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wide-angle transect has been used to study the middle-to-lower crust and the
Moho in SW-Iberia. A low-fold wide-angle stack image reveals a highly heterogeneous seismic signature at
lower-crustal levels changing laterally along the profile. The lower crust features an irregular distribution of
the reflectivity that can be explained by a heterogeneous distribution of physical properties. The Moho
discontinuity also features a high variability in its seismic character that correlates with the different tectonic
terranes in the area. A 2D finite difference code was used for solving the elastic wave equation and to provide
synthetic wide-angle shots. Relatively simple layer cake model derived from conventional refraction
interpretation generates the main events of the shot records. However, these models cannot account for the
lateral variability of the seismic signature. In order to obtain more realistic simulations, the velocity model
was modified introducing stochastic lensing at different levels within the crust. The Moho was modelled as a
3 km thick layered structure. The resulting average velocity models include a high velocity layer at mid-
crustal depth, a highly reflective lower crust and a relatively thin horizontal Moho. This heterogeneous model
can be achieved by lensing within the crust, a layered mafic intrusion and a strongly laminated lower crust
and Moho.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The lower crust and theMoho aremajor issues in deep geophysical
prospecting. The knowledge about these parts of the Earth crust is
limited because of the lack of direct information at this level of the
lithosphere. Nevertheless, some outcrops have been identified as
corresponding to lower crust materials. Good examples are the Cabo
Ortegal complex (Peucat et al., 1990; Galán and Marcos, 1997;
Martínez-Catalán et al., 1997; Santos-Zalduegui et al., 1997) and the
Ivrea Zone (North Italy; Rutter et al., 1999). In both these cases several
studies have been carried out and their crustal composition and the
distribution of physical properties are well known (Holliger and
Levander, 1992; Holliger et al., 1993; Levander et al., 1994b). Since the
lower continental crust is not accessible for direct investigation, the
main source of information about its physical properties and
composition comes from indirect methods such as deep seismic
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surveys. Seismic vertical incidence reflection profiles provide images
where geometric information about the crustal structure can be
obtained and wide-angle experiments provide data about physical
properties (P-wave and S-wave velocities). These physical properties
can then be inverted to composition by comparing with lithologies
measured in laboratories. Results from these methodologies and its
correct interpretation are probably the best tools available in order to
understand geological processes at lithospheric scale.

Since the early 1990's, a large research effort has been devoted to
studying SW-Iberia (e.g., the EUROPROBE (Ribeiro et al., 1996) and
GEODE (Blundel et al., 2005) international programmes). One of the
main objectives of these programmes was the acquisition of the high
resolution normal incidence deep seismic reflection transect IBERSEIS
(Simancas et al., 2003; Carbonell et al., 2004). The presence of large
mineral deposits in the southwestern part of the Iberian Península,
within the Pyrite Belt, and surrounding areas, suggests that the crust
features particular physical properties and that it underwent a
singular tectonic evolution. Therefore, extensive geological and
geophysical research has been undertaken in the area.

The project IBERSEIS-WA consisted in two wide-angle transects
acquired in SW-Iberia. A wide-angle stack of one of the wide-angle
dataset (transect B, Fig.1) is presented in this study. The specific target
of this research is the nature of the lower crust and Moho. Further-
more, synthetic seismicmodelling is carried out in order to explain the
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Fig. 1. Location map of the study area. The three tectonic terranes and its contacts are indicated. PL indicates Pulo du Lobo unit and CU indicates Central Unit. Dashed green
lines indicate the wide-angle profiles and the red circles the shot points. Other surveys in the area are also shown: IBERSEIS deep seismic reflection transect (red line) and a
magnetotelluric survey (blue circles). Data used in this work correspond to the eastern wide-angle profile, transect B. Modified from Palomeras et al. (2009).
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particular characteristics of the shot-gathers and of the wide-angle
stack. The main objective of the present study is to provide reliable
images and geometrical models that can account for the seismic
signature observed in the wide-angle dataset.

2. Geological and geophysical setting

The study area is located in the SW of the Iberian Massif, it is
known to be an orogenic belt of Variscan age developed by the
collision of a number of continental blocks. The area involves three
tectonic terranes: South-Portuguese Zone (SPZ), Ossa-Morena Zone
(OMZ), and Central-Iberian Zone (CIZ) (Fig. 1). These terranes are
considered to be fragments of a Late Proterozoic mega continent
which broke up in Early Paleozoic. The boundaries that limit these
terranes have been interpreted as suture zones and include units of
high-pressure rocks (Simancas et al., 2001).

The SPZ, which includes the Iberian Pyrite Belt, features within the
upper crust a south-west vergent thrust system. The northern
boundary of this zone is indicated by a series of slices of high-
pressure rocks, the Beja Acebuches complex located to the north of the
Pulo do Lobo Unit (Simancas et al., 2001, 2003). The surface outcrops
of this contact (SPZ/OMZ) reveal fabrics that are indicative of a strike-
slip component of the collision (i.e. transpression). The OMZ is mostly
consistent of synforms and antiforms. This zone is limited to the north
by the Central Unit (CU), and outcroping fault bounded wedge of
metamorphic rocks with structural fabrics revealing strike-slip
movement. Farther to the north, the CIZ features normal faults that
cut recumbent folds resulting in basins of carboniferous age
(Simancas et al., 2003). These structures suggest a domino-like
extensional system. The surface evidences for strike-slip movement
indicate that the orogen went through a strong transpression regime
during its development.

A detailed geological study of the area can be found in Simancas
et al. (2001) and references therein. The contribution of the IBERSEIS
deep seismic reflection transect, acquired in the same area, can be
found in Simancas et al. (2003) and in Carbonell et al. (2004). Finally,
the crustal model derived by traveltime interpretation of the wide-
angle dataset and the geologic implications on the nature of the lower
crust are discussed in detail by Palomeras et al. (2009). A relevant
feature within the IBERSEIS deep seismic reflection transect is the IRB
(Iberian Reflective Body) reflection, a 140 km long and 4 km thick
high-amplitude reflective bodywhich has been proposed to be related
to the high concentrations of mineral deposits present mainly in the
OMZ (Casquet et al., 2001; Tornos et al., 2001; Carbonell et al., 2004).
This anomalous body was also reported as a high velocity zone in the
refraction modelling with an extended distribution over the southern
part of the Iberian Variscan Belt (Palomeras et al., 2009).

3. Wide-angle data: low-fold stack

The main objective of the low-fold wide-angle stack is to obtain a
simplified structural image of the deep crust to the south-east of the
IBERSEIS normal incidence transects. To the northwest, the crustal
structure is well constrained by the IBERSEIS normal incidence
transect.

Thewide-angle seismic reflection data has station spacing of 150m
on average, making it suitable for generating a low-fold wide-angle
stack. Following the conventional normal incidence processing, we
used the acquisition geometry to define the CMP's. Then, following
Carbonell et al. (1998, 2002), we designed a hyperbolic time shift to
flatten the lower crust and the Moho reflections so that these events
stack constructively within a CMP. Conventional NMO can be applied
to wide-angle seismic reflection data, although this is not the
optimum correction as it generates large artifacts when deep events
and large offsets are considered. Therefore a hyperbolic time shift was
preferred. The shot records were processed to emphasize the deep
reflectivity. The datawas Butterworth band-pass filtered (from 1 Hz to
35 Hz) and a time-dependent gain was applied to enhance the signal
from the Moho. Also, the shot-gathers were displayed using an
estimate of the seismic energy (Fig. 2). This was achieved by cal-
culating the envelope using the Hilbert transform. Since we are
interested in deep events, the first arrivals were muted to avoid its
influence for displaying purposes. After this pre-processing the Moho
can be displayed as a flat 1–2 second thick event (Fig. 2). As in the raw



Fig. 2. Wide-angle shot-gather B3 after a hyperbolic shift using as a crustal average velocity 6.0 km/s (top) and after a linear reduction using 8.0 km/s as a reduction velocity.
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data, some other coherent reflectors can be observed in the data as
reflective packages at lower-crustal levels, which may image the
structure in this part of the crust. The geometry of the mid-to-lower
crust and the Moho reflections can be considered approximately
correct with the applied time shift. An average crustal velocity
deduced from Palomeras et al. (2009) was used to design this time
shift.

3.1. Data description

Data after applying the hyperbolic shift are presented in Fig. 3. Shot
B6 images strong reflectivity in the lower crust (6.5 to 8.5 s twtt)
between 20 and 70 km. The Moho in this shot is not well resolved at
short offsets (b40 km), probably because it is masked by the high-
amplitude reflectors in the lower crust. At long offsets (N40 km), the
Moho is imaged as a thick reflective package that slips slightly to the
north. In shot B5 theMoho is imaged as a thinweak reflector at normal
incidence (10 s twtt) while to the north it becomes a thicker event.
Some reflectivity can be observed in the lower crust, matching the
strong reflectivity exhibited by this zone in the previous shot B6. At
5.5 s twtt and normal incidence there is a prominent event, but due to
the hyperbolic shift applied to the data it is difficult to determine its
real geometry. Shot B4 displays strong reflectivity at lower-crustal
levels, including a prominent south-dipping event between 30 and
45 km and 7.5 and 8.5 s twtt. To the north, a broad band of reflectivity
(10.5 s twtt) is associated with the Moho. Shot B3 reveals a very well-
defined PmPphase at 10 s twtt that delineates an almostflatMoho. The
seismic signature varies significantly along this shot-gather, decreas-
ing in thickness and complexity from south to north. A south-dipping
event can be observed in the middle crust between 130 and 140 km
and 6.5 and 8.5 s twtt, and is interpreted to be related to a near vertical
structure because it cannot be identified in other shot-gathers. Shot B2
exhibits a clear, thick reflective package at 10 s twtt that extends
laterally between 80 and 140 km. This event displays a changing
characteristic along the profile. At normal incidence, the Moho is
weakly imaged for positive offsets (north). In shot B1 there is large
amount of reflected energy between 170 and 180 km, associated with
the Moho. It can be followed to the south although it becomes diffuse.
In the last 50 km to the north, the lower crust is highly reflective. Some
of the events described previously are masked in the stacked image
(Fig. 3) because there are reflectors that can only be imaged in single
shot-gathers. However, the main features, especially theMoho, will be
enhanced due by the constructive summation of seismic amplitudes.
These are described below for each tectonic zone.

3.2. South Portuguese Zone (SPZ)

Within this area (0–40 km, Fig. 3) some relatively short reflectors
can be observed at lower-crustal levels (between 7.5 and 8.5 s twtt).
The Moho transition is identified as a thin weak reflection at 9.5 s in
time (Fig. 3). Shots B5 and B6, reveal a simple event for the Moho
which increases in thickness towards the east (Fig. 3). The lower crust
reveals strong reflectivity that may be responsible for the back-
scattered energy observed at 7–8 s twtt in the shot records. Thus, the
seismic energy travelling through this structure has been noticeably
decreased resulting in a weaker amplitude for deeper interfaces.

3.3. Ossa Morena Zone (OMZ)

In this part of the profile (40–110 km, Fig. 3) there are some
prominent lower-crustal events in the southern part (40–60 km). To
the north, this character changes and the lower crust becomes
transparent. The Moho consists of a very reflective package at around
10 s twtt, with a variable thickness increasing from 1 s in the south to
2 s in the north. The change in the crust–mantle seismic signature
would indicate a more complex structure compared with the SPZ.

3.4. Central Iberian Zone (CIZ)

In the second half of the profile (110–220 km, Fig. 3) the seismic
energy appears as isolated packages around 10.5 s in depth. In the last
part of the profile (190–210 km), some events are displayed in the
lower crust at 7–8 s twtt.

4. 2D-modelling: from real data to synthetic simulations

In general, deep crust seismic data is often characterized by a high
reflectivity compared to a relatively transparent upper crust (Martini



Fig. 3. From top to bottom: shot-gathers B6, B5, B4, B3, B2, B1 and stack. The shot-gathers are displayed in the CDP domain after applying a hyperbolic time shift. The three tectonic
units are labelled as: SPZ (South Portuguese Zone), OMZ (Ossa Morena Zone) and CIZ (Central Iberian Zone).
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et al., 2001). This reflectivity is normallycomposedof short, discontinuous
reflections which usually appear in distinct packages confined to one or
more parts of the crust (Holliger and Levander, 1992). It has been
proposed that relatively small changes in composition and/or meta-
morphic grade, may substantially affect the reflectivity of the lower crust
(Holligeret al.,1993).Otherwise, observed reflection amplitudes areoften
larger than the ones predicted by the reflection coefficients based on
crustal compositionwhich can be explained by the result of constructive
interference between individual reflection wavelets (Hurich and Smith-
son, 1987). Reflection coefficients and reflection amplitudes are depen-
dent upon the contrasts in acoustic impedance and not on bulk velocity
(Deemer and Hurich, 1994), therefore a layered lower crust could be
considered to justify these coefficients. This optionwould also account for
reverberations in the data that cannot be explained by a single reflecting
interface. The seismic signature featured by the acquired data can also be
achieved by considering a lateral and vertical randomvelocity fluctuation
(Gibson and Levander, 1988; Carbonell and Smithson, 1991). Isotropic
randomvariations are consistent withmodels of lower-crustal petrologic
processes, which may include igneous intrusions (Gibson and Levander,
1988). Hence, the most plausible scenario to satisfactorily describe the
field data may consist of a random lamination or lensing coupled with
random changes in rock properties. It has been shown that reflection
seismic lines shot in the Variscan orogen display a strongly reflective
lower crust characterized by numerous short horizontally embedded
reflectors (Wenzel et al.,1987). Furthermore,field observations show that
the crystalline rocks of the continental crust are often characterized
by compositional variations at many scales (Hurich and Smithson,
1987) spanning at least seven orders of magnitude, from microfabrics
(≤10−3 m) to major crustal units (≥104 m) (Holliger et al., 1994).

Seismic theory establishes that Fresnel diameter is given by:

d≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2zλ +

λ2

4

s
ð1Þ

and is the smallest resolvable feature in unmigrated seismic data,
delimiting the measure of lateral resolution. Hence, crustal features
Fig. 4. Top: Velocity model obtained from refraction modelling (modified from Palomeras et
to include the stochastic lensing representing mafic intrusions and lower crust as well as th
smaller than Fresnel diameters are not expected to be recovered as
coherent seismic events. However, fine-scale velocity fluctuations can
fundamentally change the character of signals from the crust
(Levander et al., 1994a). Seismic modelling has demonstrated that
spatial interference is important during the formation of the reflection
wavefield. Interference may result from reflecting bodies smaller than
the Fresnel zone (small body diffractors), therefore constructive
interference can be equally as important as compositional variation
for determining reflection amplitudes (Hurich and Smithson, 1987).
All these considerations must be taken into account in any model able
to reproduce the crustal seismic response.

4.1. Forward modelling

The seismic velocity model (Fig. 4) obtained by Palomeras et al.
(2009) indicates a maximum crustal thickness of ∼33 kmwith a Moho
characterized by a flat topography. However, the most remarkable
feature from the refraction modelling is the high velocities at middle-
crust levels. Velocities of 6.8 km/s to 6.9 km/s define a 70 km long lens
located at 17 km in depth in the southernpart of the profile. Towards the
north, slightly higher P-wave seismic velocities have beenmodelled and
can go as shallowas 12 km in the northern end of the profile (Palomeras
et al., 2009).

Considering the velocity model obtained by Palomeras et al.
(2009), forward modelling has been carried out using a second order
finite difference solver for the elastic wave equationwhich includes all
primary and multiple reflections (Sochacki et al., 1987, 1991). In some
cases, the lower crust reflectivity patterns have been successfully
modelled by using one-dimensional reflectivity codes (Wenzel et al.,
1987; Carbonell et al., 2002). However, in the present study there are a
priori reasons to think that the lower crust is a laterally inhomogeneous
media (Palomeras et al., 2009). The previous IBERSEIS normal
incidence experiment and the wide-angle stack are also indicative of
a laterally heterogeneous media, therefore a two dimensional
approach was preferred because one-dimensional modelling of
wide-angle datawould only result in a laterally averaged interpretation.
al. (2009)). Bottom: Difference between refraction model and a modified velocity model
e layered structure of the Moho (bottom).
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The P-wave velocity model derived from the refraction processing and
interpretation was resampled using a 25×25 m grid which is
appropriate for modelling crustal-scale seismic data. As the elastic
approximation was used, also density and S-wave velocity were
introduced as inputs in the code. The S-wave was calculated from the
P-wave velocity using a Vp/Vs ratio of

ffiffiffi
3

p
, and the density model was

derived from Vp using the Christensen relation ρ=1.85+0.169Vp
(Christensen and Mooney, 1995). In the resulting shot-gathers, traces
were simulated in the same locations as the real receivers, the trace
lengthwas30 s and the sampling ratewas chosen to be 2ms.With these
synthetic simulations the main events in the real wide-angle shot-
gathers were qualitatively well recovered (Figs. 5 and 6) because
dominant reflections/refractions correlatewith the boundaries ofmajor
lithological units. However, in the original shot-gathers, some events
feature a complex signature consisting in a thick reflective package
instead of an isolated event. The presence of these less well-defined
events indicates that layering/lensing may be contributing to the
seismic response. This fact forced us to consider a more sophisticated
approach to model the lower crust and the mid-crustal high velocity
areas.

4.2. Stochastic layering

It is well known that refraction techniques provide information
about velocity, but depending on the depth (Fresnel zones), the
Fig. 5. Shot B4. Top: Synthetic seismic record section generated by using the homogeneous re
heterogeneous velocity model consisting of a background velocity model which corresponds
Bottom: Real data. The synthetic sections were generated using a 2D elastic finite differenc
accuracy is insufficient to assess the fine structure of the crust. Using
these methodologies, major structures and discontinuities can be
resolved within the crust. For the middle and the lower crust, the
refraction velocity model represents an averaged background model
which can fit correctly the picked traveltimes but, at small scale, it is
unable to reproduce heterogeneities that feature the crustal velocity
distribution. Probably the lower crust exhibits lateral heterogeneities
that cannot be correctly modelled by using conventional ray tracing
methods. In the recorded shot-gathers some of the phases consist of a
thick reflective package instead of isolated events. This seismic
signature cannot be reproduced with a simple smoothed layered
model. In order to recover the observed reflectivity patterns some
modifications were carried out in the velocity models to include some
degree of complexity able to reproduce the seismic response recorded
in the field data.

In SW-Iberia there are no outcrops of lower-crustal rocks where
geological information can be obtained in order to characterize a
realistic geometry and composition of this part of the crust. However,
there is no seismological evidence that, apart from pressure and
temperature, in situ conditions of the lower crust differ from those of
its surface exposures (Wenzel et al., 1987). As the profile was acquired
across Variscan terranes, we took physical properties (velocities) and
geometrical information for the synthetic simulations from studies of
the Variscan lower crust of Wenzel et al. (1987), Holliger and Levander
(1992), Holliger et al. (1994). For themafic intrusion, typical parameters
fraction velocity model. Middle: Synthetic seismic record section generated by using the
to the refraction model and the inclusion of the heterogeneities (high velocity lenses).

e scheme.



Fig. 6. Shot B5. Top, middle and bottom images correspond to the same than in Fig. 5 for the shot B4.
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were taken from Deemer and Hurich (1994). At a small scale, a
deterministic description of structures is unreasonable (Holliger et al.,
1994), therefore a stochastic approach was applied. A new velocity
model was built based on the one obtained by seismic refraction as
startingpoint. The upper andmiddle crustwere left unchangedwhereas
the high velocity layer, the lower crust and theMoho discontinuitywere
modified introducing lensing at different scales. The lensing was
achieved by considering a set of ellipses randomly distributed along
the high velocity layer and the lower crust. The center of every ellipse
was chosen using a random function. The parameters defining the
ellipse (semimajor axis and semiminor axis) were chosen arbitrarily
ranging between aminimumand amaximumcorrelation length in both
axes. Finally, the velocity for every ellipse was also randomly chosen
considering a maximumvariation of the aleatory measurements within
Table 1
Values used to modify the refraction velocity model in order to obtain a random layered
model for the mafic intrusion, the lower crust and the Moho discontinuity.

Mafic Intrusion Lower crust Moho

Bulk velocity (km/s) 6.7 7.1 7.85
Velocity variation (km/s) ±0.2 ±0.2 ±0.25
X dimension (km) 1–3 0.4–1.2 5–25
Z dimension (km) 0.1–0.2 0.025–0.2 0.025–0.1

Values were approximated from the literature (Wenzel et al., 1987; Holliger and
Levander, 1992; Deemer and Hurich, 1994; Holliger et al., 1994).
the range of possible values of velocities for lithologies possible at this
depth. The limit values for dimensions and velocities are summarized in
Table 1. Both velocitymodels (with andwithout stochastic layering) are
displayed in Fig. 4.

The Moho can be identified because it features a sharp change in
velocity. Classically, the Moho has been considered as a velocity
discontinuity with some lateral continuity. Most authors tend to
model this as a simple interface, a line avoiding any additional
structure except by its topography. However, some studies have
proposed a concentration of lamellae without laterally continuous
velocity discontinuity to explain complex patterns in wide-angle data
(Long et al., 1994). In our case, the Mohowas modelled as a 3 kmwide
strip centered in the digitized Moho from the refraction modelling
(7.85 km/s isovelocity line). Along this strip a random lensing was
performed following the same stochastic process as before. Results
from these simulations provide a more reflective lower crust as a
result of the constructive interference between lenses. The Moho
discontinuity is imaged as a 1 second reflective band which better
reproduces the real data (Figs. 5 and 6).

5. Discussion

The Moho discontinuity is clearly imaged in the six shot-gathers
considered in the present work (Fig. 3). In the data acquired to the
south, it appears as a simple thinweak event (shots B5 and B6) around
9.5 s in twtt. Towards the north, theMoho signature changes gradually
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increasing in thickness, amplitude and complexity (shots B1, B2 and
B3). To the north, this seismic event seems to be slightly deeper
(10 s twtt) than in the southern edge. At large scale, the Moho can be
considered as a flat interface, some prominent events in the north-
ernmost shots of the profile may indicate a variation in its topography.
Other prominent events can be identified in individual shots at lower-
crustal levels but its nature as well as its real geometry is difficult to
assess because of the hyperbolic time correction applied. However,
these reflectors are indicative of complex structures within the base of
the crust. Forward seismic modelling showed that data generated
using the refraction model is able to recover the main seismic events
linked to major discontinuities in the velocity model but, it is
insufficient to justify complex seismic patterns observed in real data.
In order to better reproduce the real seismic signature, heterogene-
ities must be considered. Introducing lensing/layering in mafic
intrusions, lower crust and Moho, more realistic simulations are
achieved where interference between small diffractor bodies (lenses)
can qualitatively account for the coda observed in field shot records.

The variations in the seismic signature of lower crust and Moho as
well as the changes in reflectivity patterns along the profile strongly
evidence a very heterogeneous crust. Although the image lacks the
quality of a continuous normal incidence stack, it is possible to
distinguish different areas in the lower crust based on the differences
in seismic signature. Moreover, this wide-angle transect extends to
the south and east, beneath the well known Iberian Pyrite Belt, the
knowledge provided by the published results for the IBERSEIS profile
where the Moho appears at around 10.5 s twtt (Simancas et al., 2003;
Carbonell et al., 2004). The seismic data is congruent with an idealized
model that consists of strongly layered high velocity intrusions in the
mid-crust, a heterogeneous lower crust and a laminated Moho, thin
and simple beneath the SPZ, and thicker and more complex beneath
the OMZ and CIZ (Fig. 7).

Additional work would be required to better understand the
distribution of acoustic properties of the lower crust as well as the
detailed structure of the Moho discontinuity for instance, adding in-
formation from S-wave data.

The wide-angle stack coupled with the synthetic modelling
suggests that the crust beneath the study area features strongly
laminated zones at mid-crustal depths which are characterized by
relatively high velocities (Fig. 4). This zones account for the relatively
high frequency reflectivity at mid-crustal depth approximately at 5 to
7 s twtt (shots B1, B4, B5 and B6) and in the wide-angle stack. The
velocities and the high frequency reflectivity are consistent with
layered mafic intrusions (Palomeras et al., 2009). Deemer and Hurich
(1994) indicated that thin layered mafic intrusions can result in high
acoustic impedances. The lower crust has been modelled as a layer
with a medium degree of heterogeneity and/or lamination. This result
Fig. 7. Cartoon model that would account for the wide-angle data: layering/lensing in midd
terranes SPZ, OMZ and CIZ.
in a heterogeneous lower crust with lenses and/or deformed layering
composed of gabbronorite to pyroxene quartz, some intrusives,
gabbrodiorites intermixed with garnet granulites (Saleeby et al.,
2003). These lithologies distributed in lense lense-like structures
interfingering each other can account for the observed lower-crustal
reflectivity.

The Moho has been modelled as consisting of a thinly laminated
structure. The Moho is thicker in the center of the orogen where
the reflectivity is higher and the band of reflectivity thicker. The
reflection coefficients are also high towards the northern end of the
transect. The Moho discontinuity also features lensing strongly
develop and heterogeneous beneath the core of the orogen (the
center of the transect beneath shot points B3 and B4) this lensing
is most probably a mixture of lithologies that can include spinel
peridotite layers interfingering garnet peridotite and gabbros
(Saleeby et al., 2003; Palomeras et al., 2009).

The wide-angle stack does not constrain the upper crust, however
it provides information on the mid-to-lower crust. The 1 to 2 s thick
band of high reflectivity observed at the base of the crust in the wide-
angle stack which can be accounted for by the models suggests that
the lower crust and Moho are relatively young structures most
probably developed in the late stages of the collision and a result of
the crustal re-equilibration. After the collision and the strike-slip
movements, during the late stages of the transpression tectonics,
intense lithospheric processes were taking place, intense lower-
crustal deformation, subcrustal erosion of the crustal orogenic root,
most probably large amounts of upper mantle mafic melts intruded in
the lower and middle crust and in some cases even up to the surface
creating a unique tectonic evolution scenario which favored the
development of the unprecedented large scale sulphide deposits
observed at the surface. The mantle material also ponded at Moho
level in the shape of thin lamelae. Thus, the signature of the terranes
was not preserved with depth, rather the lower crust and Moho
behave different than the upper crust during the transpression. The
lower crust and Moho are most probably a result of the deformation
and therefore the present day structure is a consequence of the re-
equilibration processes during the late stages of the transpression. The
transpression erasedmost of the characteristic features of the terranes
and collision at lower crust and Moho depths.

Geologically, the mid-to-lower-crustal heterogeneities could be
represented by elongated lenses featuring high seismic velocities.
These are embedded into the mid-lower crust representing sills
intrusions of mafic material which has been emplaced in weak zones
within the crust (i.e., previous fractures). The synthetic seismic data
produced by the model features interfingering domains of high-
amplitude layered reflectivity. The seismic fabric and the high-
amplitude reflectivity are consistent with layering caused by multiple
le-crust mafic intrusions, lower crust and Moho discontinuity, across the three tectonic
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sill lense type intrusions. The intrusion of mafic magmas in the crust
assimilated part of the surrounding rocks, leaving behind relatively
large amount of restites. These restites would be embeddedwithin the
lower crust resulting inmore competent, higher velocity layers/lenses.

The mafic intrusion in the middle crust must have preferentially
emplaced in an existing weak zones (i.e., faults, detachments). The
IBERSEIS normal incidence image revealed evidences for basal
detachment beneath the imbricate thrust system of the SPZ at mid-
crustal depth. Which is consistent with the mid-crustal reflectivity
identified in the southern end of the transect (shots B5 and B6).

Beneath the SPZ (Fig. 7) mafic layering is located at approximately
20 km depth. This layering must be simple, it most probably consist of
a few relatively large sills. This structure needs to be strongly reflective
because of the high-amplitude reflectivity at 7 s twtt in shots B5 and
B6. Nevertheless it needs to be simple because the PMP reflection from
the Moho can be identified at normal incidence offsets as a relatively
thin reflection beneath this zone.

Beneath the OMZ, the band of reflectivity at themid-to-lower crust
towards the north is more transparent. Nevertheless the seismic
signature of the Moho is thicker and increases slightly in depth. The
thin relatively continuous PMP reflection beneath the SPZ turns into a
thicker reflective band with reflection events with relatively short
lateral continuity. This is qualitatively consistent with a thicker
layered Moho composed of interlayering of high and low velocity
lenses. This is most probably the result of the re-equilibration process,
the assimilation of the root of the orogen on the OMZ which
corresponds to the core of the orogen. The seismic response of the
Moho discontinuity is strongly affected by the lateral dimensions of
the overlying structures. These structures disperse the energy and
deform the wavefront breaking up the reflection events.

Beneath the CIZ the Moho reflectivity evolves from relatively thick
0.7–1 event to a thinner and weaker event at the northern edge of the
transect. This feature and the increase in reflectivity of the mid-to-
lower crust have been simulated by introducing a layer of sills that
increases in thickness towards the north, at 15 to 20 km in depth. This
mid-crustal feature is consistent and it might represent the IRB
(Iberian Reflective Body) beneath this transect. The IRBwas imaged by
the IBERSEIS transect which is located farther to the north-west
(Fig. 1). This mid-crustal complex sill intrusion will affect the seismic
signature of the Moho resulting in a weaker event.

6. Conclusions

The closely spaced wide-angle seismic dataset presented in this
work, provides an image of the crust which reveals a strongly
heterogeneous nature. Our results outline a picture of the Variscan
lower crust as a heterogeneous media with small-scale velocity
variations. Likewise, a mafic intrusion located in the middle crust
features a heterogeneous layering/lensing. The full-wave forward
modelling performed here shows that a simple layer cake velocity
model obtained from conventional ray tracing techniques, cannot
explain the lower crust reflective packages in the data. On the other
hand, a qualitatively satisfactory fit of the data was accomplished
when stochastic lensing was added to the refraction velocity model.
This suggests that the mafic intrusion and the lower crust are strongly
layered. The Moho discontinuity beneath the southern end is imaged
as a thinweak reflector, accounting for a simple interface. Beneath the
central part of the transect the Moho is associated to a thick high-
amplitude reflective packagewhich suggest amore complex structure.
Finally, beneath the northern end, the Moho is displayed as a
discontinuous interface with changing seismic signature. The wide-
angle low-fold stacked section obtained from this experiment and the
synthetic seismic modelling provide a new picture of the Moho
discontinuity in SW-Iberia. The seismic image reveals a laterally
heterogeneous Moho and a changing lower crust seismic signature
along the profile. This lateral variability and the horizontality of the
lower crust and Moho suggest that they are most probably the result
of the re-equilibration lithospheric processes during and after the late
stages of the transpression event.
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