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Abstract A P wave seismic velocity model has been obtained for the Central Iberian Zone, the largest
continental fragment of the Iberian Variscan Belt. The spatially dense, high-resolution, wide-angle seismic
reflection experiment, ALCUDIA-WA, was acquired in 2012 across central Iberia, aiming to constrain the
lithospheric structure and resolve the physical properties of the crust and upper mantle. The seismic transect,
~310 km long, crossed the Central Iberian Zone from its suture with the Ossa-Morena Zone to the southern
limit of the Central System mountain range. The energy generated by five shots was recorded by ~900
seismic stations. High-amplitude phases were identified in every shot gather for the upper crust (Pg and PiP)
and Moho (PmP and Pn). In the upper crust, the P wave velocities increase beneath the Cenozoic Tajo Basin.
The base of the upper crust varies from ~13 km to ~20 km between the southernmost Central Iberian Zone
and the Tajo Basin. Lower crustal velocities are more homogeneous. From SW-NE, the traveltime of PmP
arrivals varies from ~10.5 s to ~11.8 s, indicating lateral variations in the P wave velocity and the crustal
thickness, reflecting an increase toward the north related with alpine tectonics and the isostatic response of the
crust to the orogenic load. The results suggest that the high velocities of the upper crust near the Central
System might correspond to igneous rocks and/or high-grade metamorphic rocks. The contrasting lithologies
and the increase in the Moho depth to the north evidence differences in the Variscan evolution.

1. Introduction

One of the most important and socially relevant objectives in Solid Earth Sciences is the knowledge of the
relief/topography changes and their causes. Quite often, changes in topography are the direct result of the
crustal response to the interaction between deep and surface processes (including erosion and, therefore,
climate). However, the crustal response to these processes is controlled by its shallow and deep structure and
by its physical properties. The rocks in the shallow crust are accessible by drilling, whereas at deeper crustal
levels rocks can only be investigated by indirect techniques. It is, thus, mandatory to carry out an indirect
probing of the deepest parts of the crust to understand its shallowest expression, the topography.

The evolution of the topography has been a major concern in Europe during the last decade, with numerous
international research programs aimed to address this topic of high significance to society (e.g., TOPOEUROPE,
[Cloetingh et al., 2007]; TOPOMOD, [Artemieva, 2007]; and TOPOIBERIA [Carbonell and TOPOIBERIA WG, 2006]).
In the Iberian Peninsula, the central meseta features an average altitude of 600–700m and is actively
increasing its elevation [Cloetingh et al., 2011]. The way these changes are accommodated is highly dependent
and very much related to the internal structure and physical properties of the crust, including crustal thickness.
Since the early 2000s, the Spanish Earth Science research community has struggled to undertakemultidisciplinary
studies of the crust and lithosphere in SW and central Iberia. Detailed lithospheric structures have been
delineated primarily from controlled source, high-resolution, normal incidence, and wide-angle seismic
reflection data [Simancas et al., 2003; Carbonell et al., 2004; Flecha et al., 2009; Palomeras et al., 2009, 2011a;
Martínez Poyatos et al., 2012; Ehsan et al., 2014]. This manuscript aims to contribute to this knowledge
providing additional information about central Iberia, aiming to add constraints that can be used in the
study of the origin and evolution of its relief.
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The geological processes at lithospheric scale are best understood by the high-resolution results obtained
from deep seismic surveys. The main source of information about the physical properties and composition of
the crust and upper mantle comes from wide-angle reflection prospecting, whereas the normal incidence
experiments constrain the internal fabric and geometry of the crustal structure. Multiseismic experiments
include normal incidence and spatially dense wide-angle seismic reflection data. Since the late 1980s, these
experiments are the main tool to obtain constraints and improve the knowledge on the structure and
physical properties of the lithosphere [e.g., Klemperer and Matthews, 1987; Freeman et al., 1988; Pérez-Estaún
et al., 1991, 1994, 1995; Carbonell et al., 1996, 1998, 2000; Ayarza et al., 1998, 2004; Cook et al., 1999, 2010;
Onken et al., 2000]. In order to estimate the composition of the crust and even the lithosphere, the physical
properties of rocks (P and Swave velocities and densities) measured in laboratories are comparedwith the ones
derived from wide-angle seismic reflection data [e.g., Hawman et al., 1990; Palomeras et al., 2009, 2011a].

The objective of this manuscript is to present ALCUDIA wide-angle seismic reflection profile (ALCUDIA-WA),
which was acquired across the central part of the Iberian Massif (Figures 1–3). This ~310 km long transect
starts at the boundary with the Ossa-Morena Zone (OMZ) and goes across the Central Iberian Zone (CIZ)
until the Central System (CS) mountain range. The Iberia deep seismic reflection profile (IBERSEIS) normal
incidence and wide-angle seismic reflection data [Simancas et al., 2003; Carbonell et al., 2004; Flecha et al.,
2009; Palomeras et al., 2009, 2011a] were acquired in the southwestern part of the Iberian Peninsula
(Figure 1). The ALCUDIA normal incidence and wide-angle seismic reflection data constitute the northern
extension of the IBERSEIS seismic experiments (Figure 1). The ALCUDIA normal incidence deep seismic
reflection transect (ALCUDIA-NI) provided high-resolution structural image of the crust and upper mantle
[Martínez Poyatos et al., 2012; Ehsan et al., 2014]; however, the physical properties (P and Swave velocities and
densities) and composition of the crust were not constrained by this seismic experiment. This implies that
previous estimations of the crustal thickness lack the constraints that allow time to depth conversion of
seismic data sets and gravity modeling of Bouguer anomaly data. However, the calculation of the crustal
thickness is the key to understand the increase in the topography as we approach the CS mountain range.
The present analysis of the ALCUDIA-WA data places unique constraints on the physical properties and
composition of the crust of the CIZ (Figures 2b and 3). The main objectives of ALCUDIA-WA are (1) to derive a
well-resolved P wave velocity model, (2) to place key constraints on the nature and composition of the crust
and upper mantle, (3) to provide insights on the large-scale structures/boundaries, (4) to determine the
crustal thickness based on the reflections associated with the crust-mantle boundary, and (5) to assess the
implications of the previous points into the tectonics and evolutionary processes of the lithosphere and its
topography. In summary, the ALCUDIA-WA provides an excellent opportunity to study the distribution of
physical properties of an old intracontinental orogenic region with limited knowledge on the nature of the
structures below the surface.

Figure 1. Map indicating the location of the study area (blue rectangle) within the Iberia. The location of normal incidence
and wide-angle profiles (IBERSEIS and ALCUDIA) is indicated over the tectonic map of the Iberian massif. The study area,
highlighted by a blue rectangle, is presented in more detail in Figures 2a and 3.
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2. Geological and Geophysical Setting

The Iberian Massif represents an almost continuous section of the so-called Variscan-Alleghanian orogen,
which resulted from Late Paleozoic collision between two main paleocontinents: Laurentia-Baltica to the
north and Gondwana to the south [Franke, 2000; Matte, 1986, 2001]. The Iberian Massif is made up of six
continental fragments, some of them with suture units in between (Figure 1). The Cantabrian Zone and the
South Portuguese Zone (SPZ) represent the external zones, while the Western Asturian-Leonese Zone, the
Galicia-Tras-os-Mostes Zone, the CIZ, and the OMZ are the internal zones of the Iberian Massif (Figure 1)
[e.g., Simancas et al., 2001, 2003]. The CIZ is bounded to the south by the Badajoz-Cordoba Shear Zone
[Burg et al., 1981], later redefined as the Central Unit (CU) [Azor et al., 1994]. It is a 5 km wide zone
considered to be the tectonometamorphic boundary between the CIZ and the OMZ, i.e., its suture. It is
limited to the south by the Azuaga fault and to the north by the Matachel fault (Figures 2a and 2b).

The main geological features of the CIZ include [Martínez Catalán et al., 2004] (1) Neoproterozoic to Lower
Cambrian flysch sedimentary successions (Schist-Greywacke Complex, Serie Negra) related to the Cadomian
orogeny along northern Gondwana, (2) Lower Ordovician orthogneisses (continental rifting), (3) Ordovician to
Devonian succession (continental platform), (4) Devonian to Carboniferous deformation and metamorphism
(Variscan collision), (5) Mississippian flysch succession related to intracollisional extension, and (6) Pennsylvanian
migmatites and granitic batholiths (syn to late Variscan orogeny). The CIZ is subdivided into two tectonic
domains [Martínez Catalán et al., 2004]: (1) in the north, the Ollo de Sapo Domain is characterized by Lower
Ordovician glanular gneisses and Variscan recumbent folds; (2) in the south, the Schist-Greywacke Complex
Domain is characterized by a thick Neoproterozoic-Lower Cambrian flysch sedimentary succession and Variscan
upright folds. The ALCUDIA-WA samples a complete transect of the Schist-Greywacke Complex Domain

Figure 2. (a) Geological map of the survey area with the layout of the ALCUDIA-NI and ALCUDIA-WA seismic reflection profiles. The shot locations (A1 to A5) and
Common Depth Point (CDPs) are also indicated along both seismic data sets. The main ALCUDIA-WA transect selected for P wave velocity model is also marked.
(b) Geological cross section along the dashed gray line in the map. The surface geological cross section is derived from the data collected in the field.
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(Figures 1, 2a, and 2b). Toward the north, it is covered by the Tajo Basin (TB), a Cenozoic fore deep of the CS, an
Alpine mountain range [de Vicente and Muñoz-Martín, 2013].

SW Iberia has been sampled by controlled-source seismic reflection experiments that include normal
incidence [Simancas et al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014] and
wide angle [Palomeras et al., 2009, 2011a]. These were acquired within two main research programs: The
IBERSEIS and the ALCUDIA projects [Simancas et al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012;
Ehsan et al., 2014]. Together, they constitute an almost 600 km long crustal transect aimed to address the
crustal structure and the physical properties of the central and the SW Iberian Massif. The images obtained
from IBERSEIS and ALCUDIA normal incidence profiles reveal that the crust is more reflective than the upper
mantle [Simancas et al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014]. The
crustal internal architecture is variable, thus suggesting the existence of a number of different processes,
lithologies, and terranes across the SW Variscan orogen. However, common features exist in both transects: (1)
a prominent boundary between the upper crust and the mid-lower crust and (2) a clear Moho discontinuity
located at 10 s to 11 s two-way traveltime (twtt) [Simancas et al., 2003, Figure 3; Martínez Poyatos et al., 2012,
Figure 4; Ehsan et al., 2014, Figure 4]. Both discontinuities are suggested to act as decoupling surfaces
[Simancas et al., 2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014]. The IBERSEIS normal
incidence deep seismic reflection profile imaged a ~3–5km (1–2 s) thick and ~175km long, high-amplitude
reflective band at midcrustal levels (~4.5 s twtt) [Simancas et al., 2003, Figure 3]. This midcrustal, sill-like structure
(IRB, the Iberseis Reflective Body) was interpreted as a layered magmatic body [Simancas et al., 2003]
intruded along the brittle/ductile transition and was not observed to the north, in the ALCUDIA-NI
seismic section. In the latter, the most outstanding features are (1) a thick and very reflective mid-lower
crust with ductile boudinage structures approximately 7 km long and (2) an upper mantle wedge
[Martínez Poyatos et al., 2012; Ehsan et al., 2014]. The seismic character in the vicinity of the crust-mantle
transition is laterally variable: it changes from sharp, high-amplitude reflectivity beneath the SPZ to
diffuse and discontinuous below the OMZ and to highly reflective again under the CIZ [Simancas et al.,
2003; Carbonell et al., 2004; Martínez Poyatos et al., 2012; Ehsan et al., 2014].

The IBERSEIS wide-angle seismic reflection experiment has proved to be very successful in placing constraints
on the distribution of structures and physical properties in the upper lithosphere [Flecha et al., 2009; Ayarza
et al., 2010; Palomeras et al., 2011a]. It consisted of two profiles (A and B), ~250 and ~300 km long, respectively,
oneof themcoincidentwith the IBERSEIS normal incidence experiment [Palomeras et al.,2009, 2011a, Figure 1].

Figure 3. Bouguer gravity anomaly map of the survey area showing the location of the ALCUDIA-NI and ALCUDIA-WA seismic
reflection profiles. The shots point locations of the latter are also indicated.
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The Moho is located at ~32 km depth
although some crustal thickening is
depicted around the CU, coinciding with
the location of the IRB. The structural
image obtained from the IBERSEIS wide-
angle, low-fold stack section, and from
the syntheticmodeling reveals a strongly
heterogeneous crust and relatively
complex structures for the crust-mantle
transition beneath the OMZ when
compared to the SPZ and the CIZ [Flecha
et al., 2009]. The S wave structure and
Poisson’s ratio models were calculated
to place further constraints on the
possible rock types that make up the
crust in the SW Iberia [Palomeras et al.,
2011a, Figures 5 and 6]. Furthermore,
multidisciplinary potential field

lithospheric modeling that included gravity, heat flow, geoid, and topography provided further support to the
crustal model and constrained the geometry of the lithosphere-asthenosphere boundary [Palomeras et al.,
2011b, Figures 4 and 5].

Different geophysical approaches have also been used to constrain the models derived from the IBERSEIS
and ALCUDIA seismic experiments. A 200 km long magnetotelluric (MT) transect, overlapping the IBERSEIS
normal incidence profile, was acquired across the SW Iberian Massif. The resulting models reveal distinctive
electric conductivities for the SPZ, the OMZ, and the southern CIZ [Pous et al., 2004, Figure 5]. A 120 km
long high-conductivity layer extending along the OMZ coincides with the IRB at midcrustal depths,
suggesting that the two are probably related [Pous et al., 2004, Figure 3]. Another MT transect was
acquired overlapping the ALCUDIA-NI profile [Pous et al., 2011]. It featured distinctive upper crust
conductive bodies that correlate with the surface geology, and a mild but persistent mid-lower crust
conductivity layer. Bouguer gravity anomaly modeling [Ayala, 2013; García-Lobón et al., 2014] has also
provided additional control to the shallow crustal structure studied by the ALCUDIA-NI section.

The ~310 km long ALCUDIA-WA transect is the latest effort carried out to unravel the structure and
composition of central Iberia. Acquired in spring 2012, it overlaps the trace of the ALCUDIA-NI transect
(Figure 2a) providing the keys to establish the link between normal incidence time sections and depth
sections. The integration of both data sets will contribute to establish a structural and compositional model of
this internal area of the Iberian Massif, in the same way that the IBERSEIS transects achieved it for the SPZ
and the OMZ.

3. The ALCUDIA Wide-Angle Seismic Reflection Profile: P Wave Data
3.1. Acquisition

The acquisition design included three lines of receivers, having a total length of ~350 km (Figure 2a). The
main line, the so-called ALCUDIA-WA (Figures 2 and 3), is ~310 km long strikes NE-SW to NNE-SSW, it is
approximately perpendicular to the structural grain. A ~40 km long line of receivers that trends NNW-SSE
was deployed perpendicular to the CS mountain range. Over 900 TEXANS (single component, digital
recording seismic station) from the IRIS-PASSCAL Instrument Pool were deployed from the northern
boundary of the OMZ to the alpine thrust representing the southern boundary of the CS (Figure 2a). The
entire ALCUDIA-WA survey had a nominal shot and receiver spacing of 70 km and 400m, respectively.
Five explosive sources (A1 to A5, Figure 2a), each one consisting in 1 TM of explosive, were placed in
~55m deep single boreholes (Table 1), providing a signal rich in high frequencies resulting in shot records
characterized by high signal-to-noise ratio. For this reason, these data can be qualified as a high-resolution
wide-angle data set. This manuscript analyzes the data provided by four shots of the ALCUDIA-WA main
transect (Figures 2a and 3). The acquisition geometry with regard to shot A1 (Figure 2a) can introduce

Table 1. Data Acquisition Parameters for ALCUDIA-WA Transect

Survey Parameters

Type of survey 2-D crooked line
Recording system IRIS-TEXANS (RT125A)
Nominal spread Asymmetrical split spread

Energy Source Parameters
Source type Chemical explosive
Nominal shot depth 50–60 m
Nominal shot interval 60–80 km
Nominal shot size 1000 kg
Shot design Single borehole
Total no. of shots 5 (1 TM each)

Recording Parameters
Geophones Single component, 10 Hz
Nominal active channels 900
Nominal receiver interval 340–600 m
Recording length 80 s
Sampling rate 4 ms
Total length 350 km
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traveltime complexities and uncertainties in the quantitative interpretation. Therefore, shot gather A1 was
excluded in the current contribution and only shot gathers A2–A5 are considered in the numerical modeling.

3.2. Processing

For the purpose of phase identification and traveltime picking, raw and processed shot records were
analyzed throughout processing. The main focus of the processing was to enhance the P wave phases, and,
for the purpose of this manuscript, special attention was paid to the first 30 s of the shot records. The
processing included amplitude corrections for spherical spreading (amplitude gain and scaling), analysis of
the frequency content in order to design appropriate band-pass filters (Figure 4), and amplitude balancing. A
reduction velocity of 8.0 km/s was used for display purposes (Figures 4–7).

Frequency analysis reveals that different crustal Pwave events present on the shot records feature frequencies
from 4 to 25 Hz (Figures 4 and 5). The main phases, PmP and PiP, have frequencies between 10 and 20 Hz
but are already resolved by low-frequency band-pass windows, from 2 to 8 Hz and from 2 to 13 Hz,

Figure 4. (a–d) Example of amplitude spectra of themain seismic events (interpreted as PiP, PmP, and SmS) for raw shot gather A3. The shot gather is displayed with a
reduction velocity of 8.0 km/s. Note the wide range of frequencies present in PiP (Figure 4a) and its reverberative character. In general, high amplitudes exist up to
frequencies of 20 Hz.
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respectively (Figures 5a and 5b). As thewidth of the band-pass filter is increased, the imaged events revealmuch
of the associated coda, suggesting a notable increase in the structural complexity. Note, for example, that
the reflectivity just beneath the PiP is enhanced when a band-pass filter of 10–20Hz or 16–32Hz is applied,
suggesting a laminated structure between PiP and PmP. Furthermore, when high frequencies are considered,
the PmParrival can be identified at normal incidence (Figures 5c and5d). This unusual observation inwide-angle
shot records is possible, thanks to the narrow trace spacing and the bandwidth of the seismic source, and
will contribute greatly to define the Moho. For the conventional model interpretation, a band-pass filter
between 5 and 20Hz (5–8–18–20Hz) was applied to the shot records in order to reduce source-generated
noise, to improve the data quality, and to enhance the reflectivity of the principal arrivals. The application of a
predictive Wiener deconvolution using a 250ms operator and a 16ms gap length had a great influence on the
resolution and helped to reduce the noise, whitening the frequency content of the seismic signal. After this

Figure 5. Band-pass filter panels applied over shot A3 with a reduction velocity of 8.0 km/s. (a) Frequency filter: 0.25, 2, 6,
8 Hz shows already a very conspicuous PmP, (b) frequency filter: 6, 8, 12, 15Hz brings out PiP, (c) frequency filter: 10, 12, 18, 20Hz,
and (d) frequency filter: 18, 20, 30, 35 Hz shows the very reflective character of the crust between PiP and PmP. At the low
frequency in Figures 5a and 5b, phases can be interpreted only at far offsets. In the highest frequency in Figures 5c and 5, an
almost continuous band of reflectivity is observed between PiP and PmP from normal incidence to far offsets.
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processing sequence (Table 2), a series of high-amplitude events (retaining true relative amplitude information)
are identifiable within the crust and down to Moho depths.

3.3. Data Description

The shot gathers (A2 to A5, from south to north, Figures 2a and 3) show good quality and clear P wave
arrivals from the boundary between the upper and mid-lower crusts, the Moho and the upper mantle

Figure 6. (a–d) The four shot gathers, from south to north, A2, A3, A4, and A5 across the main ALCUDIA-WA reflection
transect. A band-pass filter from 5 to 20 Hz was applied to enhance the reflectivity of the main P wave arrivals (Pg, PiP,
PmP, and Pn). Pg is the first Pwave arrival, PiP is the Pwave reflected phase at boundary between the upper and mid-lower
crust, and PmP is the P wave reflected from the crust-mantle transition (Moho discontinuity). Pn is the P head wave traveling
within the upper mantle. Data are displayed with a reduction velocity of 8.0 km/s to enhance the mantle phases.
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(Figures 6a–6d). The presence of laterally limited events is occasional. The identified phases can be
correlated from shot to shot and, therefore, are interpreted to correspond to the same structure or
interface. The correlation is based on the similarities between time-offset relations and amplitudes of the
events. The identified phases Ps, Pg, PiP, PmP, and Pn constrain a layered crustal model consisting of
sediments, an upper crust, mid-lower crust, and mantle. Details in the slope of the direct arrivals, Ps and Pg,

Figure 7. (a) Theoretical traveltime branches predicted by the P wave velocity model generated by the Zelt and Smith
[1992] algorithm. A good fit exists between the observed phases and the model prediction. Reduction velocity is
8.0 km/s. The processing parameters for data are the same as in Figure 6. (b) Raypath coverage along the main ALCUDIA-WA.
Ray coverage in the upper and mid-lower crust is good. The Moho discontinuity is sampled at normal incidence in shot A5.
Upper mantle sampling gets down to 40–42 km. The ray tracing diagram shows the lack of rays for the southernmost edge of
the profile.
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are consistent with surface geology (Figures 2a and 2b). The direct arrivals and the reflected P wave arrivals
at the Moho (PmP) are the most outstanding events (Figure 6). The Pg phase is observed up to large
offsets, and the P wave reflected arrivals from the boundary between the upper and mid-lower crust (PiP)
feature relatively high amplitudes. The PmP phase can be followed in all shot gathers from normal incidence
to until ~120km offset. A critical refraction at the Moho boundary through the upper mantle, the Pn phase,
is identified for offsets larger than 120km across all the shot gathers.

Note that for shot records A2 and A3, the observed PmP intercept time is ~10.5 s reduced traveltime
(Figures 6a and 6b). However, shot gather A4 (Figure 6c) reveals a clear shift in arrival times for this phase at
near offsets: for the southern branch, the PmP phase identified between �7 km to �13 km offsets shows
reduced traveltimes of 9.5 s to 10.3 s. To the north, between +9 km to +15 km offsets, the observed reduced
traveltimes are higher, varying from 10.9 s to 10.3 s. Finally, the recorded PmP phase intercept time for shot
gather A5 is ~11.8 s. In summary, the intercept time of the PmP event varies from south to north between

~10.5 s and ~11.8 s. In the same way, the
critical distances and times at which this
phase is observed increase from 75 km
and 6.2 s in shot A2 to almost 90 km and
7 s for shot A5. This implies that either
the crust thickens or the velocities
decrease from south to north. Also, the
PmP phase features a ~1 s coda in all the
shot records, suggesting the existence
of reverberative structures at deep
crustal levels. A clear subcrustal P wave
refracted phase (Pn) is identified at far
offsets (higher than 120 km). This phase

Figure 7. (continued)

Table 2. The Principal Processing Parameters for ALCUDIA-WATransecta

Processing Module Parameters

1. Read SEGY formatted data SEGY 80 s
2. Band-pass filtering 5–8–18–20 Hz
3. Wiener deconvolution Gap-deconvolution filter length

250 ms, gap length 16 ms
1% Prewhitening

4. SD compensation Forward
5. Reduction velocity 8 km/s

aSEGY is a standard storage format developed by the Society of
ExplorationGeophysicist. SU Seismix Unix is a seismic reflection processing
software package developed by the Colorado School of Mines.
SD = Spherical divergence correction.
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is more prominent in shot gathers A4 and A5, where it appears dipping to the near offsets, suggesting Pwave
apparent velocities above 8.0 km/s. These values could represent real P wave velocities above 8.0 km/s or a
crustal thinning to the south.

3.4. Results: P Wave Seismic Velocity Model

A 2-D crustal velocity model was determined from the wide-angle shot records using Zelt and Smith [1992]
ray tracing software. The algorithm follows a two-dimensional ray tracing approach that accounts for all
arrivals in all shot records to compute a single P wave velocity model. To undertake the 2-D modeling, the
source and receiver positions have been projected perpendicular onto a reference line containing offset
information. The velocity and boundary nodes of the starting model were first defined, and an iterative
method was adopted for the fast ray tracing traveltime computations. We pursued a simple layer stripping
approach and began with Ps and Pg phases to place constraints on the shallowest segments of the velocity
model. Then, the crustal phase (PiP), the Moho, and the upper mantle events were included in the model. The
observed traveltimes were brought into agreement with calculated traveltimes by trial and error.

The resulting Pwave velocitymodel is approximately 280 km long. Following the surface geology, it samples, from
south to north (Figures 2a and 2b) the CU, the CIZ, and the TB. The Pwave seismic velocity model (Figures 7b and
8b) has a layer cake velocity structure, which includes lateral velocity variations, mostly within the upper crust. This
shallow velocity variations are consistent with surface geology and are well constrained down to ~20km depth.

In the southern part of the velocity model (Figure 8b), the long Pg phase features changes in its slope that
allow us to identify the presence of two layers in the upper crust; first a shallow ~5 km thick velocity gradient
appears from 5.2 km/s to 5.8 km/s that could represent the CIZ low-grade metasediments. Then, from 5 km
down to 13 km depths, the velocities increase up to 6.2 km/s and may correspond to the pre-Variscan
basement. PiP constrains a relatively sharp velocity contrasts between this layer and the mid-lower crust,
where the P wave seismic velocity jumps to values of 6.6 km/s. In addition, the coda shown by PiP in some
shot gathers (e.g., A3 and A5, Figure 6) reveals a complex transition to the next layer. This interface increases
in depth toward the north. At approximately 200 km from the southern end, it is located at 20 km depth. From
this crustal level to the base of the crust, velocities increase from 6.6 km/s to 7.2 km/s. PmP constrains the
position of the base of the crust between 31 and 32 km in this area with a sharp velocity increase from
velocities of 7.1–7.2 km/s to values over 8.0 km/s. A conspicuous coda characterizes this phase in most shot
gathers, also suggesting the existence of complex, reverberative structures in the lower crust and Moho.

To the north, the Ps and Pg phases identified in shot records A4 and A5 place constraints on the velocities
that characterize the TB (Figure 8b). The relatively thick basin (2000m on average, but up to 3800m in
areas close to the CS) [de Vicente and Muñoz-Martín, 2013] features average P wave seismic velocities close
to 3–4 km/s. Velocities have a sharp increase to values of 6 km/s, typical of the basement, at depths over
2 km. From the base of the sedimentary basin to 15 km depth, the seismic data shows a relatively steep
gradient where velocity exceeds values of 6.4 km/s in the limit with the lower crust. This part of the section
also features a smooth increase in the depth of the Moho. Crustal thickness is calculated by inverted PmP
phases at a depth of 35.5 km at the northern end of the transect. The lower crust occupies the interval
between 20 and 35.5 km depth and shows velocities within the range of 6.6–7.2 km/s, similar to those found
in the southern part of the section. Note that a significant lateral velocity variation has been constrained by
the seismic data (Figures 7b and 8b) in the upper crust when taking into account the entire section. This is
easily identifiable by following the trajectory of the 5.8–6.4 km/s isolines, from south to north. This gradient
agrees with surface geology, which reveals that important lithological changes take place. Low-grade
metasediments prevail in the uppermost crust for most of the profile. However, from the Mora pluton to the
north, excluding the shallow TB, felsic to intermediate plutonic rocks and high-grade metamorphic rocks are
the dominant lithologies. The change in P wave velocities is accompanied by a gradual increase in crustal
thickness. Both features will be addressed in section 5.

3.5. Model Resolution and Uncertainties

The derived P wave velocity model (Figure 8b) reproduces the picked traveltime branches with a very good
agreement (0.1–0.2 s, Figure 7a). The observed misfits are expectable since there are always factors that
contribute to the mismatch between modeled and observed traveltimes, the most important of them being
the acquisition geometry itself. The acquired data follows a crooked pattern that is later projected onto a
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Figure 8. (a) Geological cross section and (b) crustal Pwave velocitymodel for themain ALCUDIA-WA obtained by iterative (layer stripping) ray tracing. Two velocity-depth
functions are estimated over the highlighted blue and black rectangles and are shown in Figure 8f. Themajor crustal interfaces are also highlighted (white dashed lines) on
themodels. (c) Observed (red line) and calculated (black line) Bouguer gravity anomaly along elevation profile and (d) derived crustal and uppermantle densitymodel. Note
that the conversion of P wave velocities to densities was done by using the empirical formulation from Brocher [2005]. It provides an almost perfect fit between the
observed and the calculated Bouguer gravity anomaly. This complements the velocity model for a better lithological interpretation. (e) For the purpose of comparison, the
ALCUDIA-NI profile, converted to depth using the Pwave velocities obtained in this work, overlies the velocity model. Note the correlation (good fit) between the locations
of the crustal interfaces (including the Moho) in both data sets. (f) The distribution of velocities (blue and black lines) derived from the 2-D velocity model from the main
ALCUDIA-WA compared with standard velocity-depth functions (red line) for average continental crust, extended crust, rifts, and continental arcs [from Christensen and
Mooney, 1995].
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straight line. This procedure enables to carry out a 2-D model but implies errors that are most important
when the structures are not strictly perpendicular to the acquisition and projection line. In those cases,
stations lying into a particular lithology maybe projected onto a different one. Other contributions to
traveltime mismatches include the topography along the line. Note that there is a 600m variation in the
altitudes along the profile, with local oscillations (short wavelength, on the order of 10 km) that go from tens
to 150m, caused by the different outcropping lithologies or the structures. These altitude variations produce
traveltime errors that may get up to 0.05 s, assuming a P wave velocity of 3 km/s. Near-surface velocity
variations can also add up errors in the modeled traveltimes. However, the weathering layer is very thin and
most of the surface outcrops are characterized by relatively high velocities, which decrease the static shifts
to values of around 0.01 s. Errors due to lack of consistency/homogeneity during the traveltime picking
procedure is another source of error. This source of error is very dependent on the predominant frequencies
of the arrivals, being larger at the lower frequencies. Phases with frequencies around 4–5Hz, and an average
velocity of 4000m/s, lead to picking traveltime uncertainties of 0.05 s. The considered mismatches may
account for velocity errors ranges between 0.1 and 0.2 km/s and depth uncertainties on the order of 0.4 km,
which is considered to be nonrelevant for the interpretation of the model.

Lateral resolution is constrained by the length of the identified phases and by that of the areas sampled by
rays sampling each interface. Figure 6 shows the phases picked in every shot record, revealing that energy
is sometimes followed from normal incidence (0 km offset) to offsets above 150 km. Long Pg and PmP
phases are observed throughout the experiment, thus providing good constraints on the geometry of the
interfaces at long offsets. Figure 7b shows the range of distances in which each interface is sampled. Note
that the geometry and depth of the Moho and the crustal average velocities are controlled along most of
the profile. Only the southernmost 40 km lacks the information provided by incident rays (Figure 7b).

4. Bouguer Anomaly Gravity Constraints

The 2-D projection of the Bouguer gravity anomaly (Figure 3) along a 30 km wide strip centered at the
seismic transect varies from slightly positive values (10 mGal) to the south, in the CU area, to strongly
negative values (�120 mGal) to the north (Figure 8c). Note that, along the profile, the average topography
is relatively high, centered at, approximately, 600–700m (Figure 8c). A qualitative analysis suggests that the
regional trend of the anomaly is indicative of an increase in crustal thickness to the north. The displayed
overall variability of the measurements which is revealed by the standard deviation of the projected values
(Figure 8c) is relatively low, except in the areas corresponding to the Los Pedroches and Mora Batholiths.
Here the existence of elongated granitic bodies, although perpendicular to the transect, hinders the 2-D
assumption and increases the variability of the anomaly. Nevertheless, the good knowledge of surface
geology assures the reliability of the model.

In order to study the compatibility of the P wave velocity model with the observed Bouguer gravity
anomaly [Ayala, 2013], the velocity model was converted to densities using the empirical relations by
Brocher [2005]. This formulation is applicable to most lithologies, although caution must be used when
working with mafic and calcium-rich rocks. Specific average densities for the shallowest features include
values of 2520 kg/cm3 for the “Los Pedroches” Batholith area and of 2300 kg/m3 for the sediments within
the TB. A density range from 2600 kg/m3 to 2670 kg/m3 is calculated for the uppermost crust down to
~5 km depth (Table 3). The rest of the upper crust is characterized by a density range from 2800 kg/m3 in
the north to 2750 kg/m3 in the south (Figure 8d). The mid-lower crust has a constant density of 2950 kg/m3.
For the uppermost lithospheric mantle, the density is 3300 kg/m3. Overall, the observed and calculated
gravity anomalies are in relatively good agreement (Figure 8c). The most important feature of the gravity
model is the northward increase in the crustal thickness and density. This feature, already identified in the P
wave velocity model, contrasts with the constant traveltime (twtt) at which the Moho is observed in the
vertical incidence section. The gravity model shows how the increase in the crustal velocities to the north
needs to be compensated by an increase in crustal densities and by the deepening of the Moho (increase in
crustal thickness). This reflects in the decrease of the long-wavelength Bouguer gravity anomaly illustrated
in Figure 8c.

Regarding the short wavelength components of the anomaly, the slightly positive values at the southern
end of the transect can be associated to the suture zone (the CU: high-grade metamorphics with slices of
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mafic rocks) and Variscan mafic igneous rocks in that area. The minimum observed at 60 km is related to
the Los Pedroches batholith. Finally, the minimum values observed to the northern end of the transect are
related to the low-density sediments of the TB. Even though the basin-scale wavelength of the anomaly is
explained by the basin itself, the smooth northward decrease in the gravity anomaly reflects changes
already constrained by the P wave velocity model: smooth increase in crustal thickness and an increase in
seismic velocities (and densities) toward the northern end of the transect.

5. Discussion
5.1. Constraints of the P Wave Velocity Model on the Lithology

The composition and nature of the subsurface rocks may be constrained by the P wave velocities and
the derived density model (Figures 8b and 8d). Laboratory measurements of seismic velocities at high
temperature and confining pressures on different crustal rock types [e.g., Carmichael, 1989; Christensen and
Mooney, 1995] may be compared with our Pwave velocity model in order to get hints about the lithologies
conforming the subsurface. As thermal gradients and pressure have an influence on the P wave velocity of
rocks [Kern, 1978; Christensen and Salisbury, 1979; Kern and Richter, 1981], laboratory velocity measurements
used in this paper are corrected for the effect of temperature using a geothermof 20° C/km, assumed to exist in
the region, not too different from the one proposed to the south byMarzan [2000] and used by Palomeras et al.
[2011b]. A large number of common crustal rock types have similar Pwave velocity [Christensen and Mooney,
1995], so density values will be used to partly decrease the uncertainties (Table 3).

Pwave velocities are laterally variable in the upper crust and feature velocities within the range of 5.2 km/s to
6.6 km/s (Figure 8b). To the south of shot A4, the upper crust can be divided into two layers: a near-surface
layer, ~5 km thick, reveals a velocity gradient from 5.2 km/s to 5.6 km/s. The resulting densities (Figure 8d)
range from 2520 kg/m3 to 2670 kg/m3. To the north, the TB is characterized by velocities of 3.3 km/s to
4.0 km/s and an average density of 2300 kg/m3. Within the CU, the CIZ and the TB, the outcropping lithologies
(Figures 2a, 2b, and 8a) are consistent with the velocities and densities of the proposed model. The most
compatible rocks in the uppermost crust for these velocities and densities include: granite, granodiorite, slate,
greywacke, schist, gneiss, sandstone, limestone, and quartzite, most of them outcropping along the section.

Underneath the near-surface layer, velocities increase from 5.6 km/s up to 6.2 km/s at 13–20km depth. In the
model, the corresponding density ranges from 2750 kg/m3 to 2800 kg/m3 for this layer (Figure 8d). However,
below the TB, P wave velocities vary from 6.0 km/s to 6.4 km/s at 15–20km depth implying higher velocities
with a, however, smoother gradient. These higher velocities can be explained by the presence of igneous
rocks of acidic or intermediate character and/or to lithologies with a higher degree of metamorphism.
The compatible rocks for this specific layer include slate, diorite, granodiorite, gneiss, felsic granulite, and
greywacke [Birch, 1960; Christensen and Mooney, 1995] and may correspond to a high-grade/igneous Variscan
or pre-Variscan basement. To the north, some of these lithologies are observed in local outcrops.

Table 3. Corresponding Rock Types for the Temperature-Corrected P Wave Velocities and Densitiesa

Depth (km) Velocity (km/s) Density (kg/m3) Rock Types

0–5 3.3–4.0 2300 Cenozoic sediments granite and granodiorite (Pedroches batholith), slate and greywackeh

5.2–5.6 2520
5.4–5.8 2600–2670 metasedimentary rocks: slate, greywacke, schist, gneiss, sandstone, limestone, quartziteh

- 2900 interbedded thin layers of basaltsh

5–20 5.8–6.6 2750–2800 slate, diorite, granodiorite, gneiss, felsic granulitee; greywackeb

20–32 6.6–7.2 2850–2950 amphibolite, diabase, mafic granulite, gabbro noritee; kyenite schistc; gneissf

32–50 7.2–8.2 3300 mixture of mafics and ultramafics (Iherzolite, harzburgite(d,g); pyroxenite, dunite, peridotitee; eclogite d,g)
with a dominant composition of pyroxenite

aData modified from Hawman et al. [1990].
bBirch [1960].
cChristensen [1965].
dCarmichael [1989].
eChristensen and Mooney [1995].
fRudnick and Fountain [1995].
gKern et al. [1999].
hGarcía-Lobón et al. [2014].
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The velocities and density values within the mid-lower crust, from 13 to 20 km depth to the Moho, are more
homogeneous and perform small lateral changes (Figures 8b and 8d). This shows that the CIZ represent a
unique precollisional terrane and that its Variscan orogenic evolution implies marked differences only at
upper crustal levels. The fact that the mid-lower crust is slightly thinner to the north (Figure 8b) may be
related to the existence of partial melt processes acting as differentiating mechanisms across the crust in
this area. The ALCUDIA-NI image [Martínez Poyatos et al., 2012, Figure 7; Ehsan et al., 2014, Figure 9] also
shows the thinner mid-lower crust to the north. The tectonic interpretation of the mid-lower crustal thinning
toward the north is associated with a ramp structure [Martínez Poyatos et al., 2012; Ehsan et al., 2014].
The upper part of the mid-lower crust shows a velocity of 6.8 km/s and a density value of 2850 kg/m3 at
20–23 km depths. From ~20 km depth down to the Moho, it features a smooth velocity gradient from
6.6–6.8 km/s to 7.2 km/s. A constant density of 2950 kg/m3 for the entire layer is a good representation of
the P wave velocities obtained for this layer. The rock types that are consistent with these velocities and
the computed densities include amphibolite, diabase, mafic granulite, gabbro norite, kyenite schist, and
gneiss [Christensen, 1965; Christensen and Mooney, 1995; Rudnick and Fountain, 1995]. The upper mantle
presents P wave velocities around 8.0 km/s and a density of 3300kg/m3. Consistent rock types are likely a
mixture of mafics and ultramafics rocks (Iherzolite, harzburgite, pyroxenite, dunite, peridotite, and eclogite)
[Carmichael, 1989; Christensen and Mooney, 1995; Kern et al., 1999]. The P wave velocity model (Figure 8b) is
gradual from the Moho to depths of 50 km, with a velocity range of 8.0 km/s to 8.4 km/s. However, we have no
control of the P wave velocity gradient below 40–42 km (Figure 8b); and therefore, we cannot extract any
conclusions about the composition. However, the most probable rock types interpreted at those depths
include dunite, eclogite, and peridotite [Carmichael, 1989].

The crustal composition inferred for the ALCUDIA-WA section would be greatly improved by the study of S
waves and the calculation of Poisson’s ratios. This parameter is sensible to the amount of quartz in the rocks
and can establish differences between different types of igneous rocks and crustal compositions. This subject
will be one of the scopes of future works to carry on with this good quality data set. Although the model
presented here agrees with all the geophysical observables acquired up to date, the recognition of specific
structures, processes, and lithologies is still subject to considerable ambiguity. These issues can only be
unraveled with the assistance of additional geophysical information, especially with the acquisition of deep
multiseismic reflection data in the CS and the northern part of the CIZ.

5.2. The Crust Beneath the Central Iberian Zone

The derived P wave velocity model (Figure 8b) from wide-angle seismic reflection data reveals the presence
of two crustal scale discontinuities. The first one, located approximately at 13 km depth to the south and
20 km depth to the north, is defined as a midcrustal discontinuity. The second one, the crust-mantle
discontinuity or Moho is located at 31 km depth to the south and 35.5 km to the north. The first interface
most probably represents the brittle/ductile transition, because of its depth and because of the seismic
fabrics it bounds. An intracrustal phase (PiP) is observed in all shot gathers (Figures 6a–6d) along the main
transect. This PiP phase placed strong constraints on the boundary between the upper and mid-lower crust.
The high-amplitude P wave reflected at the Moho discontinuity, the PmP phase, identified in the shot
gathers (Figures 6a–6d) constrains the crustal thickness beneath the CIZ and the TB.

The P wave velocity model (Figure 8b) reveals a relatively sharp velocity transition from 6.2 km/s to 6.6 km/s
capable of producing the moderately reflective PiP events. The velocity contrast across this interface is less
prominent toward the northern part of the profile, which might respond for the little reflectivity this event
shows in the northern part of shot A3. Where the wavelet identified as corresponding to this interface
features higher frequencies, a coda is observed suggesting interface changes in the internal structure and/or
the transition to a very reflective lower crust (Figure 4), i.e., a layered sequence of low- and high-velocity
lithologies. The velocity contrast would be relatively small; however, the layering should be within one fourth
of the predominant wavelength of the seismic wavelet so that constructive interference should be possible.

In the nearly coincident ALCUDIA-NI deep seismic reflection transect (Figures 2 and 3), a similar interface
was depicted on top of the very reflective and laminated mid-lower crust [Martínez Poyatos et al., 2012,
Figure 4; Ehsan et al., 2014, Figure 4]. There, the reflection fabric changes from high dips in the upper crust
to almost horizontal and probably boudinaged in the lower crust. This transect was divided in three
segments depending on the seismic reflection fabric and structures identified mainly in the lower crust
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[Martínez Poyatos et al., 2012, Figure 4; Ehsan et al., 2014, Figure 4]. Although Variscan shortening is
homogeneously distributed in the upper crust [Martínez Poyatos et al., 2012; Ehsan et al., 2014], the mid-lower
crust of the southern and northern segments is relatively more deformed than the central segment
[Martínez Poyatos et al., 2012; Ehsan et al., 2014]. In the central segment, the upper crust features synclinal
and anticlinal geological structures cored by the blind thrusts, whereas no shortening structures are
identified in the mid-lower crust [Martínez Poyatos et al., 2012; Ehsan et al., 2014]. The shortening is
concentrated mainly in lower crust of the southern and central segments [Martínez Poyatos et al., 2012;
Ehsan et al., 2014]. The ALCUDIA-NI transect shows that the upper and mid-lower crust reacted differently to
shortening in different segments, thus a decoupling zone (corresponding to the brittle/ductile transition)
was defined at ~13 km depth which separated the upper crust from the mid-lower crust [Martínez Poyatos
et al., 2012]. The results from experiments on shortening of layered analogue models [Davy and Cobbold,
1991; Burg et al., 1994; Brun, 2002] that incorporate the brittle/ductile rheological stratification of crustal
materials reveal similar features. The localized and/or distributed deformation is largely controlled by the
coupling/decoupling between brittle and ductile layers [Brun, 2002]. Similarly, in the IBERSEIS transects
[Simancas et al., 2003, Figure 3; Palomeras et al., 2009, 2011a, Figures 5, 6 8, and 9] acquired to the
southwest of the study area (Figure 1) a midcrustal discontinuity was also identified to be at 13–14 km
depth. In the latter, the fault associated structures imaged in the upper crust and the high reflectivity shear
zones observed in the lower crust had opposing dips, flattening out at that midcrustal boundary [Simancas
et al., 2003, Figure 3].

The second major interface is found at the base of the crust. The Moho boundary generates very high
amplitude reflections from near vertical (0 km) offsets to over 200 km offset (Figure 6). A sharp velocity
increase is modeled across this interface, from 7.1–7.2 km/s to values around 8.0 km/s, thus producing a
high-amplitude and relatively high frequency reflection, the PmP. Pn is imaged as a first arrival for offsets in
excess of 120–135 km. For reduction velocities of 8.0 km/s, it dips to the near offsets when the waves are
traveling southward (updip) and is nearly horizontal when the waves travel north (downdip), suggesting
again the existence of another north dipping boundary: the Moho. Accordingly, the velocity model reveals
significant differences in the depth position of this interface between the southern and northern end of the
profile. In the south, the crust-mantle boundary is located at 31 km, while to the north this interface is located at
35.5 km depth. Finally, the first arrival (Pg) evidences an increase in the velocities of the upper crust in the CIZ
from south (at the CU) to the north (at the southern boundary of the CS). These lateral variations in the crustal
thickness and physical properties have not been reported previously and constitute the most significant
results of the analysis and interpretation of the ALCUDIA-WA seismic reflection data set.

Similar to other multiseismic studies developed by Lithoprobe in Canada across the Trans-Hudson orogen
[Németh et al., 2005] and/or the normal incidence and wide-angle seismic reflection data acquired across
the southern Ural Mountains [Berzin et al., 1996; Carbonell et al., 1996, 2002], in the ALCUDIA sections there
is a correlation between structures mapped by both types of seismic data sets. However, the normal
incidence seismic reflection profile [Martínez Poyatos et al., 2012; Ehsan et al., 2014] and the overlapping
gravity study [García-Lobón et al., 2014] did not reveal a significant variation in crustal thickness from south
to north. The ALCUDIA-NI profile is ~65 km shorter than the ALCUDIA-WA profile, and it does not reach the
TB and the southernmost boundary of the CS (Figures 2b and 3). Furthermore, no detailed wide-angle
crustal velocity information was available before the current study so that reliable time to depth conversion
could not be attempted. Once the time-migrated stack of the normal incidence profile is converted to
depth using the wide-angle velocities, a coincidence in the Moho images is resolved (Figure 8e). However,
prestack depth migration should be carried out using the calculated P wave crustal velocities in order to
assess the accurate depths of the crustal boundaries. The normal incidence section [Martínez Poyatos et al.,
2012, Figure 4; Ehsan et al., 2014, Figure 4] reveals a high-amplitude reflective fabric to the south at 13–15 km
depth, depicting a break between the poorly reflective upper crust and the laminated lower crust (Figure 8e).
This boundary approximately coincides with the proposed brittle-ductile transition constrained by the wide-
angle data. On the other hand, a Moho event that dips into the mantle at 60 km from the southern end of the
line is not imaged by the wide-angle data (Figure 8b). Further to the north and near the location of shot A4
(~200 km), the normal incidence data reveal a clear pinch-out at 20 km depth [Martínez Poyatos et al., 2012,
Figure 7; Ehsan et al., 2014, Figure 9] interpreted as a ramp structure. This is related to a geometrically similar
velocity/density anomaly detected from wide-angle and gravity modeling (Figures 8d and 8e). Finally, the

Tectonics 10.1002/2014TC003661

EHSAN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 550



poorly reflective boundary observed in the vertical incidence data and interpreted as the brittle-ductile
transition is located at around 20km in its northern end, which again overlaps the interface between the
upper and mid-lower crust as deduced in the P wave velocity model.

The crustal model (Figure 8b) obtained for the CIZ on the basis of the ALCUDIA-WA profile differs from that
obtained for the southernmost CIZ using the IBERSEIS wide-angle seismic reflection data set (Figures 5 and 6)
[Palomeras et al., 2011a]. The latter was acquired to the southwest of the ALCUDIA experiment and even
though they structurally overlap in a section that extends 100 km to the north of the CU into the CIZ, the
velocity structure is different. The IBERSEIS data set samples an area where a high-velocity midcrustal body,
the IRB, has been identified [Simancas et al., 2003, Figure 3]. The size (175 km long) and physical properties
of this laccolith-type intrusion determine some variations in the crustal thickness. The high velocities at
midcrustal levels suggest the presence of mafic mantle-derived rocks [Palomeras et al., 2009, 2011a]. In the
IBERSEIS-A section, crustal thickness in the CU area is around 35 km [Palomeras et al., 2011a, Figure 5].
Section B, located to the east of section A [Palomeras et al., 2011a, Figure 6], and closer to the ALCUDIA-WA
profile, already shows a shallower Moho in the CU (33–34 km). In both cases, this interface shallows to the
north getting to 31–32 km, the same values as those estimated by the ALCUDIA-WA profile (Figure 8b).
Apart from this local difference, both experiments get similar results regarding overall crustal velocities
(excluding the IRB) and crustal thickness of the southern CIZ. Together, they provide a 600 km long
structural and velocity model of the SW Iberian Massif.

5.3. Origin of the Crustal Thickening/Moho Deepening

The distribution of velocities derived from the 2-D velocity model (Figures 8b and 8f) across two sections
(one to the south and a northern one) from the ALCUDIA-WA seismic reflection profile are compared with
standard velocity-depth functions for different types of crust [Christensen and Mooney, 1995]. The velocity-
depth function (Figure 8f) to the south of shot A4 features relatively lower velocity values for the upper crust
(blue box in Figure 8b) than those obtained to the north of shot A4 (black box in Figure 8b). Even though the
velocities in the upper crust from both profiles differ, they match those found on average continental crust.
However, at middeep crustal levels, velocities are close to those found in rifts and extended crust [Christensen and
Mooney, 1995], suggesting the existence of extensional and melting processes affecting the crust, which have
been already described to the north, near the CS. Note that the lower crust appears to have similar average
velocities in both cases (Figures 8b and 8f). Note also that the average topography (Figure 8c) stays at nearly the
same level of 600–700m except for limited local variations due to contrasting lithologies at surface. These lateral
velocity changes are accompanied by density changes (Figure 8d) and evidence a northward variation of
lithologies and probably different tectonic evolution.

To the north of the study area, the CS (Figure 1) represents one of the most internal domains of the Iberian
VariscanOrogen. Here Variscan crustal thickening has been important and has led to partialmelting and to the
production of voluminous igneous rocks [Rubio Pascual et al., 2013; Simancas et al., 2013]. Regardless of the
processes involved in crustal thickening, it is clear that rocks occupying shallow crustal levels to the north are
denser than those outcropping to the south andhave their origin in deeper structural levels. Neoproterozoic to
Early-Cambrian metasediments, migmatitic and mylonitic Early Ordovician orthogneisses outcrop in the
vicinity of shot A5 and are expected at shallow depths elsewhere. There, omphacite and rutile inclusions in
garnet have been related to earlier, midtemperature eclogite facies conditions of ≈ 1.4 GPa and 725–775°C
[Barbero and Villaseca, 2000; Villaseca et al., 2014], thus indicating a deep precedence of some near-surface
rocks. This increase in density/velocity at shallow crustal depths needs an increase in crustal thickness to
explain the Bouguer gravity anomaly. The origin of this thickening might be related to the alpine tectonics
affecting the area and to the orogenic load associated to the CS mountain range. However, if we consider
the little change in altitude along the profile, the Moho deepening may also be related to the isostatic
response of the crust to denser lithologies. Further seismic investigations to the north, across the CS, are
necessary in order to address if crustal thickening/Moho deepening continues to the north and if it is
related to high topographies and to the alpine tectonics.

6. Conclusions

Traveltime interpretation of the ALCUDIA-WA profile acquired over the CIZ has led to a well-constrained,
approximately 280 km long and 50 km deep, Pwave seismic velocity model. The high-resolution shot gathers

Tectonics 10.1002/2014TC003661

EHSAN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 551



feature clear P wave reflections and refractions at all crustal levels that can be correlated from shot to shot.
The velocity-depth model reveals a layered velocity structure though prominent lateral velocity variations
that are evident in the upper crust down to ~15 km depth beneath the TB. The velocity model can be
divided into two segments according to the velocity isolines traced for the upper crust: (a) the southern
part, sampling the CU and the southern CIZ and (b) the northern part, from the Toledo Anatectic Complex
to the TB. On average, the velocities for the upper crust within the CU and the CIZ range from 5.2 km/s in
the surface to 6.2 km/s in the boundary with the mid-lower crust. Below the TB, P wave velocities range
from 5.4 km/s to more than 6.4 km/s revealing a significant lateral gradient that reflects the presence of
high-grade metamorphic rocks and/or acidic to intermediate igneous rocks near the surface. The average
density for the upper crust is within the range of 2300 kg/m3 in the surface to 2800 kg/m3 at 13–20 km
depth. The boundary between the upper and mid-lower crust is characterized by a velocity contrast from
6.2 km/s to 6.6 km/s in the south and 6.4 km/s to 6.6 km/s to the north. The velocity contrast between the
upper and mid-lower crust is not significant to the north. The Pwave velocities within the mid-lower crust are
more homogeneous along the entire profile, ranging from 6.6 km/s to 7.2 km/s. The density within the
mid-lower crust shows a range of 2850 kg/m3 to 2950 kg/m3. The crust-mantle transition features a sharp
P wave velocity contrast from 7.2 km/s to 8.0 km/s that constrains the Moho across the CIZ.

High-amplitude PiP and PmP phases suggest the existence of two major discontinuities: the brittle/ductile
discontinuity at ~13–20 km and Moho boundary at ~31–35.5 km, from south to north. Both of them are
interpreted to act as decoupling zones and represent levels of lithological/rheological variations. The
velocity-depth functions for the CIZ show that velocities in the upper crust match with those found in typical
average continental crust. However, the mid-lower crustal velocities fit those found in rifts and extended
crust. The presence of extensional tectonics indicates intrusions of possible mantle-derivedmagmas and that
melting processes affect in the crust. The increase in Moho depth along the CIZ is associated to higher Pwave
velocity values and correlates with changes in lithology in the outcropping geology. This is most probably a
result of the different tectonic evolution affecting at the most internal parts of this tectonic zone of the
Iberian Variscan transpressive belt. In this area, right to the south of the CS mountain range, Variscan crustal
thickening resulted in generalized remobilization and partial melt, producing igneous rocks and taking
structurally deep, denser, and faster rocks to shallower crustal levels. Factors contributing to the Moho
deepening and/or crustal thickening may be the crustal isostatic response to denser lithologies, the
orogenic load associated to the CS, and the tectonics associated to the Alpine orogeny.
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