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Abstract

At least two sub-Moho reflectors have been identified in different seismic refraction and wide-
angle reflection experiments conducted in western Iberia since the early 1990’s. The kinematics
and wavelet characteristics of the shallowest event are probably produced by an increase in P-
wave velocity. Forward modeling places this velocity contrast at ~70-75 km depth beneath the
Ossa-Morena Zone (OMZ) shallowing up to 50-60 km beneath the Central Iberian Zone (CIZ).
The coda and amplitude of this arrival suggest that it can correspond to a ~10 km thick
heterogeneous layer. To test this hypothesis, we used a 2D second order finite-difference
acoustic full wave-field modeling scheme. The input model includes a layer of randomly
distributed bodies thinner than 4 of the wavelength of the source waves and AVp==0.1 km/s at
the considered depth range. The resulting synthetic data reproduce well the observed amplitudes
and codas because of the constructive interferences caused by this heterogeneous zone. The
origin of this layer is also discussed here in detail, which is very likely related to the phase
transition from spinel to garnet lherzolite, the so-called Hales discontinuity. A second reflection
also observed in some of the experiments suggests the presence of a velocity inversion at greater
depths. Forward modeling places this discontinuity at around 90 km depth beneath the OMZ,
deepening to 105-110 km depth beneath the southeast CIZ, and shallowing up to 80 km depth in
the northeast CIZ. The observed characteristics of this event are consistent with those of the
lithosphere-asthenosphere boundary (LAB).

Plain Language Summary

The continental upper mantle is considered to be mainly peridotitic. However, this composition
is likely no uniform, and the seismic reflectivity observed with different seismic methods
suggests the presence of certain layering within the lithospheric mantle. The Western Iberia
(Spain) has been sampled by multiple active source seismic surveys that illuminated the
uppermost mantle, showing strong sub-Moho reflections. The arrival time and nature of the
shallowest upper mantle reflection indicates that it corresponds to a positive velocity contrast
placed at ~50-75 km depth (depending on the tectonic province). To reproduce the recorded coda
and amplitude a ~10 km thick heterogeneous layer consisting of randomly distributed bodies
thinner than % of the wavelength of the source waves and with small velocity variations at the
considered depth needs to be introduced in the velocity model. The characteristics of this layer
(the contrast in physical properties and depth), agree with those of the transition from spinel to
garnet lherzolite, the so-called Hales discontinuity. The seismic datasets also recorded a second
deeper reflection, which origin can be attributed to a velocity decrease with depth at ~90-110 km
depth. Due to its characteristics and observed depth, it has been interpreted as the lithosphere-
asthenosphere boundary (LAB).

1 Introduction

Observations from field sampling (i.e. mantle xenoliths and outcrops of exhumed mantle) and
indirect methods (e.g. the range of measured seismic velocities) suggest that the continental
upper mantle is mainly peridotitic in composition. However, the mantle’s composition is not
uniform (e.g. Stracke, 2012), and the significant lithological and structural heterogeneities can
produce impedance contrasts high enough to be observed in seismic data [Fumagalli and
Klemme, 2015]. The birth and evolution of new seismic techniques and the densification of
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seismic arrays have confirmed the presence of layering within the continental lithosphere, with
numerous positive and negative velocity discontinuities [e.g. Thybo and Anderson, 2006; Clowes
et al., 2010, and references therein].

Seismic reflections are related to variations in the physical properties of subsurface rocks due to
compositional changes, phase transitions, strain state variations or anisotropy. All these scenarios
are capable to produce upper mantle reflections and have been invoked by several authors to
explain the observed reflectivity in the lithospheric mantle. One of such lithospheric reflectors is
the Hales discontinuity, named after Hales [1969]. It was observed at ~60-90 km depth because
of an increase in isotropic velocity. This sub-Moho positive seismic impedance (z=V#*p, where z
is the seismic impedance, V is the seismic wave velocity and p is the density) contrast is
observed at different places around the globe by different means:, €.9., long-range controlled
source experiments [Hales, 1969; Hales et al., 1980; Massé, 1987; Hajnal et al., 1997,
Musacchio et al., 2004; Ayarza et al., 2010], shear-coupled P-waves [Zand and Randall, 1985],
ScS reverberations [Revenaugh and Jordan, 1991], precursors to sSH [Zhang and Lay, 1993],
receiver functions [Bostock, 1998; Levin and Park, 2000; Saul et al., 2000], joint inversion of
Rayleigh wave and receiver functions [Anand et al., 2017], and, most recently, autocorrelations
of ambient seismic noise [Taylor et al., 2016; Andrés et al., 2018]. The origin of this upper
mantle discontinuity has been addressed to (1) compositional changes related to the existence of
eclogitized subducted oceanic crust [Snyder, 1991; Chian et al., 1998; Cook et al., 2004], (ii)
petrological changes responding to a phase transition from spinel-garnet to garnet-only
peridotites [Hales, 1969; Fernandez Viejo and Clowes, 2003; Ayarza et al., 2010; Anand et al.,
2017], and (iii) velocity anisotropy variations [Fuchs, 1983; Bostock, 1997, 1998; Levin and
Park, 2000]. Also, the fact that this feature is observed by controlled source seismic profiles
around the world, led some authors to suggest that it is a global discontinuity located at 80-100
km depth may exist [Pavlenkova, 1996; Steer et al., 1998]. Although lithospheric discontinuities
certainly exist, the worldwide presence of the Hales discontinuity has not been proven yet.

Since the early 1990’s, the Iberian Massif in western Iberia (Figure 1) has been sampled by
multiple active source seismic surveys. These experiments employed energy sources large
enough to illuminate the uppermost mantle, and their results showed strong sub-Moho arrivals at
large offsets (>180 km) that reflect off an interface which depth concur with those assumed for
the Hales discontinuity. The ILIHA-DSS experiment [lliha DSS Group, 1993] sampled up to
three different mantle reflectors in western Iberia, demarcating different azimuthal anisotropy
[Diaz et al., 1993]. The IBERSEIS-WA profiles in the southwestern Iberia [Palomeras et al.,
2009] showed strong uppermost mantle arrivals interpreted as the spinel- to garnet-lherzolite
phase transition [Ayarza et al., 2010]. The ALCUDIA-WA and NI (wide-angle and normal
incidence) seismic profiles, placed to the north of the IBERSEIS profiles, showed a number of
subcrustal reflections, yet, un-interpreted. In this work, we study the uppermost mantle
reflections imaged by all these experiments in order to produce a joint interpretation of this
reflectivity. Furthermore, synthetic seismic modeling is employed here to explain the particular
characteristics exhibited by these subcrustal features. The aim of this manuscript is hence the
source, defining the extension and regional-scale relevance of this upper mantle reflectivity in
the Iberian Massif.
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2 Geological Setting

The Iberian Massif is the largest outcrop of the Variscan belt in Western Europe (Figure 1). The
Variscan orogeny resulted from the collision of the Laurussia and Gondwana continents during
the late Paleozoic, resulting in the closure of the Rheic Ocean [Martinez Catalan et al., 2007;
Azor et al., 2008, 2019]. During the convergence and collision, several allochtonous terranes
were involved, defining a complex suture pattern along the orogen [Gémez Barreiro et al., 2010;
Ballevre et al., 2014; Martinez Catalan et al., 2019; Quesada et al., 2019]. Later on, a
transpressional tectonic regime is inferred from the structure, variably modified by gravitational
re-equilibration in the hinterland and the formation of orogenic bends (oroclinals) [e.g. Martinez
Catalan, 2012; Azor et al., 2019]. Different tectonostratigraphic zones have been defined in the
north and southwest branches of the Iberian Massif. From hinterland to foreland: a) the north
branch includes the Galicia-Tras-os-Montes Zone (GTMZ), the Central Iberian Zone (CIZ), the
West-Asturian Leonese Zone (WALZ) and the Cantabrian Zone (CZ); b) the southwest branch
includes the southern part of the CIZ, the Ossa-Morena Zone (OMZ) and the South Portuguese
Zone (SPZ) (Figure 1). Focusing on the southwest branch of the Iberian Massif, the CIZ formed
part of the passive margin of Gondwana, whereas the OMZ was probably a continental terrain
that had partly drifted away from Gondwana [Fonseca and Ribeiro, 1993; Azor et al., 2008].
Tectonic processes were diachronical across the belt and included several phases. An initial
compression occurred during Devonian times (390-360 Ma) related to subduction/collision
affected the OMZ and the southern boundary of the CIZ [Simancas et al., 2003]. In the
Mississippian (360-330 Ma), an extensional episode affected the SPZ, OMZ and southernmost
CIZ, producing, normal faulting, basin filling, gneissic domes and mafic magmatism [Dias da
Silva et al., 2018]. A second compressional episode in the Late Mississippian-Early
Pennsylvanian (330-310 Ma), and recorded in SPZ and OMZ, resulted in an inversion of basins
and upright folding. A late extensional episode is observed during the late Pennsylvanian-
Permian (310-280 Ma), producing normal faulting and some late-orogenic granitic magmatism.
Transcurrent component, both transpression and transtension, was important during the orogeny
as clearly demonstrated by the development of large wrench shear zones formed at late orogenic
episodes [e.g. Silva and Pereira, 2004; Martinez Catalan, 2011].

The western Iberian massif has been largely stable since the end of the Permian, and Paleozoic
basement rocks are exposed in the area. Crustal thickness averages 31-32 km, in the CIZ, OMZ,
and SPZ, shallowing up to 29 km beneath the southern CIZ and deepening to 35 km near the
Central System [Diaz et al., 2016; Palomeras et al., 2017] the latter being probably the result of
Alpine reworking [Ehsan et al., 2015; Andrés et al., 2019].

3 Previous Controlled Source Seismic Surveys: the ILIHA-DSS and IBERSEIS-WA
Projects Results for the Uppermost Mantle

Three wide-angle seismic experiments have sampled the crust and upper mantle in the
southwestern and western part of the Iberian Massif (Figure 1). The ILIHA-DSS experiment,
acquired in the early 1990’s [lliha DSS Group, 1993], was a large deep seismic sounding
experiment designed to study the uppermost mantle (from 30 to ~100 km depth) of the entire
Iberian Massif. It consisted of a set of 6 wide-angle transects across the Iberian Peninsula, with
station spacing of 5-10 km on average. The source employed consisted of 500 to 1000 kg of
explosives fired offshore at the edges of the profiles. In this paper, we focus on the four transects
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that cross through the study area: Line BX, Line DA, line BE, and Line CF (Figure 1). These
transects, three of them reversed and one unreversed, present offsets larger than 600 km and
sample the Iberian Massif lithosphere at different azimuths. The ILIHA-DSS analysis indicated
the presence of 3 sub-Moho reflectors beneath southwest Iberia [lliha DSS Group, 1993] at 45,
68 and 88 km depth. They define a layered mantle lithosphere with differentiated P-wave
velocity and azimuthal anisotropy [Diaz et al., 1993].

A decade later, the IBERSEIS project was launched with the aim of acquiring high-resolution
seismic data in the lithosphere of southwest Iberia. One normal incidence (NI) and two wide-
angle (WA) profiles were acquired between 2001 and 2003. The IBERSEIS-NI was a ~300 km
long normal incidence reflection experiment that crossed, from south to north, the SPZ, the
OMZ, the CIZ, and their respective sutures, providing a detailed crustal image [Simancas et al.,
2003]. The profile, with a station and vibration point spacing of 35 m and 70 m respectively,
exhibited a reflective crust with a clear reflection at its base, but a seismically transparent mantle
[Simancas et al., 2003; Ayarza et al., 2010]. To further investigate the nature of the crustal
layers, two wide-angle reflection/refraction transects (IBERSEIS-WA) were also acquired
[Palomeras et al., 2009]. Transect A overlapped the IBERSEIS-NI section and Transect B sat
west from Transect A, sharing its northern edge (Figure 1). Transect A was 330 km long with a
station spacing of ~400 m. Transect B was ~300 km long with a station spacing of ~150 m. Six
shots spaced ~60 km were located along both transects. However, the three northernmost ones on
Transect A failed. Contrarily to what the IBERSEIS-NI results show, both transects present clear
sub-Moho reflections at large offsets (>180 km): e.g., in shots 2 and 3 on Transect A, and shots 1
and 6 on Transect B [Ayarza et al., 2010]. These reflections were first interpreted as an interface
at 65-70 km depth featuring a Vp contrast from 8.3 km/s to 8.5 Km/s [Palomeras et al., 2009].
Ayarza et al. [2010] modeled this phase and found that, to reproduce the observed high
amplitudes and arrival times, the phase must reflect off from a ~10 km thick band located at ~60-
70 km depth, containing ~150 m wide heterogeneities and being characterized by a velocity
increase from 8.2 to 8.3 km/s. These attributes are aligned with the overall characteristics
predicted for the spinel- to garnet-lherzolite phase transition, the so-called Hales discontinuity.

As stated above, despite strong reflections from the mantle are observed in the IBERSEIS wide-
angle reflection/refraction surveys, no upper mantle reflectivity is identified in the IBERSEIS-NI
transect. Ayarza et al. [2010] outlined four possible reasons that might explain this contrasting
seismic signature in both coincident datasets: 1) the impedance contrast of this interface is not
strong enough and needs a tuning effect not met with the vertical incidence seismic frequencies;
2) the reflection coefficients at low incidence angles are lower than at wide-angle higher
incidence angles; 3) vertical incidence data is less sensitive to gradient zones such as the
modeled Hales discontinuity; and/or 4) mid-point projections of both data sets do not exactly
coincide and thus, they might not be sampling the same exact area.

4 The ALCUDIA Experiment

The ALCUDIA experiments were designed to image the CIZ to the northeast of the previous
IBERSEIS profiles. The ALCUDIA project also included two seismic acquisition experiments:
1) the ALCUDIA-NI, a ~250 km-long normal incidence profile across the CIZ [Martinez
Poyatos et al., 2012], and 2) the ALCUDIA-WA, a ~300 km long wide-angle
reflection/refraction profile that overlaps the ALCUDIA-NI [Ehsan et al., 2015].
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4.1. ALCUDIA-NI Data and Results

The ALCUDIA-NI is a high-resolution normal incidence profile with a 35 m station spacing
and a vibration point spacing of 70 m. The acquisition parameters and processing flow are
described in detail in Martinez Poyatos et al. [2012]. The high-resolution section provides a
detailed image of the crust with a clear Moho discontinuity at 10 s two-way travel time
(twtt), c. ~30km depth. Contrarily to the IBERSEIS-NI section and despite having exactly the
same acquisition parameters, the ALCUDIA-NI imaged ~20 km-long sub-horizontal
continuous strong reflectors at 16 and 19 s twtt in the central and northern part of the profile,
beneath common depth points (CDP) ~1000 to ~2000 and ~6200 to ~7000 respectively
[Martinez Poyatos et al., 2012] (Figure 2). Assuming a crustal velocity of 6 km/s and a
mantle velocity of 8.0 km/s [Ehsan et al., 2015], these reflectors correspond to an interface at
54 km depth to the north, below CDP 1000-2000, and at 66 km depth at the center, below
CDP 6200-7000. However, there is no interpretation to date for these features.

4.2.  ALCUDIA-WA: Data Analysis and Modeling

The design of the ALCUDIA-WA profile mimics that of the IBERSEIS-WA: five shot points
located ~70 km apart along the ~300 km-long transect with station spacing of 350-400 m
[Ehsan et al., 2015]. The experiment was aimed to provide the P-wave velocity distribution
of the lithosphere in the CIZ. The large offsets of shot gathers A1, A4 and AS allow the
identification of deep arrivals indicating the presence of sub-Moho reflectors in the region.
These reflections are, as yet, un-interpreted and only crustal models have been published up
to date.

Since the goal of this manuscript is to model the uppermost mantle structure in western
Iberia, and the ALCUDIA-WA crustal phases have been already modeled [Ehsan et al.,
2015], we just focus on sub-crustal arrivals. Different processing flows and parameters were
tested in the shot gathers to improve the coherency of the signal and to facilitate
identification of different phases in the upper mantle. In this study we also present shot
gather A1 that was not included in the crustal modeling presented by Ehsan et al. [2015].
Picked arrivals will be labeled as follows: Pn for the head wave traveling within the upper
mantle, PmP for the P-wave reflected at the base of the crust (Moho), and PM;P for the upper
mantle reflected phases, where 1 represents the phase (i.e. 1 or 2).

Several upper mantle reflections are observed in shot gathers 1, 4, and 5 of the ALCUDIA-
WA (Figure 3). A strong arrival is seen in ALCUDIA shot 1 at large offsets (>190 km) and
~T7 s (hereafter, reduced time, reduction velocity=8 km/s). It features higher amplitudes than
Pn and can be followed up to 250 km offsets. This arrival presents a conspicuous coda of ~1
s (Figure 3, PM,P phase) that mimics the one observed in the IBERSEIS-WA shot gathers at
similar offsets and times [Ayarza et al., 2010]. ALCUDIA shot 4 presents an arrival at ~190
km offset and 10 s that extends along ~25 km with very high amplitudes. This phase has
similar characteristics to the PM ;P phase on shot 1, with similar ~1s-long coda and it has
been labeled as PM,P in Figure 3 as well. Another set of deeper discontinuous reflections is
observed in shots 4 and 5 at offsets greater than 150 km and between 13 and 14 s twtt (Figure
3, PM,P).

To understand these subcrustal arrivals, we first tested if they could correspond to a P-to-S
wave conversion at the Moho discontinuity (i.e. the PmS phase) or vice versa (i.e. the SmP
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phase). For a 30 km-thick crust with average P- and S-wave velocities of 6 and 3.6 km/s
respectively, the PmS/SmP phase would arrive at 46.40 s twtt at 200 km offset, or 21.40 s at
a reduced velocity of 8 km/s. The sub-Moho arrivals that are under study in this manuscript
arrive much earlier than these theoretical times, thus rejecting the hypothesis that they
correspond to converted waves.

A spectral analysis has been carried out in order to better study the attributes of these phases.
The dominant frequency of the PM,P phase is in the range of 10-20 Hz (Figure 4a and 4b),
whereas the PM;P phase, has its highest amplitudes at a lower frequency range (< 10 Hz,
Figure 4c and 4d). According to these results, a bandpass filter of 5-20 Hz was applied to the
data with the goal to enhance the image of both phases.

A further analysis step focused on the polarity of the phases, which provides information
about the impedance contrast (positive or negative) of the interfaces that generate the
reflections. We compared the polarity of subcrustal reflections with that of the PmP phase,
whose polarity responds to an impulsive source reflected off a positive impedance contrast
(crust to mantle). Accordingly, we stacked traces that encompass both reflections and
compared the resulting wiggle with the one obtained from staking PmP arrivals (Figure 5).
Stacking of PM, P arrivals of shots 1 and 4 result in a reflection with the same positive
polarity than the PmP arrival, indicating that the PM P phase most likely reflects off an
interface that features an increase in seismic impedance (Vp and []) with depth. On the other
hand, the stack of deeper PM,P reflections observed in shots 4 and 5 into single traces shows
that their polarity is negative, the opposite to that observed in the PmP.

Once the above-mentioned reflections were attributed to contrasting impedance variations,
mantle reflections were modeled using the ray-tracing based utilities by Zelt and Smith
[1992], taking into account that the crustal structure of the area sampled by the ALCUDIA
experiment is well constrained [Martinez Poyatos et al., 2012; Ehsan et al., 2014, 2015]. The
work presented in this manuscript extends the crustal velocity model of Ehsan et al. [2015]
into the upper mantle resulting in a 2D P-wave velocity structure down to 120 km depth
(Figure 6).

The positive polarity of the PM;P phase is considered to be related to an increase in Vp. The
characteristics of this phase (~1s-long coda and high-amplitude) are similar to the ones
observed in the IBERSEIS-WA profiles [Ayarza et al., 2010], where the amplitudes and coda
observed can be reproduced by a ~10 km thick heterogeneous gradient zone (from 8.2 to 8.3
km/s) with small Vp variations (contrast < 1%). Accordingly, the same gradient zone is
proposed as the source of this uppermost mantle reflection. The shallowest observed part of
the gradient zones is around ~ 51 km depth to the south of the ALCUDIA-WA section and
deepens to 57 km depth to the north. The velocity increase from 8.2 to 8.3 km/s in an
approximately 10 km thick band provides us with an interface whose characteristics and
travel time coincide with those of PM;P. On the other hand, the PM,P phase, which presents
inverse polarity when compared with PmP, corresponds to a decrease in Vp from 8.3 to 8.0
km/s on an interface located at 100 km depth that sinks to 113 km depth to the north (Figure
6). Although some of the observed reflections are not continuous enough to be considered
profile-long structures, they have been modeled as such for computational reasons. We will
discuss the nature of these reflectors in the following sections.
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5. ILIHA-DSS Modeling

In this paper, the P-wave velocity models from the ILIHA-DSS experiment [Iliha DSS Group,
1993] are reevaluated in the light of the new high resolution IBERSEIS-WA and ALCUDIA-
WA data and crustal models. Previous lithospheric models interpreted up to three high amplitude
subcrustal phases as alternating thin (<5 km thick) low-velocity layers with high-velocity ones in
the uppermost mantle. This layered geometry was necessary to produce an impedance contrast
high enough to reproduce the observed amplitudes. When such low-velocity layers (7.7 km/s) are
included in the model, the underlying high velocities need to reach up to 8.6 km/s in order to fit
both amplitudes and travel times. However, such high velocities are not expected at depths
shallower than ~300 km according to the IASP91 and AK135 1D Earth velocity-depth models
[Kennett and Engdahl, 1991; Kennett et al., 1995]. Furthermore, studies on the estimation of
lithospheric mantle properties based on the petrological analysis in xenoliths indicate that at 100
km depth, P-wave velocity beneath tectons (areas where the crust was formed or modified not
later than 1Ga) is in the range of 8.20-8.25 km/s [Griffin et al., 2009]. In order to reconcile the
observed phases and the models with the estimated velocity from these petrological studies, we
have tried to adjust the observed ILIHA experiment travel times with lower (< 8.4 km/s) P-wave
velocities, in better agreement with the IBERSEIS-WA and ALCUDIA-WA results. As observed
in these profiles, the ILIHA high amplitudes and coda can be recovered considering the tuning
effect produced by a gradient heterogeneous zone. Following this strategy, we have performed
forward modeling using the same code [Zelt and Smith, 1992] to obtain the velocity distribution
along the four transects presented here: lines BX, DA, BE, and CF (Figures 1 and 7).The crustal
part of the models include the results of the IBERSEIS-WA and the ALCUDIA-WA experiments
for each of the Variscan tectonic zones, thus having well constrained velocity and structure at
that level. Similarly, to the IBERSEIS-WA and ALCUDIA-WA datasets, we assumed that the
shallowest arrival (PM;P) is produced by a positive impedance contrast resulting from a ~10 km
thick heterogeneous gradient zone (P-wave velocity increases from 8.2 km/s to 8.3 km/s). For a
closer inspection of the identified phases, the reader is referred to lliha DSS Group [1993]

5.1. Line DA

Line DA is an unreversed ~720 km-long line, hence only shot D1 is analyzed (Figures 1 and
7a). Two phases were picked by the Iliha DSS Group [1993]. A first clear arrival appears at
230-400 km offset and 8.0 s twtt. This phase has a wave coda of ~1 s twtt. A second arrival is
identified at 390 km offset and 8 s twtt. Forward raytracing modeling indicates that the first
arrival (PM,P) corresponds to a reflector placed at 75 km depth beneath the OMZ (Figure
7a). The second arrival is modeled as an interface at 90 km depth beneath the OMZ-CIZ with
a P-wave velocity decrease from 8.3 to 8.0 km/s.

5.2. Line BX

Two shots were fired for reversed line BX, one at each edge of the ~680 km-long profile
(Figures 1 and 7b). Three separated arrivals were picked for shot B2 [Iliha DSS Group,
1993]. The shallowest one (PM,P) is observed from 240 to 390 km offset and 6.5 s twtt. A
second arrival is identified at 350 km offsets and 7 s twtt. A later arrival is picked at 420 km
offset and 7.5 s (PM;P). On the other edge, shot X2 presents also three upper mantle arrivals:
at ~7 s and offsets of 200 km (PM,P), at 8 s and 280 km offset, and at 8 s twtt and 440 km
offset (PM,P). The shallowest arrivals have thus been modeled as a reflector at 62 km depth
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to the north (beneath the western part of the CIZ) that shallows up to 60 km to the south
(beneath the OMZ and the Guadalquivir basin). The second interface is modeled as reflected
from an interface at 72 km depth beneath the western part of the CIZ and 84 km depth
beneath the OMZ, that could correspond to a lower part of the modeled gradient zone. The
deepest interface is modeled to adjust the later arrivals from shots B2 and X2. These match
the travel time of reflections off an interface placed at 95-100 km depth with a decrease in
velocity with depth from 8.3 to 8.0 km/s (Figure 7b).

53. Line CF

This reversed ~1220 km-long line presents two upper mantle arrivals on shot C [Iliha DSS
Group, 1993]. A strong arrival is observed at ~270 km offset and ~7s twtt (PM,P). As in the
other lines, this sub-Moho arrival has a ~1s length wave coda. Forward modeling indicates
that this arrival originates at an interface at 72 km depth beneath the OMZ (Figure 7c). A
second arrival is observed at 440 km offset and 7.5 s twtt (PM,P). This phase is modeled as a
reflection coming up from an interface placed at 90 km depth beneath the CIZ (Figure 7c¢).
Like in line BX, a decrease in velocity with depth from 8.3 to 8.0 km/s is proposed.

5.4. Line BE

This line extends for more than 900 km from west to east across the Iberian Peninsula
(Figures 1 and 7d). Shot B1 recorded two sub-Moho arrivals [Iliha DSS Group, 1993]. A
shallow arrival is identified at 200 km offset and 6.5 s twtt (PM;P). This interface is modeled
at 55 km depth beneath the northern part of the CIZ and corresponds to the top of the
gradient zone. A second arrival observed at 380 km offset and 7 s twtt is modeled as reflected
from an interface placed at 80 km depth beneath the same area of the CIZ (Figure 7d). Again,
it corresponds to a decrease in the P-wave velocity with depth.

The new velocity models obtained from the ILTIHA dataset do not require the existence of high-
and low-velocity zones to fit the observed arrivals. Instead, a more reasonable gradient velocity
zone with velocity ranges of 8.2 to 8.3 km/s and a negative velocity contrast between 8.3km/s
and 8.0 km/s can reproduce the observed arrival times. Even though, in this case, we cannot
recover the polarity of reflections, the modeling results indicate that these come from interfaces
with similar origins to those imaged in the IBERSEIS-WA and ALCUDIA-WA and that
therefore represent the same features. Our new models (Figure 7) locate the three upper mantle
discontinuities deeper than in previous velocity models [lliha DSS Group, 1993].

6. Discussion

Three wide-angle experiments recorded from the 1990s to 2012 imaged at least two sub-Moho
reflectors in the southern and western part of the Iberian Massif. The shallowest reflector (PM,P)
has been modeled as a gradient zone where velocities increase from 8.2 to 8.3 km/s with depth.
The top of this gradient zone appears at different depths beneath each of the tectonic zones
(Figure 8). It is placed at ~58 km depth beneath the OMZ-SPZ junction, around the Guadalquivir
Basin (GB) (see ILIHA line BX, Figure 7b), whereas in the northern and central parts of the
OMZ it is in the range of 67.5 to 75 km depth. Beneath the CIZ, the shallowest reflector rises to
50-62 km depth.

The deepest reflector (PM,P) features a decrease in Vp with depth from 8.3 to 8.0 km/s, and its
location and geometry are also variable across the different tectonic zones (Figure 8). Beneath
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the OMZ it is located at 90 km depth (ILIHA line DA and CF, Figure 7a and c), deepening to the
south down to 100 km depth (ILIHA line BX, Figure 7b). On the other side, this interface
presents a variable topography beneath the CIZ. The ALCUDIA-WA survey images this
interface at 105-110 km depth (Figure 6) beneath its southeastern part, meanwhile further to the
northwest it shallows up to 80 km depth (ILIHA line BE, Figure 7). The variable topography of
both interfaces and its nature are discussed in the following sub-section.

10

6.1. Characteristics of the SW-Iberia Sub-Moho Subcritical Reflection, PM;P

We sampled the shallower reflector PM;P by three different wide-angle reflection surveys. It
appears to exist below the OMZ and CIZ in the wide depth range of 50-75 km. This
boundary produces reflections at large offsets and it is observed discontinuously as a few tens
of kilometers feature. In addition, a similar reflective pattern is observed in the ALCUDIA-
NI (normal-incidence) profile, where ~20 km long mantle reflections are imaged between
~16 and ~19 s twtt (Figure 2). A recent seismic transect imaging northwest and central Iberia
using ambient noise autocorrelation [Andrés et al., 2018] and Global-Phase Seismic
Interferometry [Andrés et al., 2019] has shown the presence of upper mantle reflectors
beneath the Duero Basin and the Central System at similar depths: 12-13 s and 15 s twtt for
the shallowest reflector, and a second deeper one at 18 s twtt beneath the Duero Basin. As
these reflections are not continuous in any of the studied datasets, we cannot state that they
represent a single, orogen-scale interface extending below the entire CIZ and OMZ.
However, some considerations should be made regarding this point. The Fresnel zone
contributes to the formation of the reflected wave fields determining the minimum size of a
structure that can be resolved. The size of the Fresnel zone, and hence the seismic resolution,
is strongly dependent on the dominant frequency and depth. The dataset used in this study
has a dominant frequency of around 10 Hz for the PM, P phase, which implies a lateral
resolution of 3.5-4 km at depths of 60 km. Moreover, the P-wave reflectivity response from
autocorrelation of ambient noise studies carried out in this region by Andrés et al. [2018], use
dominant frequencies of 4 Hz, which implies Fresnel zones of around 7.8 km at the same
depth. This indicates that subsurface zones smaller than these values cannot be individualized
or even detected by the experiments presented here, establishing a minimum lateral extent for
the modeled feature. Accordingly, several possibilities exist for the geometry of this
reflector: (i) it is characterized by sets of a few km-long (15-20 km) flat features distributed
heterogeneously below the OMZ and CIZ at 50-75 km depth range; or (ii) it is a more or less
laterally continuous gradient zone with variable characteristics that result in a layered pattern
that produces discontinuous reflectivity depending on incidence angles, wavelengths and,
accordingly, development of reverberating mechanisms. It is noteworthy that although high-
angle reflections in wide-angle experiments are expected, the phases analyzed here
correspond to sub-critical reflections. At these angles, reflection coefficients are higher than
at vertical incidence but lower than those at critical and supercritical angles [Aki and
Richards, 2002] and therefore, less energy is reflected off the interfaces, making such
features difficult to be observed.

The sub-Moho reflections in the ALCUDIA-WA (Figure 3), IBERSEIS-WA and the ILIHA-
DSS shot records show a distinctive high amplitude, ~1 s long, coherent coda. Multiple
similar sub-Moho reflections with a complex coda have been recorded around the world [e.g.
Morozov et al., 1998; Nielsen et al., 2003; Carbonell, 2004; references in Clowes et al.,
2010]. The signal characteristics of these arrivals have been linked to two potential causes:
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(1) scattering in the crust that is enhanced through refracted multiples in a positive velocity
gradient mantle [Morozov et al., 1998; Morozov and Smithson, 2000]. These authors
interpreted the long coda of the teleseismic Pn phase that is observed as a sub-Moho arrival
as a ‘whispering-gallery wave’ traveling within the uppermost mantle. However, neither the
phase, arrival times nor the offsets observed in the SW Iberia wide-angle reflection/refraction
data agree with these observed by the authors. (ii) Multiple reflections and scattering within a
heterogeneous upper mantle [Thybo and Perchuc, 1997; Fuchs et al., 2002; Carbonell, 2004;
Ayarza et al., 2010]. These authors interpret reverberations by randomly distributed
heterogeneous bodies with velocity fluctuations in the range of 1-2 %. The size of these
heterogeneities is in the range of 20-40 km long and 0.15-2 km thick, depending on the
authors. In some cases, a fabric of 1-2 km thick heterogeneities, with a small velocity
contrast (<+£0.1 km/s) needed to be included in their models to reproduce the observed coda
[Hammer and Clowes, 2004]. Ayarza et al. [2010] already modeled the sub-Moho arrivals
observed in the IBERSEIS-WA shot gathers as reflections coming from a ~10-11 km thick
heterogeneous gradient zone at 60-70 km depth below the OMZ. These authors proved that
the observed signal could be reproduced by a gradient zone located at uppermost mantle
depths with a total velocity contrast of 1.3%, from 8.2 to 8.3 km/s. The size of the random
heterogeneities had to be around 150 m thick in order to produce constructive interferences at
the dominant frequency of their dataset. The resulting synthetic seismograms reproduced the
offset, time, amplitudes and the ~1 s thick coda. Since the ILIHA-DSS and ALCUDIA-WA
sample the same area and the shallowest subcrustal arrivals show the same characteristics
than these observed in the IBERSEIS-WA dataset, we suggest that a stochastic distribution of
elliptical/elongated bodies is the likely cause of the SW-Iberia lower lithosphere reflections.
As the velocity contrast from 8.2 to 8.3 km/s is not high enough to produce the high
amplitude of the observed reflections, constructive interferences are needed to achieve phases
with the observed amplitudes, higher than those of Pn in some shot gathers (Figure 3). Thus,
a band of heterogeneities around 150-200 m in thickness extending from 55 km to 85 km
depth with a velocity contrast of less than 1% may be a realistic model. When the thickness
of the layering differs from the one proposed here, the reflector is simply not visible in our
datasets, thus appearing as a discontinuous feature.

6.2.  Synthetic Modeling of PM;P and PM,P

Models in Figures 6 and 7 represent an averaged P-wave velocity distribution that fits the
picked travel times, but does not take into account the reflectivity. In order to reproduce it,
the modeling needs to consider the full propagation of an elastic P-wave. To that end, we
have built a ~420 km-long reference P-wave velocity model for the southern Iberian
lithosphere. The P-wave velocity distribution of the IBERSEIS-WA is used for the SPZ and
OMZ, and the one obtained from the ALCUDIA-WA results is adopted for the CIZ. Two ~15
and ~2 km thick heterogeneity zones are included, one at the depth of occurrence of the
PM, P reflection and the other at the base of the crust, respectively (Figure 9b). Within these
bands, velocity fluctuations in the range +0.1 km/s are randomly distributed following a 2.7
fractal dimension [Holliger and Levander, 1992] (Figure 9b). This self-similar bimodal
velocity distribution is considered to be a good approximation to the structural complexity of
the lower crust observed in exposed cross-sections [Holliger and Levander, 1992]. The
horizontal and vertical correlation length of the heterogeneities are 3 km and 250 m
respectively.
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Five synthetic shot gathers were calculated using a 2D second-order explicit finite-difference
scheme [Zahradnik et al., 1994] with absorbing boundary conditions at the sides and bottom
of the model [Sochacki et al., 1987]: one at each edge of the profile (shots A and E) and three
along the line at km 150 (shot B), 212 (shot C), and 353 (shot D) (Figure 9d). A minimum
phase Ricker wavelet with a dominant frequency of 8 Hz is used to simulate the energy
source. The resulting shot gathers, with a trace spacing of 300 m, are presented in Figures 9c,
d, e and f. The primary phases (Pg, PmP, Pn, PM,P, PM,P) are clearly recognizable, and
have been labeled accordingly. Next, we will focus on the description of PM ;P and PM,P
phases that are the focus of this study.

Synthetic shot A (Figure 9d) corresponds to shot 6 of the IBERSEIS-WA Transect B
[Ayarza et al., 2010] (Figure 9¢). The Moho discontinuity is clearly imaged, including a
good recovery of the high amplitudes observed in the field data. The prominent PM,P
phase observed in the IBERSEIS-WA shot at ~193 km offset and 8.0 s (velocity of
reduction of 8.0 km/s) is reproduced on the synthetic shot A with the ~1 s coda, although
it features a slightly lower amplitude. Synthetic shot A also presents a clear PM;P phase
at ~13 s and 190 km offsets. Although this phase was not modeled for the IBERSEIS-WA
transects in previous works, shot 6 (IBERSEIS-WA Transect B) successfully presents an
arrival at the same time and offset, that we interpret as PM,P.

Synthetic shot B corresponds to the ALCUDIA-WA shot 1 (Figure 9c). Shot B presents a
clear Pn phase and the base of the crust reflection (PmP phase), both observed in the field
data but with lower amplitudes. The PM,P phase is reproduced in arrival time and offsets,
although with lesser energy than the observed in the field data.

Synthetic shot C corresponds to shot gather 1 of the IBERSEIS-WA Transect B (Figure
9). This synthetic shot presents a higher energy Pn phase than that observed in the field
data. On the other side, the synthetic PmP phase reproduces well the arrival time,
amplitudes, and thickness of the reflective package observed in the field data. Like in the
previous shots, the PM;P phase mimics the one observed in the shot 1 (IBERSEIS
Transect B) in arrival time, offset, and coda, but with lesser energy. The PM,P phase
observed in the synthetic shot C, at ~13 s at 200 km offsets, is also observed in the
IBERSEIS-WA shot, despite it was not interpreted and modeled previously.

Shot D corresponds to shot 5 of the ALCUDIA-WA transect (Figure 9). Its prominent
PM, P phase is not clearly observed in the synthetic. However, the PM,P is clearly visible
on the synthetic shot at the expected arrival time and offsets. This phase is only visible at
large offsets on the field data. This pattern is also reproduced by the synthetic shot where
the energy reflected from the base of the lithosphere increases with offset (large reflection
angles and thus, larger coefficients).

Finally, synthetic shot E emulates the ALCUDIA-WA shot 6 (Figure 9). The reflection
(PmP) and refraction (Pn) from the Moho discontinuity recover the arrival time,
amplitudes and coda observed on the field shot gather. The weak PM;P arrival observed
in shot 5 is also reproduced on the synthetic shot. In the same way, the prominent PM,P
phase observed at ~13 s and -270 km offset is identified at the same time and offset on the
synthetic shot E. Again, the synthetic and real shot gathers present higher energy at larger
offsets for this phase.
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As a summary, the Moho discontinuity is clearly imaged in the five shot-gathers, reproducing
the PmP phase recorded on the field data. The synthetic shots also reproduce the observed
characteristics of the sub-Moho recorded phases, where the amplitude levels are achieved by
constructive interferences. These observations support our model of a gradient zone with
heterogeneities extending from 70 to 85 km depth beneath the SPZ and OMZ and from 55 to
70 km depth beneath the CIZ as source of PM1P. The total a velocity contrast of this gradient
zone is less than 1%. is the most realistic model.

6.3.  What Do SW-Iberia Sub-Moho Reflections Represent?

The normal incidence profile ALCUDIA [Martinez Poyatos et al., 2012] images a set of sub-
Moho reflections at ~18-20 s twtt at CDP 6000 to 7500 (km 100 to 130) and at ~14-17 s twtt
at CDP 50 to 200 (km 10 to 40) (Figure 2). These reflections correspond to depths of 66 to 70
km and 46 to 58 km depth respectively, assuming an average Vp of 6 km/s for the crust and 8
km/s for the lithospheric mantle. Since the late *80s, numerous upper mantle reflectors have
been reported from normal incidence profiles beneath many areas of the world [Steer et al.,
1998 and references therein]. Different hypotheses have been invoked to explain their
reflectivity: such as remnants of subducted oceanic lithosphere [Warner et al., 1996; Balling,
2000; Hansen and Balling, 2004; Clowes et al., 2010], deformation fabric related to
subduction [Alsdorf et al., 1996; Abramovitz et al., 1998], or occurrence of fluids, and mafic
layering [Warner and McGeary, 1987]. To our knowledge, upper mantle reflections observed
in normal incidence profiles have never been interpreted as a mineral phase transition. Next,
we are going to consider the probability for these interpretations to match our data.

Reflections related to subducted slabs and to their deformation fabrics typically have certain
dip. In ancient subduction zones, dipping upper mantle reflections have been often attributed
to eclogitized remnants of subducted oceanic crust [BABEL Working Group, 1990; Snyder
and Flack, 1990; MONA LISA Working Group, 1997; Chian et al., 1998; Cook et al., 1999;
Gorman et al., 2002]. The transformation of mafic crust into eclogite frequently has a spread-
out character, that is, stochastic [e.g. Austrheim et al., 1997; Medaris et al., 2018]. As our
wide-angle signal indicates that a random distribution of heterogeneities is needed to
reproduce the observed signal, we considered the possibility of embedded eclogitic slabs as a
source of the reflectivity, a feature already observed in peridotitic massifs at different scales
[e.g. Brastad, 1983; Fountain et al., 1994; Janék et al., 2004; Shi et al., 2010; Angiboust et
al., 2012; Renedo et al., 2015; Medaris et al., 2018]. Hansen and Balling [2004] reproduced
the wide-angle wavefield for a randomly eclogitized slab. Their results show that for a 50%
eclogitized slab with variations in Vp of 10%, a high amplitude scattering is observed as
coming from the slab. Normal-incidence sections that image old subduction zones usually
show a marked Moho topography with thickened crust and Moho offsets where dipping
reflectors leave the crust-mantle boundary. In our profiles, a south-dipping reflection is
observed in the ALCUDIA-NI seismic image just below the Moho on CDP 10000-11000
(Figure 2) but it does not comprise a significantly irregular Moho topography or a thickened
crust. This featured crust-mantle wedge has been interpreted as a crocodile-like structure that
accounts for ~30 km shortening at a lower crust level [Martinez Poyatos et al., 2012],
probably imaging an imbrication of different tectonic zones during the Variscan orogeny.
This amount of lower crustal shortening matches that estimated at upper crustal level. That,
together with the limited lateral extent and dip of this reflection and the existence of late
tectonic transpression in the area preclude a direct correlation with the sub-horizontal and
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heterogeneous reflector modeled from our wide-angle data. In addition, the length of the
modelled feature (PM ;P source) exceeds that of the shortening underwent by the area during
the Variscan orogeny, thus hindering any relation with a Variscan subduction-related event.
However, the presence of eclogites, both in the OMZ-CIZ boundary [GOmez-Pugnaire et al.,
2003; Sanchez-Vizcaino et al., 2003; Pereira et al., 2010] and the CIZ [Barbero and
Villaseca, 2000], compatible with the depth at which the reflector is located, together with
the late gravitational collapse underwent by of the Variscan orogen and the later
transpressional tectonics [Azor et al., 2019] could result into truncated sub-horizontal
features [Aulbach et al., 2017] that could be the source of mantle reflectivity, probably of a
more limited extent.

It is widely accepted that shear zones and faults can generate seismic reflectivity [e.g.
Fountain et al., 1984; Vissers et al., 1991, 1995; Calvert, 2004; Zucali et al., 2014; Gémez
Barreiro et al., 2015; Gomez Barreiro et al., 2018]. Accordingly, compressional and
extensional events occurring in the area from the Devonian to the Late Carboniferous or even
Permian (depending on the area), affected the crust and may have left an imprint at the upper
mantle level. In collisional contexts, geodynamic modeling typically shows that the strain
localization produces approximately 45° dipping almost linear shear bands [Frederiksen and
Braun, 2001]. However different and more complex geometries could appear when orogenic
gravitational collapse and transpressive tectonics postdate initial subduction-collision
architecture [e.g. Azor et al., 2019]. Again, wide-angle modeling and normal incidence
images for SW-Iberia do not show important upper-mantle dipping reflectors. In addition,
seismic images acquired in western Iberia do not show any tectonic feature offsetting the
Moho, i.e. the crust-mantle boundary seems to have acted as a rheological discontinuity.
Furthermore, crustal shear zones represent zones with negative seismic impedance [Meissner,
1996]. Synthetic shot gathers for a random shear zone in the uppermost mantle with 50%
normal peridotites and 50% material with reduced Vp [Hansen and Balling, 2004] do not
show scattered waves coming from it. Observations of shear zones on exposed mantle rocks
indicate changes in the petrophysical properties (mylonitization) [e.g. Vissers et al., 1995;
Gomez Barreiro et al., 2015; Gomez Barreiro et al., 2018] that lead to a reduction in the P-
wave velocity. However, our analysis indicates that the observed sub-Moho reflection PM,P
corresponds to a sub-horizontal reflector, featuring an increase in P-wave velocity with depth
and located at different levels, reinforcing the fact that it does not correspond to a shear zone.

The effect of fluids is probably more important in young tectonic systems, while in the
subcontinental mantle, fluids are limited to nominally anhydrous mineral phases [Fumagalli
and Klemme, 2015]. The presence of fluids in the mantle, that have zero shear modulus, can
also produce an impedance contrast large enough to cause reflectivity. Fluids are likely to be
present in subduction zones where water is introduced into the upper mantle along the upper
part of the subducting slab via dehydration, and/or melt is produced along the subducted slab.
This is not the case of the study area, where nowadays there are no active subduction
processes. Thus, if fluids were present in the mantle in the past, they might have migrated or
have been involved in mineral reactions. Another source of fluids could be the nearby
Calatrava Volcanic Field (Figure 1, ~N39°/W°), a Neogene volcanic field that extends over
5000 km? on the southeast edge of the CIZ (Figure 1). Surface wave tomography studies
indicate that partial melting exists underneath this field at shallow depths (65 km)
[Palomeras et al., 2014]. Although the presence of these magmas seems obvious, it is
unlikely that they may inflow the lithospheric mantle of a wide area such as southwest and
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west Iberia (Figure 8). Therefore, we consider that the presence of fluids can be ruled out as
the source of the southwest Iberia upper mantle reflectivity.

Finally, another potential source for the target reflectivity is the presence of mafic bodies
partially transformed into eclogites [¢.g. Hansen and Balling, 2004]. Depending on the
availability of water and the rock composition, mafic rocks begin to transform into eclogites
at about 35 km [Green and Ringwood, 1967a; Ito and Kennedy, 1971; Hacker, 1996]. The
eclogite/peridotite seismic contrast could result in visible reflectivity [Chian et al., 1998;
Wang et al., 2009; Clowes et al., 2010; Worthington et al., 2013]. A sub-horizontal layer of
mafic rocks in the mantle could have a reflection coefficient large enough to be observed in
vertical incidence seismic data as a continuous bright feature, something not seen here. But
field observations suggest that eclogitization could be erratic, and small bodies are
commonly interbedded in peridotitic massifs [e.g. Austrheim et al., 1997; Medaris et al.,
2018]. We will discuss this hypothesis in the next section.

6.4. An Image of the Hales Discontinuity in SW Iberia?

The characteristics of the PM; P reflection observed under the western Iberian Massif suggest
the existence of an increase in P-wave velocity with depth produced by a band of
heterogeneities at approximately 55-85 km. Several long-range controlled source
experiments imaged a positive impedance contrast boundary at 60-90 km depth [Green and
Hales, 1968; Hales, 1969, 1972; Hales et al., 1980] that were interpreted as the Hales
discontinuity and attributed to the spinel-to-garnet phase transition. In this section, we
discuss whether the modelled PM, P reflection could correspond to the Hales discontinuity.

The continental upper mantle is a complex ensemble of ultramafic and mafic rocks.
Peridotites are ultramafic igneous rocks typically made of olivine (>40%), clinopyroxene,
orthopyroxene and an aluminous phase (plagioclase, spinel or garnet, depending on P-T
conditions [Kushiro and Yoder, 1966; Green and Hibberson, 1970; O Neill, 1981]. Mafic
rocks (<40% olivine) are present, though less abundant, in the upper mantle (e.g. eclogites
and pyroxenites) and reflect the imprint of tectonic and magmatic processes [Irving, 1980;
Rudnick et al., 2000; Carlson et al., 2005]. Among peridotites, lherzolites are very common,
and represent a fertile mantle able to produce basaltic magmas [McDonough and Rudnick,
1998].

The spinel-garnet transition is a critical reaction in the mantle. However, experimental
investigations in natural compositional space are limited and incomplete [e.g. Green and
Ringwood, 1967b; Fumagalli and Klemme, 2015, and references therein]. Experimental
research around simple compositional systems like CMAS (CaO-Mg0O-Al,03-S10,) and
thermodynamic modeling have provided some constraints [O 'Neill, 1981; Perkins and
Newton, 1981; Klemme and O’Neill, 2000; Klemme, 2004; Ziberna et al., 2013]. Apart from
pressure and temperature, garnet stability is sensitive to mantle composition. That is, for
fertile peridotites, like lherzolites, the spinel-garnet transition may occur at ~45 km depth
(~1.5 GPa) whereas in refractory peridotites (€.g. dunites) the transition does not occur at
depths shallower than ~90 km (~3.0 GPa) [O’Neill, 1981]. The addition of elements like Cr
and Fe has a relevant effect on the system, elevating and reducing the garnet stability
pressure, respectively [O 'Neill, 1981; Girnis and Brey, 1999].
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Volcanic mantle xenoliths provide direct petrological and chemical information about the
mantle [Pearson et al., 2014]. We utilized the closest mantle xenoliths from the Late
Miocene-Quaternary Calatrava Volcanic Field (CVF, Fig. 1; [Bianchini et al., 2010]) to
constrain the nearby mantle. In that area, lherzolites with olivine, two pyroxenes and spinel
dominate. Garnet is absent in all xenoliths. Using the bulk compositions of peridotite
xenoliths from Villaseca et al. [2010] (samples 58498 and 72672 of Cerro Pelado), and
Bianchini et al. [2010] (sample CLV8) we explored the peridotitic parental magma pressure
(P) and temperature (T) by applying thermodynamical modeling (MELTS, Ghiorso and Sack
[1995]), as well as classical geothermobarometric equations of Putirka [2008] and Albarede
[1992]. Results at 100-1300°C indicate P in the range of 22-27 25 kbar (i.e. c. 65-80 km
depth) and no garnet formation in the paragenesis, in line with previous estimations of the
depth of xenolith extraction (ca. 70 km; Villaseca et al. [2010]). In a simple compositional
space (CMAS+Cr; O Neill [1981]) the stability of spinel expands over higher pressures as a
function of Cr (Cr#=[Cr/(Ct/Al)]. Spinels in lherzolites of the CVF depict a Cr# range = 0.09
—0.21, with a mean value ca. Cr# = 0.14 [Bianchini et al., 2010; Villaseca et al., 2010]. For
those values, the spinel-garnet transition could be expected between 21 and 24.5 kbar
[O’Neill, 1981]. On the other hand, phase transition may occur in the reflectors range -
between 50-85km (ca. 15-22 kbar) - only if spinel Cr# < 0.05 [O 'Neill, 1981]. The
discrepancy between observations and experiments is somewhat to be expected. Upper
mantle composition is heterogeneous, differing from simple compositional spaces, and even
small elemental variations can modify the phase transition boundary [Fumagalli and
Klemme, 2015]. Besides, geochemistry of the mantle below Calatrava Volcanic Field (CVF)
presents a complex metasomatic imprint, tentatively related to long-term recycling of mafic
rocks through an ancient subduction system (400-500 Ma; Wilson and Downes 1991;
Bianchini et al., 2010), thus hindering the representativeness of the results here presented.

The example provided above exhibits how lateral compositional changes in the upper-mantle,
like elemental variation and/or fertility degree [Barbero and Villaseca, 2000; Zeck et al.,
2007, Villaseca et al., 2012, 2015] could be invoked to explain different conditions (and
depth) for the spinel-garnet transition. On the other side, taking into consideration the
uncertainties on mantle thermobarometry [Fumagalli and Klemme, 2015; MacGregor, 2015],
xenoliths from the CVF could be close to the spinel-garnet transformation. Also, they might
be recording an old subduction environment, supporting the likely existence of eclogites in
the upper mantle below the OMZ-CIZ transect. These findings would correlate with the
presence of eclogite relicts exhumed in the Spanish Central System from ca. 50-60 km depth
(15-19 kbar; [Barbero and Villaseca, 2000; Gomez-Pugnaire et al., 2003; Sdnchez-Vizcaino
etal., 2003; Pereira et al., 2010; Villaseca et al., 2015]).

Some authors relate the Hales discontinuity to anisotropy [Fuchs, 1983; Zhang and Lay,
1993; Bostock, 1997, 1998; Levin and Park, 2000; Saul et al., 2000; Musacchio et al., 2004].
In fact, Diaz et al. [1993] reported azimuthal anisotropy for the lithospheric mantle beneath
the OMZ. Hence, anisotropy could play a role in the interpretation of the observed subcrustal
reflectivity. Velocity anisotropy in the mantle is usually related to the preferred orientation of
olivine [e.g. Nicolas and Christensen, 1987; Ismail and Mainprice, 1998]. However, the
relationship of the Hales discontinuity with anisotropy is unknown, and different
explanations have been proposed according to the tectonics of the area. Bostock [1997]
proposed that, in the Canadian Slave Craton, this reflector could respond, among other
things, to localized strain-induced anisotropy due to weakening by the phase change. On the
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other side, Diaz et al. [1993] relate the lithospheric anisotropy beneath the OMZ to shear
zones that accommodate the strain due to the decoupling between crust and mantle. Fast
polarization direction on the active areas marks the direction of the present-day strain,
whereas in zones with no tectonic activity the lattice preferred orientation develops as a result
of the strain from the latest dynamic process affecting the region. Western Iberia has been
basically stable since the late Paleozoic, hence mantle lithospheric anisotropy must be related
to past events. SKS studies indicate a fast polarization in the ENE-WSW direction beneath
the Iberian Peninsula [Diaz and Gallart, 2014] in agreement with the direction of the
structures in the OMZ and CIZ. Anisotropy obtained by the ILIHA-DSS profiles indicates a
N-S fast direction for the mantle lithosphere [Diaz et al., 1996] although sampling is limited
to the direction of the profiles. Accordingly, constraints provided by anisotropic studies in
the area are not conclusive, in direction and in the depth where it occurs. Moreover, the
observed anisotropy would have an effect on velocity and travel times and probably not so
much in reflectivity.

In order to explain the observed reflections, our model defines a stochastic distribution of
elliptical/elongated bodies. As discussed before, this model represents a heterogeneous
gradient zone where the spinel-garnet phase transition (or, maybe, eclogite relics) is the
source of lithological heterogeneity. Tuning effects appear in reflections from layers with a
thickness lesser than %4 of the wavelength of the seismic waves [Hansen and Balling, 2004],
strongly affecting the seismic wavefield and being a source of high random reflectivity. The
observed coda of the PM, P arrivals on the IBERSEIS-WA shot gathers can be reproduced
with fine-scale elongated ellipses of heterogeneities with AVp=+0.1 km/s [Ayarza et al.,
2010]. This phase has the same seismic characteristics as that observed in the ALCUDIA-
WA shot gathers leading us to postulate that the same pattern produces the reflectivity.
Therefore, we propose a model for the SW-Iberia with vertical heterogeneities between 50
and 150 m within a 30 km thick gradient zone that ranges from 55-85 km depth. The
heterogeneity bands create constructive interferences when thicknesses < 150 km and these
build up the observed amplitudes and coda.

Although the phase change from spinel-peridotite to garnet-peridotite has a low reflection
coefficient to explain the observed reflections [Warner and McGeary, 1987], layering or
lenses where the spinel and garnet ratio varies could account for the observed reflectivity. A
similar effect appears when the peridotite - eclogite pair is explored [Chian et al., 1998;
Hansen and Balling, 2004; Wang et al., 2009; Clowes et al., 2010; Worthington et al., 2013].
Vp ranges for both (peridotite and eclogite) overlap for a wide range of contexts, which could
lead to relatively low-velocity contrasts (AVp < 1%) [Kern et al., 1999; Mauler et al., 2000;
Brown et al., 2009; Wang et al., 2009; Worthington et al., 2013]. At this point, the proposed
model demonstrates a lamellar nature of the upper mantle between 55-85 km, seismically
compatible with the Hales discontinuity. Whether these heterogeneities are the result of
either erratic spinel-garnet transformation, a long-run mixture of eclogites and peridotites or
both, must be settled with further investigations (e.g. Vp/Vs; Worthington et al., 2013; Farla
et al., 2017). However, the size and position of the reflector favors an origin linked to a phase
transition.
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6.5. SW Iberia Lithosphere-Asthenosphere Boundary (LAB): The PM,P Phase

A deeper reflector than the PM, P is imaged by the ALCUDIA-WA and ILIHA-DSS surveys.
We postulate that this PM,P reflector corresponds to the base of the lithosphere, the so-called
LAB. Recent active source seismic studies have imaged the base of the tectonic (lithospheric)
plate [Stern et al., 2014] as a negative reflection coefficient interface. The seismic LAB
corresponds to a decrease in velocity with depth and our study indicates that the observed
PM,P phase features negative polarity. Therefore, we modeled this arrival as an interface
located at 90-100 km depth beneath the OMZ and 80-110 km depth beneath CIZ
corresponding to a decrease in velocity with depth from 8.3 km/s to 8.0 km/s. In addition, the
synthetic seismograms produced in this study (Figure 9) reproduce its arrival time, offset and
amplitude as coming from a decrease in velocity at the proposed depths, reinforcing this
interpretation.

Geophysical studies on surface wave tomography place the LAB at ~90 km depth beneath
the OMZ, at 80-90 on the southwest CIZ and at ~70 km on the northeast CIZ [Palomeras et
al., 2017]. Differences between this study and our results are on average around 5 km
although locally, to the southwest CIZ they increase up to 15 km. Discrepancies on the LAB
depth obtained by different geophysical techniques have been reported [Eaton et al., 2009].
Surface wave tomography provides depth-velocity models that are relatively insensitive to
the sharpness of the LAB, being unable to distinguish a velocity change that occurs
instantaneously in depth and one occurring over tens of kilometers [Eaton et al., 2009]. This
conditions the definition of the LAB, which Palomeras et al. [2017] took as the maximum
negative velocity gradient below a fast lid, which might not be necessarily the point with the
maximum impedance contrast and where reflections originate. Considering the LAB as the
depth to a certain absolute velocity or velocity anomaly contour, or the depth where lateral
velocity variations cease, would lead to different LAB depths for the Iberian Peninsula. This
could explain the discrepancies up to ~15 km obtained by surface-wave tomography analysis
and the ALCUDIA and ILIHA models presented in this study.

Other geophysical studies using elevation, geoid and gravity data [Palomeras et al., 2011],
and topography and geoid data [Torne et al., 2015], report similar LAB depths for the CIZ
(90 km) as the ones interpreted in the wide-angle seismic profiles presented here. These
studies also increase the LAB depth beneath the southwest CIZ up to 110 km depth, in
agreement with the results obtained in this study. The main differences arise beneath the
northeast CIZ, where Torne et al. [2015] report a LAB depth of 110 km whereas our model
places it at 80 km depth. However, this lithospheric thinning is in agreement with the
observed in the surface wave tomography results [Palomeras et al., 2017]. In summary, the
topography of the LAB obtained by the seismic wide-angle datasets presented in this work is
in general in agreement with that obtained by other geophysical data.

7 Conclusions

Modeling of different refraction/wide angle seismic datasets identifies a heterogeneous upper
mantle beneath the Spanish Iberian Massif, with at least two sub-Moho reflectors. The studied
profiles image an upper mantle reflector, PM,P, produced by an increase in P-wave velocity at
~55-85 km depth beneath the OMZ that shallows up to 50-60 km beneath the CIZ (Figure 8).
The characteristics of this phase (coda and amplitude) indicate that it corresponds to a band of
heterogeneities randomly distributed with AVp=+0.1 km/s. Due to its depth and to geological
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constraints, we postulate that this interface could correspond to the top of the transition from
spinel to garnet lherzolite, although the existence of a heterogeneous distribution of mafic bodies
(e.g. eclogites, garnetites, pyroxenites) cannot be ruled out. The randomly distributed
heterogeneities would correspond to whether mechanical or chemical mixing, which led to
variations on the spinel and garnet ratio (or eclogite recycling). The geometry of this interface
could be due to mantle elemental changes, fertility degree and tectonothermal evolution,
including compressive, extensional collapse and pervasive transcurrent regime. The interlayer
spacing of this gradient zone determines its image in different datasets. The fact that the reflector
is not sampled everywhere or in every dataset indicates that it is not continuous or, most
probably, that it has lateral variations that modify its reflectivity depending on the characteristics
of the sampling wavelet.

A second, deeper reflection has been observed in the shot gathers. Its reversed polarity indicates
that it corresponds to a decrease in velocity with depth. Our modeling study places this
discontinuity around 90 km depth beneath the OMZ. A lateral change is observed beneath the
CIZ, where it is imaged at 103-110 km depth on the southeast and shallows up to 80 km depth on
the northeast. Furthermore, the imaged depth of this discontinuity agrees with the LAB depth
obtained for the area by other geophysical observations. This indicates that it likely corresponds
to the base of the lithosphere.
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Figure 1. Tectonic map of the Iberian Peninsula with the location of the ILIHA-DSS,
IBERSEIS-WA and ALCUDIA-WA profiles (red, green and blue profiles, respectively)
analyzed in this study. The colored triangles mark the positions of the receiver stations. The
yellow stars indicate the shot positions of the wide-angle experiments. The Calatrava Volcanic
Province (CVP) is indicated by a black solid triangle. DB: Duero Basin; GB: Guadalquivir
Basin; TB: Tajo Basin; IS: Iberian System.

Figure 2. Stacked image of the ALCUDIA-NI transect in two-way travel time (twtt), modified
after Martinez Poyatos et al. [2012]. Red arrows point the sub-Moho reflectors. Green arrow
depicts the lower crust-uppermost mantle tectonic wedge.

Figure 3. Selected shot gathers from the ALCUDIA-WA experiment: shot 1 (top), shot 4
(middle), and shot 5 (bottom) (locations along the transect in Figure 1). Phases labeled in the
figure indicate the reflection and refraction at the base of the crust (PmP and Pn, respectively),
and sub-Moho reflections under study in this work (PM1P and PM2P).

Figure 4. Frequency content of the PM1P phase for shot gathers 1 (a) and 4 (b), and PM2P for
shot gathers 4 (c) and 5 (d) of the ALCUDIA-WA experiment. All shot gathers are plotted at 8.0
km/s reduced time. Note that the dominant frequencies are lower than 20 Hz.

Figure 5. Comparison of the polarity of the PM1P and PM2P arrivals with the PmP arrival
observed on the ALCUDIA-WA shot gathers. All shot gathers are plotted at 8.0 km/s reduced
time.

Figure 6. a) P-wave velocity model for the ALCUDIA-WA experiment resulting from the
forward modeling. Reflectors are marked in yellow. Tectonic zones are indicated on the top of
the velocity model, colored according to figure 1. OMZ: Ossa Morena Zone, CIZ: Central
Iberian Zone, TB: Tajo Basin. Raytracing diagrams are plotted in the bottom panels on top of the
P-wave velocity model to illustrate the sampled reflectors for shot gathers 1 (b), 4 (c) and 5 (d).
Theoretical travel time branches predicted by the resulting P-wave velocity model are drawn on
top of the reduced velocity shot gathers to illustrate their alignment with the observed phases
(top panel).

Figure 7. P-wave velocity models and subcrustal arrival times for the ILIHA-DSS experiment
resulting from the forward modeling: a) Line DA, b) Line BX, c) Line CF, and d) Line BE. Top
panels: theoretical travel time arrivals predicted by the resulting P-wave velocity model (red
dots) are plotted on top of the subcrustal arrivals (blue dots) from Iliha DSS Group [1993] to
illustrate their alignment with the observed phases. Bottom panels: Resulting P-wave velocity
models obtained in this study. Reflectors are marked in yellow. Tectonic zones are indicated on
the top of each velocity model, colored according to figure 1. SPZ: South Portuguese Zone,
OMZ: Ossa Morena Zone, CIZ: Central Iberian Zone, DB: Duero Basin, GB: Guadalquivir
Basin, BS: Betic System, IS: Iberian System.

Figure 8. Map projection of the obtained depth of the sampled upper mantel reflectors PM1P

(left panel) and PM2P (right panel). The depth positions of the interfaces are labelled and colored
according to the depth scale. The main tectonic units are indicated (black solid lines) as in figure
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1. Dashed lines represent the location of the seismic lines ILIHA-DSS (red), IBERSEIS-WA
(green) and ILIHA-WA (blue).

Figure 9. a) Tectonic map of the area indicating the position of the reference P-wave velocity
model (b) (black solid line) and the shot positions used for the generation of the synthetic shot
gathers (d). The position of the IBERSEIS-WA Transect B and ALCUDIA-WA is also indicated
as a green and blue line, respectively, as well as the shot position as yellow stars. b) Top panel:
Reference P-wave velocity model for the south Iberian lithosphere created from the P-wave
velocity distribution of the IBERSEIS-WA for the SPZ and OMZ, and from the ALCUDIA-WA
for the CIZ. Two ~15 and ~2 km thick small-scale heterogeneity zones are included at the depth
where the PM1P reflection is modeled and at the base of the crust, respectively. Velocity
fluctuations are randomly distributed following a 2.7 fractal dimension with velocity variations
in the range +0.1 km/s from the reference P-wave velocity model (bottom panel) (see text for
detailed explanation). c) Field data registered by the IBERSEIS-WA Transect B and ALCUDIA-
WA experiments that recorded subMoho reflectors and (d) corresponding synthetic acoustic full
wave-field seismograms generated using the velocity model on b). Shot positions are labeled on
a) and b). Shot gathers are plotted at a reduced velocity of 8.0 km/s. Interpreted primary phases
are labeled in both real and synthetic datasets.
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Figure 3.



