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[1] We analyze the Cenozoic topographic evolution
of the Catalan Coastal Ranges (NE Spain) and the role
of fault activity, erosion, sedimentation, and isostasy in
controlling uplift and subsidence. A forward numerical
model constrained by an extensive geological and
geophysical data set is used to examine the temporal
and spatial record of Cenozoic vertical motions. We
show that the effect of isostasy, erosion, and
sedimentation is as important as the contribution of
fault deformation to the topography of the Catalan
Coastal Ranges. The model predicts that Paleogene
topography generation by thrusting was compensated
by erosion (up to 1.3 km) and isostatic subsidence
(up to 1.2 km), resulting in a 1.2—-1.9 km high
mountain range by the end of compression (29 Ma).
During the Neogene, strong tectonic subsidence
related to normal faulting and the consequent
flexural uplift (of 0.7—-1.2 km), surface erosion (as
much as 1.6-2.3 km), and sedimentation (up to
4.5 km) led to the present landscape configuration.
Extension rates along the Barcelona fault controlled
flexural uplift and, in combination with erosion and
sedimentation processes, led to the migration of the
topographic maximum of the Prelitoral Range toward
the easternmost Ebro Basin.  INDEX TERMS: 8105
Tectonophysics: Continental margins and sedimentary basins
(1212); 8015 Structural Geology: Local crustal structure; 3210
Mathematical Geophysics: Modeling; 8109 Tectonophysics:
Continental tectonics—extensional (0905); KEYWORDS: modeling,
vertical motions, NE Spain. Citation: Gaspar-Escribano, J. M.,
D. Garcia-Castellanos, E. Roca, and S. Cloetingh (2004), Cenozoic
vertical motions of the Catalan Coastal Ranges (NE Spain): The

role of tectonics, isostasy, and surface transport, Tectonics, 23,
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1. Introduction

[2] The Catalan Coastal Ranges (CCR) constitute an
excellent geological setting to study the tectonic inversion
from compression to extensional tectonics and the interplay
between processes operating at different scales, such as
lithospheric flexure, fault tectonics and surface processes of
erosion and sedimentation. The region located in the present
position of the CCR and part of the Valencia Trough
(Figure 1) was uplifted during the Paleogene in the context
of intraplate compressional tectonics related to the Pyrenean
orogeny. This uplifted region is called Catalan Intraplate
Chain (CIC) in this paper. Coevally, the Ebro Basin, foreland
basin of the Pyrenees, subsided. During the Neogene, the
compressional structures of the CIC and the Valencia Trough
were overprinted by shorter wavelength, extensional faulting
controlling the subsidence of half-grabens and the uplift of
the CCR related to the development of the Valencia Trough
rift [Roca et al., 1999].

[3] Syntectonic erosion of the Paleogene compressional
CIC and its subsequent Neogene extensional exhumation
changed the amplitudes and rates of vertical motions [e.g.,
Lewis et al., 2000]. However, the absence of a complete
sedimentary record in some parts of the basins and the lack
of precise quantification of amount of rocks eroded during
the Cenozoic renders it difficult to asses the size of the CIC
and of the Neogene uplifted areas (horsts and rift shoulders)
as well as the magnitude of Cenozoic vertical motions.

[4] In combination with surface processes, lithospheric
processes such as flexure play an important role in distrib-
uting vertical isostatic movements associated with tectonic
deformation [e.g., Small and Anderson, 1995; Watts et al.,
2000], thus affecting the surface mass redistribution by
erosion and sedimentation [e.g., Tucker and Slingerland,
1994; Garcia-Castellanos, 2002]. This isostatic contribution
to vertical motions cannot be directly measured and hence it
is assessed by numerical methods using a well-constrained
data set.

[s] Previous studies constraining the vertical motion
history are restricted to periods for which sediments are
still preserved [Bartrina et al., 1992; Vergés et al., 1998;
Taberner et al., 1999; Lopez-Blanco et al., 2000]. Analyses
of the Paleogene sedimentary record interpreted in connec-
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Figure 1. Geological map and study section. (a) Simplified geological map of the Catalan Coastal
Ranges and adjacent areas showing main structural units and faults (adapted from Losantos et al. [1989]).
Bottom right panel shows location within the Iberian Peninsula. Apatite Fission Track sampling locations
are shown in the map with the same labels as in Figure 2. Note that the system of thrusts emerging along
the Ebro Basin boundary has been plotted as one line. Co., Collserola; B.P., Barcelona Plain; SLM, Sant
Lloren¢ de Munt; Mr, Montserrat; B, Barcelona city; T, Tarragona city. (b) Studied profile: interpreted
structural cross section across the central Catalan Coastal Ranges (modified from Roca et al. [1999]; see

location in Figure 1a). No vertical exaggeration.
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tion to tectonic pulses in the CIC [Jones, 1997; Lopez-
Blanco et al., 2000; Lopez-Blanco, 2002] permitted to
quantify tectonic subsidence and uplift rates. Constraints
on catchment mean elevation and extent [Jones, 1997,
Lopez-Blanco et al., 2000] as well as flexural effects on
vertical motions linked to the Pyrenean growth [Vergés et al.,
1998] were also established. However, these quantifications
are Paleogene averaged estimates restricted to those periods
in which syncompressional sediments are still preserved.

[6] Since no Neogene sediments are found in the Ebro
Basin adjacent to the CCR [Losantos et al., 1989;
Barbera et al, 2001], studies addressing the Neogene
evolution of the vertical motions in the CCR are mainly
constrained by data coming from the sedimentary infill of
the Neogene grabens. In this way it is possible to
quantify basin subsidence and its relation to tectonic
activity [e.g., Bartrina et al, 1992] but not mountain
uplift. Moreover, sediment budget calculations between
volumes of sediment accumulated in these basins and
volumes of rock eroded from the bounding ranges, which
can potentially constrain surface mass transport, have
very limited applicability in the CCR. This is so because
these basins were open systems that received material
from undetermined sources and transported it toward
unconstrained locations [Gaspar-Escribano, 2003].

[7] Analyses of lithospheric controls on sedimentary
patterns in the CCR area recognize uplift of the Catalan
flank due to its erosional unloading and facilitated by
extensional faulting and rifting in the Valencia Trough
[Lewis et al., 2000; Gaspar-Escribano et al., 2001]. Finally,
Morgan and Fernandez [1992] provided different scenarios
for the Neogene vertical motions in the CCR compatible
with elevation and other geophysical data under the as-
sumption of local isostasy, concluding that the evolution of
elevation on the CCR may be explained in terms of
extension of a laterally heterogeneous lithosphere. This
issue is further explored in this paper with a more refined
approach.

[8] The objective of this work is to better understand the
Cenozoic interaction between processes involved in vertical
motions of the central CCR (Figure 1), and to provide
temporal and spatial continuity to periods unconstrained by
the available data. For this purpose, we use a numerical
model integrating quantitative approaches to fault tectonics,
surface transport and flexural isostasy [Garcia-Castellanos
et al., 1997, 2002].

2. Geological Evolution of the CCR and
Quantitative Constraints

[9] The Catalan Coastal Ranges (CCR) extend over
~250 km along the northeastern coast of Spain and are
located between the Ebro Basin and the Valencia Trough
(Figure la). They present a complex horst and graben
configuration, composed by several ENE-WSW to NE-SW-
striking blocks generally tilted to the NW. In this work, we
study a section that crosses perpendicularly the CCR over
Barcelona City (Figure 1b).
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[10] The offshore part of the section is derived from
basin-scale seismic reflection profiles well constrained by
borehole data [Roca et al., 1999]. The onshore part of the
section belonging to the CCR is mostly based on field
studies [Bartrina et al., 1992; Cabrera and Calvet, 1996;
Roca et al., 1999; Lopez-Blanco et al., 2000]. Additionally,
borehole data as well as a seismic reflection line crossing the
Valles-Penedes half-graben striking parallel to our section
and located around 15 km away [Bartrina et al., 1992],
further constrain the internal geometry of this basin. Unfor-
tunately, there is no seismic line showing the geometry of
the Prelitoral Range (northwestern limit of the CCR).
Nevertheless, studies on compressive structures affecting
not only the CCR but also the adjoining Ebro Basin,
integrated with exhaustive analyses of the Ebro sedimentary
fill, help reconstructing the geometry of this part of the
section. A number of wells [Lanaja, 1987] and structural
sections constructed by the combination of reflection seis-
mic lines with field studies [Verges et al., 1998] were used to
compose the northwestern part of the section (Ebro Basin).

[11] There are no deep seismic lines crossing this sector
of the CCR that could be used to outline the deep geometry
of the faults. However, a crustal-scale reflection line cross-
ing the southwestern CCR shows listric geometry for master
normal faults equivalent to the Barcelona and Valles-
Penedés faults of our section [Sabat et al., 1997]. This
observation is consistent with a number of restoration
studies proposing such a fault configuration for other
sectors of the CCR [Roca and Guimera, 1992; Gomez
and Guimera, 1999]. This issue is further discussed below.

[12] The main structures observed in this section from
northwest to southeast are:

[13] The Ebro Basin (EB), southern foreland of the
Pyrenees, which is filled in this area by Paleogene sedi-
ments overlaying a thin Mesozoic cover and locally Hercy-
nian basement. In this work, the Ebro Basin is considered as
the foreland basin of the CCR as well, and the terms
“distal” and ““proximal” are used in relation to the CCR
and not to the Pyrenees.

[14] The Prelitoral Range (PR), a narrow strip of Paleo-
gene, NW verging contractional structures that is composed
by a Hercynian basement, a thin Mesozoic cover and locally
Ebro basin-fill sediments.

[15] The Vallés-Penedés Basin (VPB), an onshore half-
graben, limited to the northwest by a major normal fault
(Valles-Penedes fault) that is filled in with Miocene deposits
that come from the erosion of the bounding ranges.

[16] The Litoral Range (LR), which in the study section is
constituted by the Montnegre-Garraf horst, formed by
Paleozoic basement that is covered by Mesozoic sediments
toward the southwest. These Mesozoic sediments denote
that it is an area slightly deformed during the Cenozoic and
that it belongs to the same northwest tilted block covered by
the Neogene sediments of the Valles-Penedes half-graben.

[17] The Barcelona Plain (BP), a set of basement blocks
bounded by SE-dipping normal faults (e.g., SE Collserola
fault) unconformably covered by Serravallian to Quaternary
deposits (except in the vicinity of the Litoral Range
[Fontboté, 1954]).
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Table 1. Fault Configuration Model 5F*
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Stage Fault Location Start, Ma End, Ma Velocity, km/Myr Displacement, km
Compressional Thl Prelitoral Range 54 49 —0.40 -2.0
Compressional Th2 Prelitoral Range 41 29 —0.40 —4.8
Compressional Th3 SE Collserola 41 29 —0.45 —0.6
Extensional BCNf Barcelona Offshore 28 16 +0.60 +7.2

15 6 +0.40 +3.6
Extensional VPf Valles-Penedes 25 6 +0.25 +4.7

Start and end refer to fault activity periods. Note velocity change in fault BCNf. Velocities and displacements are measured in the
horizontal direction and perpendicular to strike. Minus and plus signs refer to shortening and extension, respectively.

[18] The Barcelona Basin (BB), an offshore half-graben
bounded to the northwest by a master normal fault (the
Barcelona fault). It is constituted by a roughly continuous
sequence of Lower Oligocene to Present sediments that
overlay Mesozoic sediments.

[19] The Cenozoic evolution of the Catalan Coastal
Ranges and surroundings can be subdivided into two stages
[e.g., Roca, 1996]: (1) Paleogene compressional stage (Late
Paleocene-Early Oligocene) and (2) Neogene extensional
stage (Late Oligocene-Present).

2.1. Paleogene Compressional Stage
(Late Paleocene-Early Oligocene)

[20] The CCR developed during the Paleogene in the
context of the Pyrenean orogeny, after tectonic inversion of
former Mesozoic basins [Roca, 1996]. A ~100 km-long and
50—60 km-wide area occupied in the present by the CCR
and the NW margin of the Valencia Trough underwent uplift
and erosion [Roca et al., 1999; Lopez-Blanco et al., 2000],
forming the so-called Catalan Intraplate Chain (CIC).

[21] The Paleogene evolution of the CIC is extensively
analyzed by Lopez-Blanco et al. [2000] by combining
multiple data sources (sedimentologic, structural, strati-
graphic, palynologic and paleomagnetic data) based on
surface studies of Ebro Basin fill deposits. According to
these authors, deformation of the CIC was characterized by
the growth of a system of NW directed thrusts and folds,
which relicts crop out close to the eastern Ebro Basin margin
(Figure 1). In the studied transect, the first contraction pulses
occurred during the Paleocene-Eocene boundary [Lopez-
Blanco, 2002], reactivating (with reverse motion and a
sinistral strike-slip component [Guimera, 1984]) a long-
lived weakness zone that controlled the opening of the
Mesozoic basin and subsequently of the Miocene Vallés-
Penedes Basin. The shortening along the frontal part of the
CIC generated by this first thrust system (Th1 in Table 1) is
estimated in ~2 km and lasted until the end of Ypresian
(~49 Ma [Lopez-Blanco et al., 2000]). The next deforma-
tional phase (Lutetian-Bartonian) was characterized by the
development of a syncline-anticline pair that folded older
structures located in the frontal CIC and implied moderate
shortening [Lopez-Blanco, 2002]. As no outcropping thrusts
constrain this stage, it is not included in our model. When the
accumulated strain overcame a certain threshold, thrusting
restarted with the development of a low-dip, out-of-sequence

thrust that was active from Bartonian to Early Oligocene
(Th2 in Table 1 [Lopez-Blanco et al., 2000]). This thrust
implied a shortening of ~4 km and uplifted a broader region
than the first one, between 0.7 and 1.2 km above the Ebro
Basin [Lopez-Blanco et al., 2000]. Southeast of this area,
only minor faulting occurred, except in the vicinity of the
present coastline, where strong compression took place
at least during the early Late Oligocene [Parcerisa, 2002].
In our study we propose a configuration for this stage
comprising the activity of a third thrust (Th3 in Table 1)
located in the hanging wall of thrust Th2 (section 5.2).

[22] Maximum amounts of Paleogene exhumation of the
CIC up to 1.3 km (Figure 2) are estimated from apatite
fission track (AFT) studies [Juez-Larré, 2003] combined
with thermokinematical modeling [Gaspar-Escribano,
2003]. Independent calculations of Paleogene exhumation
based on balancing of Ebro deposits volume reduce this
amount to ~0.8—1 km [Ldpez-Blanco et al., 2000].

[23] Coeval to this deformation history in the CIC, the
Ebro foreland and Barcelona basins developed. The first
one was filled with significant amounts of synorogenic
terrigenous deposits (partly marine until the Bartonian;
[Vergés et al., 1995]) that generated significant topography
within the basin during the Paleogene [Coney et al., 1996].
Nowadays the age of the outcropping Ebro Basin deposits
increases from the Catalan margin (Eocene) to the center of
the basin (Oligocene-Miocene). Their distribution and NW-
tilted bedding (Figure 1b), suggest that deposition actually
took place in the easternmost Ebro Basin during Oligocene,
but the missing (Oligocene-Miocene) sediments were
eroded away in a later stage [e.g., Anadon et al., 1989].

[24] The Barcelona Basin developed in the hinterland of
the CIC. Tectonosedimentary analyses of the Barcelona
Basin infill [Roca et al., 1999] show that its lower sequence
(Upper Eocene-Oligocene) was deposited prior to the Neo-
gene rifting phase and it is coeval with compressional
deformation in the CIC. The evolution of this basin is poorly
constrained. Its geometry (see Figures 1b and 3) could be
associated to the extensional development of a half-graben
resulting from the transcurrent motion between the Ebro
Basin block and the CIC. Alternatively, it can be considered
as a piggyback basin developing under the compressional
tectonic regime that also affects the Ebro margin. In this
paper we followed the second option, which is supported by
two points: (1) The constant thickness of the sedimentary
packages, not showing the thickening toward the active fault
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Figure 2. Interpreted apatite fission track thermal history for different locations in the Prelitoral and

Litoral (Garraf-Montnegre horst) ranges (modified from Juez-Larré [2003]). A geothermal gradient of
25°C/km and 37°C/km for the compressional and extensional stages respectively were used to convert
temperature into depth (respect to the local surface in each moment [Gaspar-Escribano, 2003]. Sampling
locations in Figure 1 (same numbering). Thick lines represent results from Model 5F (section 4.3).
Shaded areas give the error margin of the AFT method.

characteristic of the half-grabens [Roca et al., 1999]; and
(2) Occurrences of Oligocene sediments in the footwall
block of the Barcelona Basin affected by compressive (and
not extensive) features (Turd6 de Mongat-Barcelona Plain
[Parcerisa, 2002]). In any case, further research should be
carried out to discern which alternative is the most plausible.

2.2. Neogene Extensional Stage
(Late Oligocene-Present)

[25] From Late Oligocene onward, extensional tectonics
mainly driven by the Vallés-Penedés and Barcelona master
faults led to the dismantling of the CIC and rearrangement
of the area into horsts and grabens (Figure 1b). Main activity
of these faults took place during latest Oligocene-Langhian
and was accompanied by strong tectonic subsidence, which
initially lowered topography and later created accommoda-
tion space that was gradually infilled by detritic deposits
(mainly in the vicinity of the fault planes). Secondary faults
bounding the grabens (e.g., SE Collserola fault) involved
lesser displacement and therefore were not included in our
model. The main marine transgression started during late
Aquitanian (~22 Ma) in the Barcelona Basin [Roca et al.,
1999] and gradually progressed from SE to NW reaching the
Valles-Penedes Basin during Late Burdigalian [Cabrera and
Calvet, 1996]. These ages of the continental-marine tran-
sitions provide paleoelevation constraints to the model.
Fault activity decreased during Middle-Late Miocene and
concentrated in the master faults. Only continental sedimen-
tation continued in the Vallés-Penedés Basin, gradually
consuming the accommodation space. In turn, large accom-
modation space was still available in the Barcelona Basin,
where marine deposition with significant lateral supply
dominated [Cabrera and Calvet, 1996]. By Latest Miocene

(Messinian), compressive inversion of previous normal
faults (B. Gelabert et al., Neogene evolution of the Valencia
Trough and Algerian Basin: From extension to inversion,
manuscript in preparation, 2003) together with the Mediter-
ranean sea level low-stand [Clauzon et al., 1996] resulted in
an uplift of the CCR, which were submitted to large,
nonquantified erosive processes. From Pliocene to Present,
the Vallés-Penedés fault was inactive [Masana, 1994] and
only the Barcelona and SE Collserola faults show moderate
tectonic activity in our transect [Olivera et al., 1992].
Consequently, the already uplifted CCR did not subside
again. While little amounts of Pliocene-Quaternary sedi-
ments were deposited in the Vallés-Penedés basin [Martinell,
1988], significant amounts of sediments covered both the
Barcelona Basin and Plain (Figure 1a).

[26] In the Ebro Basin deposition continued until its
opening to the Mediterranean Sea in Middle-Late Miocene
times, when widespread erosion took place [Riba et al.,
1983]. Consequently Neogene sediments are lacking in the
easternmost Ebro Basin or present in insignificant amounts
(Figure 1) [Anadon et al., 1989; Barberd et al., 2001].

[27] Constraints on amounts of Neogene exhumation of
the CCR can be derived from studies integrating AFT
data and tectonothermal modeling [Gaspar-Escribano,
2003; Juez-Larré, 2003]. AFT thermal histories show a
marked cooling event during Neogene [Juez-Larre, 2003],
which reveals important exhumation (up to 2 km) of pre-
Cenozoic rocks in the Prelitoral and Litoral ranges
[Gaspar-Escribano, 2003].

2.3. Preliminary Partial Restoration

[28] The evolutionary scenario described above was
derived from a number of studies using different techniques
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(a) Partial restorations of the transverse Catalan Coastal Ranges cross section (see Figure 1) at

five times: (b) beginning end of the postrift stage (Middle Miocene), (c) beginning of the synrift phase
(Late Oligocene), (d) end of the compressional stage (Early Oligocene), (e) n intermediate stage during
the development of the CIC (Middle Eocene), and (f) the beginning of the Paleogene compressional stage
(Early Eocene). The right limit of the section is fixed as reference point. Thick and thin, solid lines stand

for active and inactive faults, respectively. Same fault labeling as in Table 1.

and addressing different segments of the study section and/
or different time-spans of its evolution. In order to provide a
first-order picture of the tectonic evolution of the central
CCR, integrating the data described above altogether and in
an internally consistent manner, and eventually to gain new
insights on the evolution of the area, we carried out a partial
restoration exercise of the section constrained by all that
geological and geophysical information.

[20] Figure 3 gives, apart from the present-day section
(as in Figure 2), five partially restored sections across the
CCR for Middle Miocene, Late Oligocene, Early Oligo-
cene, Middle Eocene and Early Eocene. Deep geometry of
normal faults and partial restorations of these faults (Mid-
dle Miocene and Late Oligocene) were performed assum-
ing an inclined shear algorithm with shear angle of 65°
[e.g., Gibbs, 1983]. Note that whereas during the synrift
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phase all normal faults were active (Late Oligocene
section), during the postrift phase only the faults involving
largest displacement were active (Middle Miocene sec-
tion). It is also clearly shown that deposition started earlier
in the Barcelona Basin than in the Vallés-Penedés Basin.
According to this restoration model, total extension

Syn-compressive sediments

[ Oligocene
[ 1Eocene

[ ]Mesozoic cover
| Hercynian Upper crust

Not well constrained geometry

(continued)

amounted 11.3 km (7.1 and 4.2 km during the synrift
and postrift phases, respectively). Reverse faults, active
during the compressional phase, were restored assuming a
flexural slip unfolding mechanism [e.g., Hossack, 1979].
In this case, a third thrust (Th3) with respect to the
evolutionary scenario proposed by Lopez-Blanco et al.
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[2000] was introduced in the hinterland of the CIC (see
justification in section 4.1). Total shortening amounted
7.2 km. During the Early Oligocene, deposition took place
in the piggyback Barcelona Basin. At the same time, an out-
of-sequence thrust (Th2) was emplaced over Ebro Basin
sediments. In the early stages of the model, deposition
occurred in the Ebro Basin only. During Middle Eocene, a
blind thrust system “Th2” developed, folding Ebro Basin
deposits (fault-propagation fold). At the beginning of the
evolutionary model (Early Eocene), compressive deforma-
tion involved the activation of a frontal thrust (Thl).
Mesozoic sequences that were gradually eroded during the
compressional phase were also included in the restoration
according to quantitative constraints (see section 2.2 and the
work of Lopez-Blanco et al. [2000]). The sharp variation
on thickness of Mesozoic (Upper Jurassic and Lower
Cretaceous) sequences, most evident between the areas
corresponding to the offshore and onshore at present
(Figure 3, 53 Ma), suggests that the Barcelona fault system
played an active role in the evolution of the area prior to the
Cenozoic [Roca and Guimera, 1992], controlling the devel-
opment of extensional basins during Late Jurassic- Early
Cretaceous [e.g., Salas and Casas, 1993]. Accordingly, the
Barcelona fault would be a feature inherited from the
Mesozoic. An older activation of this fault system cannot
be surely established.

[30] This restoration exercise provides a reference evolu-
tionary model consistent with both depositional and fault
activity patterns inferred from a variety of geological and
geophysical data obtained by different techniques. However,
it contains a number of deficiencies, such as (1) it cannot
provide quantitative constraints on amounts of erosion for the
entire geological evolution, (2) it cannot account for vertical
motions related to isostasic compensation to mass redistri-
bution (3) it lacks a process-based explanation for the
evolution of topography and particularly for the role of fault
tectonics, isostasy and surface transport. Below, we use of a
numerical model to address these issues. For the sake of
simplicity and to save computation time, we will reduce the
number of faults included in the model by considering the
ones that involve larger displacements only. For the sake of
the clarity required for the interpretation of the vertical
motion evolution, we will adopt a vertical shear approach.
Nevertheless, we will discuss the implications that these
assumptions have on our results.

3. Numerical Model and Parameterization
3.1. Model Description

[31] In order to quantitatively link processes active during
Cenozoic vertical motions in the study area, we use a
numerical model integrating fault tectonics, isostasy and
surface transport [Garcia-Castellanos et al., 1997, 2002].
The model allows for the coexistence of multiple active
fault-blocks, finite fault activity periods, and both normal
and reverse motions on faults. Tectonic transport in the
upper crust was simulated by a number of fault blocks that
deform following a vertical shear approach: The vertical
thickness of the hanging wall block is preserved during fault
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Figure 4. (a) Cross-section cartoon showing the effect on
basin and mountain geometries of fault detachment depth.
Dashed and solid lines are for shallow and deep detachment
levels, respectively. (b) Fault dip angle. Dashed and solid
lines are for small and large dip angles, respectively.

movement. Flexural isostasy is implemented adopting a
thin-elastic plate [Turcotte and Schubert, 2001] compensat-
ing for the load contrasts generated by mass redistribution
(caused by tectonic or surface mass transport). Lateral
rigidity variations of the lithosphere were taken into account
via changes in effective elastic thickness (T.), which is
assumed to be constant through time. Hidden loads related
to deeper processes in the upper mantle, as well as vertical
forces or moments in the limits of the model [e.g., Sheffels
and McNutt, 1986] can be incorporated to refine the
distribution of loads flexing the plate.

[32] Surface erosion and sedimentation are carried out in
two different ways: (1) at linear rate, erosion rate is
proportional to elevation in continental areas and sedimen-
tation rate is constant below sea level, and (2) diffusive
transport, sediment flow is proportional to the slope along
the profile, and erosion and sedimentation rates are propor-
tional to the curvature of elevation [e.g., Flemings and
Jordan, 1989]. In both cases, the respective transport
parameters are taken constant through time.

[33] The model provides predictions on the evolution of
topography, plate deflection, geometry of fault blocks and
amounts of material deposited or eroded. Sea level changes
are taken into consideration as well (adopting the curve of
Hagq et al. [1987], modified for the Messinian Mediterra-
nean sea level low stand).

3.2. Effect of Fault Geometry on Basin and
Mountain Configuration

[34] The shape of a basin or mountain resulting from
tectonic transport along a fault plane, depends on the
geometry of the fault. Figure 4 schematically shows the
effect of the depth of detachment and dip angle of the fault
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Figure 5. Results of the synthetic Model 3F illustrating
the relation between rigidity (via T,) and measurable
magnitudes. (a) Model 3F setup. Units A and B refer to
locations in which basement crops out and exhumation can
be measured. Unit A is equivalent to Prelitoral Range, and
Unit B is equivalent to Litoral Range (Garraf-Montnegre
horst). (b) Elevation profile across the Litoral Range for
different T, values. Horizontal line indicates sea level. High
Te values lead to water divide vanishing and exaggerated
scarp retreat. (¢) Maximum cumulative exhumation onshore
versus T, for units A and B. Thick lines represent total
exhumation after 55 Myr of model evolution and dashed
lines represent exhumation only during extensional phase
(i.e., from 27 to 55 Myr after the beginning of the model).
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Table 2. Fault Configuration Model 3F

Stage Fault  Start, Myr  End, Myr  Velocity, km/Myr
Compressional RFa 0 25 —0.32
Extensional EFb 27 47 +1
Extensional EFc 28 47 +0.25

on the topography resulting after extension or shortening.
For the same amount of extension and dip angle, the deeper
the detachment level, the wider the basin. Similarly, the
topography created by thrusting will be narrower for
shallower detachment levels (Figure 4a). As for extension,
the higher the dip, the deeper and narrower the basin
(normal motion), and conversely for compression, the
higher and narrower the topography created (reverse
motion) (Figure 4b).

[35] During the modeling process, fault parameters
unconstrained by seismics or field studies (i.e., fault deep
geometry) were adjusted to take into account the above
criteria in order to fit hanging wall blocks (basin and
mountains) and fault geometries.

3.3. Model Parameterization

[36] In order to estimate the sensitivity of modeling
predictions (e.g., amounts of exhumation, present-day
geometries) to different parameters, a number of tests were
carried out using a simple model configuration consisting of
three faults, diffusive surface transport, and flexural isostasy
(Model 3F; Figure 5a and Tables 2 and 3). Topographic
profiles after 55 Myr are shown in Figure 5b for different
T, values. As T, values increase, topography smoothens
and the coastline migrates landward. Thus low T, values
(Te < 15 km) are necessary to predict a clear topographic
maximum near the coastline.

[37] Model 3F was also used to test the relationship
between T, and onshore basement exhumation. Figure 5S¢
displays variations of cumulative exhumation (from the
beginning of the model until the time considered) with
T. for the two tectonic blocks (Unit A and Unit B in
Figure 5a). The values displayed correspond to the maxi-
mum exhumation accumulated after 55 Myr in the onshore
basement outcrops. Exhumation values found in presently
submerged domains are not included in the Figure 5
because of the lack of thermochronological measurements

Table 3. Model 3F Parameters

Parameter Value

Modeled time span 55 Ma-Present

Length of the model 300 km

Depth of detachment 16 km

Mantle density 3250 kg m >
Basement density 2850 kg m >
Sediment density 2200 kg m
Diffusive erosion constant 5 x 10° m* Myr ™!
Continental background constant erosion rate 0 m (m Myr) '
Marine sedimentation rate 0 m Myr '
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in these regions. Cumulative exhumation of Units A and B
are similar for low T, values only (5 < T, < 15 km in
Figure 5c¢), and during the extensional phase. These qual-
itative relations between T, and topography and between T,
and total cumulative exhumations have been found also
valid for other combinations of surface transport parameters.

[38] In conclusion, these tests show that, regardless the
choice of transport parameters, setting low T, values around
the shoreline correctly predicts a topographic maximum
separating two basins and similar exhumation values in
Units A and B during the extensional phase. These results
are applicable to our study area taking as analogue to
Units A and B the Prelitoral Range and the Litoral Range,
respectively.

4. Evolutionary Model
4.1. Modeling Setup

[39] In a more detailed model for the evolution of the
CCR (Model 5F), we incorporate five faults (Table 1). A
300-km-long elastic plate with 0.5 km node spacing was
used to carry out flexural calculations. Whereas the length
of the model is adequate for computing regional compen-
sation (according to the T, distribution presented below [see
also Gaspar-Escribano et al., 2001]), the node spacing
provides sufficient spatial resolution for identifying (flex-
ural) effects related to fault-block motions.

[40] A lateral T, variation was imposed on Model 5F
(Figure 6). A low T, value (5 km) was defined near the
shoreline (as inferred from the parameterization, see
section 3.3), and extended seaward [Watts and Torné,
1992]. T, values gradually increase beneath the CCR toward
the Ebro Basin, where a value of 25 km [e.g., Millan et al.,
1995] was used. The load imposed by the Pyrenees over the
Iberian micro-plate was incorporated in the model via a
vertical force located in the left (northwestern) free bound-
ary of the model. The value of this force (Table 4) was taken
from Gaspar-Escribano et al. [2001].

[41] The model ran from 55 Ma (Paleocene-Eocene
boundary) to 0 Myr (Present-day) in time intervals of

Figure 6. Upper crustal geometries showing fault blocks
and sediment packages in six different representative
moments derived from Model S5F. Thick lines represent
active faults, top of basement, and topography. Dashed lines
stand for faults that stopped moving 1 Ma. Dashed-dotted
lines refer to faults which will become inactive within
1 Myr. Dotted lines represent inactive faults. Fault
nomenclature as in Table 1. Blow up of present-day
configuration. Dark and light shading represent syncom-
pressive and synextensional sediments, respectively. Thick
dotted lines represent observed topography, bathymetry, and
base of Tertiary sediments. Thin black lines are time lines
showing sediment bedding. EB, Ebro Basin; PR, Prelitoral
Range; VPB, Vallés-Penedés Basin; LR, Litoral Range;
BP, Barcelona Plain; BB, Barcelona Basin. The bottom
panel shows the T. configuration used in Model 5F (see
section 4.1).
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I Myr. The initial topography was defined at sea level in
the Ebro Basin, increasing gradually to 0.2 km in the
present-day offshore areas [Puigdefdabregas et al., 1986].
[42] Only major faults were included in the model, thus
ignoring faults involving small displacements. Fault param-
eters, constrained by geological and geophysical data, are
listed in Table 1. For the case of the reverse faults, these
parameters are derived by extrapolation of surface data, as it
is explained in the following: As thrust Thl is related to a
Mesozoic extensional fault linked to the Valles-Penedes
weakness zone (see section 2.1), it has a steep near-surface
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Table 4. Model 5F Parameters

Parameter Value

Modeled time span 55 Ma-Present

Length of the model 300 km

Depth of detachment 16 km

Mantle density 3250 kg m™>
Basement density 2850 kg m >
Sediment density 2200 kg m >

Vertical force (Pyrenean load at x = —100 km) —25x 10->Nm!
Diffusive erosion constant 510° m*> Myr ™!
Continental background constant erosion rate 0.05 m (m Myr)~"
Marine sedimentation rate 90 m Myr ™'

dip (~40°) and connects in depth with the Vallés-Penedes
fault [Roca and Guimerd, 1992; Roca et al., 1999]. Alter-
natively, we confer a flatter geometry in depth to thrust
Th2, according to the prolongation of its near-surface dip
(~20° [Lépez-Blanco et al., 2000]). In addition to the
documented thrusts [Lopez-Blanco et al., 2000], we incor-
porate a third thrust in the back limb of the CIC (Th3 in
Table 1), which is not directly captured by seismic lines.
This allows reducing topographic gradients and accommo-
dation space in the hinterland, and minimizes the amounts
of erosion and sedimentation. Consequently, a limited
amount of sedimentation (as revealed by AFT data) and
restricted only to the present onshore areas [Roca et al.,
1999] will be predicted by the model (see section 5.2 for
further discussion on thrust Th3). Regarding the extensional
stage, the geometry of the Barcelona and Valles-Penedes
normal faults and their periods of activity are constrained
by seismic profiles crossing the respective half-grabens
[Bartrina et al., 1992; Roca et al., 1999]. These data
suggest a listric fault geometry that soles out in a detach-
ment level of depths of 12—16 km [Roca and Guimera,
1992; Roca et al., 1999]. The further continuation of this
detachment level toward the axial part of the Valencia
Trough cannot be certainly established from the data. For
the sake of simplicity, in our modeling we assume that all
faults connect with one single intracrustal detachment level
at 16 km depth, and that no simultaneous compression and
extension in the CCR and Valencia Trough occurs. Al-
though further complications of the assumed setting have
not been tested, the results show that these approaches are
sufficient to explain the evolution of erosion and sediment
accumulation in the study area. Other modeling parameters
are listed in Table 4.

[43] In order to create accommodation space for marine
sedimentation during the extensional phase, an additional
load of 1 x 10° N m 2 was introduced to the southeast of
the Barcelona half-graben (between x = 62 km and x =
100 km), where no evidences of major faulting are found to
account for the observed important subsidence. This load
was gradually emplaced from 25 to 1 Ma and is probably
related to other rift-related processes not explicitly
accounted for in this study, such as tectonic subsidence
due to mechanical stretching and thermal thinning of the
lithosphere and postrift thermal subsidence [Negredo et al.,
1999]. This lithospheric configuration is supported by wide-

GASPAR-ESCRIBANO ET AL.: VERTICAL MOTIONS CCR (NE SPAIN)

TC1004

angle reflection and refraction seismics showing crustal
thinning underneath the CCR [Gallart et al., 1994] and
gravity-geoid anomaly modeling indicating strong litho-
spheric thinning [A4yala et al., 1996].

4.2. Model Evolution

[44] Figure 6 gives results of Model S5F showing the
evolution of the studied section at six different time steps.
According to the model, shortening by 2 km along the fault
labeled as Thl uplifts a ~20 km wide area that supplies
sediments to the Ebro Basin (Figure 6, 48 Ma). Subsequently,
thrusts Th2 and Th3 broaden the uplifted area toward the
southeast, preventing major sedimentation in the hinterland
during the Eocene (Figure 6, 40 and 29 Ma).

[45] These faults involve a shortening of 4.8 and 0.6 km,
respectively. During the Late Oligocene (Figure 6, 29 Ma),
the CIC presents its highest topography. Then the tectonic
regime changes to extension (at 28 Ma) and the older
reverse fault systems are reactivated as normal faults,
reducing the topography created during the compressional
phase and controlling the subsidence of the Barcelona and
Valles-Penedes half-grabens. At 22 Ma, the Barcelona Basin
records the start of a marine transgression that lasted until
the present-day (with the exception of the Messinian). In
turn, continental deposition prevails in the Valles-Penedes
Basin, where a short marine episode is predicted between 9
and 5 Ma. During the Miocene, extension progresses
(Figure 6, 15 Ma) and the proximal parts of the Ebro Basin
and the Prelitoral and Litoral ranges are isostatically
uplifted. In the model, fault activity ceases at 6 Ma
(Messinian), and total horizontal extension in the CCR
amounts to 15.5 km, subdivided in 10.8 km for the
Barcelona fault (BCNf) and 4.7 km for the Vallés-Penedes
fault (VPf). The modeled present-day situation (Figure 6,
0 Ma and top) shows a well-defined horst and graben
structure, close to the geometry inferred from geological
and geophysical data (see Figure 1b).

4.3. Evolution of Vertical Motions: Effects of Isostasy,
Erosion, and Sedimentation

[46] In the following description of our modeling results,
the predicted change in topography at any given location of
the model is separated into three components [e.g., Abbott et
al., 1997] that verify the following relation:

dT = FTU + dS + IU,

where dT is the change in elevation relative to the present
sea level; FTU is the vertical rock movement induced by
fault activity (positive means uplift and negative subsi-
dence); dS is the thickness of eroded (negative) or deposited
(positive) material; and IU is the vertical isostatic motion
(negative means subsidence).
4.3.1. Compressional Stage

[47] The model evolution is consistent with a phase of
thrust-controlled tectonic uplift leading to the development
of the CIC between 55 and 29 Ma (Figure 7; x = 12 and
42 km). Paleogene syncompressional topography growth
was partially compensated by erosion of the uplifted areas
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(up to 1.3 km) and their isostatic subsidence (up to 1.2 km),
resulting in a 1.2—1.9 km high CIC by the early Oligocene
(30 Ma) (initial topography was 100 m). In the back limb of
the CIC a relatively thin (0.5 km) sedimentary layer was
deposited prior to 41 Ma (Figure 6) which was partially
eroded by the end of the compressional stage, after the
activation of thrusts Th2 and Th3.

[48] Flexural isostasy controls vertical motions in the Ebro
Basin during the compressional phase (Figures 7 and 8).
According to our modeling predictions, the basement under-
lying the Ebro Basin bends toward the NW in response to
Pyrenean loading, but not toward the SE underneath the CIC.
Thus the topographic loading effect of the CIC is insufficient
to generate a significant flexural response in the SE margin
of the Ebro Basin.

4.3.2. Extensional Stage

[49] During Late Oligocene-Neogene, a drastic change
in vertical motions trends was recorded as a consequence
of the extensional tectonics and structural rearrangement of
the CIC (Figures 7 and 8). Activity of the Barcelona and
Vallés-Penedés master faults lowered the topography
inherited from the compressional phase and produced
strong tectonic subsidence in the hanging wall domains
(up to 5 km; Figure 8). As calculated by the model,
flexural uplift by 0.7—-1.2 km opposed (but never over-
came) this subsidence, and affected the whole area under
consideration. According to our predictions, the Barcelona
fault controlled flexural uplift patterns not only in the
adjacent Barcelona footwall but also in the more distant
Valles-Penedes footwall (Figure 8). This is evidenced by
a general diminution in isostatic uplift recorded from the
synrift to the postrift stage and related decrease on the
rate of extension of the Barcelona fault (Figure 8).

Figure 7. Model SF results. Temporal evolution of
topography corrected for sea level variations (thick line)
and the three main parameters that control its evolution:
fault tectonics (short-dashed line), flexural isostasy (long-
dashed line), and surface transport (thickness of deposited
and eroded material; dash-dotted line). Three locations are
considered: the easternmost Ebro Basin (x = 2 km), the
Prelitoral Range or frontal part of the CIC (x = 12 km), and
Litoral Range or hinterland of the CIC (x = 42 km).
Topography is always related to present-day zero sea level.
Positive and negative values of fault tectonic curve slopes
respectively represent uplift and subsidence in the time
interval considered. Negative deflection curve slopes denote
progressive plate sinking, which implies creation of
accommodation space in sedimentary basins and crustal
thickening in the orogens. Positive slopes indicate plate
uprising, referred to as flexural uplift. Positive and negative
values of surface transport curves refer to amounts of
deposited and eroded material from the beginning of the
model until a given time, respectively. In the case of
sedimentary basins, positive slopes (as during Paleogene in
x =2 km) reveal actual deposition, while negative slopes (as
during Miocene in x = 2 km) denote erosion of the
sedimentary cover (deposited in an earlier stage).
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b) Neogene extension (28-6 Ma)
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Figure 8. Relative contributions to vertical motions in different time intervals for the study section.
Solid line represents thickness of deposited (positive) and eroded (negative) material, long-dashed line
represents net flexural isostatic uplift (positive) or subsidence (negative), and short-dashed line represents
fault-related tectonic uplift (positive) or subsidence (negative). Solid arrows mark fault-related tectonic
uplift and subsidence, and open arrows mark flexural isostatic uplift or subsidence. (a) Compressional
phase (55—29 Ma). (b) Extensional phase (28—6 Ma). (c) First part of the extensional phase (28—16 Ma).

(d) Second part of the extensional phase (15—-6 Ma).

Between 2.6 and 4.6 km of sediments infilled the accom-
modation space created by fault-related tectonic subsidence
in the Valles-Penedeés and Barcelona basins, respectively
(Figure 8). These sediments were supplied partly by
erosion of the bounding ranges and partly by a marine
sediment source (the later mostly occurred in the Barce-
lona Basin). Calculated erosion of the Litoral and Preli-
toral ranges amounted to 1.6 to 2.3 km (Figure 7) and had
two effects: (1) it contributed to flexural uplift (erosional
rebound); and (2) it reduced topography to a final elevation
of 0.3—-0.8 km (Figure 7). Erosion of the Litoral Range
caused degradation and retreat of the escarpment [e.g.,
Kooi and Beaumont, 1994]. Nevertheless, as the horizontal

motion imposed in the Vallés-Penedés hanging wall also
involved the Barcelona half-graben, the apparent position of
the Prelitoral topographic maximum did not migrate away
from the sea.

[50] Our model correctly reproduces the NW-tilted bed-
ding and truncation of the Ebro deposits, with younger
strata outcropping in the basin center than along its SE
margin, and the topographic profile that presents this
sedimentary package as more elevated than its source area
(Prelitoral Range; Figure 6, top panel). This particular
configuration is a consequence of the interaction between
flexural uplift and surface mass transport in the proximal
Ebro Basin. As extension progresses, flexural uplift (up to
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Figure 9. (a) Amount of proximal Ebro Basin deposits
eroded from the beginning of erosion until present day. The
upper curve denotes the maximum amount of sediments
deposited in the Ebro Basin, and the lower curve the amount
of sediments remaining in the Ebro Basin after subsequent
erosion. Thus the dark shaded area gives the amount of
sediments eroded in the Ebro Basin. The onset of this erosion
(see Figure 9b) migrated from the CCR toward the centre of
the Ebro Basin. (b) Depositional or erosional character of the
proximal Ebro Basin through time. Solid line marks the
transition between both of them. White area, Ebro Basin
deposition; light shading, erosion of Ebro Basin deposits;
dark shading, erosion of basement rocks of the Prelitoral
Range. Dashed line represents the location of the relative
topographic maximum in the Prelitoral Range and proximal
Ebro Basin. Arrows denote fault activity periods (same
notation as in Table 1).

0.6 km) gradually affects more distal areas of the Ebro
Basin (Figure 9b), and consequently the location of the
topographic high (sediment source) and the areas subjected
to erosion shifts toward the center of the Ebro Basin. The
final result of this competition between uplift and erosion is
that at the end of the extensional phase erosion prevailed in
the most proximal Ebro Basin (<12 km distance from the
Prelitoral Range), whereas uplift dominated in its more
distal parts. Accordingly during the extensional stage, the
topography of the Ebro Basin was reduced by ~0.7 km in
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its most proximal parts and increased by ~0.7 km in its
more distal parts.

5. Discussion
5.1. Lithospheric Rigidity Variations Across the CCR

[51] Our model does not consider lithospheric rigidity
changes with time. This assumption is consistent with the
relative quiescence of the Ebro Basin area during the
Cenozoic [Riba et al., 1983]. However, it is not compatible
with the evolution of the SE part of the section (x > 30 km),
where lithospheric rigidity was significantly reduced
during the Neogene stretching in the Valencia Trough
[e.g., Gaspar-Escribano et al., 2003]. The low T, value
adopted in this work for the SE part of the transect, coherent
with its Neogene evolution, implies an overestimation of the
flexural vertical movements and an increase of deposition in
the piggyback basin during the Paleogene (x = 42 km in
Figure 7). The T, distribution used in this paper for the CCR
must be regarded as an equivalent value representative for
its entire evolution.

[52] The relatively high T, value (25 km) obtained for the
eastern Ebro Basin is consistent with estimates of previous
large-scale flexural modeling studies [Zoetemeijer et al.,
1990; Millan et al., 1995]. Lower T, values (as those
obtained by Waltham et al. [2000] to model short-wave-
length features of a small area within the Ebro Basin) would
dramatically enhance its flexural rebound during the exten-
sional phase. This would imply complete erosion of the
proximal Ebro Basin fill and part of the underlying, unde-
formed basement, which is contradicted by observations.

[53] Intermediate T, values (15 km in average) derived
for the CCR area correspond to a transitional lithosphere
between the relatively strong and weak Ebro Basin and
Valencia Trough lithospheres, respectively, and are consis-
tent with a rigidity scenario in which the lithospheric
strength of the prerift CCR is concentrated at midcrustal
levels [Gaspar-Escribano et al., 2003].

5.2. Timing and Geometry of Faults

[54] Incorporation of thrust Th3 in our model was in-
spired by the necessity of obtaining a mountainous chain
that is wider than the one generated by a two-thrust
configuration [Lopez-Blanco, 2002]. Such hypothesis is
supported by the absence of large values of Eocene sedi-
ments [Roca et al., 1999; Parcerisa, 2002] and the low
amounts of Eocene exhumation [Gaspar-Escribano, 2003;
Juez-Larré, 2003] in the hinterland of the CIC. However,
the choice of a more realistic fault transport model than the
vertical shear approach used here (such as the kink model
[Suppe, 1983]), would produce a similar enlargement of the
uplifted area. Thus the incorporation of thrust Th3 in the
model is not fundamental to explain the Paleogene evolu-
tion of the area. Nevertheless, the presence of deformed
Triassic and Oligocene sediments in the Barcelona Plain
points to intense Paleogene tectonism [Parcerisa, 2002] and
suggests that such a thrust was actually active and had more
importance than previously acknowledged. Similarly to the
Vallés-Penedes, the Barcelona fault system probably repre-
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sents another major weakness zone [see also Roca and
Guimera, 1992] and our modeling results suggest that both
Th3 and the SE Collserola fault (Figure 1b) form part of it.

[55] In our model, Paleogene compression involved the
activation of two principal thrusts, and thus neglected the
development of folds that may have accommodated up to
1.8 km of shortening (Figure 3) [Lopez-Blanco et al., 2000].
Introduction of folding in the model would probably pro-
duce a more continuous evolution from 48 to 42 Ma on the
three components contributing to topography (Figure 7).
However, this would affect the total magnitudes of vertical
motions by less than 20%.

[s6] The model satisfactorily reproduced geometries of
key horizons of the present-day section (topography,
bathymetry and base of Tertiary deposits; Figure 6). Minor
misfits, such as the too strongly elevated margins of the
Litoral Range (preventing the formation of the Barcelona
Plain) and of the marginal high SE of the Barcelona graben,
could probably be avoided by incorporating in the model
secondary faults in the margins of the grabens as well as a
kink-like model for fault-block transport. However, this
would introduce more complexities (i.e., number of param-
eters) in our model, obscuring the interpretation of the
results.

5.3. Evolution of Vertical Motions

5.3.1. Compressional Stage

[57] Our modeling results are successful in providing a
process-based, quantitative explanation for the evolution of
vertical motions derived from previous multidisciplinary
studies on the tectonic inversion of the CCR. Calculated
pale elevations of the CIC of around 1.2—1.9 km at the end
of the compressional phase (Figure 7) are in accordance
with those derived from petrological and sedimentary stud-
ies (0.7—1.2 km mean altitude of the catchment area for
Eocene and Late Oligocene fans according to Lopez-Blanco
[2002] and Parcerisa [2002]) and with previous modeling
studies [Garcia-Castellanos et al., 2003].

[s8] The model predicts Paleogene erosion of 0.8 to
1.3 km of the CIC (Figure 7; x = 12 and 42 km), in
agreement with estimates of 0.8—1 km by Ldpez-Blanco et
al. [2000]. This total amount is also compatible with AFT
data (Figure 2). However, it appears that AFT and predicted
exhumation trends differ on the timing of the main pulse of
exhumation, occurring about 8 Myr later in the model. This
suggests that the folding phase that occurred during the
Lutetian (48—42 Ma) and that was excluded in the model
already generated significant topography and erosion.
Nevertheless, the lack of resolution of the AFT measure-
ment impedes us be conclusive on this point.

[s9] Concerning the proximal Ebro Basin, maximum buri-
al depths of Bartonian (~39 Ma) sediments of 0.8 to 1 km
calculated in our model (Figure 7; x = 2 km) agree with
results from vitrinite reflectance studies (0.7—0.85 km
[Waltham et al., 2000]). As the evolution of the central Ebro
Basin is outside the scope of this work, our model does not
include its drainage evolution (including the Oligocene-
Miocene base level rise) nor the gradual loading effect related

GASPAR-ESCRIBANO ET AL.: VERTICAL MOTIONS CCR (NE SPAIN)

TC1004

to the Pyrenean orogen, which is incorporated as an instan-
taneous load at the initial stage. This, together with the
omission of gradual sediment compaction, explains
the systematic underestimate of the calculated subsidence
and sedimentation rates in the proximal Ebro Basin (~110 m/
Myr) as compared to other studies: ~250 m/Myr for Eocene
sediments [Ldpez-Blanco, 2002] and ~140 m/Myr for Oli-
gocene sediments [Barbera et al., 2001].

[60] Our modeling approach provides time and space
continuity to the Late Paleogene history of the proximal
Ebro Basin (Figure 9), which is missing in the sedimentary
record. An as much as a 1.8 km-thick sedimentary package
was deposited along the easternmost margin of the Ebro
Basin from Ypresian (~55 Ma) onward (Figure 9a). After
deposition, part of this sedimentary cover (up to 1.2 km near
the Prelitoral Range) was eroded. This erosional phase
commenced in Early Oligocene times (~32 Ma) in the
areas closest to the CCR and in Late Miocene times in more
distal domains (Figure 9b).

5.3.2. Extensional Stage

[61] The age of the marine-continental transitions in the
Barcelona and Valles-Penedés half-grabens provides paleo-
topographic constraints for the model. In the Barcelona
Basin, this transition is predicted at 24 Ma by our model,
in reasonably good agreement with observations (~22 Ma
[Roca et al., 1999]). The Late Burdigalian-Langhian
(~16 Ma) marine transgression in the Valleés-Penedés Basin
[Cabrera and Calvet, 1996] occurs with some delay in our
model (in Tortonian; ~9 Ma) because the basin is still too
elevated. An earlier activation or a more complicated timing
of extension along the Vallés-Penedés master fault than the
one used in our model (based on the work of Bartrina et al.
[1992]), could reduce this misfit.

[62] Total Neogene erosion estimates between 1.6 and
2.3 km calculated in our model are in accordance with results
of a tectonothermal modeling study (Figure 2) [Gaspar-
Escribano, 2003] constrained with AFT data [Juez-Larreé,
2003]. Amounts of sediments deposited in these basins fit
reasonably well with present-day basin fill geometries
(Figure 6). As the model does not incorporate gradual
sediment compaction but considers a constant, average sed-
iment density, the predicted subsidence evolution must be
regarded as approximate. In our model, the evolution of
basement depth is compared with the total basement subsi-
dence obtained from independent well backstripping studies
(Figure 10) [Bartrina et al., 1992]. Modeled and backstripped
basement subsidence curves for the Barcelona Basin given in
Figure 10 present similar trends, including a phase of subsi-
dence deceleration during Middle Miocene (15—10 Ma). In
Figure 10 a subsidence curve is also given for the Vallés-
Penedes Basin, in which the poor dating of the mostly
continental infill impedes performing a detailed subsidence
analysis. For this area, our model predicts that the basement
of the Valles-Penedes Basin subsided at higher rate in the
early stages of the extension (25—20 Ma), and that sediment
accumulation started only during the Aquitanian (~22 Ma).

[63] Because of the lower prerift topography and the
faster subsidence (i.e., larger fault-related tectonic subsi-
dence) of the Barcelona graben with respect to the Valles-
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Figure 10. Total basement subsidence predicted by Model
S5F. (a) Barcelona Basin. Long-dashed and short-dashed
lines with error bars correspond to backstripped wells
Barcelona-B1 (B-B1) and Barcelona-C1 (B-C1), respec-
tively [after Bartrina et al., 1992], and thick solid line
corresponds to model output (x = 59 km). (b) Valles-
Penedes Basin. The shaded period is nondepositional. Solid
diamond corresponds to the pre-Neogene basement depth in
the Martorell-1 well [Bartrina et al., 1992].

Penedes Basin, greater accommodation space was created in
the Barcelona Basin between 28 and 16 Ma, facilitating an
earlier marine transgression. As the Barcelona fault decel-
erated at 15 Ma (i.e., fault-related tectonic subsidence
drastically decreased), flexural uplift diminished and the
basin was steadily infilled. By contrast, strong fault-related
tectonic subsidence persisted in the Vallés-Penedes Basin
after 15 Ma in order to create more accommodation space.

5.4. Neogene Migration of Topographic Maximum

[64] The model proposed in this paper provides a quan-
titative, self-consistent explanation for the topography of the
CCR in terms of interplay between surface transport and
flexural uplift, as previously suggested by other authors
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[e.g., Anadon et al., 1989; Lewis et al., 2000]. In addition,
our work confers a primary role to fault tectonics during this
interplay, as it controls the location and magnitude of the
flexural rebound and topography.

[65] According to our modeling results, the topographic
maximum migrated at a constant rate of 0.5 km/Myr during
the advancement of the erosional domain toward the Ebro
Basin and accelerated from a rate of 0.5 to a rate of 1.5 km/
Myr around 15 Ma (Figure 9b and section 4.3.2). This
acceleration was ultimately the result of the slip rate
reduction on the Barcelona fault at 15 Ma (Table 1), which
implied a decrease of the amount of flexural uplift in its
footwall (and particularly in the proximal Ebro Basin,
Figure 8). Consequently, erosion started to dominate over
isostatic uplift in the balance of vertical motions. The larger
topographic gradient between the Vallés-Penedés Basin and
the Prelitoral Range with respect to the topographic gradient
between the Prelitoral Range and the Ebro Basin favored by
this time (and not before) this process [see also Gilchrist
and Summerfield, 1990].

[66] Although fault tectonic forcing was still active until 6
Ma, flexural uplift did not enhance topographic gradients nor
did it create extra accumulation space in the proximal Ebro
Basin after 9 Ma. Thus, from ~9 Ma onward, no deposition
is predicted in the Ebro Basin (Figure 9b). This modeling
result is in agreement with previous studies on the evolution
of the Ebro Basin [Riba et al., 1983; Garcia-Castellanos et
al., 2003] that date the onset of generalized erosion in the
Ebro Basin as Middle-Late Miocene. These studies relate
this major change to the headwater expansion of the Ebro
fluvial network and a sudden base-level drop related to the
extension along the southeastern margin of the basin. Our
study suggests that, in addition to the Ebro River network
development, to the lack of subsidence and unavailability of
sediment sources contributed from ~9 Ma onward to non-
deposition along the eastern margin of the Ebro Basin.

6. Conclusion

[67] Our study evidences the strong interrelation between
fault tectonics, isostasy and surface mass transport by
erosion and sedimentation, showing the coupling between
processes operating at different scales (from the lithosphere
to the surface).

[68] Modeling results concerning the lithospheric frame-
work indicate that relatively high T, values in the Ebro
Basin (T, = 25 km), gradually changing to low T, values in
the Valencia Trough (T, = 5 km) are necessary to satisfac-
torily reproduce present-day basin and fault-block geome-
tries compatible with erosion-deposition patterns in the
CCR and proximal Ebro Basin.

[69] In our study area the effect of isostasy and sedimen-
tation/erosion on creation/destruction of topography is nearly
in the same range as the effect of thrusting/normal faulting.
Thus analyses of the evolution of vertical motions must take
into consideration all these processes. In this respect, our
model shows that during the Paleogene compressional phase
fault-related tectonic uplift of ~3.8 km is partially compen-
sated by erosion of ~1.3 km and isostatic subsidence (up to
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1.2 km), resulting in a 1.2—1.9 km high mountain chain at 29
Ma. Moreover, the model shows that during the Chattian-
Tortonian (28—7 Ma) extensional phase: (1) The isostatic
rebound in the Vallés-Penedés footwall block was mainly
influenced by extension along the Barcelona fault (and to a
minor degree along the Vallés-Penedes fault). (2) Fault-
related tectonic subsidence dominated over flexural uplift
and led to the subsidence of the Vallés-Penedé¢s Basin, first by
lowering topography and later by creating accommodation
space for sediment deposition under essentially continental
environments. (3) Large accommodation space in the Barce-
lona Basin generated by fault-related tectonic subsidence was
created during the fast normal motion of the Barcelona fault
(28—16 Ma). Subsequently, little tectonic subsidence oc-
curred and marine sediments infilled the basin. (4) During
the extensional stage, the location of the topographic max-
imum shifted from the Prelitoral Range toward the Ebro
Basin due to the interaction between flexural uplift and
surface mass transport (deposition and erosion). This process
accelerated in the Middle Miocene (~15 Ma) while at the
same time the velocity of movement along the Barcelona
fault and associated footwall flexural uplift decreased.

[70] Our study shows the importance of combining geo-
logical data with numerical methods to cover those areas
and periods for which data availability is limited and to
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provide quantitative estimates on geological processes. In
this line, we have been capable to constrain the paleoele-
vation of the Catalan Intraplate Chain during the transition
from compression to extension (~29 Ma) to 1.2 to 1.9 km.
This result implies a minimum estimate of 15.5 km for
the total extension in the Catalan margin during Late
Oligocene-Miocene, divided into 10.8 km for the Barcelona
fault and 4.7 km for the Vallés-Penedes fault. The model
also provides estimates of erosion compatible with thermo-
chronological and other geological data. Total erosion of
the CIC during Paleogene was ~1.2 km, and erosion of the
CCR during Neogene amounted to 1.9-2.5 km. Along the
eastern margin of the Ebro Basin, up to 1.8 km of sediments
were deposited during the Paleogene and the Miocene.
Subsequently, a large fraction of these sediments (up to
1.2 km) was eroded.
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