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[1] Two wide-angle seismic transects have been acquired across the SW Iberian Massif.
They crossed three major geological zones (South Portuguese Zone, Ossa-Morena Zone,
and Central Iberian Zone), with their tectonic contacts and the Pyrite Belt being of
greatest interest. A total of 690 digital seismic recording instruments (650 Texans and
40 Reftek 3 component units) from the IRIS-PASSCAL Instrument Pool were used. The
transects (A and B) are each approximately 300 km long and consist of 3 and 6 shot
points, respectively, with an approximately 60-km shot point interval. The charge sizes
range from 1000 kg at the edges to 500 kg at the center. These recently acquired
experiments were designed to provide velocity constraints on the lithosphere and to
complement the previously acquired normal incidence seismic profile IBERSEIS. Both
data sets are part of the SW Iberia project, which was developed within the EUROPROBE
program and designed to address fundamental questions about the nature and dynamics of
the Variscan lithosphere. The acquisition parameters provide closely spaced wide-angle
seismic images of the lithosphere beneath SW Iberia. In transect A, the station spacing was
on average 400 m, while along transect B, the receiver spacing was approximately 150 m.
Because of this close trace spacing, the lateral continuity of the seismic arrivals is greatly
improved. Frequency analysis revealed that the recorded events feature relatively low
frequencies (6—25 Hz). After processing, the shot records show high-amplitude and
well-defined arrivals. The interpreted PmP arrival, located at approximately 11 s (normal
incidence traveltime), is characterized by high amplitude and relatively low frequency
(6—12 Hz). A well-defined Pn arrival appears at offsets beyond 120 km. At far offsets
greater than 180 km, an upper mantle reflection is observed. Furthermore, within the upper
crust, the shots records feature a relatively high-velocity arrival, located at 4—5-s normal
incidence traveltime. The analysis of this arrival indicates that it probably corresponds
to the top of the Iberian Reflective Body identified in the IBERSEIS deep seismic profile.
The velocity models obtained by forward modeling show a complex crust, especially

in the middle crust. The velocity models are the most detailed ones that have been
produced in the area and contain a large amount of new features that are relevant to the
understanding of the composition of the crust and upper mantle beneath the zone. The
velocity depth functions derived from the velocity models have higher middle crustal
velocities than the average in other continental areas. A comparison between laboratory
seismic velocity measurements and the velocities of the models was carried out in order to
estimate the crustal and the upper mantle composition. Results indicate that the high
middle crust velocities correspond to rocks of a mafic composition. The combined data
set reveals new aspects related to the lithospheric evolution of this transpressive orogen
and allows us to attempt an interpretative cross section of the upper lithosphere in

SW Iberia.
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1. Introduction

[2] SW Iberia (Figure 1) has attracted interest since early
roman times (209 BC), and even much earlier (Tartessos
period, around 800 BC), largely because of the occurrence
of large ore bodies, especially within the well known Pyrite
Belt which continues to be exploited. In the early 90s new
research efforts were developed including initiatives such as
EUROPROBE [Ribeiro et al., 1996] and GEODE [Blundel
et al., 2005]. These initiatives promoted the acquisition of
new geological and geophysical data in the area to better
understand the development of these large ore bodies and
the geodynamic scenarios which favored their emplace-
ment, and to obtain new knowledge on the Variscan
evolution of the lithosphere of SW Iberia. Placing con-
straints in the lithospheric structure requires multidisci-
plinary research efforts, and in particular, multiseismic
experiments which include normal incidence and wide-
angle seismic reflection data. Normal incidence experiments
place constraints on the geometry and wide-angle experi-
ments determines the distribution of physical properties.
Complementary seismic data acquisition programs have
proved to be very successful (see for example The Trans-
Hudson Orogen Lithoprobe, Canada [Hajnal et al., 2005],
and the Urals [Berzin et al., 1996, Carbonell et al., 1996,
1998]).

[3] The Variscan orogenic Belt of SW Iberia developed
under a transpressional tectonic regime, in contrast with
other well-developed orogens of similar age such as the
Uralides [Carbonell et al., 1996, 1998] that shows a more
plane-strain deformation. The IBERSEIS transect [Simancas
etal.,2003; Carbonell et al., 2004] provided new structural
data on the Variscan belt at crustal scale, as well as adding
information to other transects from Central Europe [Onken
et al., 2000] and Northern Iberia [Pérez-Estaun et al., 1991,
Ayarza et al., 1998].

[4] The IBERSEIS deep seismic reflection transect
[Simancas et al., 2003; Carbonell et al., 2004] provided a
crustal image that revealed the geometry of the structures
and average physical properties of the shallow crust. The
physical properties for the deep crust and upper mantle
(seismic P wave velocities) however, were not constrained
by this Vibroseis seismic data set. One of the most relevant
findings of the IBERSEIS profile was a high amplitude,
strongly reflective structure called the IBERSEIS Reflective
Body (IRB) [Simancas et al., 2003] which is approximately
140 km long and located at mid-crustal level (approximately
12—14 km) beneath the Ossa-Morena Zone (OMZ) and
Central Iberian Zone (CIZ) (Figure 1).

[5] To address the nature of structures imaged by the
IBERSEIS transect including the IRB, the lower crust and
upper mantle, two wide-angle seismic reflection data sets
were obtained to constrain the physical properties at depth.
This need was further emphasized by the fact that the study
area contains the well known Iberian Pyrite Belt with its
massive sulfide deposits located in the South Portuguese
Zone (SPZ) and some other mineralized zones (ore deposits)
located within the OMZ.

[6] Deep normal incidence seismic transects like IBER-
SEIS provide a two-dimensional view of the orogens, but in
transpressive orogens such as the Variscan belt of SW Iberia,
where large strike slip movements have been suggested
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[Simancas et al., 2003], some degree of three-dimensional
control is required for a reasonable structural interpretation.
Thus in order to provide constraints on the physical prop-
erties of the lithosphere, extend the seismic image to deeper
levels within the upper mantle, and to assess a three-
dimensional interpretation, a dense wide-angle seismic
experiment was designed. This manuscript presents the
acquisition, processing, modeling and interpretation of two
wide-angle deep seismic reflection transects acquired across
the SW Iberian orogen (Figure 1).

2. Geological and Geophysical Setting

[7] The southern Iberia transects lie within the Variscan
belt and cross three main tectonic units (Figure 1): the South
Portuguese Zone (SPZ), the Ossa-Morena Zone (OMZ), and
the Central Iberian Zone (CIZ). There is an overall south-
ward vergence across the region. The SPZ corresponds to an
area of Devonian-Carboniferous volcanic and sedimentary
rocks containing massive polymetallic sulfide deposits of
the Iberian Pyrite Belt (Figure 1). This belt is the largest
and most important volcanogenic massive sulfide (VMS)
metallogenic province in the world. The OMZ is a complex
area consisting of an Upper Proterozoic-Lower Paleozoic
Cadomian basement that was reworked during the Varis-
can orogeny (300-400 Ma) [Burg et al., 1981; Sanchez-
Carretero et al., 1990; Simancas et al., 2001; Pin et al.,
2002], then overlain by younger metasedimentary and
igneous Paleozoic rocks. Within the OMZ outcrops the
Serie Negra formation that consists of Upper Proterozoic
black schist rocks. The CIZ together with the Asturian-
Leonese Zone and the Cantabrian Zone represents an
ancient margin of Gondwana [Pérez-Estaun and Bea,
2004]. Two main tectonic zones define the southern and
northern boundaries of the OMZ respectively. The Pulo do
Lobo (PL) suture zone, which separates the OMZ and the
SPZ, is defined by dismembered units including several
small ophiolitic klippes, a strip of amphibolites, and a unit
of schists with some metabasalts [Bard, 1977; Fonseca and
Ribeiro, 1993; Castro et al., 1996; Fonseca et al., 1999].
The OMZ southern border units are bounded by a high-
grade metamorphic complex (high temperature, low pres-
sure) consisting of continental rocks. The kinematics of the
collision between the OMZ and the SPZ, that include the
closure of an ocean, was strongly oblique left-lateral trans-
pression [Crespo-Blanc and Orozco, 1988; Silva et al.,
1990]. The Central Unit (CU) defines the northern border
of the OMZ (contact with the CIZ). The nature of the CU
has been the subject of some controversy. The boundary is
made up of metasediments, eclogites, gneisses, and amphib-
olites with ophiolitic affinity [4balos et al., 1991; Azor et
al., 1994; Ordoriez Casado, 1998; Gomez-Pugnaire et al.,
2003; Lopez Sanchez-Vizcaino et al., 2003]. Despite the
controversy on timing and age of the high-pressure meta-
morphic event [Schdfer et al., 1991; Ordoriez Casado,
1998], this boundary is considered an orogenic suture [Burg
et al., 1981; Matte, 1986; Azor et al., 1994; Simancas et al.,
2001]. In this respect, there are noticeable differences
between the Ordovician to Devonian stratigraphy of the
OMZ and the CIZ [Robardet and Gutierrez-Marco, 1990],
although faunal affinities suggest that the continental blocks
of the CIZ and the OMZ would not have been substantially
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Figure 1.

white. Red stars indicate the shot positions.
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Geological setting of the SW Iberia orogen, the study area, and design of the wide-angle
seismic reflection experiment. The experiment consisted of two transects with three and six shot point
locations, respectively. (a) Map of the main geological units and tectonic zones. The location of the deep
seismic reflection transect is also indicated in green dashed lines. Red circles indicate the shot positions.
The normal incidence seismic profile IBERSEIS is shown as a red line. Blue circles are the position of
magnetotelluric stations. (b) Geologic map of the area. The wide-angle seismic transects are indicated in
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Table 1. Data Acquisition Parameters for Transect A and
Transect B

Description Transect A Transect B

Intershot distance
Number of shots
Shot charges (kg)

approximately 60 km  approximately 60 km

6 shots (3 mistaken) 6 shots fired twice

A1:1000, A2:750, B1:1000, B2:750, B3:500
A3:500 B4:500, B5:750, B6:1000

Charge configuration — single 50—60-m single 50—60-m borehole

borehole
Station spacing 400 m approximately 150 m
Length of profile 330 km 300 km

separated [Robardet and Gutierrez-Marco, 2002]. Further
description and discussion on the tectonic evolution of the
Variscan orogen in Iberia can be found elsewhere [Matte,
1986; Pérez-Estaiun and Bea, 2004].

[8] Potential field data from the region have been ana-
lyzed extensively by the natural resources industry, mainly
within the Pyrite Belt. The Pyrite Belt has a significant
magnetic signature, and prominent gravity and magnetic
anomalies have been exploration targets. A long wave-
length, broad magnetic anomaly is characteristic of most
of the Ossa-Morena domain and extends to the south a few
km beyond the suture zone with the SPZ. The existing
gravity and magnetic data have been integrated with geoid
and heat flow data. Modeling results using heat flow, geoid,
topography, and gravity data suggest that the mid-crust
thickness increases within the OMZ and the southern part
of the CIZ [Fernandez et al., 2004].

[v] A large amount of magnetotelluric (MT) data has
been collected in the region and include seven SW—-NE
parallel transects, one running through the study area
[Monteiro Santos et al., 1999, 2002; Almeida et al., 2001,
2005; Pous et al., 2004; Murioz et al., 2005]. The interpre-
tation of these transects indicates that some suture zones
correlate with conductive features. The easternmost MT
transects (Figure 1) indicate that the mid-lower crust of
the OMZ is a conductive structure [Carbonell et al., 2004;
Murioz et al., 2005]. Despite the low resolution of the MT
data, the main conductive and resistive anomalies can be
traced from one transect image to the next providing a low-
resolution 3-D view. Murioz [2005], using this data set,
developed a 3-D conductivity model that shows that the
main features imaged by the MT correlate closely with the
surface geology.

[10] A high-resolution seismic reflection image of the
lithosphere across the Variscan Belt of SW Iberia was
obtained by the IBERSEIS deep seismic reflection profile
[Simancas et al., 2003]. This reflection profile revealed a
detailed image of the crust and characterized the internal
architecture of the SPZ, the OMZ and the CIZ. The
IBERSEIS seismic profile images dipping reflectors within
the SPZ that merge at a mid-crustal level with lower crustal
events with opposite dips [Simancas et al., 2003]. In the
OMZ, the IBERSEIS profile shows a high-amplitude band
of reflectivity (IRB) at 12—14-km depth that extends well
beyond the CIZ to the north. This IRB has been interpreted
[Simancas et al., 2003; Carbonell et al., 2004] as a major
mafic rock intrusion that most likely was formed as a result
of a relatively large heat flow anomaly during Carbonifer-
ous times. This large mafic intrusion could be responsible
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for the relatively long-wavelength anomalies in the potential
field data across the CIZ. This, and the correlation between
the conductive structure imaged by the MT and the reflec-
tive band (IRB), suggest a broad east—west extension of
IRB. A moderate sized tabular, mafic sill, or a series of sills,
can also account for the geoid, topography and gravity
modeled by Ferndndez et al. [2004]. The dense wide-angle
seismic data will provide additional constraints on the P
wave velocity of the IRB, its physical properties and on the
nature of the mid-lower crust and upper mantle.

3. Data Acquisition and Processing

[11] The main purpose of the wide-angle survey was
to provide well constrained velocity models along the
IBERSEIS deep seismic profile and along a second transect
located to the south—east of IBERSEIS, which crosses the
well known Rio Tinto ore deposit. Dense seismic records
were acquired so that phases could be easily correlated and
the possibility of detection of mantle arrivals increased. The
resulting data set provided a continuous coverage from 0 to
approximately 300-km offset and a trace spacing close to
that of normal incidence seismic reflection data (Table 1).
The data coverage allowed imaging of the same event at
different offsets from normal incidence to wide-angle/far
offset and provided an opportunity for correlation between
seismic reflections (conventional normal incidence data)
and refractions. Having a spatially dense data set also allows
for the application of new processing strategies, such as
generating low-fold stacks [Carbonell et al., 1998, 2002;
Flecha et al., 2009] or depth migrated seismic images using
the wide-angle seismic data.

3.1. Data Acquisition

[12] The wide-angle seismic reflection data set consists of
two transects acquired in the SW Iberian Massif. Transect A
(Figure 1) coincides with the trace of the IBERSEIS deep
seismic reflection profile [Simancas et al., 2003; Carbonell
et al., 2004] and transect B is located farther to the south—
east. Both transects join at their northern end vertex and
cross the three major tectonic domains: SPZ, OMZ, and CIZ
(Figure 1).

[13] The explosive charge was located in a single 20 cm
diameter, 50—60-m deep shothole. Explosive shots with
charge sizes of 1000, 750 and 500 kg, where distributed
along the transect, with the largest charges located at the
edges of the profile (Table 1). Six shots were located along
each transect, however, the three northernmost shots of
transect A failed to detonate.

[14] A close receiver spacing was used so that weak
arrivals could be identified by increased lateral correla-
tion. 650 digital seismic recorders (590 Texans and 60
3-component Refteks) from IRIS (Incorporated Research
Institutions for Seismology) instrument pool where used.
These instruments where placed along the 300-km transect
A at a 400-m station spacing. For transect B, because of an
economic interest (several mines are located within this
area), a denser trace spacing was used. To achieve this, shots
were fired twice. The stations were firstly placed at 300—
400-m spacing along transect B (Table 1). Once the shots
were fired, the stations were moved 150—-200 m toward the
north along the profile. All shots were then fired a second
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time, resulting in shot records with a 150—200-m trace
spacing.

3.2. Data Processing

[15] The processing methodology applied to the wide-
angle data focused on cleaning up the shot gathers so
arrivals can be identified and interpreted. This was achieved
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Figure 2. Comparison of shot number A3 (transect A) sampled at a different station spacing. (a) Trace
spacing of 5 km, (b) trace spacing of 2.5 km, (c) trace spacing of 1 km, and (d) trace spacing of 400 m.
New events appear and more lateral continuity is achieved when the trace spacing is reduced. All the shot
records are displayed at a reduced traveltime with a velocity of 8.0 km/s.

signal-to-noise ratio so that events could be easily identi-
fied. Processing steps included the introduction of the
geometry information in the trace header, amplitude recov-
ery, amplitude balancing, analysis of the frequency content
and identification and picking traveltimes of the principal
arrivals. To aid in interpretation and traveltime picking,
energy plots of the shot records were also used. The energy
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Figure 3. Shot number B5 (transect B) after different band-pass filtering. (a) Frequency window: 0.25,
2, 6, 8 Hz; (b) frequency window: 6, 8, 12, 15 Hz; (c¢) frequency window: 10, 12, 18, 20 Hz; and
(d) frequency window: 18, 20, 30, 35 Hz. Some phases, as the PmP, are clearer at high frequencies.

plots were obtained by calculating the envelope of the traces
once they had been corrected for spherical divergence.

[16] Source and receiver locations (X, y, z coordinates)
were obtained by GPS measurements and written to the
segy trace header. Offset and midpoint information were
calculated from this location data. As each shot in transect
B was fired twice, the data were merged to build a single
shot record with a closer trace spacing (approximately
150 m). The geometry information was then used during
a sorting step to generate each shot.

3.2.1. Station Spacing

[17] The dense trace spacing, which ranged from 150 to
400 m and the resulting data demonstrates that there are
benefits in this strategy mostly because the lateral continuity
of the seismic arrivals is greatly improved. A comparison of
how the wide-angle data set would look like if it had been
acquired with a trace spacing typical of refraction data
acquisition set up is shown in Figure 2. This reveals that
only the most prominent arrivals such as PmP, and Pn phases
could have been identified in the decimated 2.5—5-km shot
gathers, and other recorded events or energy bursts would

6 of 29

85U8017 SUOWILLIOD BAIERID 3|qedt|dde ay) Aq peusenob are sapie O '8sN JO SanJ oy Akeiqi T 8UlUO /8|1 UO (SUO N IPUO-PUR-SLLIBIWI0D" A3 1M A eI 1 [oul 1 [UO//StY) SUORIPUOD Pue SWie | 84} 88S *[7202/20/80] U0 A%eiqiauluo A8|Im eouewees aa pepisieAlun Ad 0505008C2002/620T 0T/I0p/uod A8 im Akeaq i pujuo'sgndnBe//:sdny woly pepeojumoq ‘29 ‘6002 ‘020229512



B02302 PALOMERAS ET AL.: DENSE WA SEISMICS IN SW IBERIA B02302
Offset (m) Offset (m)
20000 75000
A T T T 1 YT
R BN :'D", ssf) '“ :L w ”' '»"l'
) Py
S HET AN »n "y n.,n».
by S V 464 M bt ’\ t
632‘6",’:"['“{.& vyt S ”"’ "'PPL
y’ o ! m»"n' 'l‘: §47‘bbl’» > > [
PORES PN WH;;I:, rH,'p]:,' IO 40 4 b)' D»
:ﬂ»inn:“‘.’bl"i;an :45;;“‘[» &
PO IO C < v.'_»» »P»L::‘
2.94 N F QO 4.94 F
£ Lr.mr».»'» Yol 1 g w’ > ,.':’ ,
[ 3‘(,‘»',,,',“\ »;Ilr“"i [ (‘); L L L L 3 i:5.0~ k " [ :];\ s s s s .
B .'.'"\p‘:br' Dot MR E o :L ’» "Pp» s b Bos
S s nth ’n‘ et S 0 Fg ‘ » )l Sor
PRI TR ¥ F2 ""t:”’ »""-" S
O 329 ) r vE £ b 9
€ T el Bey S imdL Ll By
sty ’\:I' b E ,»»», noe o <oz
+ 4 » . B .
SAAID:UE“’ILEH :;") : I':M 10 '2:0 Héo 20 0 5'3"‘ PF;[, n ' b»n,p 'l [ 6 T 20 30 70 50
y ) } V] req. Hz
3.5<’:: .’:\”:::: ,;rt,”hb» 4 5v4<$H L'- ’br::» Freq. Hz
ST TR
aed Ll iy ry;',»_'h Shot: A3. Phase: PuzP 5_5<' nin”» ,!,n» - | Shot: A2. Phase: PIiP
Offset (m
5000 ( 10000 Offset (m)
o T - R
By ! ST 1)
4 ' . VL ! !
102 ;”:;\’“;IE .{‘: sss{[ TR
03], t: T X o
"v;?l'”'.‘»"»,» R AL RN
sy S R R ot
wed 110 0 g ER L
I y 1l .’1: ;.”b @ }‘: :‘Hw!"‘ w,m»»:li
—_ "y »
3105)'»5’“ bbl”'”“ L g ) ‘:{: 'b»; ::’>I"!E 1o ) ) ) )
2 N T B e i (R T SR SN 1 '
'§1°'6"M\f 4 P! }‘“' R kB A o H,.,,r | Bo7d £
= b "t , .,;“i »n Qo7 3 " Wm}]‘ I“,,”n.r.\ 206] 3
074 M ) . = S v inhinl 2 £
My l,‘LD D Soa By "W.n" € 034 3
ool Py b L B @il <o ]
Al A AN 0.1 Vi et ‘u‘,u'! . § § / A
S ';' ;T’H. ) Fh k - pA A - o 6541 l}”':u.‘ I}l:"’ i ‘M"» 10 Frezo H 30 40 50
10.94 X F R Vgt ’ ! .Hz
By Freq e b i
: o P
S NN bg‘,»" Shot: A3. Phase: PmP NN p;'»nw" Shot: A1. Phase: Pn
Offset (m )
230000 232000
[ d] T l
704 P p :,’ F
|3 ', r: »
»* »
™ r>' :: ».»,:
= yop » }
L Irr :»-:;:‘ »
: e p 194 ,) g ~—
w ot L. [N e A
o prh gy »
E b -» g
e I
RS Y S B R i
S prmE i | 250 i
3 "': » 2 059 E
o pr> S gg;g; E
ST s 3
k )
ao['.:!’ b)r:?' R 10 20 30 20 0
T o IS Freq. Hz
Lo o : :
L oy Shot: A3. Phase: PMP

Figure 4. Amplitude spectra of the seismic phases for transect A. For every shot, the amplitude spectra
and the area used to calculated it are showed. All shots are imaged at reduced time with a velocity of 8.0

km/s except shot A3 (PmP phase).

have not been interpreted because they lack lateral correla-
tion, thus limiting the interpretation of the data sets. One
example is the normal incidence part of the PmP phase
which is only visible with high spatial coverage at 10.5-s
twtt (Figure 2). Laterally limited structures which feature
relatively large velocity contrasts provide laterally limited
reflections and diffractions. These events are only sampled
by few traces in the decimated data sets, and therefore, they
have a relatively small chance of being picked during
interpretation. These laterally limited events can be identi-

fied in the closely spaced shot records (e.g., at 3-s twtt and
25-km offset, and at 5-s twtt and 75-km offset) (Figure 2).

[18] Conventional interpretation techniques and tools
applied to conventional (5-, 2.5-, 1-km trace spacing)
wide-angle experiments provide an image showing major
discontinuities, interpreted by layered cake models, featur-
ing upper, middle and lower crust. Small trace spacing
allows an increase in interpretable complexity as more
events can be identified. The interpretation of a small trace
spacing data set is more complex.
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Figure 5. Amplitude spectra of the seismic phases for transect B. For every shot, the amplitude spectra
and the area used to calculate it are showed. All shots are imaged at reduced time with a velocity of

8.0 km/s.

[19] Interpretation tools based on forward modeling by
ray tracing and trial and error iteration approaches are
inherently biased toward layer cake velocity models. When
shots records have a small trace spacing, a more complex
picture appears, and simple layer cake models are more
difficult to reconcile with the highly heterogeneous image of
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the crust produced from the densely spaced data.
3.2.2. Amplitude Balancing

[20] Differences in trace amplitude levels where identified
between shots. The main objective of applying amplitude
gain corrections was to recover the amplitude (spherical
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divergence corrections) and to remove the amplitude varia-
tions caused by offset, so that source and receiver coupling
differences would be minimized. This processing step was
especially important during processing of transect B where
shots were fired twice to create the shot record. Various
types of gain functions were tested to reduce the amplitude

variations due to source and receiver coupling differences.
Before applying a spherical divergence correction, the traces
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were balanced. In order to scale, balance the data, we
normalized each trace by an estimate of its background
noise. In order to get a reasonable estimate of the average
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Figure 6. Vertical component record section for shots acquired along transect A. Figures 6a—6c¢
correspond to shots labeled Al, A2, and A3, respectively, in the location map (Figure 1). The data have
been band-pass filtered (2—30 Hz), and a spherical divergence correction has been applied. For this plot,
amplitudes have been trace normalized. The shot records are displayed with a reduction velocity of
8.0 km/s. The main arrivals which have been interpreted are labeled correspondingly. Pg is the (first)
direct arrival; Pu,P is the P-wave-reflected arrivals from the upper crust; PP is considered the reflected
waves from the lower crust; PmP is a P-wave reflected from the crust mantle transition (Moho
discontinuity); Pn is a head wave, refracted wave from the upper mantle; P,,P is a P-wave phase reflected
within the upper mantle. Note that, in some cases, a broad reflective zone has been interpreted as the top
being the PP and the bottom of the energy burst the PmP. See the text for an explanation.

background acoustic/seismic noise, a part of the recorded
seismogram prior to the first arrival or a window at the end
of the recording time is used as an estimate of the average
background noise. The RMS of the amplitudes within the
last second of the seismic trace was used as an estimate of
the background noise. Each trace was then normalized by
the RMS of the amplitudes within this recorded time
window. This processing step successfully corrected differ-
ences in source and receiver coupling.
3.2.3. Frequency Content

[21] The source was designed to provide energy contain-
ing high frequencies in order to have higher-resolution

power and to improve lateral interpretation of frequency
variations. The shot gathers produced high-quality seismic
events, allowed the interpretation of most of the relevant
crustal phases and showed that variations in seismic sig-
natures are most probably due to internal geological struc-
ture. A series of different filter panels were designed to
determine the best frequency range to use for the identifi-
cation of the different phases. These panels provided images
in which different phases were identified, suggesting that
the seismic response of the earth at these points is dependent
on the internal geological structure (Figure 3). For example,
shot B5 (Figure 3) filtered at high frequencies (12—30 Hz)
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Figure 7. Vertical component record section for shots acquired along transect B. Figures 7a—7f
correspond to shots labeled B1, B2, B3, B4, B5, and B6, respectively, in the location map (Figure 1). The
data have the same processing as described in Figure 4. The phases that have been interpreted are also
marked following the same criteria as in Figure 4. The labeled PP reflection in shot number B3 could
correspond to a fault or a contact between the pluton outcropping near shot position B2 (Figure 1) and the
host rock.

10 of 29

B02302

85U8017 SUOWILLIOD BAIERID 3|qedt|dde ay) Aq peusenob are sapie O '8sN JO SanJ oy Akeiqi T 8UlUO /8|1 UO (SUO N IPUO-PUR-SLLIBIWI0D" A3 1M A eI 1 [oul 1 [UO//StY) SUORIPUOD Pue SWie | 84} 88S *[7202/20/80] U0 A%eiqiauluo A8|Im eouewees aa pepisieAlun Ad 0505008C2002/620T 0T/I0p/uod A8 im Akeaq i pujuo'sgndnBe//:sdny woly pepeojumoq ‘29 ‘6002 ‘020229512



B02302 PALOMERAS ET AL.: DENSE WA SEISMICS IN SW IBERIA B02302

reveals a reflective band representing the mid crust at
approximately 5-s twtt followed by a 2.5—3-s-thick reflec-
tive band within the lower crust and Moho. This reflectivity
is not seen in the low-frequency panels (e.g., 2—12 Hz). At
the lower frequencies, the PmP can only be interpreted at far
offsets. Similar effects had been identified in other studies
[Carbonell et al., 2000]. The PmP waveform arrival at near
normal incidence at the most southern shots is seen as a
simple wavelet with a frequency content of 16—18 Hz
(Figure 4). Furthermore, in some shots, the PmP phase is
a broad reflective band of approximately 1 s long, with a
frequency content around 12 Hz (Figure 5). The Pn arrival,
the uppermantle refracted phase, is particularly rich in high
frequencies (up to 31 Hz) (Figure 4).

3.2.4. Phase Identification

[22] Correlation of seismic phases with offset on shot
gathers was the basis for traveltime picking and hence is a
critical element in preparing for data interpretation. Shot
gathers were examined with different processing flows and
processing parameters. Raw and processed data were exam-
ined at various stages to find coherent signal and to improve
the phase identification and traveltime picking.

[23] The different arrivals were labeled following the
conventional notation used in refraction experiments, for
example PaP is the P phase reflected at interphase a as a
P wave. The spatially dense data reveals a relatively large
number of arrivals which include Pg (direct arrival), PuP
(reflected phase i in the upper crust), P/;P (reflected phase
i in the lower crust), PmP (Moho reflection), Pn (head
wave traveling within the upper mantle), PP (upper mantle
phase). Examples are shown in Figures 6 and 7.

3.3. Interpretation Procedure

[24] The data were modeled using a two dimensional
P-wave velocity structure primarily using the Zelt and Smith
[1992] ray tracing based utilities. This interpretation proce-
dure provided a good approach to computing a P-wave
velocity model with a relatively simple parameterization
(velocity and boundary nodes) by iteratively performing fast
ray tracing traveltime calculations. A 2-D model was
obtained using a 2-D ray tracing approach. A reference line
was defined for each transect preserving the offset informa-
tion. Source and receiver locations were projected perpen-
dicularly onto the reference line and the original offsets and
traveltime picks were used in the modeling and inversion.

[25] A simple layer striping approach was followed. Pg
arrivals were used to constrain the velocity of shallowest
part of the model. Upper crustal phases were then included,
followed by mid-crustal phases, then lower crustal phases,
the PmP phase, the Pn, and finally mantle arrivals. Because
of the complexity of the data and arrivals, models were
obtained using a trial and error methodology for each shot
and then combined into a single model that accounts for all
arrivals.

4. Data Description

[26] Conventional ray tracing interpretation of wide-angle
seismic reflection/refraction data sets is based on a layered
crust, traditionally divided in upper, middle and lower crust.
The dense trace spacing that characterized this data set
indicates the crust is far more complex. Relatively small and

laterally limited velocity heterogeneities with relatively
high-velocity contrast can be imaged by the close trace
spacing used during this acquisition. In addition, a large
number of events have been identified in the shot gathers
whose geometry does not correspond to horizontally layered
crustal models. These events provide evidence for the
complexity of the structural boundaries and their shape
and geometry indicates that the crust is not a layered
structure. Furthermore, the close spacing allows the identi-
fication of diffracted energy at the edges of the reflected
events. This is a strong indication of laterally limited
layering or lensing. Seismic phases with similar character-
istics (amplitude and zero offset traveltimes) were given
the same identifier, although they may belong to different
shot gathers. These similar phases were interpreted as cor-
responding to the same geological interface. Some phases
show limited lateral correlation, nevertheless, their energy is
high enough that the phase can be identified easily (Figures 6
and 7).

[27] In describing the shot records, we will refer to
specific arrivals. In order to indicate the location of these
arrivals in the reduced traveltime plots, a two coordinate
system will be used, the two-way traveltime (twtt) and the
offset (distance from the source location). Note that the
offsets can be positive or negative according to which side
of the source we are referring to. Negative offsets are
considered to be located to the south of the shot location,
and positive offsets are considered to be located to the north
of the source location. The twtt at 0-km offset is referred to
as intercept time. We will describe all shot gathers from
north to south.

[28] All shot gathers for both transects have a clearly
defined head wave (Pg phase) within the shallow crust. In
all cases it corresponds to the high-amplitude first arrival
recorded from 0- to 20—25-km offset. The traveltime
variations of this arrival, its amplitude and waveform
changes reflect a seismic complexity of the upper crust
similar to that evident from the surface geology (Figure 1).
The processing applied was aimed at preserving amplitude
information so amplitude variations seen were taken as
evidence for the complexity of the geology of the shallow
crust in the study area. This complexity was also reflected
by the IBERSEIS deep normal incidence seismic reflection
image [Simancas et al., 2003; Carbonell et al., 2004].

4.1. Transect A

[29] The northern branch of the Pg phase in shot Al
(Figure 6a) reveals a sudden decrease in the amplitudes at
25-km offset. A weak event (Pu,P) is identified at 2-s twtt
and near —15- and +15-km offsets. At 3.5 s, between —50-
to +50-km offsets, a burst of energy can be identified
(Figure 6a) and was labeled Pu,P. Beneath this phase at
both sides of the source location, a broad band of reflectiv-
ity (P/,P) is located beyond 30-km offsets and 4-s twtt. For
positive offsets beyond 50 km, the high-amplitude, strong
arrivals contrast with the weak first arrivals which precedes
it 1 to 1.5 s. At farther offsets, one more phase can be seen
at both positive and negative offsets at 5-s twtt (P/,P). The
PmP arrival can be seen beyond 60-km offset as a high-
amplitude burst of energy of approximately 1 s length that
intersects the first arrival at approximately 125-km offset.
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At this point the Pn takes over as a relatively high-
frequency phase and can be traced until 180-km offset.

[30] In shot record A2 (Figure 6b) a weak upper crustal
phase (Pu;P) can be identified at 1.5-s twtt at —10-km and
+10-km offsets. An additional upper crustal phase (Pu,P) can
be identified at 3.25-s twtt and —50-km offset. At +75-km
offset and 5-s twtt, the burst of reflected energy present is
identified as P/, P (Figure 6b). Beneath this, another lower
crustal phase (PL,P) can be seen at 100-km offset and 5.75-s
twtt. The PmP phase appears as a simple and arcuate arrival
between 7- and 10.5-s twtt at negative offsets starting at
normal incidence and extending to —75-km offset. As in
shot record Al, the Pn arrival can be identified as a
relatively high-frequency phase from +125-km offset. At
farther offsets (greater than 180 km) and 8.5-s twtt, a P,,P
phase is identified.

[31] Pg in shot record A3 (Figure 6¢) appears as a high-
amplitude arrival up to offsets of 25 km. Beyond this offset
the first arrival features relatively low amplitudes. A weak
event (PuyP) can be identified with an intercept time of 1.5 s
and up to 10-km offset. This shot gather (Figure 6¢) reveals
a high-amplitude event (Pu,P) within the upper crust with
an intercept time of 3.25 s and in the offsets range of 0 to
60 km. At these offsets, this reflection event intercepts the
first arrivals. At 5-s twtt and 80-km offset a relatively short
energy burst can be observed and is identified as the PL,P
phase. The PmP is visible from 0 (normal incidence) to
125-km offset with intercept time of 10.5-s twtt reducing
to 7.5-s twtt at 125-km offset. The PmP at near offsets
between 0- and 30-km offset is a simple arrival (one or two
wavelets). At longer offsets it exhibits a 1- to 1.5-s-long
coda. The high-frequency Pn event is visible from offsets
of 125 km until approximately 275-km offset as the first
arrival. At approximately 7.5-s twtt and 220-km offset, a
laterally coherent 40-km-long event can be observed. This
event, identified as PP, features a higher dip than the Pn
first arrival indicating that it is faster and therefore coming
from deeper in the upper mantle.

4.2. Transect B

[32] Transect B consists of 6 shot records (composite shot
records with a trace spacing of 150 m). All shots feature good
quality arrivals. Shot B1 (Figure 7a) reveals a 40-km-wide
band of reflected energy with a relatively short wavelet (P/, P)
between 3.75 and 4.25-s twtt and between —50- and —80-km
offsets. The highest amplitude arrival seen on the shot
corresponds to the PmP phase. Between 0-km (normal
incidence) and —50-km offset, a series of arcuate events
merge at normal incidence between 6.5- and 10-s twtt
(Figure 7a). These reflectivity bands are interpreted to
represent the seismic signature of the lower crust (P/,P).
The bottom of this band is located at 10-s intercept time and
has been interpreted as the base of the crust (the crust-mantle
discontinuity). Beyond —50-km offset and approaching
critical distances between —115- and —120-km offsets, the
PmP phase reaches the highest amplitudes seen on the shot
records. PmP is a well-defined event followed by an approx-
imately 1-s-long coda. At —125-km offset a relatively weak
Pn phase is visible as first arrivals located at 6-s twtt. At
approximately 8-s twtt and —185-km offset, the deepest
PP event can be identified (Figure 7a). It features a higher
dip than the first arrivals which, at this offset range, cor-
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responds to the Pn phase. This is indicative that this event
originates from an area of higher velocities than that of the
Pn events. This phase, however, can only be followed for
50 km.

[33] Shot B2 (Figure 7b), is not as rich in reflected and
refracted energy (events) as shot B1, however, it reveals a
well-defined first arrival (Pg). At 3.5-s twtt and +40-km
offset, an upper crustal event (Pu,P) that is almost horizon-
tal, can be identified. A similar burst of energy (Pu,P) can
be followed at negative offsets from —25 to —75 km at the
same time values. Beneath this phase, and located at 5.5-s
twtt and +40-km offset a PL,P phase is identified as the top
of a broad band of reflectivity. The most prominent event is
the PmP phase which extends laterally for almost 80 km at
6.5-s twtt and between —50 and —130 km. At —130-km
offset a weak Pn phase becomes the first arrival.

[34] A prominent feature in the shot record B3 (Figure 7c¢)
is a steep south-dipping event (PrP) located at approxi-
mately 4 s and +40-km offset. We interpreted its geometry
as indicating that it is reflected energy from a dipping
structure located to the south of shot point B2. At 3.5 s
and 50-km offset, a burst of energy was identified as a
seismic phase (Pu,P) reflected at the bottom of the upper
crust. The burst of energy identified to the south, at 4.5-s
twtt and —20- to —75-km offsets, was interpreted as a P/ P
event. The PmP phase can be identified at positive and
negative offsets. At negative offsets from —50 to —130 km,
it is seen as a high-amplitude event with a duration of 1—
1.5 s. For positive offsets, the highest PmP phase amplitude
is located between +50- and +80-km offsets and can be
clearly identified from 0- to +30-km offset as the base of a
2-s-long reflective band.

[35] Shot record B4 (Figure 7d) features events compa-
rable to the ones already described. At 4s twtt and —60-km
offset, a 0.75-s-long, high-amplitude band of reflectivity
was identified as P[;P. One second after this band of
reflected energy, a P/,P event can be identified. This event
is arcuate and is part of a complex band of laterally
discontinuous events. The bottom limit of this band is most
probably from the base of the crust or Moho boundary
(PmP). For positive offsets, an upper crustal reflection
(PuyP) is seen at 25-km offset and 3-s twtt. The horizontal
reflectivity identified at 4.5-s twtt and which can be fol-
lowed for approximately 75 km is a P/;P event. Beneath
this event, another prominent horizontal event (P/,P) can be
identified which in turn is bottomed by an almost 1-s-long
high-amplitude PmP phase that can be traced from 40- to
125-km offsets. The Pn phase in this shot record is very
weak.

[36] Shot record B5 (Figure 7¢) is similar to previous shot
gathers. Pg is well defined. The Pu,P phase event stands
out at normal incidence at 5-s twtt. Beneath this event there
are two reflectivity events, one located at 6-s intercept time
(Pl P) and another one located at approximately 8-s inter-
cept time (PLP). The PmP phase is well defined at 10-s twtt
normal incidence, and extends from 0- to 125-km offsets
where Pn is seen but is very weak. At larger offsets (more
than 150 km) and at 7.5-s twtt, the P,P phase appears.

[37] Finally, shot record B6 (Figure 7f), at normal inci-
dence, shows a broad reflectivity band that extends from 6- to
10-s twtt. This reflectivity band consists of three series of
arcuate events that can be traced from 0 km until they reach
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the first arrivals. These events are located at 4-s and 50-km
offset, 5-s and 80-km offset, and 6-s and 90-km offset,
respectively (Figure 7f) and are labeled as P/ P, Pl,P and
PmP. At 125-km offset, a weak Pn arrival can be identified.
At approximately 8-s and 200-km offset, an event (PyP)
with higher dip than the Pn can be seen. This event is most
probably reflected energy within the upper mantle and maps
a regional discontinuity.

4.3. Features Common Between Transects

[38] The first arrival beyond 20—25 km corresponds to
the refracted phase beneath a shallow velocity gradient
layer. The Pg phase, features high amplitudes and a broad
frequency content (from 7 to 30 Hz) (Figure 5). Within the
upper crust a series of high-amplitude arcuate events can be
identified at offsets between 15 and 70 km. These events
have an intercept time in the range 3.5-4.5 s and are
identified as Pu,P. They feature relatively high energy (see
for example shot A3, Figure 6¢ and shot BS, Figure 7e). A
similar event has been identified in shot A1l at 3-s twtt and
25-55-km offset at the southern end and at 3.5-s twtt and
25-65-km offset at the northern end, although in the shot
gather Al, this event features lower amplitude reflections.
In transect B, laterally limited high, amplitude events have
been identified in shot B4 at 3-s twtt and 25—40-km offset.

[39] Most shots (e.g., shot gathers Al, A2, A3, B2, B3,
B4 and BS5) reveal a series of shallow arcuate events
followed by a train of relatively high-amplitude wavelets.
These events have been interpreted as phases generated
within the upper crust (Figures 6 and 7). As they do not
appears to be continuous from shot to shot, they are most
probably the response of different lenses located within the
upper crust. The relatively high amplitude that characterized
this reflected events implied that a high-velocity contrast
characterizes the interfaces.

[40] The lower crust shows high-amplitude events that are
labeled P/, P and PI,P. The PI;P phase has been interpreted
as the top of the lower crust. In many cases (e.g., shots Al,
B1, B4, B5 and B6), the lower crust appears as a broad
reflective zone (1.5—-2-s thickness) that extends until the
Moho reflection (Figures 6 and 7). This broad reflective
zone indicates that the lower crust is a complex structure. In
shot gathers from transect B, this reflective band can be
followed up to zero offset (shots B1, B4, B5 and B6)
(Figure 7).

4.4. PmP, Moho Reflection

[41] The most prominent event in all shot gathers has
been the PmP phase or the Moho reflection, a seismic event
reflected from the base of the crust. This is a relatively high-
amplitude event with a broad frequency content. The shot
gathers reveal a continuous PmP arrival from 70- to 150-km
offsets, very prominent in the low-frequency band pass
images. Approaching 120—140-km offsets, multiple arrivals
interfere with each other, for example the first arrivals and
few lower crustal phases, and the PmP occurs as a burst of
energy between these offsets (Figures 6 and 7). In this
region, it is difficult to separate and differentiate phases. The
PmP reaches critical distances at approximately 120-km
offset. Assuming an average crustal velocity of 6.5 km/s
and an average velocity for the upper mantle of 8.2 km/s, a
120-km offset critical distance indicates a crustal thickness
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within the range 31-32 km. At approximately 120-km
offset the PmP reflected arrival intersects with the upper
mantle head/refracted wave (Pn phase). At smaller offsets,
the PmP phase can be identified when amplitude gain is
applied. A clear PmP arrival, featuring a simple waveform
(two wavelets) can be identified in some shot gathers
(Figures 6 and 7). At smaller offsets in other shot gathers,
the Moho event can be identified as the base of a relatively
high-amplitude reflective band (Figures 6 and 7). The PmP
is a relatively simple arrival within offsets from 0 to 80 km
in both transects. Furthermore, the coda energy of the first
arrivals between 130- and 140-km offset, adds to the PmP
arrivals and enhances this event.

4.5. Subcrustal Phases

[42] The upper mantle diving/refracted seismic phase, the
Pn arrival, can be identified in the shot gathers with offsets
larger than 125 km (shots Al, A2 and A3 (Figure 6) and
shots B1, B2, B4, B5 and B6 (Figure 7)). The slope of the
Pn phase corresponds to an apparent velocity of 8.1 km/s
+0.1 km/s. This phase becomes a first arrival at far offsets
and features a relatively high-frequency content (low cut at
6 Hz). This Pn phase is more prominent in transect A than
in transect B and more in shots located to the south (shots
Al, A2, A3, B6) than in those located in the north. In shots
B2, B4 and B5 Pn occurs as a weak arrival and in some
cases it has not been interpreted. A possible lost of energy
due to scattering in the Moho transition in the northern area
might explain the weak Pn in the northern shots. A stronger
Pn and the simple waveform at small offsets found in the
PmP phase in the southern shots could indicate that the
Moho transition is more simple in the southern area than in
the north.

[43] Shot gathers A2, A3, B1, B5 and B6 reveal a laterally
continuous event at far offsets (greater than 180 km) which
reaches the sensors at later traveltimes and with a higher
slope than the Pn phase. The slope of this event reveals an
apparent velocity of 8.4—8.5 km/s, and has been interpreted
as a reflected phase from within the mantle and is therefore
a PyP event.

5. Velocity Models: Description

[44] The traveltimes of the interpreted phases were picked
and used for a conventional forward modeling interpretation
(conventional ray tracing of traveltimes). The resulting
velocity models are shown in Figure 8. Transect A and
transect B shared some kilometers in the northern part,
resulting in models that are very similar in this segment.

5.1. Transect A

[45] The velocity model for transect A reveals an approx-
imately 5 km thick near surface layer characterized by a
velocity gradient from 5.0 to 5.6 km/s. This is underlain by
a layer where velocities increase to 6.2 km/s at 10—12-km
depth. Velocities within this layer increase toward the north
and the thickness of the layer decreases. At approximately
80 km from the southern limit of the model, a relatively
high-velocity lense is observed. It extends from beneath
shot A2 until the northern limit of the model and features
velocities of 6.8 £ 0.2 km/s. The velocities within this lense
increase toward the north to a maximum value of 7.1 km/s.
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Figure 8. Velocity models obtained by iterative ray tracing. Both models show high velocities in the
middle crust. The dashed line in transect B near shot position B2 represents a floating reflector (as
defined by Zelt and Smith [1992]) that satisfies the traveltimes picked for the PP phase in shot number
B3. Horizontal arrows represent the tectonic zones in the area (SPZ, South Portuguese Zone; OMZ, Ossa-
Morena Zone; CIZ, Central Iberian Zone) and their sutures (PL, Pulo do Lobo; CU, Central Unit). Shot

position is represented as a solid triangle.

The lower crust features a sharp gradient from 6.8—7.1 km/s
and a thickness of 10 km. The base of the crust is located at
approximately 32—35-km depth and has a velocity increases
from 7.1 to 8.2 km/s. In the middle part of the OMZ, the
mantle boundary is located 1.5—-2.0 km deeper than beneath
the SPZ and the CIZ (Figure 8). The seismic P,/ phase
arrival recorded after the Pn indicates a discontinuity at
approximately 68-km depth with a velocity jump from 8.2
to 8.4 km/s.

[46] The most prominent feature in this transect is the
high-velocity lense (6.8—7.0 km/s) located to the north of
shot point Al (Figure 8) at 12-km depth. This body
correlates well with the location of the IRB identified from
the IBERSEIS normal incidence deep seismic reflection
profile [Simancas et al., 2003; Carbonell et al., 2004]. The
high-velocity lense extends from beneath the PL suture zone
to the northern end of the transect and includes the OMZ,
CU and CIZ (Figure 8). Toward the north, the velocity of
this lense increases to 7.1 km/s and can be correlated with a
similar anomaly detected in transect B. Beneath this high-

velocity lense there is a lower velocity layer observed with
velocities of 6.7 km/s (Figure 8).

[47] The PmP arrivals from shot point A3, located in the
southern end of the profile within the SPZ, and the same
arrival for negative offsets of shot record A2 suggests a
relatively simple crust mantle transition, which can be
modeled as a step velocity discontinuity. This simple Moho
transition zone is located beneath the SPZ where the
velocities go from approximately 7.1 km/s to values of
8.2 km/s characteristic of the upper mantle. This agrees with
the IBERSEIS seismic image [Simancas et al., 2003] where
the Moho is imaged as a simple wavelet beneath the SPZ.
Farther to the north, the PmP arrival is more complex with a
0.5-0.75-s coda. This reverberatory energy of the coda is
indicative of a complex internal structure characterized by a
laterally heterogeneous velocity structure. This energy,
therefore, is the result of multiple reverberations within
complex structure located at the base of the crust and which
increases the time duration of the arrival. Similar effects
have been observed for the Southern Urals [Carbonell et al.,
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Figure 9. Transect A overlaps the trace of the normal incidence seismic survey IBERSEIS. A
comparison between the velocity model for transect A and the normal incidence seismic survey
(IBERSEIS) is showed. The depth axis on the left of the seismic section has been obtained by time to
depth conversion. The high-velocity lense in the velocity model fits (in shape and in depth) the high-

reflectivity zone in the IBERSEIS image.

1998]. The lower crust appears as a featureless, rather
transparent zone between shots A3 and A2 and is only
limited by a sharp PmP. This image contrasts with the image
of the PmP recorded to the north of shot point Al. Here the
shot record reveals a complexity which coincides with the
high-velocity zone located at mid to lower crustal depths.

[48] Transect A overlaps the location of the IBERSEIS
deep normal incidence seismic reflection survey [Simancas
et al., 2003; Carbonell et al., 2004], therefore a direct
comparison between both data sets is possible (Figure 9).
The mid-crustal high-velocity anomaly in this model coin-
cides with the mid-crust reflective body (IRB) in the
IBERSEIS profile. The depth and internal geometry of the
Moho discontinuity modeled fits the Moho reflection in
the IBERSEIS image.

5.2. Transect B

[49] The velocity model of transect B (Figure 8) reveals a
crust that can be divided into upper crust (0 to 12 km), a
middle crust (12 to 20 km), and lower crust (from 20 to the
base of the crust). Along transect B, the velocity model
shows a velocity increase close to the surface between shot
locations B4-B3. Lower velocities are interpreted at the
edges. In the model of transect B, near Rio Tinto, the
velocity isolines (Figure 8) display a smooth doming, with
the shallowest point beneath shot point B4. This point
corresponds to the surface exposure of Precambrian rocks
(Serie Negra Formation) (Figure 1).

[50] The velocity model derived for this transect reveals a
highly complex middle crust. At approximately 15-km
depth, a sharp velocity increase has been modeled with

velocities reaching 6.8 to 7.0 km/s. The lower crust features
velocities that approach 7.1 km/s. The base of the crust is
located at 31—-33-km depth and features a velocity jump
to 8.2 km/s. As in transect A, the mantle boundary is
1.5-2.0 km deeper beneath the OMZ than beneath the SPZ
and the CIZ. Also the PmP arrivals from the southern shots
(shots B5 and B6) suggest a simple crust mantle transition
within the SPZ. Similarly to transect A, a mantle disconti-
nuity has been identified at approximately 67-km depth with
a velocity jump up to approximately 8.4 km/s.

[51] The southern end of the transect B velocity model
reveals a lense characterized by high velocities in the range
6.8 to 6.9 km/s. This lense is located at 15 km depth and
extends for at least 65 to 70 km to the north (Figure 8).
Toward the north, slightly higher P-wave seismic velocities
have been modeled, which go as shallow as 12 km at the
northern end of the profile, beneath shot point B1. At this
location, the isovelocity contour that limits the high-velocity
lense in this transect, coincides with the isovelocity that
limits a high-velocity zone beneath transect A. Beneath this
high-velocity layer, low velocities of 6.7 km/s have been
imaged. Deep within the lower crust along transect B,
relatively low-velocity lenses were required to fit the data
and have been included. The recorded P,,P arrivals indicate
a mantle discontinuity at 66—67-km depth and a velocity
increases up to 8.4 km/s.

5.3. Uncertainties and Model Resolution

[52] The velocity models presented reproduce the trav-
eltime branches identified in all the shot records to a
reasonable (+0.2 s) fit (Figures 10 and 11). Although the
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Figure 10. Vertical component record section for shots acquired along transect A. Figures 10a—10c
correspond to shots labeled A1, A2, and A3, respectively, in the location map (Figure 1). The data have
the same processing as in Figure 4. The theoretical traveltime branches predicted by the P-wave velocity
model using the Zelt and Smith [1992] algorithm are drawn to illustrate the agreement between the

S Ak

observed phases and the model predictions.

observed and modeled traveltimes have a good fit, not all
the phases were reproduced equally well. This is most likely
due to the reduction of a 3-D data acquisition data set to a 2-D
model interpretation, as a straight line 2-D interpretation has
been applied to a crooked line seismic data acquisition. A
second cause for the misfits can be the near surface
variations and the smaller-scale geological features that
are bellow the resolution of the surveys. The ray tracing
diagrams (Figures 12 and 13) reveal the accuracy to which
each interface has been constrained, for example, the crust-
mantle boundary for transect A is well constrained until
normal incidence, especially at the southernmost edge of the
model. The failure of the 3 northernmost shots, however,
reduced the coverage in the shallow part, thus leading to a
lack of rays in the velocity model. Consequently, the
velocity model is only well controlled at the southern third

of the transect. For transect B, the ray coverage illustrates
that the velocity model is well resolved.

[53] Considering the crooked line geometry and the
small-scale heterogeneities, the uncertainty estimates and
the velocities errors range between 0.1 and 0.2 km/s. The
uncertainty in depth estimates of the most prominent crustal
discontinuities are less than 0.4 km. These uncertainties
were derived using the trial and error modeling.

[s4] The closer station spacing on transects indicates that
the crust in this area is structurally more complex than that
shown by the resulting velocity models. The velocity
models, however, were parameterized so that the traveltime
picks constrained layered and large homogeneous blocks
rather than the smaller-scale irregularities. The models
determined from the traveltime picks must therefore be
taken as averaged velocity models. Finally, we must also
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Figure 11. Vertical component record section for shots acquired along transect B. Figures 1la—11f
correspond to shots labeled B1, B2, B3, B4, B5, and B6, respectively, in the location map (Figure 1). The
data have the same processing as in Figure 4. The theoretical traveltime branches predicted by the P-wave
velocity model using the Zelt and Smith [1992] algorithm are drawn to illustrate the agreement between
the observed phases and the model predictions.
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discontinuities. The ray coverage shows that rays are traced along the whole transect except for the upper
crust.
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take into account the possibility of errors due to phase
misidentification.

[55] The high amplitudes observed for some of the crustal
phases cannot be explained by sharp, step like velocity
contrasts, as these cannot provide large enough reflection
coefficients to reproduce the observed amplitudes. There-
fore thin layering consisting of high- and low-velocity
layers, is required to simulate the high-amplitude intra-
crustal reflections [Long et al., 1994].

5.4. Heterogeneities and Complexity of the Crustal
Structure

[s6] The high lateral resolution achieved by the close
trace spacing reveals substantial lateral complexity of crust-
al images, while vertical resolution due to high-frequency
spectra of our signal, reveals vertical complexity in a form
of prolonged packages of reflected phases. The high reflec-
tivity observed within the lower continental crust is most
probably the joint result of the contrasts in physical prop-
erties and the effect of the layering. Another observation is
the presence of a lateral variability of the reflected phases
which is indicative of laterally variable layering.

[57] The velocity models suggest that the composition of
the lower crust is a combination of rock types with mafic
compositions distributed in laterally discontinuous layering.
This is consistent with the IRB structure which is also
considered to be a layered body. Layered intrusions feature
differences in the physical properties which result in reflec-
tion coefficients [Deemer and Hurich, 1997] high enough to
produce strong reflectivity.

[s8] The thickness estimates for the layering is dependent
on the resolution power of the source signal. The frequency
content of the upper crust contains frequency peaks at 12 Hz
and 15 Hz signal (Figures 4 and 5) which constrains
layering to a minimum average thickness of 100—125 m.
The frequency content of lower crustal events reaches 15 Hz
to 20 Hz, suggesting that the data is resolving layering with
thicknesses above 80—110 m. All frequency content was
analysed at normal incidence to avoid interference effect
when approaching critical distances.

[59] The arcuate upper crustal events (see for example
shots A1, A3 (Figure 6), and shots B4, B6 (Figure 7)) can
be accounted for by layered lenses of alternating high and
low velocities placed at different levels within the crust. The
relative high amplitudes of the reflectivity from these lenses
(which is higher than the PmP) suggest a positive and
relatively high reflection coefficient. This is further evi-
dence that the high-velocity contrasts are due to the high
average velocities that characterizes the lenses. Localized
layered high-velocity lenses can produce high-amplitude
reflections as a result of constructive interference and could
explain the observed high amplitudes of these arcuate
events. These amplitudes, however, cannot be explained
by simple velocity (step functions) contrasts. High-velocity
contrasts cannot account for the traveltimes alone, whereas
constructive interference due to internal layering (with small
variations in the velocity) can account for the high ampli-
tudes and keep the average velocities within the model
bounds.

[60] The PmP phase is indicative of lateral changes in the
structure of the Moho discontinuity. Beneath the SPZ, the
PmP phase at normal incidence is a relatively simple
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reflection, consisting only of a few wavelets (one, two or
three) within its coda. The Moho is therefore interpreted as a
simple thin structure consisting of a sharp velocity jump
discontinuity in a velocity-depth profile. Farther to the
north, beneath the OMZ and the CIZ, the structure of the
Moho is more complex. This is suggested by the relative
increase in the length of the coda of the PmP phase,
especially to the north of shot point B4.

[61] Layering is believed to be one of the main geological
features that define the Moho structure [Smithson, 1989].
The base of the crust is thought to be defined by laterally
discontinuous layers of variable thickness (up to approxi-
mately 2 km thick) and that mostly consist of relatively
high-velocity mantle derived mafic material interlayered
with thin slices of lower crustal rocks. This structure is
similar to the structure proposed for the Basin and Range
[Smithson, 1989]. The length of the major reflecting struc-
tures is indicative of the horizontal correlation length of the
layering. Therefore for the upper crust, the correlation
length of the upper crustal phases is approximately 5 km,
and for the lower crust is 6 km, based on estimations of the
Fresnel radius and for an average velocity 6.0 km/s for the
upper crust and 6.5 km/s for lower crust.

6. Discussion

[62] The derived velocity models for the region are the
most detailed ones that have been produced in the area and
contain a large amount of new features that are relevant to
the understanding of the composition of the crust and upper
mantle beneath the zone. These velocity models (Figure 8)
reveal new aspects related to the crustal/lithospheric evolu-
tion of this transpressive orogen, including new information
on the processes of generation and growth of continental
crust.

[63] The seismic velocities derived provide a link to the
composition and nature of the rocks that build up this
continental crust. The interpretation of the velocity infor-
mation derived from the wide-angle seismic data is depen-
dent on the thermal gradient of the region. The choice of a
thermal gradient directly affects the temperature corrections
applied to the laboratory measurements for comparison with
our estimated velocity values.

[64] Possible interpretation of the velocity models deter-
mined in terms of rock types is achievable by comparing the
velocities derived from the wide-angle data with the veloc-
ities measured in laboratory at high temperature and con-
fining pressures. The dependence of velocity on temperature
and pressure has been extensively studied since the late 70s
[Kern, 1978; Christensen and Salisbury, 1979; Kern and
Richter, 1981]. This dependence is expressed in terms of the
values of the partial derivatives of velocity with respect to
temperatures and work up to 500°C; above this temperature,
laboratory velocities decrease nonlinearly because of ther-
mal cracking. In order to address correlation between
laboratory velocity measurements and the velocity models,
the laboratory velocity measurements need to be corrected
for the effect of thermal regime. In SW Iberia, however, the
thermal regime is not well constrained. The sparse heat flow
measurements, which are on the order of 60 + 15 mW/m?
[Fernandez et al., 2004], suggest a thermal gradient similar
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Table 2. Corresponding Rock Types for the Temperature-Corrected P Wave Velocities®

Depth (km) Velocity (km/s) Rock Types
0 5.0 granite (1, 6); quartz monzonite, granodiorite, tonalite, quartz
diorite, talc schist, marble (1); garnet schist, kyenite schist,
quartzite (2)
2 54-55 granite (1); granitic gneiss (2)
4 5.8 granite, serpentinite, graywacke (1); slate (1, 12); kinzigite (5)
8 5.9-6.0 granite, serpentinite, graywacke, slate, quartz monzonite, granite
gneiss, granodiorite gneiss (1)
10 6.0-6.1 granite, serpentinite, graywacke, slate, quartz monzonite, granite
gneiss, granodiorite gneiss (1); quartzite (1, 2); granite gneiss (4)
14 6.2-6.3 granite, quartz monzonite, quartzite (1); granitic to intermediate
gneiss (2)
16 6.4 granite, granodiorite, charnockite (1); intermediate gneiss (2);
strona-schist (5); felsic granulite, diorite (12)
18 6.4-6.6 granite, tonalite, mica schist, quartz diorite, diabase (1); pyroxene
granulite (3, 8); quartz mangerite, granitic gneiss (4); strona-schist (5)
22 6.8—6.9 talc shist, diabase (1); amphibolite (7, 12); greenschist basalt,
mafic granulite, calcite marble (12)
24 6.9-7.0 anorthosite (1, 3, 12); diabase (1); gabbroic anorthosite (3); pyroxene
granulite (3, 8); pyriclaste, stronalite gneiss (5)
28 7.0-7.2 anorthosite (1, 3); diabase (1); gabbroic anorthosite (3); pyroxene
granulite (3, 8); pyriclaste, stronalite gneiss (5); amphibolite (2, 5, 12);
lherzolite (11); gabbro-norite, mafic granulite, hornblendite, talc schist,
diabase (12)
30 7.5-7.6 actinolite schist (1); kyenite schist (2); pyriclasite, stronalite gneiss (5);
garnet granulite (9)
32 7.6-7.7 epidote amphibolite (2); pyriclasite, stronalite gneiss (5); garnet granulite (9)
34 8.1-8.2 mixture of mafics and ultramafics (pyroxenite, dunite, harzburgite,
peridotite (10); eclogite (10, 11)) with a dominant composition of pyroxenites
68 8.4-8.6 Ultramafics (dunite, eclogite, peridotite (10)) with a dominant composition of eclogite

“Data modified from Hawman et al. [1990]. References: (1) Birch [1960], (2) Christensen [1965], (3) Manghnani et al. [1974], (4) Christensen and
Fountain [1975], (5) Fountain [1976], (6) Spencer and Nur [1976], (7) Kern and Richter [1981], (8) Chroston and Evans [1983], (9) Jackson and Arculus
[1984], (10) Carmichael [1989], (11) Kern et al. [1999], and (12) Brown et al. [2003].

to that from between an extended crust and a continental
shield [Lachenbruch and Sass, 1978].

[65s] Table 2 shows the indirect wide-angle seismic veloc-
ity measurements for a list of possible rock types and their
velocities measured in laboratory and carried out at low
temperature and confining pressures up to 10 kbar
[Hawman et al., 1990; Carmichael, 1989; Kern et al.,
1999; Brown et al., 2003]. Some of the listed rock types
feature a high degree of anisotropy (e.g., amphibolites) and
in these cases an average of the velocity measurements
taken at different directions has been used.

[66] The list of rock types indicates that there is a broad
spectra of rocks compositions with similar velocities, i.c., a
prominent nonuniqueness. Infering rock types from seismic
P wave velocity alone is compounded by the high degree of
nonuniqueness and averaging associated with the velocity
models themselves. The averaging is not reflected in the
tabulation but only shows one-to-one correspondences
between sample velocities and specific rock types.

6.1. Upper Crust Composition

[67] The velocity model for transect A (Figure 8) reveals
an approximately 5-km-thick shallow layer characterized by
a velocity gradient from 5.0 to 5.6 km/s that is underlain by a
layer where velocities increase up to 6.2 km/s at 12—14-km
depth. Transect B reveals a velocity model with similar
characteristics to transect A at these shallow depths,
although the velocity increases beneath shot location B4,
reaching velocities of 5.5 km/s at the surface. The upper
crust in both models is approximately 12 km thick and the
velocity range from 5.0 to 6.2 km/s.

[68] These velocities for the upper crust suggest the pres-
ence of felsic igneous and metamorphic rocks (Table 2),
ranging from granite [Birch, 1960; Spencer and Nur, 1976]
through quartz monzonite, slates, granodiorite, tonalite,
quartz diorite, serpentinite, talc schist, marble, granodiorite
gneiss [Birch, 1960]; and kinzigite [Fountain, 1976]; basalt
[Brown et al., 2003]; to garnet schist, kyanite schist, granite
gneiss [Christensen, 1965] (Figure 14). Some sedimentary
rocks like quartzite [Christensen, 1965] and graywacke
[Birch, 1960] are also compatible with these velocities.
Many of these lithologies outcrop along the transects. In
the SPZ, volcanic rocks outcrop together with slates and
graywackes, all of which have seismic velocities compatible
with the velocities given by the models. In the OMZ, the
lithologies that outcrop are slates, metasandstones, gra-
phitic schists, carbonates, quartzites and amphibolites.
These lithologies are mostly compatible with the velocities
of the models. The Neoproterozoic Serie Negra Formation
which is outcropping in the OMZ, has a high content of
black schists, black slates, graywackes, black quartzite, and
amphibolites. It outcrops on transect B at a distance between
60 and 80 km from the southern end. This area coincides
with the higher velocities recorded in this segment of the
transect. Similarly in the CIZ, these higher velocities are
compatible with slates, quartzites, graphitic schist, and
metasandstones, which outcrop in this area. This velocity
range is also the same as the velocities of granitic plutons
which commonly outcrop along the transects.

[60] Amphibolites also outcrop along the transects. The
average velocity for this rock type is higher than any near
surface velocities presented in the models, but amphibolites
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Figure 15. Comparison between velocity functions for average continental crust, extended-crust, rifts,
and continental arcs obtained by Christensen and Mooney [1995] (red line) and the velocity function
obtained in the model for transect A. The comparison is carried out in every zone: SPZ (blue), OMZ

(green), and CIZ (black).

are possible because they are quantitatively scarce and have
a high degree of anisotropy, which both broaden the
velocity values for this rock type and average out the higher
velocities.

6.2. Middle Crust Composition

[70] Velocities on the OMZ and part of the CIZ, along
transect A, at 12—20-km depth, are considerably higher than
the average velocity values conventionally determined for
these depths. Transect A follows the trace of the IBERSEIS
deep seismic reflection image and the relatively high
velocity located in transect A of this survey coincides with
a zone of high reflectivity in the normal incidence reflection
survey (Figure 9). This relatively high velocity is well
constrained from 14- to approximately 20-km depth, and
features velocities within the range of 6.8—7.0 km/s.

[71] Along transect B, under the SPZ, a localized high-
velocity anomaly (6.8 km/s) is identified at 17—-21-km
depth. Under this anomaly the modeled velocity decreases
to values approaching 6.6 km/s. The velocity then increases
again to standard lower crustal velocities at 25-km depth.
Beneath the OMZ, 6.8 km/s and above velocities, typical of
the lower crustal, are found down to 22-km depth. Toward
the CIZ, this high-velocity zone shallows, reaching 15-km
depth with a prominent velocity discontinuity between 6.3
and 6.9 km/s.

[72] In both models, the middle crust extends from 12- to
20-km depth and velocity in it range from 6.2 to 7.0 km/s
with a high lateral gradient. Both models have a complex
middle crust with high-velocity lenses (6.8—7.0 km/s). The
average velocity in the middle crust is higher than the
average velocity of a standard middle crust (Figures 15
and 16). These high velocities cannot be explained by the
intrinsic increase in pressure typical for this depth and are
most probably due to composition changes and/or an
increase in metamorphic grade. It is well known that rock
velocities increase with decreasing amounts of quartz,
potassium feldspars and sodium rich plagioclase feldspars
and with increasing amounts of iron- and magnesium-rich
minerals (amphiboles, pyroxenes, and olivines) and calci-
um-rich plagioclase feldspar [Birch, 1960]. Therefore igne-
ous rocks with relatively high mafic content are required to
account these high velocities. The models’ velocity values
for this area are over 6.8 km/s in some areas and are
consistent with intermediate to mafic rocks.

[73] Rock types that are consistent with the middle crust
seismic P-wave velocities seen on both transects (6.8—
7.1 km/s) include amphibolite [ Christensen, 1965; Fountain,
1976; Kern and Richter, 1981; Brown et al., 2003], mafic
granulite [Brown et al., 2003], diabase [Hawman et al.,
1990] and gabbros. These lithologies are considered typical
lower crustal rocks [Christensen and Mooney, 1995; Brown
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Figure 16. Comparison between velocity functions for average continental crust, extended crust, rifts,
and continental arcs obtained by Christensen and Mooney [1995] (red line) and the velocity function
obtained in the model for transect B. The comparison is carried out in every zone: SPZ (blue), OMZ

(green), and CIZ (black).

et al., 2003]. In order to be able to differentiate between
these rock types, other physical parameters like shear-wave
seismic velocities (Vs) and densities need to be considered.
Studies that have considered other observations such as
gravity, geoid, topography and heat flow in the area
[Ferndndez et al., 2004] needed to increase the thickness
of the middle crust and bring its upper limit to shallow
levels and increase the density values within 12—20-km
depth to 2.9 g/em®. In general, the relatively high velocities
and high densities considered are most probably an average
value, and probably reflect relatively high content of mafic
rocks. If an intrusion of mantle derived rocks took place,
partial melting would remove micas, some amount of quartz
and to a lesser extent feldspar, and would leave the rocks
enriched in high-density (and consequently high Vp) com-
ponents [Rudnick and Fountain, 1995]. The mid-crustal
velocity band is probably a layered sequence of rocks with
high and low amount of mafic/ultramafic contents. The
Iberian Reflective Body (IRB), the prominent high-
amplitude reflective band identified in the IBERSEIS deep
seismic reflection transect, was interpreted as a mafic-ultra-
mafic layered intrusions [Simancas et al., 2003; Carbonell et
al., 2004]. Isotopic studies by Casquet et al. [2001], Tornos et
al. [2001], and Tornos and Casquet [2005] suggest that the
mineralizations present at the surface require a mantle source
able to produce melting in the middle crust under high-
temperature and low-pressure conditions. This suggests the

emplacement of hot-mafic magmas at mid-crustal levels.
The velocities, isotopic observations and geologic data, all
suggest the emplacement at mid-crustal levels of mantle
rocks relatively rich in mafics.

6.3. Lower Crust Composition

[74] The lower crust in the study area extends from 20- to
32-km depth and shows a velocity gradient from 6.7 to
7.2 km/s. The average velocity models reveal a decrease in
the velocity function beneath the middle crust at, approxi-
mately 25-km depth, to velocity values typical for lower
crust (Figure 8). A small velocity inversion (velocity
decrease) is located between 24- and 27-km depth along
transect A, and between 20 to 26-km depth along transect B
(Figure 8). The inversion is laterally variable and has
velocities from 6.7 to 6.9 km/s in along transect A, and
from 6.6 to 6.9 km/s along transect B. At these depths, the
velocity functions follow a smooth gradient to values
approaching 7.2 km/s at the Moho where a relatively sharp
increment to values over 8.0 km/s takes place. The crust
mantle boundary is almost flat and is located at approxi-
mately 32-km depth in both transects. In the middle part of
the OMZ, this boundary is located 1.5-2.0 km deeper than
beneath the SPZ and CIZ in both transects.

[75] The relatively high velocities for the lower crust
are most probably a combination of an intrinsic increase
in pressure and an increase in the metamorphic grade or a
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change in the composition. Velocities increase further with
metamorphic grade, as amphiboles and plagioclase feld-
spars are replaced by pyroxenes and garnets [Manghnani et
al., 1974; Christensen and Fountain, 1975; Fountain,
1976]. Velocities approaching 6.9 km/s at lower crustal
depth could mark a change in composition from intermedi-
ate rocks such as granodiorite to mafic rocks such as
diabase, gabbro or their metamorphic equivalents. Velocities
over 7.0 km/s are compatible with values reported for
amphibolites and garnet rich mafic granulites, suggesting
the emplacement of mafic rocks either as cumulates or by
underplating [Fyfe, 1974; Furlong and Fountain, 1986].
Mixtures of garnet-bearing rocks, gabbros and mafic-
ultramafic rocks feature typically velocities over 7.2 km/s.
These rock types appear in the description of lower crustal
xenoliths which can contain amphibolites, dunites and
clynopiroxenites [Conrat and Kay, 1984; DeBari et al.,
1986]. These are also consistent with studies of obducted
lower-crustal sections. Christensen and Mooney [1995] report
velocities of 7.4—7.7 km/s for pyroxenite, 6.7—7.1 km/s for
gabbro-norite troctolites and 6.7—7.1 km/s for hornblendites
at depths between 20 and 35 km. Parsons et al. [1995] pre-
sented laboratory velocities of 6.5—7.2 km/s for gabbros
and microgabbros mixed with pyroxenite in cima xenoliths
of lower crustal origin from the Basin and Range area.

[76] The relatively high velocities of the current velocity
models do not need to be explained by a single lithology,
but are more likely the average of a mixture of rocks of
granitic to intermediate composition interlayered with mafic
to ultramafic rocks [Smithson, 1989]. This would explain
the high-amplitude reflective band imaged at normal inci-
dence for the lower crust in transect B, shots B4, B5, and
B6. Such a layering can achieve a distribution of reflection
coefficients within the range of 0.01 to 0.03. These high
reflection coefficients and thin layering can act jointly,
resulting in high-amplitude reflection events at lower crustal
depth at normal incidence angles in the shot records. Garnet
contributes to the high velocities of garnet-bearing meta-
morphic rocks that are derived from intermediate to mafic
plutonic rocks common in the lower crust especially of arc
assemblages [Miller and Christensen, 1994; Kelemen et al.,
2003a; Shillington et al., 2004], and are most probably
present in the lower crust of SW Iberia.

6.4. Upper Mantle Composition

[77] The P,P phase observed in both transects (shots A2
and A3 (Figure 6), and shots B1, BS and B6 (Figure 7))
indicates the presence of an upper mantle discontinuity. The
velocity function for both transects is gradational from the
Moho to depths of 65—70 km where a sharp increase in
the Vp seismic velocity takes place. This has been mod-
eled as a mantle interface at approximately 68-km depth on
transect A and 66-km depth on transect B, and where a
velocity jump from 8.2 km/s to values in excess of 8.4 km/s
occurs. At this depth range, the previous long-range refrac-
tion experiment Iberian Llithosphere Heterogeneity and
Anisotropy (ILIHA) [Diaz et al., 1993] have also reported
a seismic discontinuity in the same area. The average veloc-
ities above and below this discontinuity are probably indic-
ative of variations in composition [Anderson, 2005].

[78] The only direct knowledge on the possible rock types
present in the upper mantle come from tectonically
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emplaced ultramafic massifs in orogenic belts and samples
of ultramafic material that can come to the surface such as
mantle xenoliths [e.g., Griffin et al., 1998]. The descriptions
of these units include layered ultramafic sequences of
eclogites with different chemical compositions, and very
heterogeneous layers featuring a mixture of lherzolites,
harzburgites, pyroxenites, peridotites and dunites [Downes,
1997]. The surface exposures of mantle rocks such as
Ronda peridotites (Southern Iberia) [Obata, 1980] and
Kohistan and Telkeetna arcs [Miller and Christensen,
1994; Kelemen et al., 2003b] reveal structural complexities
such as pyroxenite layering, harzburgite bands and several
generations of crosscutting mafic and ultramafic dykes.
Most of these rocks contain high amounts of olivine and
garnet. The pyroxenite bands can be well defined or diffuse
for example, the Ronda ultramafic massifs contain pyroxe-
nite veins with an average length ranging from 10 m to
10 km within the harzburgite matrix [Obata, 1980].

[79] The physical properties of these mantle rock types
are very similar. Most of the laboratory measurements of
their Vp seismic velocities range from 7.9 to 8.7 km/s
[Carmichael, 1989; Kern et al., 1999; Gao et al., 2000].
The Vp measurements are highly dependent on the olivine
and garnet content. A qualitative analysis, however, reveals
that eclogites and dunite are mantle rocks types that have
higher Vp values when measured in the laboratory. The
velocity increase in Vp across the observed mantle discon-
tinuity could be accounted for by an increase in the content
of olivine and garnet and/or an increase in dunite and
eclogite in the mantle at 65—70-km depth. The upper mantle
above 65—70-km depth, therefore, would be mostly pyrox-
enite and harzburgite rich and below, dunite and eclogite
rich. Crystallization experiments by Miintener et al. [2001]
indicate that up to 60% of mantle-derived magmas might
crystallize pyroxenites at high pressure (1.2 GPa). A mix-
ture with the suggested compositional variation would be
sufficient to generate the required reflection coefficients for
the observed reflected events [Carbonell, 2004].

6.5. Crustal Velocity and Geologic Implications

[so] The velocity-depth functions derived from the 2-D
velocity models from both transects include the crust and
upper mantle down to a depth of approximately 70 km and
represents an average crustal velocity of the Variscan Trans-
pressive orogen. The upper crust in these models is char-
acterized by a gradient from 5.2 km/s at the surface to
6.5 km/s at 13—15-km depth. Beneath this, in the middle
crust and up to 22—25-km depth, velocities are relatively
high within the range of 6.8—7.1 km/s. Slightly lower
velocities have been mapped below approximately 25 km.
The lower crust (22—25- to 31-33-km depth) velocities
follow a gradient increasing from 6.6 up to 7.2 km/s. On
average, the crust mantle boundary is located at a depth of
31-33 km. This is in agreement with the IBERSEIS deep
seismic reflection image [Simancas et al., 2003; Carbonell et
al., 2004]. Beneath this depth the velocity reaches 8.2 km/s at
64—70-km depth, where another relatively sharp increase
has been mapped with velocities over 8.4 km/s. The existing
data (geology, geophysics) from the shallow part of the
transect is consistent with a differentiation into three tectonic
zones. The velocity models for both transects (Figure 8)
reveal small lateral variations. The most prominent lateral

25 of 29

85U8017 SUOWILLIOD BAIERID 3|qedt|dde ay) Aq peusenob are sapie O '8sN JO SanJ oy Akeiqi T 8UlUO /8|1 UO (SUO N IPUO-PUR-SLLIBIWI0D" A3 1M A eI 1 [oul 1 [UO//StY) SUORIPUOD Pue SWie | 84} 88S *[7202/20/80] U0 A%eiqiauluo A8|Im eouewees aa pepisieAlun Ad 0505008C2002/620T 0T/I0p/uod A8 im Akeaq i pujuo'sgndnBe//:sdny woly pepeojumoq ‘29 ‘6002 ‘020229512



B02302

PALOMERAS ET AL.: DENSE WA SEISMICS IN SW IBERIA

Thin sediments, thrust and faults (strike slip)
folded features.
Some faults are intruded with mafic materials.

Deformed core of the orogen. Granitic plutons are
also present.

Mafic granulites, basaltic mafic intrusions.
Midcrustal detachment: ductile-brittle transition.

Possible gabbroic intrusions sheared on rotated
with shear zones, problaby intruded by mafic
mantle material, of mantle origin.

4. .00 Mafic cumulate and residuum.
P Moho. Thin 2-3 km, consisting of interlayering of
T mantle and crustal rocks and possible magma.

LI T T T Typical mantle: a mixture of harzburguite, dunite,
50_' P peridotite, eclogite and high content of
oo pyroxenite.

60=-

S T W Mantle phase enriched in eclogite.

R T N T
70= A
.\./.\./.\./.\./.\./.\./

Figure 17. Interpretative cross section of the crust in SW Iberia. The crust is subdivided by a major
mid-crustal detachment shear zone located at 14 km, which corresponds to the brittle-ductile transition.
Above it, a very thin sediment cover with deformed basement rocks and interlying volcanics exists. A
few granitic plutons are also present at surface. Some faults disrupt this structure, which has been folded
during collision. These faults sole out on the prominent mid-crustal shear zone. Beneath this mid-crustal
shear zone, faults with opposite dips mark the lower crust, which is composed of gabbroic intrusions and
mafic materials. The mid-crustal detachment zone is intruded by mafic granulites and or basaltic mafic
intrusions. The thin Moho is probably overlaid by mafic cumulates or residues, and its base is defined by
interlayered crustal and mantle material. The upper mantle is more homogeneous and is probably
relatively rich in pyroxenite. At 64—68-km depth, the nature of the mantle changes and is probably
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enriched in higher-velocity materials such as dunite and/or eclogites.

variation in transects A and B is the high-velocity anomaly
located to the north which crosses surface limits of the OMZ
and CIZ and is indicated by the shallowing of the 6.8-km/s
isovelocity in Figure 8. Furthermore, an additional high-
velocity body is identified at 18—20-km depth beneath the
SPZ in transect B. The crustal thickness shows a slight
increase near the center of the transect, going from approx-
imately 31-32 km beneath the southern end to 33—34-km
depth beneath the northern limit of the OMZ, shallowing
again to 31 km toward the northern end of the transects. The
lower crustal velocities are more homogeneous along the
transect and the Moho is almost horizontal indicating
the orogen lacks a prominent continental root.

[s1] A comparison of the average velocity function for
the area with standard velocity depth functions proposed by
[Christensen and Mooney, 1995] for different types of crusts
indicates the SW Iberia velocity does not clearly fit any of
their crustal velocity functions. The main difference is that
velocities in SW Iberia are relatively higher than the
velocities for the same depths of the average model, and
the crust is thinner (32—33 km) than the world average
(40 km) established by Christensen and Mooney. The SW
Iberia velocities are closer to the typical velocity depth

function for rifts and extended crust (for example Basin and
Range type) [Christensen and Mooney, 1995]. The distri-
bution of velocities through the crust, however, is different,
with the mid-crustal velocities notably higher.

[s2] The crustal velocity distribution within southern
Iberian Massif is unique and suggests that mafic-ultramafic
layered intrusions are present in the middle crust and coeval
with outcropping basic magmatism. Simancas et al. [2003]
and Carbonell et al. [2004] indicate that the intrusions took
place during the Variscan orogeny since the IRB become
deformed by compressive structures after its emplacement;
therefore it cannot be interpreted as related to late-orogenic
processes. This explanation accounts for the formation of
(1) early Carboniferous intraorogenic basins deformed later
during the continuation of the Variscan orogeny [Wagner,
1978; Oliveira, 1990; Giese et al., 1994], (2) basic magma-
tism of this age [Thiéblemont et al., 1998; Pin et al., 1999],
(3) giant sulfide deposits of the SPZ [Saez et al., 1999], and
(4) unusual Ni-Cu mineralization of the OMZ [Tornos and
Casquet, 2005]. The velocity models indicate that this sill
like feature is not constrained to the surface mapped limits
of the tectonic zones. This is consistent with an intraoro-
genic intrusive event resulting under the effect of a mantle

26 of 29

85U8017 SUOWILLIOD BAIERID 3|qedt|dde ay) Aq peusenob are sapie O '8sN JO SanJ oy Akeiqi T 8UlUO /8|1 UO (SUO N IPUO-PUR-SLLIBIWI0D" A3 1M A eI 1 [oul 1 [UO//StY) SUORIPUOD Pue SWie | 84} 88S *[7202/20/80] U0 A%eiqiauluo A8|Im eouewees aa pepisieAlun Ad 0505008C2002/620T 0T/I0p/uod A8 im Akeaq i pujuo'sgndnBe//:sdny woly pepeojumoq ‘29 ‘6002 ‘020229512



B02302

plume active during the Carboniferous, as proposed by
Simancas et al. [2003, 2006] and Carbonell et al. [2004].

[83] At the end of the orogenic process, when the collid-
ing crustal blocks locked, the lithosphere re-equilibrated
resulting in the concealment of the orogenic root to give a
nearly horizontal Moho, maybe due to overprinting by a
phase transformation [Eaton, 2006]. This re-equilibration
did not homogenize the mid crust, as low velocities at 22—
25-km depth beneath the high velocity (intrusive layers) are
preserved. This is consistent with an intraorogenic intrusive
event resulting under the effect of a mantle plume active
during the Carboniferous as proposed by Carbonell et al.
[2004] and Simancas et al. [2003, 2006].

[s4] The interpretative crustal section shows a feasible
way to explain the modeled velocity distribution and the
seismic signature, and includes a qualitative estimation of
the amplitudes (Figure 17). The cross section has a rela-
tively large amount of internally heterogeneous lenses (sills)
of relatively high-velocity (and high-density) material with
different geometries/orientation, within an average layered
crustal model. They can be horizontally emplaced like the
interpreted IRB [Simancas et al., 2003; Carbonell et al.,
2004] or can be dipping. The high-velocity material that is
mantle derived mafic-ultramafic rocks, was intruded and
emplaced at different levels within the crust with different
geometries including large sills (e.g., IRB), and/or smaller
bodies emplaced along pre-existing faults and thrusts. The
mafic magmas assimilated by crustal material produced
metamorphic activity that took place at the borders of the
intrusives resulting in vertically and laterally heterogeneous
restitelike bodies featuring relatively high average veloci-
ties. The IBERSEIS section (Figure 9) shows the presence
of a large number of dipping events at shallow depth that
have been interpreted as faults and thrusts, and which could
have worked as flow paths for the mantle derived magmas
(e.g., SPZ). The proposed interpretation of the densely
space wide-angle seismic reflection data suggest that the
IRB is not a singular feature but one of a series of mafic
intrusions (large 3-D sill like structures). The IRB contains
large intrusions, however the wide-angle seismic data sug-
gests the existence of other sill like mafic structures
throughout the crust. The proposed tectonic evolution con-
stitutes a process for the creation of new continental crust
(crustal growth).

7. Conclusions

[ss] Two wide-angle transects (A, B) acquired in SW
Iberia were recorded with close trace spacing (150—400 m).
The major structures recorded on the transects can be traced
from one transect to the other, providing a 3-D view. The
shot records reveal a high resolution, wide-angle image of
the crust and upper mantle in this area. A relatively large
number of seismic events with high lateral coherency assure a
well-constrained velocity model that reaches down to 70-km
depth. The thickness of the crust is constrained by a high-
amplitude PmP which can be followed up to zero offset as a
simple wavelet beneath the southern end. In shots to the
north, the PmP event is a reflection with a 1—1.5-s-long
coda that indicates a more complex crust-mantle transition.
The velocity models show a laterally variable, layered crust
with high average velocity, especially in the middle to lower
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crust. In average, the upper crust feature a gradient from
5.2 km/s at the surface to 6.5 km/s at 13—15-km depth. The
middle crust ranges from 13—15- to 22—25-km depth and
has velocities that are relatively high (6.8—7.1 km/s).
Slightly lower velocities are mapped beneath 25-km depth.
The lower crust (from 22—25- down to 31-33-km depth)
features a velocity gradient increasing from 6.6 to 7.2 km/s.
The crust mantle boundary is located at a depth of 31—
33 km. Beneath this depth the velocity reaches 8.2 km/s to
67—70-km depth were another relatively sharp increase
occurs. At large offsets (greater than 175 km) a PP mantle
phase can be identified. This provides evidence for a
velocity jump (from 8.2 to 8.4 km/s) at 66—70-km depth.
The computed velocity depth functions for each of the three
tectonic zones do not fit any typical average crustal velocity
model. Rather, it constitutes a new type featuring high
velocity at mid-crustal levels. The crustal composition con-
strained by the velocities requires the presence of mafic
mantle derived rocks to explain the mid-crustal high veloc-
ities. The relatively large sill bodies extend past the mapped
limits of the tectonic zones and most probably extend to the
north and south of the study area. This suggest a new
tectonic scenario for the evolution of the orogen that
involves a postcollisional intraorogenic intrusion of mantle
derived rocks. The preserved low velocities at 22—25-km
depth beneath the mafics indicate that the intrusion took
place at a peculiar stage during the deformation. Postoro-
genic re-equilibration processes eroded the crustal root and
reworked the deep lower crust resulting in a relatively thin
crust.
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