a thick sedimentary sequence starting in the Upper Triassic evaporites 
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that constitute the main detachment level of the Betics orogenic system at the scale of 

the whole orogenic system as discussed in Vergés and Fernàndez (2012).  

I also test the alternative scenario where the Internal Units are thicker and 

overlie the Iberian basement as proposed by Mancilla et al. (2015) from receiver 

function data (Figure 5.8). Increasing the thickness of the Internal Units significantly 

increases the geoid and the Bouguer anomaly because of the higher volume of the 

denser Nevado-Filabride units (2900 kg/m3; Table 4.1). It can be argued that the 

density of the HP/LT units could be < 2900 km/m3 improving the fit to the gravity data, 

however, as shown in Figure 4.4, the high density of Internal Units are highly plausible. 

 

Figure 5.8 Model showing the effect of the thick Nevado-Filabride HP/LT Internal Units on (a) geoid, (b) 

Bouguer anomaly, and (c) elevation. In (d) resulting density distribution in the crust is plotted. Blue line 

represents the calculated values from the model. Red dots denote measured data, and vertical bars 

denote the standard deviation calculated across a strip of 25 km half width. Note that below the crust, the 

model is the same as that of the best fitting model in Figure 4.5. 

The External Betics represents the Upper Triassic and post-Upper Triassic 

non-metamorphic sedimentary rocks. The External Units attain a similar density at 

mid-crustal depths as that of the upper crust because of the higher pressure and 

cannot be distinguished solely based on the gravity field, allowing for an alternative 

interpretation (Figure 5.9). However, underthrusting of the cover is conceptually 
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consistent with the NW retreat of the Alboran slab. Additionally, clustering of the 

seismicity in the External Betics, beneath the Internal Units, points to activated 

weaknesses (i.e., faults) developed during accretion of the cover. The Betic orogenic 

system is therefore formed by a system of thrusts that tectonically emplace the large 

Jurassic Ligurian-Tethys extensional domains that configured the SE Iberian margin 

on top of each other from the most distal margin (Internal Betics) in the hinterland to 

the proximal margin (External Betics) in the foreland (e.g., Vergés and Fernàndez, 

2012; Pedrera et al., 2020). 

 

Figure 5.9 Crustal density distribution along the (a) Alboran Basin and (b) Algerian Basin geo-transects. 

Seismicity similar to the Figure 4.3 is also plotted. Note the increasing density with depth in the External 

units reaching values close to the upper crust. 

The evolution of the Algerian  Basin is triggered by the NW-dipping subduction 

of the Ligurian-Tethys oceanic segments existing between the Balearic Promontory 

and the Algerian domain of the NW Africa margin (Alvarez et al., 1974), and is widely 

accepted by most models (e.g., Frizon de Lamotte et al., 2000; Roure et al., 2012; 

Verges and Sabat, 1999; van Hinsbergen et al., 2014; Casciello et al., 2015; among 

others). The Kabylies form the HP/LT Internal Units with a relatively high density 

(Bruguier et al., 2017; Caby et al., 2014; Fernandez et al., 2016; Mahdjoub et al., 

1997; Michard et al., 2006; Platt et al., 2013; Rossetti et al., 2010); the Flysch units 

represent the detached cover above the Ligurian-Tethys sea floor from Jurassic to 

Late Miocene (e.g., Guerrera and Martín-Martín, 2014, among others), while the Tell 

and the Atlas form the External Units corresponding to the Algerian margin of the 
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Ligurian-Tethys Ocean (Leprêtre et al., 2018; Roure et al., 2012). For the modelling 

purposes the Flysch and External Units are combined since they represent the 

sedimentary cover (Figure 4.3b). Similar to the Betics, the Internal Units of the Greater 

Kabylies Massif are thrusting on the Flysch units which are further thrusted over the 

Tellian External Units. Seismicity beneath the Greater Kabylies is distributed in the 

African basement and the External and Internal Units, although it does not show clear 

clustering probably due to the lack of local seismic recording stations. Earthquakes 

below Moho near the present-day passive margin of Algeria could represent the 

purposed initiation of a new subduction zone (e.g., Déverchère et al., 2005; Hamai et 

al., 2018). 

In a slab roll-back subduction system the crust thickens in the arc region and 

thins/stretches in the back-arc. Sufficient stretching in the back-arc can lead to the 

decompressional melting of the fertile mantle producing new oceanic lithosphere. In 

the models for the Alboran and Algerian basin geo-transects, Crust is thicker in the 

regions of HP/LT exhumed metamorphic rocks and thins drastically over short 

distance to the oceanic/magmatic crust of the back-arc regions in comparison to the 

gradual thickening in the opposed margins (Figure 5.10). Along the Alboran Basin geo-

transect, ~37 km thick crust beneath the Betics thins drastically to ~16 km magmatic 

and volcanism intruded crust of the East Alboran Basin before it transitions to the 

thinned continental crust south of the Alboran Ridge and thickens gradually further to 

the SSE in the NW African margin (e.g., Booth-Rea et al., 2007; Gómez de la Peña et 

al., 2020). Along the Algerian basin geo-transect a relatively thick crust of ~30 km 

beneath northern Algeria (Greater Kabylies) transitions abruptly to ~10 km thick 

oceanic crust of the Algerian Basin to the NNW (Figure 5.10). Similarly, thicker 

lithospheres beneath the Betics and northern Algeria transitions abruptly to only ~60 

km thick and fertile lithosphere (i.e., oceanic lithosphere) of both the Alboran and 

Algerian back-arc basins (Figure 5.10).  

The lithospheric structures beneath Algeria and SE Iberia margins, tough 

comparable, are different in width and thickness. The Algerian margin is ~200 km wide 

while that of Alboran is only 80 km wide. The maximum lithospheric thickness is ~150 

km below Algeria and ~130 km below Iberia, although the regional lithospheric 

thickness of Africa is thicker than in Iberia (Figure 5.10). The existence of quasi-

vertical detached Ligurian-Tethys lithospheric slabs under the north Algeria and SE 

Iberian margins is another feature of resemblance although with opposite apparent 

dip, to the SSE under Iberia and to the NNW beneath Algeria (Figure 5.10). The two 

lithospheric slabs are located ~80 km inland from the current shoreline because of the 
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post slab roll-back mantle delamination and subsequent slab tear, detachment or 

break-off, of subduction and collision with the margins Iberia and Algeria. Mantle 

delamination could have promoted the inflow of the fertile sublithospheric mantle 

beneath the Iberian and Algerian crusts underlying the allochthonous HP/LT 

metamorphic nappes of the Internal Betics and Greater Kabylies explaining their 

relatively fertile lithospheric mantle compared to the depleted continental lithospheres 

of foreland regions in Iberia and Saharan Atlas (Figure 5.10).  

Interestingly, the crustal and upper mantle structures in the Betics and the 

Kabylies-Tell-Atlas are roughly similar, but with opposite tectonic vergence, which 

could be conceived as having been moulded by similar lithospheric and 

sublithospheric processes (Figure 5.10). According to our models, the South Iberia 

margin acted as active margin where the HP/LT slices are stacked leaving the NW 

Africa margin, in between Rif and Tell-Atlas, as a passive margin influenced by the 

extension during the slab retreat. An opposite situation occurs in the Algerian Basin 

where north Algeria acted as an active margin and the Balearic Promontory and 

Valencia Trough acted as passive margins experiencing extension from the slab 

retreat (Figure 5.10).  

The present-day lithospheric scale thickening beneath the Greater Kabylies 

and extensional back-arc oceanic Algerian Basin is consistent with SSE retreating 

subduction kinematics, hence can be explained by all the three geodynamic scenarios 

proposed for the Western Mediterranean evolution (Figures 1.5 and 5.10). However, 

each of these models imply different lithospheric structure along the Alboran Basin 

geo-transect. The geodynamic model with a single long subduction, scenario 2, 

covering both the Alboran and Algerian basins, retreating to the south cannot explain 

the NW vergence of the Internal and External Units of the Betics nor their age of 

tectonic emplacement, the lithospheric structure, and the position of the Alboran slab 

beneath the Betics (Figure 1.5, scenario 2). Whereas the other two models, scenario 1 

and scenario 3 are consistent with the structure beneath the Betics but implying 

contrary lithospheric structure along the NW Africa margin. According to the scenario 1 

model (Figure 1.5, van Hinsbergen et al., 2014), the Alboran slab segment retreated to 

the west, before colliding with the Iberian margin and rotating by ~180o, along the 

purposed North Africa transform fault (i.e. Subduction-Transform Edge Propagator, or 

STEP fault; Govers and Wortel, 2005) and should produce a significant step in the 

lithospheric structure of NW Africa, in between Rif and Tell-Atlas Mountains, which is 

contrary to the observed gradual lithospheric thinning in our lithospheric structure 

model (Figure 5.10). 



Discussion 

134 

The opposite direction of slab retreat in the adjacent segments according to the 

scenario 3 (Figure 1.5, Vergés and Fernàndez, 2012) implies opposite symmetry in the 

crust and upper mantle structure as observed in our models (Figure 5.10). This 

scenario 3 is based on the pre-convergence geometry of the Iberia-Africa Ligurian 

Tethys segmented margin configuration (Frizon de Lamotte et al., 2011; Schettino & 

Turco, 2011; Vergés & Fernàndez, 2012; Fernàndez et al., 2019; Fernandez, 2019; 

Ramos et al., 2020; Martín-Chivelet et al., 2019) that exerted a strong control on 

further evolution during Africa northern convergence since the Late Cretaceous (e.g., 

Macchiavelli et al., 2017). The dynamics of such subduction system has been studied 

using analogue and numerical experiments by Peral et al. (2018) and Peral et al. 

(2020a and b). The observed lithospheric scale thickening beneath the HP/LT 

metamorphic rocks of the Betics followed by extension driven thinning and abundant 

volcanism in the Alboran Basin is consistent with a NW retreating subduction. It must 

be noted that, to the west of NW Africa margin, in the Rif mountains, lithosphere is 

thick, which is related to NW-W retreat of the Alboran slab and the trench curvature 

produced by the higher resistance to slab retreat in the western end of the segment 

and the further tightening due to the protracted Iberia–Africa convergence (Fernàndez 

et al., 2019; Kumar et al., 2018; Peral et al., 2020a, b). 

The amount of isostatic rebound in both margins after slab tearing/detachment 

could reach 500 m - 1200 m when considering Te values between 10 and 30 km or up 

to 1500m - 2000 m in the absence of flexural rigidity, as calculated indirectly in the 

region of Gibraltar (Jiménez-Munt et al., 2019). The slab is still attached under the 

western Betics (e.g., Civiero et al., 2020; Mancilla et al., 2015). Slab break-off, that 

along strike, is defined as slab tear with a large gap in the east decreasing towards the 

west where the slab is continuous at depth below the Gibraltar arc (Mancilla et al., 

2018; Negredo et al., 2020). 
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Figure 5.10 Crustal and lithospheric cross-sections at scale along modelled Algerian Basin-Kabylies-Tell-Atlas and Alboran Basin-Internal Betics-External Betics-foreland geo-

transects. The structure of both the margins is similar and comparable implying that the underlying geodynamic processes are same for both the margins.  
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Chapter 6 

Conclusions 
In this thesis, I have presented an improved LitMod2D_2.0 software package, 

which allows studying the thermal, density (i.e., composition), and seismic velocity 

structure of the non-homogeneous lithosphere and sublithospheric mantle by 

integrating geophysical and geochemical datasets in a self-consistent thermodynamic 

way. The most exciting improvement in LitMod2D_2.0 is to infer the thermal and/or 

chemical nature of the sublithospheric mantle anomalies observed in seismic 

tomography models and their effect on the elevation. The main motivation for this 

improvement came from the Western Mediterranean, which has experienced 

subduction during Cenozoic, resulting in subducted slabs in the sublithospheric 

mantle. Hence, it became the first part of the thesis. In general, this improvement 

allows the application of LitMod2D_2.0 to regions affected by complex geodynamic 

processes, such as mantle upwelling, subduction, delamination, and metasomatism 

(i.e., processes that can easily modify the temperature and/or chemical composition 

beneath the LAB). In the second part of the thesis, the improved LitMod2D_2.0 is 

applied to study the present-day thermal, density and seismic velocity structure along 

two geo-transects in the Alboran and the Algerian basins and their corresponding 

margins in Iberian and North Africa.  The main novelty relative to previous studies is 

the incorporation of the positive seismic velocity anomalies observed in the seismic 

tomography models as subducted slabs of the Liguria-Tethys lithosphere. Knowledge 

of the present-day deep structure and composition of the lithosphere and uppermost 

sublithospheric mantle may help to discriminate among the proposed models and 

therefore in constraining the geodynamic evolution of the region. In the following, I 

report the conclusion from the two parts separately.  
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6.1. LitMod2D_2.0: An improved tool for the 
integrated geophysical-petrological 
interpretation of upper mantle anomalies 

In Chapter 3, I have presented an improved version of the LitMod2D_2.0. The 

new improvements have been demonstrated with the help of synthetic examples. 

Based on the synthetic experiment, I draw the following conclusions and list the main 

improvements included in the new LitMod2D_2.0 software package:  

• All the purposed depleted chemical compositions for the sublithospheric mantle 

shows < 1% of variations in physical properties (i.e., density and seismic 

velocities) with respect to the Primitive Upper Mantle composition (PUM). 

• DMM (depleted MORB mantle) instead of PUM (primitive upper mantle) 

chemical composition is used in the sublithospheric mantle for geochemical 

consistency. Nevertheless, the relative differences with respect to PUM in the 

calculated density and P- and S-wave seismic velocities are less than 0.2 %.   

• Anelasticity is now calculated in the GENERATOR thermodynamic module 

using updated parameters in the power-law attenuation model allowing for the 

physical (temperature, composition) characterization of sublithospheric mantle 

anomalies. Both oscillation period and grain size remain as input parameters. 

Assuming the same errors in anelastic attenuation parameters, the frequency 

dependence of anelastic attenuation and activation energy contributes more to 

the errors in the final seismic velocities than the activation volume.   

• Sublithospheric mantle anomalies may have a thermal, seismic or 

compositional origin, or a combination of them, allowing for estimating the 

response of geodynamic processes such as mantle upwelling, subduction, 

delamination, and metasomatism on the surface observables (elevation, 

gravity, and geoid). 

• Synthetic experiments on thermal anomalies in the sublithospheric mantle 

show a non-linear dependence between the sign of the thermal anomaly and 

the resulting magnitude of seismic velocities. Depending on the sign 

(decreasing/increasing), thermal anomalies produce different magnitude of 

seismic velocity anomalies. This non-linearity has an important implication for 

the qualitative interpretation of seismic velocity anomalies observed in 

tomography models. 

• Synthetic experiments show that shear wave velocities are more sensitive to 

temperature, whereas P-wave velocities are to composition. Hence, modelling 
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both P-and S-wave velocities together with geoid height, which is sensitive to 

deep mantle level density variations, holds a potential to infer the thermal 

and/or chemical heterogeneity in the mantle. 

• To compute synthetic VP and VS tomography models, an upper mantle model is 

made, which consists of Average Garnet Tecton composition in the lithospheric 

mantle, with ZMoho= 35 km and ZLAB= 120 km, and a DMM composition in the 

sublithospheric mantle down to 400 km depth. This model reproduces the P-

wave seismic velocities of the global average reference model ak135 in the 

depth range of 35 – 250 km and avoids the unsolved mismatch between the 

thermodynamically calculated seismic velocities and those from ak135 model 

below 250 km depth.   

• A new open-source graphic user interface is developed under Python 

programming language simplifying the input/output data files to obtain across 

platforms versatility, to gain ease of use, and allow future user developments.  

• A post-processing toolbox is incorporated allowing the user to apply 

predefined/customized codes and scripts linking with the LitMod2D_2.0 output 

file to calculate additional observables according to specific needs (synthetic 

tomography, regional isostasy, stable mineral assemblages, surface wave 

dispersion curves and receiver functions, etc.). The user can customize the 

provided codes/scripts or develop new ones to be shared with the scientific 

community. 
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6.2. Present-day crust and upper mantle 
structure in the Alboran and Algerian basins and 
their margins 

In the second part of the thesis, Chapter 4, I presented an integrated 

geophysical-petrological models of the crust and upper mantle structure of the 

Western Mediterranean along two geo-transects crossing the Alboran and Algerian 

basins, and the active/orogenic margins of the Betics and Kabylies-Tell-Atlas 

Mountains, and the passive/conjugate margins of NW Africa and Eastern Iberia (i.e., 

Balearic Promontory and Valencia Trough), respectively. At the crust level models 

presented in this thesis differ from previous crustal-scale models highlighting the use 

of relatively thin Internal Units above sediments of the External Units in the Betics and 

Greater Kabylies. The resulting models are constrained by geological and geophysical 

data and are consistent with the surface observables (elevation, gravity, geoid and 

surface heat flow) and seismic tomography models. Different lithospheric mantle 

compositional domains in accordance with geological domains are required to fit the 

surface observables. Modelling results show an active interaction between the 

lithosphere and the underlying sublithospheric mantle which was governed by the 

Alpine subduction dynamics in addition to the NW-SE Africa-Eurasia convergence 

acting since Late Cretaceous. From the results presented in Chapter 4, I draw 

following conclusions: 

• The thick crust beneath the Betics (~37 km) thins abruptly to 16 km below the 

Eastern Alboran Basin, which is modelled as a mostly magmatic crust largely 

intruded by volcanic rocks, and thickens gradually to ~31 km further to the SE 

in NW Morocco. The thick crust beneath the Greater Kabylies (~30 km) is 

thinning more abruptly to the northwest reaching ~10 km below the Algerian 

Basin, modelled as oceanic crust. 

• The lithospheres beneath the Internal Betics and the Greater Kabylies are thick 

and structures are comparable but showing an opposite symmetry, though the 

lithospheric thickness is larger below the Greater Kabylies. In SE Iberia, the 

lithosphere beneath the Betics is ~130 km thick thinning sharply to the SSE to 

~60 km under the Alboran Basin and thickens again, but gradually, towards 

NW Africa to ~112 km. The lithosphere beneath the Greater Kabylies is of 

~150 km thickness and thins to the NNW to ~60 km thick oceanic lithosphere of 

the Algerian Basin.  
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• The present-day lithospheric mantle composition of the Alboran and Algerian 

basins are modelled as depleted residue from 6–7% aggregate 

decompressional melting of the relatively fertile sublithospheric mantle 

composition. This is consistent with the back-arc setting of both the Alboran 

and Algeria basins related to the retreating of the Ligurian-Tethys lithosphere. 

Slab retreat triggered the melting of the underlying fertile sublithospheric 

mantle generating oceanic crust in the Algerian Basin and extensive magmatic 

and volcanic crust in the Alboran Basin. 

• The modelled lithospheric mantle composition beneath the Internal Betics and 

Greater Kabylies HP/LT metamorphic domains is fertile compared to the 

corresponding continental lithosphere of the External Betics and Saharan 

Atlas, respectively. This fertile composition beneath the internal domains of the 

orogenic systems is related to mantle delamination and inland displacement of 

the slabs during the later stages of subduction and collision, which promoted 

the inflow of the fertile sublithospheric mantle material. 

• Two detached sub-vertical Ligurian-Tethys lithospheric slabs, with an 

anomalous temperature of about -400 ºC, constrained using the seismic 

tomography models, about 80 km onshore from the present-day coastlines and 

restricted to beneath SE Iberia and Algeria. Their most suitable composition is 

relatively fertile (alike to an oceanic lithosphere), than those below the 

continental lithospheres of Iberia and North Africa.  

• The Ligurian-Tethys slab beneath the SE Iberia shows an apparent dip to the 

SE whereas the slab below Algeria dips to the NNW, matching the NW- and 

SE-tectonic transport direction of the fold and thrust belts of the Betics and 

Greater Kabylies-Tell-Atlas subduction-related orogens, respectively. 

• The large-scale configuration of present-day SE Iberia and Algerian margins as 

well as their mantle compositions in the Alboran and Algerian geo-transects is 

consistent with opposite dipping subduction of two segments of the Jurassic 

Ligurian-Tethys domain. Their present configurations agree with Neogene slab 

roll-back process triggering mantle delamination followed by slab break-off in 

both opposite subduction segments. 

• Uplift related to the slab break-off, considering local and regional isostasy, is 

~700–1000 m in SE Iberia and ~600–1200 m in Algeria. These detached 

Ligurian-Tethys slabs might exert a vertical pull down related to the induced 

dynamic mantle flow.  
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Appendix A: LitMod2D_2.0 User 
Manual 

A1. Introductions 
LitMod2D 2.0 is a finite element code which combines potential field, 

geochemical and seismological data to work out thermo-chemical structure of the 

lithosphere. This document is a manual for a python based GUI to build the model 

where the user draws geometry of the bodies in the cross-section and associate 

physical properties to those bodies. 

A2. Installation 
User can download or clone the package from 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users.git .You will have 

following directory structure: 

./LitMod2D_2.0_package_dist_users 

 ./Generator_Linux: to generate material file 

  ./GUI: includes the GUI in python 

 ./Manual: Manual for GUI use 

 ./Post_processing: packages for post-processing 

   ./flexure_tao 

   ./Phase_diagrams 

   ./RF 

   ./Surface_wave_dispersion 

   ./Synthetic_Seismic_tomography 

To setup Generator, follow the instructions in REAME.md file in the Generator 

Linux directory. Now we need to setup the GUI which essentially means we need to 

install python libraries. Generally, Linux comes with installed python2.7 but in Windows 

you might have to install python2.7 (https://www.python.org/getit/). This GUI uses 

packages from python which do not come pre-installed with stand-alone python 

installation. This GUI is python2.7 compatible. All packages used here can be installed 

using ”pip” a python package manager which can be easily installed in Windows or 

Linux distributions (https://pip.pypa.io/en/stable/installing/). 

https://github.com/ajay6763/LitMod2D_2.0_package_dist_users.git
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Once you have the python and pip setup go into the GUI directory and run the 

following command: 

pip install -r requirements.txt 

This should have you almost everything needed for the GUI. In addition to this 

you might have to install “Tkinter” and “PyQt4”, and can installed using following 

commands: 

sudo apt-get update 

sudo apt-get python-tk 

sudo apt-get PyQt4 

If python-tk does not install than try installing using Synaptic package manager. 

Open it and search for Tkiner and install python-tk from there. Once you have 

everything installed you need to add the LitMod2D to you your path. To do this simply 

open /.bashsrc and add following lines:  

export LitModHOME= ”absolute path of LitMod2D 2.0” 

where “absolute path of LitMod2D 2.0” is the path to LitMod2D 2.0 dist users in your 

system. 

A3. How to make and work with models? 
To start the LitMod2D 2.0 go into GUI folder and run main.py (in Linux type 

“python main.py” in Windows you can double click on the main.py file), running which 

Figure 1 will appear. Here you have three options. Build model option is to build a 

model from scratch. Load Model is to load a previously build model and the last option 

is about help.  

*Note: In dialog boxes, put your mouse in a field and additional information will appear. 
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Figure A1 Welcome Page 

 

A3.1. Build Model 
Before building a model user should have a clear idea and sketch of the model user 

wants to build. User should know nodes along which different bodies will be 

connected. A model is build from top-to-bottom and left to right and every time user 

wants to exit and wants to save the model, user should close the model by clicking the 

close Model button on top right. After clicking close model click  

 

Figure A2 Model setup on dialog box about model size and location some info about the model. 

After user hits Build Model option a dialogue box appears (Figure A2) asking 

for information about the model and another dialogue box asking for digitized file 

where you already have nodes of the bodies (e.g., digitized sketch, Moho and LAB 
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depths; two column, X (distance along profile, km) Y(depth, km) ). This digitized file will 

be plotted in background and you can click on the plotted points. 

**Note: Bodies are added from left to right 

 Start of the profile (km): This is the left most starting point of profile (it can be negative 

too. In that case all the observable files should have same limits). 

End of the profile (km): This the right most end point of profile. 

 Depth of the profile: This is the depth of the profile in km. It must be 400km, so it must 

not be changed. 

Resolution along the profile: resolution of the profile 

 Folder: Here user selects the folder in which observable files are put and it becomes 

the working folder for LitMod2D 2.0. All the outputs files are stored in this folder. 

Tip: For each of your model you can make folder where you put all observables files, 

material files from Generator. Later you can load the model by browsing into this 

folder. 

After the user hits OK button build model window will appear (Figure A3). Here the 

user has different option. 

Add Body 
Bodies are added from top to bottom, each body is drawn left to the right. To 

add a body press the add button on the window (Figure A3), which will open a dialog 

box asking for information about the body (Figure A4) 
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Figure A3 Build Model Window. 

*Please note that format in which default values appear should be maintained. 

Fields description:  

Name: Name of the body. Just for your reference 

Body number: Index of the body starting from the top. 

Material: Type of material of the body 

Body type: if you are adding a body which is new, this option should be normal. If you 

are splitting a body change this option to split. If you are adding an anomaly, change 

this option to type of anomaly you are adding (thermal or seismic or from a file). 

Once the user is done with adding properties user should hit OK and control will be 

back to the plotting area.  

To add point: Middle mouse click (Scroller) 

To delete current point: double left click. 

To close body: right click 
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Figure A4 Body property editor. 

 

Delete body 
The user can delete the last body entered by clicking on the delete button. Let 

us say a user has drawn three bodies. To delete second body first user has to delete 

the third body. So essentially you can only delete the last entered body. If you want to 

delete a body in between, then you can use the merge function (see following 

sections). 

Change shape of the bodies 
To move, delete or add node points of the drawn body’s user can click on 

shape button. After clicking this button a separate plot will appear where all bodies will 

be drawn as points (In case you have anomalies in the model other than from a 

external file then second window also appears where you can edit anomalous bodies 

too). Now user can move these point by left click drag, to delete a point move the 
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cursor on the point and then press ’d’ key on the keyboard (sometimes there are more 

than one points so keep pressing ’d’ until the point is gone). To insert a node go to the 

node and press ’i’ key on the keyboard. After you are done changes can be saved with 

right click while the cursor is on the edit plot window. Once you have saved changes 

close the window and come back to the main window and hit plot button which will 

update the changes. This function will only work after you have closed your model.  

*Note: when you see the plot of the bodies (for anomalies) in separate window, you 

might see some lines connecting different bodies, just ignore them. To have clear idea 

keep main window where you added bodies in front of you along with this separate 

window 

Edit properties 
To edit properties of a body already drawn click on edit button and a dialog box 

will appear asking for the index of the body you want to edit.  

Split body 
This function allows the user to split a body into two (does not work for 

anomalous bodies). This function should be used with a lot of care. The user should 

know exactly where to start split. Tip to use this option is that when you enter a body it 

is added in counter-clockwise direction, but when body is save it is save in clock-wise 

direction. Now the start point of the axis along which you have to split the body should 

be first in clock-wise direction than the last point. Once you have split a body save the 

model and then again load it. 

*Note: If for some reasons split does not work then you can load model again and try 

to split it again. 

Anomalies in the sublithospheric mantle 
 In this GUI anomalies (Composition, thermal, seismic) are added on top of the 

completely closed profile. You can edit the shape of these anomalies and properties 

(type and amount of anomaly) with shape and edit function respectively. These types 

of anomalies can be drawn in the profile. There is another way to enter anomalies 

where you enter them in a file and you choose the file (For more information about this 

file refers to the LitMod2D_usage.pdf, supplied in this folder. Only seismic anomalies 

can be added in this way. 
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* Note that if you have selected anomalies in form of a file then all other anomalies 

(drawn on the profile) are not considered even if you have added them. 

Save Model 
When you are done with the profile and you have closed it by clicking on the 

Close model button, it can be saved by clicking on save button. After you click on the 

save button a window will appear asking for some more information. You can choose 

observable file, where you should have three columns with distance, data value, and 

error. Total length and sampling of these observables should be exactly same as that 

in your profile. One important thing is to have starting and end point of these 

observables data as that of start and end you choose to make your profile. After 

browsing the file try to keep only the name of the input file try to delete the absolute 

path. Here making a folder for each of your model, which can be at any location in 

your computer, helps keeping things in track. 

Every time you save a model, a back-up of three files, and 1) litmod.inp, 2) 

bodies_GUI.dat, 3) bodies_GUI_envelops.out, with a date and time added. You can 

later rename these set of files and load them again. 

A3.2. Run model 
To run a model first you have to save the model by clicking on the save button, 

but before that, your model should be closed. You should also put the observables file 

(topography, Bouguer, geoid, free air, heat flux) and composition files (e.g., 80, 81, 88, 

99 etc.) which you have associated with the bodies in your model, in the same folder. 

Note: To run a model you should have LitMod2D 2.0 program executable for 

Windows or Linux based on your system. Executable for Linux is provided with the 

distribution. Name of these executables should be LitMod2D 2.0_V4_Windows for 

windows and should be in LitMod2D 2.0 package folder and for Linux it should be in 

same folder with name LitMod2D_2.0_V4_Linux. 

A 3.4. Load Model 
This option lets the user load previously build models. To load models user 

need three files, 1) litmod.inp, an input file to the LitMod2D 2.0, 2) bodies_GUI.out, this 

file contains nodes point of the bodies in the model and colour of the body and 3) 

bodies_GUI_envelops.out. Units of nodes points in bodies GUI.dat are in kilometres. 

This option also allows you to restore changes while you are working. For instance if 

something goes wrong (e.g., split body, merge body) you can load last saved session 
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and start from there again. You can also track this threes files saved in same folder at 

any time you have saved them, rename them and can load them again. 

A4. Post-processing toolbox 
Post-processing toolbox contains a set of codes/scripts linking with outputs 

from LitMod2D 2.0 with other softwares. At this point is it coupled with “Computer 

programs in Seismology (CPS)” tool (Herrmann, 2013) and “tao-geo” (Garcia- 

Castellanos et al., 2002) software. It also includes scripts to produce stable phase and 

mineral assemblages in the profile. Installations of coupled softwares are explained 

below.  

A4.1. Passive Seismological data 
Forward prediction of surface wave dispersion curves and receiver functions 

can be calculated from the seismic velocities distribution with depth at each node 

along the profile. This is done by feeding in seismic velocities to CPS. CPS can be 

easily downloaded and install from http://www.eas.slu.edu/eqc/eqccps.html and needs 

to in your path.  

 

Figure A5 Generator console showing option to generate full property table. 
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A4.2. Flexural Isostasy 
Flexural isostasy is incorporated via “tao-geo” and can be downloaded and 

installed from https://github.com/danigeos/tao-geo and should be added in your path. 

A4.3. Stable phase and mineral assemblages 

To do this user should have full property tables from the GENERATOR module. 

Opting for option ”1” shown in 5 produces both full property material file along  with 

simple material file with physical properties only. Full property material file contains 

information on stable phase and mineral assemblages (weight percentage, volume 

percentage) along with the physical properties (density, seismic velocities). Simple 

material files, with material code ’90, 99... .’ are read in the LitMod2D 2.0 whereas full 

property material files named as ’99_FULL etc.’ are used to produce stable phase and 

mineral assemblages. Full property material files should be in the model directory. 

First user should run “make_mineral_wise_files_full.sh”. This produces mineral wise 

properties along the profile. User can plot a property (e.g., weight%) of stable mineral 

at a distance point along the profile running ’phase_ diagram 1D.py’ 6 or depth 

distribution of individual minerals along the profile using ’phase_diagram 2D.py’  

 

Figure A6 Example of stable mineral wt% distribution at a distance point. 
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Figure A7 Example of stable mineral wt% distribution along a profile. 

A5. Miscellaneous 
User can also use other functionality. They are listed below: 

Values of coordinates are shown at the bottom right corner of the plot. It is useful to 

add points at specific positions. 

You can zoom in at any area of the profile by clicking at the functions in the left bottom 

of the window. You can also go to the zoom mode by pressing “o” on the keyboard. 

Then you can select area to zoom in with mouse and navigate back and forth with 

arrow keys on the keyboard. It is useful for small area bodies. 

To go back out of zoom mode you should press “o” again. 

You can drag the profile and to go to this mode you can press “p” on the keyboard. 

If you want to go straight to the initial level after zooming at different levels just    press 

“h” key on the keyboard. 
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