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Abstract.  

The Spanish Central System is an intraplate mountain range that divides the Iberian Inner Plateau in two sectors – the 15 

northern Duero Basin and the Tajo Basin to the south. The topography of the area is highly variable with the Tajo Basin 

having an average altitude of 450-500 m while the Duero Basin presents a higher average altitude of 750-800 m. The 

Spanish Central System is characterized by a thick-skin pop-up and pop-down configuration formed by the reactivation 

of Variscan structures during the Alpine Orogeny. The high topography is, most probably, the response of a tectonically 

thickened crust that should be the response to 1) the geometry of the Moho discontinuity 2) an imbricated crustal 20 

architecture and/or 3) the rheological properties of the lithosphere. Shedding some light about these features are the main 

targets of the current investigation. In this work, we present the lithospheric-scale model across this part of the Iberian 

Massif. We have used data from the CIMDEF project, which consists of recordings of an almost-linear array of 69 short-

period seismic stations, which define a 320 km long transect. We have applied the so-called Global-Phase Seismic 

Interferometry. The technique uses continuous recordings of global-earthquakes (> 120º epicentral distance) to extract 25 

global phases and their reverberations within the lithosphere. The processing provides an approximation of the zero-offset 

reflection response of a single station to a vertical source, sending (near) vertical seismic energy. Results indeed reveal a 

clear thickening of the crust below the Central System resulting, most probably, from an imbrication of the lower crust. 

Accordingly, the crust-mantle boundary is mapped as a relative flat interface at approximately 10 s two-way travel time 

except in the Central System, where this feature deepens towards the NW reaching more than 12 s. The boundary between 30 

the upper and lower crust is well defined and is found at 5 s two-way travel time. The upper crust has a very distinctive 

signature depending on the region. Reflectivity at upper-mantle depths is scattered throughout the profile, located between 

13-18 s, and probably related with the Hales discontinuity. 

 

Introduction 35 

The Spanish Central System represents the most prominent topographic feature in Central Iberia. It is bounded by two 

major Tertiary – basins, namely the Duero Basin to the N and the Tajo Basin to the S, forming the Central Meseta. This 

mountain range extends in NE-SW direction for over 300 km, with peaks more than 2500 m in height, and is actively 

increasing its elevation in the order of 1mm/yr (Cloetingh et al., 2002), while the Central Meseta features an average 

altitude of 600-700 m. 40 

The average elevation of the central Iberian Peninsula is the highest among those in the European continent. Current 

interest of Solid Earth Sciences is focusing towards constraining and understanding topography as a whole, its changes 



2 
 

and their causes. Changes in topography are the expression of the characteristics of the lithosphere and processes that 

affect it: 1) on the surface (such as erosion and, therefore, climate), 2) within the lithosphere itself (such as intrusion of 

volcanics and magmas, faulting, rifting, compression, extension etc.), and 3) corresponding isostatic rebounds. How the 45 

crust responds to these processes is mostly controlled by its internal architecture and the distribution of its physical 

properties. Since the early 1990s, a number of multidisciplinary geophysical studies have been undertaken to characterize 

the crust and lithosphere in the Iberian Massif, first to the NW, and then to the SW, up to and across the Toledo Mountains. 

Detailed crustal and, sometimes, lithospheric structures have been delineated primarily from high-resolution controlled-

source (normal-incidence and wide-angle) seismic reflection/refraction data (Pulgar, et al., 1995; Ayarza et al., 1998; 50 

Simancas et al., 2003; Carbonell et al., 2004a; Flecha et al., 2009; Palomeras et al., 2009, 2011; Martínez-Poyatos et al., 

2012; Ehsan et al., 2014; 2015). However, there is a gap of seismic information at the Central System and surrounding 

basins. 

 

Due to its usefulness, seismic interferometry (SI) has lately consolidated itself as a tool for lithospheric imaging. Recent 55 

studies have exploited earthquakes/moonquakes recordings (Ruigrok and Wapennar, 2012; Nishitsuji et al., 2016 a,b) to 

image lithospheric discontinuities such as the Moho (in the Earth and the Moon) or subducting slabs. These studies are 

based on a technique called Global-Phase Seismic Interferometry (GloPSI) (Ruigrok and Wapennar, 2012). GloPSI is a 

technique that retrieves P-wave reflectivity, coming from distant energy sources, below a single station by autocorrelating 

earthquake phases coming nearly as a plane wave with (near) vertical incidence angles. We have employed this technique 60 

in an almost linear array of 320 km length crossing the Central System and the Duero and Tajo Basins within the Central 

Iberian Zone. The resulting image provides new insights on the lithospheric structure of this intraplate mountain range 

which complement previous results. 

 

Our interpretations are supported by models deduced from other nearby seismic datasets available. The results from 65 

normal incidence seismic profiles ESCIN-2, IBERSEIS-NI and ALCUDIA-NI (Pulgar, et al., 1995; Simancas, et al., 

2003; Martínez-Poyatos et al., 2012) as well as the velocity information provided by from the wide-angle datasets acquired 

as part of those experiments (e.g. IBERSEIS-WA and ALCUDIA-WA, Palomeras et al., 2009; Ehsan et al., 2015) are 

evaluated in our interpretation.  

 70 

This work aims to contribute to the knowledge on the lithospheric structure and crustal thickness across the Central 

System, and to its relationship with the contrasting topography of the Duero Basin and Tajo Basin, constraints that are an 

asset to study the origin and evolution of the elevation and the deformation dynamics of the Iberian Peninsula. 

 

Geological Setting 75 

In the Iberian Massif (Fig.1) outcrops part of the Late Palaeozoic Variscan/Alleghanian Orogen of Europe. The latter was 

formed by the collision between pre-Mesozoic Laurentia/Baltica and Gondwana continents. The orogeny took place in 

two steps: 1) from Ordovician to Devonian times with the closure of the Rheic Ocean, that separated the continents, and 

2) from Devonian to Carboniferous times where the continents where amalgamated along with other minor pieces like 

Armorica (Franke, 2000; Matte, 2001). The Iberian Massif exposes a complete section of the Variscan Belt formed by six 80 

units. External parts of the orogen are represented by the South Portuguese Zone (SPZ) to the S and the Cantabrian Zone 

(CZ) in the N, whereas the internal zones are the Ossa-Morena Zone (OMZ), Galicia-Tras-os-Montes Zone (GTMZ), 

Central Iberian Zone (CIZ), Galicia-Tras-os-Montes Zone (GTMZ), and West-Asturian Leonese Zone (WALZ) (Julivert, 

et al., 1972). From these domains, the CIZ, WALZ, and CZ represent continental portions of a passive margin along 
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Gondwana before the Variscan orogeny. Overlying the CIZ, the GTMZ is a relic of the Rheic Ocean formed partly by 85 

ophiolites. The OMZ is interpreted as a ribbon continental domain that drifted to some extent from Gondwana. Finally, 

the SPZ is interpreted as a fragment of Avalonia (Fonseca and Ribeiro, 1993; Tait el al., 2000). 

 

The CIMDEF seismic profile is located within the CIZ although, the latter is overlain by Cenozoic basins to the N and S 

of the profile. The CIZ is the largest subdivision of the Iberian Massif and has two distinct zones (Díez Balda et al., 1990). 90 

To the N it is characterized by high-grade metamorphism and high deformation (Barbero and Villaseca, 2000) and a vast 

volume of Carboniferous granites (Bea et al., 2004). The southern part is characterized by less deformed rocks, featuring 

NW-SE trending upright folds and faults, and a much more moderate volume of granites. 

 

The profile crosses three main geological domains within Central Iberia, namely the Central System, the Duero and Tajo 95 

Basins. The Central System is an intraplate mountain range characterized by a thick-skin pop-up and pop-down 

configuration with an E-W to NE-SW orientation. It was formed during the Cenozoic Alpine compression of the Iberian 

Peninsula and is composed by uplifted Variscan basement (Vegas et al., 1990., de Vicente et al., 1996, de Vicente et al., 

2007, de Vicente et al., 2018). It is divided into two major areas by a set of almost N-S faults. The western sector is called 

Gredos and the eastern side is Guadarrama-Somosierra. The outcropping materials are mainly Variscan granitoids in the 100 

western sector with minor outcrops of metamorphic rocks, while the eastern zone is mainly composed by metamorphic 

rocks with minor outcropping granites. The granites of the western sector correspond to the Avila Batholith which is a 

vast association of igneous rocks. The current knowledge of the crustal and lithospheric structure of the Central System 

comes mainly from geophysical studies such as seismic data (Suriñach and Vegas, 1988, Diaz et al., 2016) and inversion 

and forward modelling of potential-field data (Tejero et al., 1996; De Vicente, et al., 2007; Torne et al., 2015). These 105 

studies have found a crustal thickness in the range of 31 km to 35 km, showing a thickening underneath the Central 

System with respect to the surrounding basins. Our study area is located in the western part of the Central System, i.e. the 

Gredos sector. Its structure corresponds to a main pop-up of about 100 km across the strike which can be subdivided in 

four short-wavelength pop-ups, of about 10-20 km, and three pop-downs framed into the pop-ups. The Duero Basin 

corresponds to the foreland basin of the Cantabrian Mountains to the N as well as the foreland basin of the Central System 110 

to the S. The Tajo Basin is located to the S of the Central System and the contact between them is marked by a thick-

skinned thrust fault that fades out to the W. Approximately at the longitude of the CIMDEF profile, this thrust fault is 

substituted by a set of faults located slightly to the N and hosting the Tietar river (Fig. 2 in De Vicente et al. 2007). 

 

The CIMDEF experiment 115 

The data used in this study were acquired within the CIMDEF project. The set-up consisted of a three-stage 

deployment. The first part of the profile was recorded between May and June 2017 by 24 short-period stations equipped 

with 2-Hz three-component geophones. The second stage was acquired between February and April 2018 and consisted 

in a deployment of 15 stations, while the third deployment was undertaken between July and September 2018 and 30 

new stations were installed using the same configuration of geophones and data-loggers for all deployment stages. The 120 

data were acquired in continuous recording at 250 samples per second (sps) during periods ranging from 28 to 60 days. 

The stations were installed along an almost linear NW-SE array with an average interstation spacing of 4.8 km, 

covering a total length of 320 km (Fig. 1). For every station, at least 28 days of continuous recording is available 

although in the northern and southern part of the profile, almost two months of data are available. For the processing, 

we select the vertical-component of global earthquakes (Fig. 2) with MW ≥ 5 from the USGS catalogue. The limited 125 

deployment time of the experiment determined the choice of MW ≥ 5 in order to allow the use of more sources. For 
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each deployment, all earthquakes with MW > 5 and epicentral distance > 120° were selected. The selection of the 

minimum magnitude to be considered was taken as a balance between the signal quality of the earthquakes and the 

number of available sources for each deployment. The 163 gathered events were checked by computing the power-

spectral density to confirm the existence of useful energy within the selected frequency band. This process gave the 130 

final selected 81 sources (Table S1). For the first deployment a total of 44 earthquakes were analysed and 17 proved to 

have useful energy. In the second deployment, 59 earthquakes were evaluated, from which 38 were selected for further 

processing. For the final deployment, 60 earthquakes were analysed and 26 were selected to produce the final image. 

 

For each of the three deployments a different number of earthquakes is available, 17 for the 1st, 38 for the 2nd, and 26 135 

for the 3rd. Among those, there are 3 in the 1st deployment, 16 in the 2nd deployment and 14 for the last deployment 

that are with MW ≥ 6.This amount of events per deployment is insufficient for application of GloPSI. To suppress 

retrieval of artefacts, for example due to the PKP triplication, it is important to sum phases from a wide range of ray 

parameters (Ruigraok and Wapennar, 2012; Nishitsuji et al., 2016). 

 140 

The use of low magnitude events, between MW 5.1-5.4, is restricted to the first acquisition where the deployment time 

was the shorter and therefore, we were forced to include lower magnitude events in the processing scheme. These events 

represent the 7.4 % of the total events used to produce the central part of the image.  

 

The selection of the beginning of the time window to be used was based on the theoretical travel time of the phases 145 

calculated by the ak135 model (Kennett et al., 1995). We visually inspected the recordings and selected phases with a 

high signal-to-noise ratio. The time-window is set to start 30 s before the onset of specific phases of interest (e.g., PKiKP 

or PKIKP) and to end 300 s after the onset and before the onset of the first S-wave phase.   

 

Global-Phase Seismic Interferometry 150 

The GloPSI technique uses body-wave global phases that have travelled through the core and whose energy arrives at the 

surface nearly vertical. These seismic phases are PKP, PKiKP, and PKIKP, produced by earthquakes at >120º of 

epicentral distance (Fig. 2). When arriving at the station, the phases and their reverberations in the lithosphere are used 

as the input data. In general, these arrivals are nearly plane waves in the mantle and have a slowness lower than 0.04 

s/km.  155 

 

The reflections produced by the phases and their reverberations can be retrieved using SI. The methodology is based on 

the 1D derivation for an acoustic medium of Claerbout (1968) where reflectivity is retrieved by autocorrelation. This 

theory was latter extended to 3D inhomogeneous media by Wapenaar (2003) and adapted to retrieve body-waves from 

global earthquakes by Ruigrok and Wapenaar (2012). The GloPSI technique relies on the application of autocorrelation 160 

of every earthquake and stack over sources to retrieve the pseudo zero-offset reflections response below a station from a 

virtual source that radiates energy nearly vertically down. Stacking over the correct illumination range ensures cancelation 

of spurious events and enhancement of stationary events. Thus, we calculated the back azimuths of the selected events 

(inset in Fig. 2). Despite the constraint that the distance > 120º implies in terms of availability of sources, the illumination 

is well covered, thus ensuring a good stacking of the resulting autocorrelations. Limitations of the methodology are related 165 

with earthquake distribution and quantity and with the internal structure of the crust. As GloPSI uses nearly vertical 

incident energy, reverberations from steep dipping structures below the station would not be retrieved. However, the lack 
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of imaged reflectivity of such structures can be used to interpret their presence (Nishitsuji et al., 2016a). The methodology 

is extensively covered in Ruigrok and Wapenaar (2012), therefore the reader is referred to the paper for further details. 

 170 

Data Processing 

The methodology we employ for the processing of the earthquakes recording includes pre-processing and construction of 

stacked autocorrelograms of the vertical component. We base our processing steps on linear autocorrelations and phase-

weighted stacks (tf-PWS) (Schimmel and Gallart, 2007). The tf-PWS is based on the non-linear theory where the linear 

stack is weighted by the time-frequency phase. This procedure enhances coherent signals independently of their 175 

amplitudes. The time-frequency phase stack is written as 

𝑐 (𝜏, 𝑓) =  
1

𝑁

𝑆 (𝜏, 𝑓)𝑒

𝑆 (𝜏, 𝑓)
(1) 

where 𝑐 (𝜏, 𝑓) is the time-frequency phase coherence, and 𝑆 (𝜏, 𝑓) is the S-transform. Then, the tf-PWS is calculated 

by multiplying the phase stack with the S-transform of the linear stack as, 

𝑆 (𝜏, 𝑓) =  𝑐 (𝜏, 𝑓)𝑆 (𝜏, 𝑓).  (2) 180 

Finally, the inverse S-transform is applied to convert the stack from the frequency domain to the time domain. 

 

The pre-processing applied to all selected time-windows consists in first, deconvolving the instrument response from the 

signal. Then, the data is decimated from 250 sps to 50 sps in order to reduce computing time. The next step consists in 

band-pass filter the data to restrict the frequency bands to those where we expect the target information to be found. We 185 

applied a broad band-pass filter of 0.1-2 Hz after computing the power-spectral density for different magnitude 

earthquakes (Fig. 3). Subsequently, we apply SI by autocorrelation to each selected phase (transient source). To help the 

correct stacking, the autocorrelations are normalized by their energy. This step aids the summation process as each phase 

could have a different spectral balance, thus hindering an optimal stacking. The resulting stack is filtered between 0.7-2 

Hz as low frequencies offer low resolution and they (< 0.7 Hz) are influenced strongly by the microseismic noise (Fig 4).  190 

 

As a consequence of the autocorrelation process, a strong arrival at t = 0 is created, representing a smeared Dirac delta 

function at time 0 s (Claerbout 1968; Wapenaar, 2003), dominating the earlier part of the trace. Two methodologies have 

been tested to reduce this effect: a) deconvolution of the wavelet around 0 t (the virtual-source time function) extracted 

from the average of all autocorrelations per event and phase; b) subtracting the average time function of all the traces 195 

from every individual autocorrelation. Both processes partly helped to eliminate the influence of the virtual-source time 

function but did not deliver optimal results. For the sake of the interpretation, we have preferred to mute the virtual-source 

time function, as the previous mentioned techniques have not been entirely successful. The different approaches used in 

order to eliminate the influence of the delta pulse are illustrated in the Supplementary Material (Figure S3 and text). 

 200 

The entire processing workflow of the earthquake recordings yields a pseudo zero-offset section with the reflection 

response of the lithospheric structure below all stations (Fig.4). Further post-processing steps, as elevation correction, 

have been considered but discarded. The maximum elevation difference in the area is approximately 1 km, that assuming 

an average crustal P-wave velocity of 5.5 km/s, would represent a time shift of 0.36 s,  which would not modify the 

possible interpretation of reflectors at lithospheric scale.  205 
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Results 

We present a P-wave reflectivity profile obtained by stacking autocorrelograms from phases of global earthquakes (Fig. 

4). The section crosses, from NW to SE the Duero Basin (DB), Central System (CS), Tajo Basin (TB), and also the Toledo 210 

Mountains in the Central Iberian Zone (CIZ) (Fig. 1), and can be regarded as an image of the reflectivity of the upper 

lithosphere down to 30 s two-way travel time (TWT).  

 

We have applied a time-to-depth conversion to display the estimated depth at which we obtain reflectors. The conversion 

is applied to the time axis to the left and is displayed on the right axis of Figure 4, but the velocity model is not too certain, 215 

thus the depth serves only as a reference. This conversion uses the velocity profile of shot 3 from the ALCUDIA-WA 

experiment, down to Moho depths, (Ehsan et al., 2015) which is fairly close to the southern end of our profile but at an 

offset of around 20 km (see Fig. 1). Below the Moho, a constant velocity of 8 km/s has been used in the conversion. In 

areas with a sedimentary cover as the Duero Basin in the northern part of the profile, the depth conversion might not be 

accurate because of the lower velocity in sediments, thus overestimating the real reflector depths. In addition, in areas 220 

where the crust is thicker, the resulting depth would also be overestimated as we might have used mantle velocities in 

crustal areas.  

 

The relative long distance covered by the profile and the relatively close station spacing (≈ 4,8 km) ensure a high lateral 

resolution of the lithospheric structure of the study area.  The section shown in Figure 4 shows alternating bands of high 225 

and low reflectivity and also distinct areas of high and low frequency. The most conspicuous observations are: 1) a high-

reflectivity band from the surface down to 9.5-12 s TWT, with much lower reflectivity below; and 2) another band of 

high-amplitude and low-frequency arrivals in the southern half of the profile above 5.5 s TWT. This band continues to 

the N with slightly higher frequency and lesser amplitude arrivals that are a slightly shallower. Also, apparently random 

reflectivity appears below 12 s TWT.  230 

 

 

The first of the above mentioned reflective layers represents the highly reflective continental crust which can be easily 

separated from a more transparent mantle in this part of the CIZ and is one of the keys to calculate the crustal thickness. 

Among the reflectors found within the crust, a marked package of arrivals is found between 3 and 5.5 s TWT throughout 235 

the profile. This displays an almost flat structure underneath the Central System, while thinning towards the N and S of 

the profile. As seen in the wiggle image in Figure 4, this shallower band of reflectivity presents a different signature in 

the three domains, the Central System, the Tajo Basin and the Duero Basin, displaying much lower frequencies in the 

Central System. Accordingly, to the N and S, the reflectivity band is defined by higher-frequency wiggles, which become 

very coherent to the S. Moreover, in the first 70 km of the profile this band of reflectivity features lower amplitudes and 240 

exhibits less continuity while showing a similar waveform to the wiggles further S. The bottom of this thick band of 

reflectivity defines a discontinuity at an average depth of 5.5 s TWT. Based on the characteristics of this feature, we can 

state that this discontinuity is shallower, sharper, and better defined in the northern and southern parts of the profile, 

although it covers the entire section. We interpret this discontinuity as the upper crust-lower crust boundary. Thus, the 

upper crust features a homogeneous (low frequency) signature in the Central System and is probably thinner and more 245 

heterogeneous to the N and S.  

 

The lower crust features a high and heterogeneous reflectivity that is interpreted as the seismic expression of a laminated 

layer, as seen in the ALCUDIA-NI experiment (Martínez-Poyatos et al., 2012; Ehsan et al, 2014). Within this lower band 
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of reflectivity, differences also exist between the central-southern part and the northern sector. Below the Duero Basin, a 250 

less reflective lower crust exists up to 135 km of distance, while below the Tajo Basin and the Central System, the 

reflections have higher amplitudes overall indicating higher impedance contrasts in that area and a coherent response 

regardless of the differences at upper crustal levels.  

 

The crust-mantle discontinuity is marked by a transition from high-amplitude reflections to a much lower-amplitude 255 

seismic signature; it is difficult to define a sharp Moho discontinuity with this dataset. This transition features an increase 

in seismic impedance and is located between 9.5-12 s TWT (peak wiggles in Fig. 4). The Moho is shallower and more 

difficult to define in the northern sector where it appears slightly above 10 s. Following the abrupt end of the crustal 

reflectivity from the north, we observe a slight fluctuation around 10 s TWT until 180 km distance along profile. Below 

the Central System a clear step is found, and we might speculate on a possible Moho doubling. At this point, below the 260 

highest elevation of the mountain range, the highest reflectivity is extending down to 12s TWT, possibly marking the 

presence of a deep Moho. Then it shallows southwards until 230 km distance, where it becomes almost flat again, featuring 

depths of 10 s TWT until the end of the profile. 

 

As expected, the mantle is more transparent than the crust and reflections are scattered and less abundant. In general, the 265 

northern sector is characterized by slightly higher reflectivity than the central and southern area. A reflector can be 

followed up below the Tajo Basin and Toledo Mountains 14 to 13 s TWT. Another possible reflector at 19-20 s TWT is 

doubtfully visible under the Duero Basin and at a distance of 230 km. At latter times, there are no clear arrivals with high 

enough continuity as to define a reflector (Fig. 4). 

 270 

Discussion 

In this work, we present the first reflectivity profile of the lithosphere under the Central Iberian Zone, in the Iberian 

Massif, by means of SI applied to global-earthquake data. The resulting image (Fig. 5) provides key insights to understand 

the internal structure and tectonic evolution of the Central System and the surrounding sedimentary basins. In the 

following sections, we analyse and address the nature and geometry of the crust and mantle reflectors and their possible 275 

origin. Our interpretation approach relies on the identification of arrivals which have lateral coherence, along with similar 

waveforms. In general terms, good lateral reflectivity is retrieved along the profile where clear crustal reflectors can be 

identified. Although in this work we use low-frequency global phases, the crust can be divided in upper and lower crust, 

both coinciding with the main reflectivity zones seen in the ALCUDIA-NI profile, which uses a higher-frequency data 

set (8-80 Hz). The upper crust extends from 0 to 5.5 s TWT in average (0-15 km), while the lower crust goes down to 280 

9.5-12 s TWT (29-38 km). Therefore, two crustal-scale discontinuities are identifiable: the base of the upper crust at 5-

5.5 s TWT and the crustal-mantle discontinuity between 9.5 and 12.5 s TWT. Finally, the lithospheric mantle covers the 

rest of the profile from depths of 29-39 km and also features two discontinuities at 13-14 s TWT and around 19-20 s 

TWT. 

 285 

Upper Crust 

The upper crust observed as part of the CIMDEF experiment (Fig. 5) is identified between 3-5.5 s TWT (7-15 km) and is 

characterized by a package of reflectivity with high-amplitude events and, in places, rather low frequencies. However, 

this package shows some differences along the profile. Below the Duero Basin two different types of reflectivity are 

found. From 0 to 70 km distance, relatively low-amplitude reflectivity with higher frequencies is observed. Then, higher 290 

amplitudes appear up to the Central System location. There, the reflectivity has much lower frequencies and even higher 
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amplitudes. The signature changes again below the Tajo Basin and the Toledo Mountains where higher frequencies are 

present again and high amplitudes are exhibited. These changes in reflectivity do not coincide with the areas surveyed in 

each one of the three deployments and therefore, could be attributed to lithological changes associated to the outcropping 

geology.  295 

The upper crustal image observed in this section allows us to establish a correlation between the reflectivity signatures 

and the Carboniferous-Permian magmatic zonation of the Iberian Massif (Simancas et al., 2013). According to these 

authors, the magmatism in the Iberian Varsicides can be divided in four areas depending on its characteristics. From N to 

S, the CIMDEF profile crosses zones I, II, and III. Zone I includes the Cantabrian and Asturian-Leonese zones, is 

characterized by a negligible volume of post-orogenic granitoids; and corresponds to the first 70 km of the profile. Zone 300 

II has large volumes of Carboniferous granitoids (Bea, 2004) related to recycled metasediments from the continental crust 

(Villaseca et al., 1998, Bea et al., 2003). In this context, crustal thickening and extension has been proposed to support 

the high production of granites (Pérez-Estaún et al., 1991; Martínez Catalán et al., 2014). This area represents 170 km of 

the profile. The final zone intersected by the experiment, has much less abundant granitoids than the previous zone and 

represents the last 80 km of the southern end of the profile. The boundary between zones I and II coincides with a 305 

reflectivity change at upper crustal level in our profile, as the first 70 km feature a lower-amplitude signature, more 

heterogeneous reflectivity and higher-frequency events than the rest of the profile. Within zone II, another change of 

signature is found around 140 km distance, where a high-frequency/high-amplitude reflectivity is followed by a high-

amplitude/low-frequency reflectivity. This transition lies slightly to the N of the contact between the Tertiary sediments 

of the Duero Basin and the outcropping granitoids of the Central System. Despite our profile cannot constrain the 310 

uppermost part of the upper crust, the relationship between surface geology and our results is evident, and we assume that 

the main contacts observed at the surface are at the same locations as observed here at 3 s TWT (8-9 km). Accordingly, 

we suggest that the extension of granites in zone II can be prolonged to the N of the Central System, even though they do 

not outcrop as they are covered by the Duero Basin sediments. In this context, it can be stated that below the Central 

System the upper crust is mainly formed by granites down to 5.5 s TWT, as they are massive lithologies that do not feature 315 

sharp impedance contrasts at the scale of the sampling waves. Zone III is imaged by the upper crustal reflectivity in the 

Tajo Basin and further S, which depicts the seismic response of metasediments featuring vertical folds accompanied by 

few granites, thus providing scarce impedance contrasts visible to high-frequency waves and giving a high-amplitude but 

relatively low-frequency response. As a summary, it can be inferred that the seismic signature of the upper crust sampled 

by the CIMDEF experiment is strongly influenced by the amount of granites and overall differences between its seismic 320 

response of igneous (granitoids) rocks and that of (meta)sedimentary rocks, being the former the source of a low-

frequency homogeneous seismic signature.  

 

Lower Crust 

Below the upper crust, the CIMDEF experiment, shows a highly reflective lower crust along most of the central segment. 325 

However, lower amplitude reflectivity is found in the first 130 km to the N. Also, from the southern border of the Central 

System to the end of the profile, amplitudes at a lower-crustal level are somehow lower than underneath the Central 

System.  

 

Although GloPSI has low resolution when compared to active-source vertical-incidence reflection data, a similar 330 

reflective pattern is again identified between both types of datasets. The lower limit of the upper crust correlates well with 

a mid-crustal discontinuity identified in the IBERSEIS-NI and ALCUDIA-NI datasets to the S (Simancas et al., 2003: 

Poyatos et al., 2012; Ehsan et al., 2014) and also found in the ESCIN-2 and ESCIN-3.3 profiles to the N (Pulgar et al., 
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1996; Ayarza et al., 1998). This interface is present from the SPZ, the OMZ, and the southern part of the CIZ as well as 

in the WALZ and in the northern border between the Duero Basin and the Cantabrian Mountains. It has been regarded as 335 

the Variscan brittle/ductile transition (Simancas, et al., 2003; Palomeras, et al., 2009; Martínez-Poyatos, et al., 2012; 

Ehsan, et al., 2015) although ductile Variscan deformation is widespread at outcrop level in these areas, i.e. in what is 

supposed to be the fragile part of the Variscan crust. From a seismic point of view, this interface characterizes the division 

between the top of a highly laminated lower crust and a more transparent upper crust. Furthermore, this boundary 

separates areas with different patterns of deformation suggesting that the former might act as a detachment. Estimations 340 

of shortening at upper- and lower-crust levels, suggest that this detachment might have accommodated most of the 

deformation (Martínez-Poyatos, et al., 2012; Simancas et al., 2013) although these estimations fail to control the amount 

of ductile deformation and the part of the latter maybe previous to the Variscan Orogeny at lower crustal level.  

 

As in the previous datasets, in the CIMDEF profile this boundary is not identifiable by a marked reflection but rather by 345 

a change in the reflectivity signature between the upper crust and the lower crust. In our profile (Fig. 5), we have also 

imaged how this interface continues to the north at approximately the same depth (5 s TWT).  The existence of this 

discontinuity, that represents a boundary between layers with different deformation patterns, indicates that the upper and 

lower crust should have had some degree of decoupling during its tectonic evolution. If this boundary was Variscan in 

age, its original position could have been modified by the late Variscan igneous activity affecting the CIZ, mostly the 350 

Central System area. This may be the reason why it appears slightly deeper in the central part of the profile. In the southern 

border of the CS, this interface could be continuous, but also could be imbricated as an effect of the shortening, as imaged 

in Figures 5 and 6. Below the southern border of the CS, there is a small area where the high-reflectivity pattern of the 

lower crust seems to be above that of the upper crust thus suggesting the existence of this imbrication. Nevertheless, to 

confirm this feature, higher-resolution studies are needed. 355 

 

Variscan orogenic evolution led to a thickening of the crust in the central and northern part of the CIZ during 

Carboniferous times. This triggered extension and widespread magmatism (Pérez-Estaún et al., 1991; Díez Balda et al., 

1995, Martínez-Poyatos, et al., 2012) during late Carboniferous and early Permian times. The presence of high-frequency 

reflections at lower crustal levels below the Central System evidence that here, not all the crust melted during the Variscan 360 

Orogeny. Massive granitoids do not produce reflections but rather a transparent low-frequency response. We infer then, 

that the lower crust below the Central System was not entirely affected by crustal melting as intense reflectivity remains. 

Northwards, below the Duero Basin, the lower crust is less reflective. To explain this difference, three scenarios could be 

invoked. First, the presence of a partly melted lower crust that would imply the onset of extension and melting of the area. 

However, the outcropping rocks present a low metamorphic degree which is incompatible with this scenario. Second, the 365 

pre-Variscan lower crust of this area had a slightly different composition and deformation compared to its continuation 

to the S and N. These contrasting features might had translated in a different response to deformation during the Variscan 

compressional and extensional stages. Last but not least, the northern part of the CIMDEF profile lies in the Duero 

sedimentary basin, where Tertiary and Quaternary sedimentary layers might have absorbed part of the seismic energy 

thus attenuating the corresponding amplitudes. This hypothesis is supported by the fact that, in general, amplitudes are 370 

lower in the northern part of the profile.  

 

The Moho topography of the Central System has been suggested, by gravity modelling (De Vicente et al., 2007) and 

seismic receiver functions (RF) (Mancilla & Diaz, 2015), to have a gentle bulk in a synform-like structure of long 

wavelength, increasing its thickness up to 2-3 km with respect to its surroundings. The crust-mantle discontinuity here 375 
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(Fig. 5) is not presented as a unique and sharp reflection, but by a change in the reflectivity pattern instead. We have 

interpreted the discontinuity (Fig. 5) at 9.5-12 s (29-38 km), based on the position of a boundary between a highly 

reflective crust that passes to an upper mantle characterized by low-reflectivity and small-amplitude events. In normal-

incidence seismic data, the contrast between high and low reflectivity (or transparent) has been used as the criteria to 

define the position of the Moho (Carbonell et al., 2013). This reflectivity boundary is irregularly distributed, being 380 

shallower to the N, around 9.5-10 s (29 km) and deepening in the central part of the profile, although shallowing again to 

the S.  Accordingly, below the highest peak of the Central System, an overlap of two Moho branches is interpreted (Fig. 

5), being the deepest set of reflectors at 12 s TWT (38 km). This package of reflectivity is limited to the recordings of two 

stations and covers a distance of ≈ 15 km, while the whole thickening covers an area of ≈100 km, going from the southern 

border of the Central System and to the southern part of the Duero Basin. The fact that the presence of these deeper 385 

reflections is limited to 2 stations might not be a structural feature, but related with the methodology itself. Because 

GloPSI uses near vertical incident energy, it is insensible to steeply tilted structures, as the reflection of these cannot be 

recorded below the same station. Thus, if a steep angle is found in a structure below the Central System, our results would 

not recover it. Furthermore, the frequency content of such distant earthquakes is quite low, limiting the vertical resolution 

that can be resolved. As a consequence, other reflections shallower than those two already retrieved but deeper than the 390 

Moho, between these two and the S limit of the CS, might not be resolved with the frequency used in our study, or the 

signal could be mixed with that of the lower crust.  

 

In Figure 5, we have interpreted this crustal thickening as the result of the lithospheric compression that occurred during 

the Alpine Orogeny, which has further modified the structure of the Variscan crust, triggering an imbrication and 395 

developing a crustal root that can be only partly observed with this dataset. This structure would be similar to the 

imbrication of lower crust identified in the Cantabrian Mountains and Pyrenees as a result of Alpine compression (Pulgar 

et al., 1995; Teixell et al., 2018, among others). Although in our case the observation of this underthrusting is limited by 

the number of recording stations, a clear thickening of the crust below the Central System can be observed. The northern 

boundary of this crustal thickening reveals no apparent correlation with major outcropping structures. However, the 400 

southern boundary of the thickened crust lies close to the south Central System (SCS) thrust and to the fault system that 

defines the Tietar river basin (Fig. 6a and b). A prolongation of this lower crustal imbrication into the upper crust could 

project in any of these thrusts and would imply that the whole crust is in fact somehow imbricated, giving us additional 

insights on the origin of the low topography of the meseta to the S of the Central System (Fig. 6b). However, this would 

require that the identified Variscan mid-crustal detachment did not work as such during the Alpine compression (as shown 405 

in Fig. 6a), allowing compressive structures to affect both, the upper and the lower crust simultaneously. In addition, 

seismic profiles crosscutting the Madrid Basin and the SCS thrust to the NE of our profile (de Vicente et al., 2013), do 

not show underthrusting of sediments of this basin, indicating that if this tectonic feature exists, it is probably related to 

the Tietar River fault system. 

 410 

The crustal pattern suggested above correlates well with the results of a magnetotelluric profile carried out in the same 

area (Pous, et al., 2012). In their image, a zone of lower resistivity is found around the Tietar fault, which affects not only 

the upper crust, but extends into the lower crust, and connects even with the Moho. This low resistivity is associated with 

a set of faults cutting the upper crust and could be extended to cut the whole crust although they do not need to be 

necessarily connected. Furthermore, preliminary results from ambient seismic noise data (Andrés et al., 2018), picture 415 

the same scenario for the crust-mantle boundary, as do new wide-angle seismic data acquired within the CIMDEF 

experiment, where the mid-crust discontinuity and cortical structures are clearly visible.  In any case, the resolution of 
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this data set does not allow us to identify steeply dipping crustal features. Higher-resolution solutions and estimations of 

the shortening at upper and lower crustal levels should be used to support any of these hypothesis. In any case, the structure 

of the CS suggested by the present dataset is that of an asymemetric orogen. 420 

 

Figure 6 shows a sketch of the interpretation of the CIMDEF GloPSI profile overlapped with the Moho geometry deduced 

from gravity inversion (Torne et al., 2015), and a compilation of active-source and RF Moho depths (Diaz et al., 2016). 

Also, the geometry of the inferred imbrication, involving just the lower crust (Fig. 6a) or the upper and lower crust (Fig. 

6b) is included. In general, there is a good agreement between the three models, with only small mismatches in the root 425 

area. To the S, a similar thickness of around 32-34 km is depicted from the different models.  To the N, the model 

presented in this paper shows a thinner crust of around 30 km while the two other models present thickness of 32-33 km. 

This mismatch, which is reduced along the profile towards the northern border of the CS, could be due to the existence 

of low-velocity sediments in the Duero Basin that lead to errors in the time to depth conversions. The differences below 

the CS affect the depth as well as the geometry of the crust-mantle interface. The Moho discontinuity in Diaz et al. (2016) 430 

presents a rather flat geometry, depicting a little, 1-km-thick root. The results from gravity inversion, while being closer 

with our results regarding crustal thickness, are highly influenced by the inclusion of the topography in the inversion 

procedure. Accordingly, the crustal thickening starts further to the S, showing a progressive thinning in the area where 

our crustal thickness is maximum. This implies that the model based on gravity inversion relates the root with local 

isostasy whereas our model infers a tectonic influence in the geometry and position of the crust-mantle boundary. In any 435 

case, the resolution of the datasets and the limitations of the GloPSI technique in imaging steeply dipping interfaces 

allows the observed small differences in the results of different techniques. 

 

The mechanism that gives rise to the uplift and crustal thickening of the Central System is an ongoing discussion where 

two main hypotheses are proposed. First, several studies (Cloetingh et al., 2002; de Bruijne and Andriessen, 2002; de 440 

Vicente et al., 2007, de Vicente et al., 2018) have suggested lithospheric folding of Iberia to be the driving force. They 

base their hypothesis on gravity and analogue modelling, basin infill, and structural analysis of outcropping geology. 

They propose a model where the crust has buckled entirely, and deformation is represented in the upper crust by the 

formation of pop-ups that uplift the basement, while ductile deformation is present in the lower crust. The folding 

wavelength in continental Iberia is calculated to be between 150 to 250 km (Muñoz-Martín et al., 2010). The second 445 

hypothesis proposes that a detachment level runs from the Betics to the S or the Pyrenees to the N (Quintana et al., 2015). 

This solution would mean that a simple shear with a detachment at some crustal level would accommodate the shortening 

and provide the uplift of the Central System. Our reflectivity image provides insights that might shed some light on its 

structure. Despite the presence of a clear thickening under the Central System, which affects the upper crust, the lower 

crust is not much bulked but it seems tectonically imbricated below the Central System, thus defining and asymmetry. 450 

Furthermore, the wavelengths proposed for the lithospheric folding should be visible in our array length but contrarily, 

the thickening of the crust under the Central System seems to be the only remarkable curvature within the crust. The 

second hypothesis above discussed is mainly based on the idea that the Central System has a small crustal root. This 

statement is based on the current geophysical knowledge of the area which includes gravity modelling (de Vicente et al., 

2007), gravity inversion (Torne et al., 2015), and receiver-function studies (Mancilla & Diaz, 2015). Considering our 455 

results, the crustal root is not as small as previously seen in other geophysical datasets, and at the deepest point it might 

define an offset of 6-7 km. We suggest that the crustal root should have formed during the Alpine orogeny by the 

compression of Africa in NW direction. Consequently, we infer underthrusting or stacking/imbrication of two layers of 

(lower) crust as the formation mechanism. This might have accommodated much the shortening produced during the 
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compression. If the entire crust (and not just the lower crust) were imbricated, this hypothesis could further explain the 460 

elevation difference between the Tajo and Duero Basins, as the latter is isostatically supported by a thicker crust and the 

former is underthrusting.  

 

Upper mantle 

The upper-mantle reflections are scattered within the profile at two main levels (Fig. 5) - between 13-14 s TWT and 465 

between 19-20 s TWT. Both reflections have low lateral continuity and, although they are visible almost throughout the 

entire array, the lack of continuity among patches of reflectivity hinders their interpretation and definition of their 

geometry. Both sets of reflectivity are nearly parallel except below the Central System, where the first reflection deepens 

while the second does not. At these depths, 45-55 km for the top reflection and 70-75 km for the bottom one, other similar 

reflectors have been found in southern Iberia. In the IBERSEIS profile, a zone between 61 and 72 km depth was modelled, 470 

corresponding to what the authors interpreted to be the Hales discontinuity (Ayarza et al., 2010). The same discontinuity 

has been imaged by the ALCUDIA-WA datasets (Palomeras et al., submitted). The discontinuity, modelled by wide-

angle seismic data, is proposed to be related to the mineral phase transition from spinel-lherzolite to garnet-lherzolites 

(Hales, 1969). To compensate for the low reflection coefficient of this phase change and to explain the thickness and high 

reflectivity of this feature, an area of layering or lenses with different ratios of spinel/garnet and thickness that allow 475 

constructive interferences of the seismic waves has been proposed. Moreover, to the N, below the ALCUDIA-NI profile 

(Martínez-Poyatos et al., 2012), conspicuous scattered reflectors are found at the same time/depth, between 13-14 and 19 

s TWT. These have been interpreted to be also images of the Hales discontinuity in the area (Palomeras et al., submitted). 

In the same form, the reflectivity seen below the CIMDEF experiment between 45-75 km might be related to a mineral 

phase transition. To confirm the existence and extend of this area, velocity information would be needed. In this regard, 480 

a similar scenario is found below the Urals, where a heterogeneous upper mantle, as the one of this study, was sampled 

by a dense wide-angle seismic experiment (Carbonell, 2004b). 

However, the lack of control on possible artefacts within the upper mantle should be noted and these results should be 

taken carefully.  

 485 

Conclusions 

In this work, we present a lithospheric scale reflectivity profile of the central part of the Iberian Peninsula by means of 

Global Phase Seismic Interferometry (GloPSI) acquired as part of the CIMDEF project. The array covers the Cenozoic 

Duero and Tajo basins, to the N and S respectively of the Central System. The most relevant finding of the resulting 

image is the thickening of the Central System crust through a northward directed imbrication of its lowermost part. In 490 

general, the crust-mantle boundary presents depths between 29-31 km to the N and S of the profile, while below the 

Central System it reaches depths of 38 km. The crustal thickening has a wavelength of around 100 km, and encloses the 

entire Central System, from the southern thrust, the boundary to the S with the Tajo Basin, until the southern border of 

the Duero Basin. As yet, it is not clear if the imaged lower crust imbrication affects also the upper crust. In fact, the 

surface projection of this feature could be projected on top of the southern Central System thrust or the Tietar River faults 495 

system, thus indicating that the whole crust might be affected by this feature and further explaining the low topographies 

of the meseta to the S of the Central System. However, the fact that a Variscan mid-crustal detachment has been inferred 

and the lack of estimations of lower crustal shortening hinder this interpretation. Higher resolution datasets are necessary 

to image these features.  

 500 
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Furthermore, the profile reveals a clear different reflectivity signature within the crust. The crust is subdivided into two 

main layers, the upper and lower crust. The upper crust is inferred to be formed mainly by massive granitoids under the 

Central System down to 5.5 s TWT, as its seismic response is dominated by low frequencies and high amplitudes. Below 

this layer, the lower crust is characterized by high frequency and high amplitude arrivals, supporting the existence of high 

impedance contrast layers that have been already imaged with vertical incidence data in the lower crust to the S and N of 505 

the CIMDEF profile. 

 

The interface that separates upper and lower crust (≈12.5-15 km depth) is proposed to be a detachment level between both 

crusts. However, the characteristics of the outcropping rocks, showing ductile deformation in many areas hinders its 

interpretation as fragile-ductile transition. Further studies about this interface are in progress and will be presented 510 

elsewhere. 

 

Within the upper mantle, patches of reflectivity are found in two bands, 45-55 km depth and 70-75 km depth. Both 

reflections are scattered through the profile and appear almost flat. We relate them both with the possible N extension of 

the Hales discontinuity, the transition zone from spinel-lherzolite to garnet-lherzolite already observed to the S of this 515 

profile. 
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FIGURES 

 740 

 

 
Figure 1. Simplified geological map of the study area with major tectonic provinces of the Iberian Massif and structures. TM: 

Toledo Mountains, CS: Central System, DB: Duero Basin, TB: Tajo Basin, CZ: Cantabrian Zone, WALZ: West-Asturian 
Leonese Zone, GTMZ: Galicia Tras-os Montes, CIZ: Central Iberian Zone, OMZ: Ossa-Morena Zone, SPZ: South 745 

Portuguese Zone. Location of Variscan granites and granitic zonation is taken from Simancas et al. (2013). 
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Figure 2. Colour-coded earthquakes (Magnitude ≥ 5) used for the three deployments. 17 earthquakes (blue stars) used for the 
central deployment, 38 (purple stars) for the southern, segment and 26 (orange stars) for the northern part of the profile. 

Polar plots represent the back azimuth of selected earthquakes for each deployment. 
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Figure 3. Power-spectral density of two earthquakes recorded by the CIMDEF array. They cover both ends of the used 
magnitudes, thus proving the existence of energy at the selected frequency band. 
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Figure 4. Stages of the processing zero-offset reflection data to construct the lithospheric image across the Spanish Central 
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Figure. 5 Top; Reflectivity profile retrieved by Global-Phase Seismic Interferometry. In the wiggle plot, the grey lobes 
indicate positive polarity. On top, extend of the geological areas crossed by the profile and the boundaries of the granitic 810 

magmatism. Coloured tringles represent the different acquisition stages (from North to South, 3rd, 1st, and 2nd deployments. 
Bottom; interpretation of the lithospheric reflectivity profile. Solid lines mark stable features, and dashed lines indicate 

possible features. The blue line marks the boundary between the upper crust and the mid-lower crust. The red line is the 
crust-mantle boundary. Scattered reflectivity within the upper mantle is marked by the green dashed lines. 
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Figure. 6 Sketch of the proposed crustal geometry, overlapped with Moho results from gravity inversion and RF. a) model 
where the S thrust and the Tietar fault lie within the upper crust and only the lower crust imbricates; b) model where the 

entire crust imbricates below the CS 
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