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Lithospheric Dynamics and Tectonic-Stratigraphic Evolution
of the Ebro Basin

R ZOETEMEDUER | P. DESEGAULX. S. CLOETINGH,' F. ROURE,” AND I. MORETTI *

We present analysis of two-dimensional modeling of the tectonic subsidence in the Ebro Basin
along three profiles crossing the Pyrenees, the Ebro Basin, and the Catalan Coastal Range to the
east. and the Iberic Cordillera to the west. The deformation of the foreland basin during Tern-
ary times is simulated using a lithospheric flexure model, incorporating laterally varying elastic
thicknesses. The deflection of the plate is the combined result of Pyrenean loading and the
loads exerted by the Iberic Cordillera and Catalan Coastal Range. In the eastern part of the
Ebro Basin no extra driving force on the Iberian plate is required. The flexural modeling sup-
ports the hypothesis that underplating of the Iberian plate under the European plate is not associ-
ated with subduction of old oceanic lithosphere. A good fit with the Tertiary basin subsidence
data and Bouguer anomalies is obtained for an elastic plate with local weakness zones under the
Ebro Basin. The inferred lateral variation in the elastic rigidity is consistent with heat flow
measurements in northern Spain and with major Mesozoic extension in the Ibenic Cordillera and

Valencia Trough.

INTRODUCTION

During the last 10 years much progress has been made
in understanding the subsidence mechanisms of foreland
basins [Beaumont, 1981; Jordan, 1981]). Modeling stu-
dies have revealed that subsidence in foreland basins 1s
strongly influenced by the fiexural response of the litho-
sphere to topographic loading. At the same time it has
been demonstrated that the topographic load in itself 1s
not always sufficient to explain the observed deflection of
the foreland [Lyon-Caen and Molnar, 1983; Angevine and
Flanagan, 1987; Moretti and Royden, 1988]. The
hypothesis of simple convergent systems with emplace-
ment of thrusts has recently made place for models of
complex convergent zones with subduction zone struc-
tures. Simultaneously, analysis of lithospheric deflection
has yielded adequate flexural models for these tectoni-
cally complex regions. (n this paper we focus on the
tectonic-stratigraphic evclution of the Ebro Basin that
flanks the Pyrenees at the Spanish side. The Ebro fore-
land basin was formed in Paleogene to Aquitanian times
in response to Pyrenean orogeny [Puigdefabregas et al.,
1986]. The foreland basin phase was preceded by Late
Paleozoic-Early Mesozcic rifting, Early-Middle Creta-
ceous platform development and a phase of Middle Cre-
taceous (Albian) wrench tectonics [Puigdefabregas and
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Souquet, 1986). The Late Paleozoic and Mesozoic struc-
tures are related to the opening of the Tethys, the Bay of
Biscay, and the Atlanic Ocean and probably have
strongly influenced the rheological properties of the
Iberian plate underlying the Cenozoic Ebro Basin.

Wide-angle refraction measurements beneath the
Pyrenees [Daignieres et al., 1982] have demonstrated a
drastic change in the depth of the Moho at the transition
of the European and Iberian plate at the position of the
North Pyrenean fault (NPF). Thickening of the Ibernan
crust was at that time attributed to continuous deforma-
tion in the crust nearby the left lateral North Pyrenean
Fault [Marttauer, 1968, 1985; Choukroune, 1976]. Using
this early model, Brunet [1986] proposed a flexural model
of the Pyrenean belt with the existence of a crustal root
due to the shortening induced by the convergence of
[beria towards Europe. Recently, a new ECORS deep
seismic reflection profile crossing the entre Pyrenean
ozogenic belt has been completed [Choukroune et al.,
1990b]. The interpretation of the ECORS profile
highlights the partial subduction of the Iberian continental
lithosphere underneath the European continent, and
effectively now images a drastic increase 1n crustal thick-
ness [Roure et al., 1989]. Simultaneously, subsidence
analysis of the Ebro Basin by Desegaulx and Moretti
(1988] have provided evidence for the potential impor-
tance of the Iberic Cordillera and Catalan Coastal Range
on the present geometry of the basin.

In the present study we examine quantitatively the
combined effect of the Pyrenees, the Iberic Cordillera,
and the Catalan Coastal Range on the flexural evolution
of the Ebro Basin. A flexural analysis of three profiles 1n
the Ebro Basin suggests that the topographic load 1s
sutficient to result in the observed gravity field and
lithospheric deflection. A further new feature in the
flexural model i1s the incorporation of laterally varying
elastic rigidity. In particular, we demonstrate that local
effects of preorogenic evolution and heat flow have
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strongly influenced the rheological properties of the
[berian plate.

TECTONIC SETTING

The Ebro Basin is one of the largest (60,000 kmz) and
deepest (about 4 km in the north) Tertiary basins of the
Iberic Peninsula (Figure 1). To the north it 1s bounded by
the E-W striking Pyrenean belt which forms the suture
between the Iberian and the European plates. To the
northeast, the Ebro basin is bounded by the NE-SW
Catalan Coastal Range, while to the southwest the basin
1s bounded by the NW-SE Iberic Cordillera. The connec-
tion between these two chains i1s the structural complex
"linking zone" [Guimera, 1984]. All these chains, (1.e.,
the Pyrenees, the Iberic Cordillera, and the Catalan Coa-
stal Range) are emplaced on Cretaceous basins and result
from the Paleogene N-S collision of Europe and Iberia
(Guimera, 1984].

The Ebro Basin 1s located between the southward verg-
ing thrusts of the South Pyrenean Zone and Basque Mas-
sifs and the approximately northward verging Paleogene
thrust units of the northern border of the Iberic Cordillera
and Catalan Coastal Range (Figure 1). Seismic data also
demonstrate that blind thrusting occurs north of the most
externa! verging thrust in the western part of the Iberic
Cordillera [Anadon et al., 1985). Paleogene compressive
tectonics 1s ofien guided by preorogenic structures
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[Alvaro and Guimera, 1990]: dextral reactivation of late
Hercymian NW-SE faults for the Iberic Cordillera and
sinistral reactivation of the NE-SW faults for the Catalan
Coastal Range [Simon Gomez, 1984] (see Figure 1). In
the southern area of the linking zone the preorogenic
structures are probably related to the Mesozoic extension.
The main decollement level is generally situated in the
Keuper [Alvaro and Guimera, 1990], but the Paleozoic
basement i1s locally involved, and deeper levels of
decollement occur probably in the Carboniferous and in
the Silunan pelitic sequences [Choukroune et al., 1990al].
During the early Miocene, the whole area (except the
NW of the Iberic Cordillera) was subject to a NW-SE
extension related to rifting events in the western Mediter-
ranean [Mauffret, 1979], coeval with the opening of the
Provencal Basin and the rotation of Corsica and Sardinia
(Burrus, 1984].

The exploration wells used in the present study [/nsti-
tuto Geologico y Minero de Espana (IGME), 1987] show
that the Tertiary basin deepens towards the Pyrenees. The
main Teruary sedimentary troughs are located close to
the South Pyrenean Frontal Thrusts; 3580 m of Cenozoic
beds have been drilled in well Sanguesa 1 and 2446 m in
well Monzon 1 (Figure 1). In well Caspe 1, situated in
the southermmost part of the Ebro Basin only 277 m of
Cenozoic have been measured. The Paleogene strata that
fill the Ebro Basin, were deposited 1in a variety of settings
ranging from deep and shallow marine environments to
nonmarine settings [Puigdefabregas et al., 1986].
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Fig. 1. Structural map of the Ebro Basin and surrounding moun-
tain chains. The inset gives the location of the study area. Sym-

-~ Normal Faults (Pliocene)

Hercynian Basement

Q Wells

bols used for the wells: Sa, Sanguesa 1; Mo, Monzon 1; Ar,
Amedo 1; Ca, Caspe 1 [after IGME, 1987].
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GEOPHYSICAL DATA

The recent ECORS deep seismic profile across the
Pyrenees [ECORS Pyrenees Team, 1988; Choukroune et
al., 1990b] (Figure 2) has imaged for the first time the
entire crust of the chain. It provides new constraints
necessary to restore the collision zone involving the
Buropean and Iberian plates palinspastically and has
yielded an minimum estimate of 100 km shortening

[Roure et al., 1989]. The profile also shows the bending:

of the Iberian plate undemeath the European plate and
the asymmetric shape of the Tertiary Ebro Basin (Figure
2):

An important extension of previous modeling by
Desegaulx and Moretti [1988] is the incorporation of
Bouguer anomaly data in the present analysis. The
Bouguer anomaly data used in this study are a compila-
tion of maps from Bureau de Recherches Geologiques et
Minieres (BRGM) [1974] and the Bouguer anomaly map
of Catalonia [Torne et al., 1988]. For the southernmost
part of the Ebro Basin and SW of the Iberic Cordillera no
data were available. Seismic refraction profiles [Banaa,
1987] provide estimates for crustal thicknesses in the NE
of Spain. In the southern part of the Ebro Basin the
crustal thickness is about 30 km. In the central part of the
Iberic Cordillera Moho depths can reach 32-35 km, espe-
cially near the linking zone (Figure 3). Toward the north,
the Moho of the Iberian plate deepens progressively
under the Pyrenees to reach a maximum depth of 50 km
at the position of the surface trace of the NPF. The
ECORS profile demonstrates that the excessive thickness
of the crust of the Ibernan plate results mainly from tec-
tonic stacking of allochtonous nappes on a flexured auto-
chtonous basement. Close to the Mediterranean shore
line the Moho is recognized at a depth of 25 km. The
shallowing of the Moho toward the Mediterranean 1s par-
ticularly pronounced in the area close to the Valencia
Trough. As this thinning seems to affect partly the evolu-
tion of the Catalan Coastal Range, the linking zone and
the Iberic Cordillera [Banda, 1987], it is doubtful that it
is only related to Oligocene-early Miocene rifting events.
An early thinning, Albian or older, can not be excluded.
The heat flow map [Cermak and Hurtig, 1979] used 1n

SOUTH PYRENEAN
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this study (Figure 4) shows high values south of the Ebro
Basin (100 mW m “) and in the Valencia Trough (100
mWwW m'z) Elsewhere values as low as (60 mW m ) are
found. These observations are confirmed by recent heat
flow measurements in the area [Foucher et al., 1989].

MODELING OF LITHOSPHERIC FLEXURE AND GAVITY
IN THE EBRO BASIN

The Iberian plate i1s modeled as an elastic plate, overly-
ing an inviscid fluid (see the appendix). The plate is
flexed down by a topographic load and a bordering
trough, which is filled up by sediments. The numerncal
modeling technique allows us as a new feature to study
the effects of lateral variations in the flexural rigidity.
Simultaneously, we calculate the gravity anomaly that
would result from the flexural model, using the method of
Parker [1972] with Fourier transformations [Bodine et
al.; 1951].

The two-dimensional modeling of lithospheric
deflection is carried out for three approximately north-
south located profiles, crossing the Pyrenees, the Ebro
Basin, and the Iberic Cordillera to the west and the
Catalan Coastal Range to the east (Figure 3). The data
for the calculations are based on the exploration wells
and Bouguer anomaly maps described in the previous
section. Independent constraints are provided by deep
seismic data and heat flow measurements. We ignore
three-dimensional effects in the modeling. Numerical
experiments demonstrate that this assumption [e.g., Tur-
cotte and Schubert, 1982] is adequate for modeling of
profiles 1 and 2. For the westernmost located profile 3,
however, some effects of three dimensionality might
affect the model predictions.

We first examine profile 1 with the hypothesis of a
continuous plate. The gravity data are smooth and have a

distinct wavelength. They suggest that the collision of the
Iberian plate and the European plate created a situation in
which the two plates are now continuous. The results of
the deflection modeling (Figure 5a) show that a continu-
ous elastic plate with an effective elastic thickness (EET)
of 8 km gives a good fit to the wavelength of the
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Fig. 2. Line drawing of the ECORS seismic deep reflection
profile [after ECORS Pyrenees Team, 1988]. The location of the

50 km

ECORS profile is given in Figure 3.
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Fig. 3. Locations of the threc profiles used in the flexural
modeling (from the east to the west: Profiles 1, 2 and 3). The
stars denote the position of the wells in the Ebro Basin. The

Bouguer anomaly data; however, the profile 1s shifted
laterally. The calculated Bouguer anomaly minimum lies
20 km to the north of the observed minimum. Moreover,
for this value of the EET, the fit with the observed
deflection is unsatisfactory. The very thin elastuc plate
compensates the lopography almost isostaticaly. This
leads to a deflection profile, which 1s symmetric to the
topography, as shown in Figure 5a. For a stronger elastic

heavy line gives the location of the ECORS profile. Also given
are values of crustal thicknesses (in kilometers) inferred from
refraction studies [after Banda, 1987].

plate with an EET of 20 km, this latter effect disappears,
but the deflection 1s sull not large enough to fit the data.
Besides, the calculated shape of the anomaly profile is
too wide. In order to solve these shortcomings a broken
plate model 1S necessary, which 1s also better in agree-
ment with the seismic data. Similarly, for the profiles 2
and 3 the pattern of the Bouguer anomaly data provides
strong evidence for a broken plate situaton.

0 B B

Fig. 4. Heat flow data of Northern Spain [after Cermak and
Hurtig, 1979], with isolines in mW m™. Bars with different
shading along the three profiles indicate the lateral vanation in

effective elastic thickness (EET) inferred from the flexural

model.
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Fig. 5. Transect across the Pyrenees, Ebro Basin, and Catalan
Coastal Range, (profile 1). (a) Results for a continuous plate.
(b) Broken plate results. Open and solid circles indicate gravity
anomaly data and depths of the Tertiary base, respectively. The
solid and dashed lines show the calculated deflections and
corresponding Bouguer anomaly of the Tertiary surface along
profile 1. Dots indicate the position of the wells: Basella 1;
Sanahuja 1; Guisona; Senant 1. p; = p, = 2650 kg/m’,

In the broken plate model [e.g., Royden, 1988] the
interaction between the Iberian and European plates can
be taken into account by a vertical shear force P or bend-
ing moment M at the end of the plates. The broken plate
boundary conditions (see the appendix) require the
specification of these terminal parameters and assump-
tions for the position of the edge of the Iberian plate. As
shown by recent geophysical data [ECORS Pyrenees
Team, 1988], the maximum crustal thickness coincides
with the location of the surface trace of the NPF. Similar
to Brunet [1986], we adopt here the NPF trace as the
northern boundary of the plunging Iberian plate. The
results from the three profiles for the broken plate model
will be discussed from east to west.

Profile 1

This profile is the easternmost transect and crosses the
Pyrenees and Catalan Coastal Range. To the south the
profile extends into the Mediterranean sea. The base of
the Tertiary is constrained by four wells (Figure 5b)
which clearly show deepening of the basin toward the
Pyrenees. In order to fit the deflection at the position of
the shallow well Senant 1, the plate has to bend strongly.
A weakening of the elastic plate under the Catalan Coa-
stal Range is therefore necessary. The weakening implies

[LITHOSPHERIC DYNAMICS OF THE EBRO BASIN
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EBRO BASIN (PROFILE 1)
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p. =2750 kg/m?, 0. = 3300 kg/m’,
P=00Nm',M =0.0N. (a) The calculated deflections and
Bouguer anomalies of two continuous plates with EET 1s 8 km

and EET is 20 km. (b) The calculated deflection and Bouguer
anomaly of the broken plate model with lateral variations of
EET. Reduced values of EET occur between x = 100 km and
x = 350 km.

a decrease of elastic thickness from an EET of 30 km to
an EET of 8 km. Our analysis is different from the ear-
lier study of Brunet [1986] by taking into account the
combined effect of Pyrenean loading and the loads
exerted by the Iberic Cordillera and Catalan Coastal
range. Also in contrast to Brunet [1986], the calculated
results do not require any moment or load at the free end
of the plate. The topographic load itself is sufficient to

describe the basin geometry and gravity anomaly (Figure
3b).

Profile 2

The transect across the central part of the Ebro Basin,
clearly shows the shallowness of the basin close to the
Iberic Cordillera (Figure 6a). Because of the shallow
basin depths (500 m) at approximately 100 km south of
the South Pyrenean Frontal Thrust (SPFT) the deflection,
due to the topographic loading of the Pyrenees, must be
compensated largely to isostatic equilibrium. Similarly,
the topographic load of the Iberic Cordillera must have
been compensated, as it is even closer to the shallow part
of the Ebro Basin than the Pyrenees in the north.

An elastic plate with an EET of 30 km would be
sufficient to compensate the Pyrenean load along the
Ebro Basin. The joint contribution of the Pyrenean load
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and the Iberic Cordillera to the deflection of the litho-
sphere is shown in Figure 6a. For very low values of
EET the basin shallows, while the asymmetric shape of
the basin disappears for the value of 10 km for the EET
A local weakening of the elastic plate between the Ebro
Basin and the Iberic Cordillera is required in order to
explain the existence of the Iberic topographic load (Fig-
ure 6b). This weak part of the lithosphere (EET=8 km) 1s
situated at the southern part of the Ebro Basin. Similar to
profile 1, the topographic load itself 1s sufficient to
explain the observed basin geometry and gravity ano-
maly.

The measured Bouguer anomaly of profile 2 differs
from the modeled anomaly with a constant value of about
25 mGal. Because of this constant trend in the misfit of
the model results, the cause of this inadequacy 1S prob-
ably due to the choice of reference level. The Tertiary
thickness of 277 m of the southernmost situated well
Caspe 1 is not in agreement with the calculated
deflection. A possible tectonic explanation for this misfit
will be treated further on. Similarly, the implicatons of
the inferred weakness zone will be discussed.

Profile 3

This profile is a transect through the narrow westem
part of the Ebro Basin. In contrast to the other two

EBRO BASIN (PROFILE 2)
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Fig. 6. Transect across the center of the Ebro Basin starting at
the NPF, acoss the Pyrenees up to the Iberic Cordillera (profile
2). Open and solid circles indicate gravity anomaly data and
depths of the Tertiary base, respectively. The solid and dashed
lines show the calculated deflections and corresponding Bouguer
anomaly of the Tertiary surface for different plate models.
From north to south we used the following wells: Monzon 1;
Esplus; Ballobar s Candasnos 15 Caspe 1.
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profiles it is NE-SW oriented (Figure 3). Due to the
activity of the South Pyrenean Frontal Thrusts and thrusts
of the Iberic Cordillera, the information of the Tertiary
thickness in the narrow Ebro Basin is restricted to two
wells (Figure 7).

In the north, the profile is close to the deep complex
structure of the Aquitaine Basin at the NW side of the
Pyrenees. The thick sedimentary wedge accumulated in
the Aquitaine Basin is obviously an indication for the
relative small negative or even positive Bouguer anomaly
underneath the western Pyrenean zone. The adopted
downwards pointing force (P = 8.0 x 10" N m™, for an
EET of 20 km) is probably associated with this feature.
Future study of the subsidence history of the Aquitaine
Basin [Desegaulx et al., 1989] will likely yield important
new constraints on the magnitude of this parameter.

The densities of load and infill, used in the model cal-
culations, are both 2650 kg m . This is an overestima-
tion of the density for material near the surface but also
an underestimation of the density for material at a great
depth, under the Pyrenees. The effect of the overestima-
tion becomes clear in the misfit of the Bouguer anomaly
in the north of profile 1. A change of infill density from
2650 to 2750 kg m " at a depth of 4000 m and deeper,
introduces an anomaly of about 30 mGal at the surface.
However, the flexural effect of this density contrast has

EBRO BASIN (PROFILE 2)
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EBRO BASIN (PROFILE 3)
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Fig. 7. The westernmost transect across the Pyrenees and Ebro
Basin (profile 3). The topography south of the Ebro Basin 1s
formed by the Iberic Cordillera and smoothly diminishes farther
to the south, replacing the Meseta. The broken plate is modeled
with an EET of 20 km. From north to south we used the follow-
ing wells: Sanguesa 1; Marcilla 1. p; = p, = 2650 kg/m’,

0. = 2750 kg/m?, p,, = 3300 kg/m?, P =8.0x 10" Nm™,
M = 0.0 N.

also to be taken into account. This would 1mply a
deepening of the basin and an extra infill with opposite
anomaly contribution. Therefore the proposed positive
Bouguer anomaly has to belong to a possibly preorogenic
basin structure that is already flexurally compensated.

TECTONIC IMPLICATIONS FOR THE EVOLUTION
OF THE IBERIAN PLATE

The mechanical consequences of the collision of the
Iberic Peninsula and the European conunent are
expressed in the broken plate model, with lateral varia-
tions in elastic rigidity. These findings shed new light on
the convergence of Iberia to Europe, the flexural interac-
tion of the mountain chains, and the rheological vara-
tions of the lithosphere in the northern part of the Ibenan
plate.

Convergence of Iberia to Europe

The convergence of Iberia with respect to Europe 1s at
least 100 km [Seguret and Daignieres, 1985; Roure et al.,
1989]. This value is more or less similar to the shortening
of the sedimentary cover in the Apennine thrust belt,
which was found to be around 150 kin in the northern
part and 80 km in the southern part of the Apennines
[Bally et al., 1986; Endignoux et al., 1989]. The dynam-
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ics of the subduction process in the Iberian collision zone
and the Apennines are, however, quite different. The sed-
imentary and thrust loads in the Apennines are too small
to explain the subsidence of the foreland [Royden and
Karner, 1984; Moretti and Royden, 1988], requiring an
extra load representing a density pertubation associated
with fossil subducted oceanic lithosphere. In the southern
Apennines, subduction of old oceanic lithosphere occurs
(Gasparini et al., 1985; Moretti and Royden, 1988], and
the present-day tectonic evolution images the transition
between oceanic and continental subduction (P. Casero et
al., Neogene geodynamic evolution of the southern Apen-
nines, submitted to Tectonics, 1990). In contrast, the
present study of the Ebro Basin strongly corroborates that
the underplating of the Iberic Peninsula under the

European plate is not associated with subduction of oce-
anic lithosphere. In particular, the model results of
profiles 1 and 2 demonstrate that the topographic load
itself is sufficient to describe the basin geometry, requir-
ing no additional driving force on the plate. The model-
ing of profile 3, however, does not rule out the possibility
of minor oceanic lithosphere subduction in the western
part of the Ebro Basin.

Flexural Interaction of Mountain Chains and
Reactivation of Preorogenic Structures

The overall shape of the Ebro Basin is clearly dom-
inated by the Tertiary orogeny of its surrounding chains.
This is particularly the case in the western part of the
Ebro Basin, where the basin is narrowed by the Pyrenecs
and the Iberic Cordillera. The flexural interaction between
these mountain chains results in a pronounced deflection
in this area (profile 3), creating an approximately sym-
metric shape of the basin. In contrast, the asymmetric
character of the deflection in profiles 1 and 2 reflects a
reduced flexural interaction of the surrounding mountain
chains in the eastern and central part of the Ebro Basin.
The larger distance between the two chains and the weak-
ness zones inferred from the modeling have reduced the
effects of flexural interaction in this part of the Iberian
plate.

The location of the Iberic Cordillera and Catalan Coa-
stal Range, parallel to the Late Hercynean faults (Figure
1), indicates the importance of preexisting structures on
the formation of the two chains. Although these struc-
tures are now essentially reactivated as strike-slip faults,
important thrusting toward the Ebro Basin has also been
found. The thrusting is important for the formation of
topographic loads, as shown in the western part of the
Ebro Basin. In this area blind thrustung has been recog-
nized in seismic profiles [Anadon et al., 1985]. The well
Amedo 1 (Figure 1) is situated on a thrust and shows an
important decrease of thickness in the Tertiary strata in
comparison with the depths measured in the basin (from
3580 to 850 m). In the south of the Ebro Basin a more
or less similar situation occurs. The southernmost well
used for profile 2 (Caspe 1) has also a very shallow Terti-
ary depth (277 m). Moreover, the structural map (Figure
1) shows a basement outcrop WSW of the well. The
Paleozoic beds are exposed in a kilometric scale fold
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which dips change irom quife sigep, northward dipping 1in
the northern part, t0 scuthiward dipping in the southern
part of the outcrop. The statigraphy shows a syntectonic
deposition of Tertiary beds on Paleozoic basement.
Although seismic profiles were not available to support
this idea, we interpret the shallowness of this well as a
result of inversion tectonics, with Paleogene reacnvation
of a Late Hercynean normal fault in the foreland (Figure

8).

Lateral Variation in Rheological Properties
of the Lithosphere Under the Ebro Basin

The 1ncrease of the crustal thickness under the Ibenc
Cordillera [Banda, 1987]) is 1n agreement with the
deflection modeled to compensate the Iberic Cordillera
topography. In case, like under the Pyrenees, a com-
pletely broken lithosphere (EET=0 km) would be present
under the Ibenan Cordillera, the deflection would greatly
exceed the deflection for local weakening with an EET of
8 km. Furthermore, the deflection of a broken plate is
not consistent with the Moho depths measured from
refraction data [Banda, 1987].

Also important 1s the similarity of the positions of the
weakness zones and the places of elevated heat flow.
The decrease in elastic thickness inferred by the flexural
modeling reflects the weakening effect of elevated tem-
peratures on the mechanical properties of the lithosphere.
Although convenient, the characterization of lateral varia-
tions 1n mechanical behavior of the lithosphere in terms
of an elastic plate provides only an indirect measure of
the effect of temperature on lithosphenic strength. A
more accurate description of the actual strength distribu-
tion of the lithosphere, showing explicitly the dependence
of strength on temperature, follows from laboratory
experiments on the rheological properties of crustal and
upper mantle rocks [Goetze and Evans, 1979]. To
explore this dependence, we have constructed yield
strength profiles of the continental lithosphere under the
Ebro Basin based on extrapolation of rock mechanics
data [Brace and Kohlstedt, 1980]. We have adopted an
upper crust composed of quartz, a lower crust of diabase
and an olivine composition for the upper mantle [Caris-
tan, 1982; Smith and Bruhn, 1984]. Yield envelopes
showing the temperature dependence of strength, for a
continental lithosphere with 32-km-thick crust, are given
in Figure 9. The spatial vanation of the effective elastic
thicknesses obtained from the flexural modeling of the
Ebro Basin 1s 1n good agreement with the predictions of
temperature-dependent strength of the lithosphere from
laboratory data. Low values of EET correspond to
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reduced values of hthospheric strength. For example, an
EET of 8 km, at the positon of the iccal weakness zones
inferred from the flexural model, is comparable with the
cumulative strength of the yield envelope calculated for a
heat flow of 100 mW m . For a heat flow of 100 mW
m %, the contribution of the upper crust dominates the
strength of the lithosphere (Figure 9). For lower heat
flow values, the conimbutions of the lower crust and
upper mantle become more 1mportant yielding an
increase 1n the hithosphenic strength, equivalent to larger
values of EET. As shown in Figure 9, an EET of 30 km
1s consistent with a lithosphenic strength profile
corzresponding to a heat flow between 60 and 80 mW
M=

The reduced rigidity of the lithosphere provides strong

support for the interpretation of the Iberic Cordillera as
an aulacogen [Alvaro et al., 1979]. This hypothesis indi-
cates that the region of the intracontinental chain had
recorded the premise of rifting. It 1S commonly thought
that regions of continental extension are associated with
local high geotherms and that strain 1n a continent 1S usu-
ally absorbed by its weak young parts. This suggests that
especially the preorogenic Iberic Basin underwent strong
deformation due to its weakened lithosphere at the time
of coilision of the Iberian Peninsula and the European
continent. Furthermore, deposits on the Balearic Islands
and on the Iberian Peninsula show very different sedi-
mentary facies during Neocomian: continental sands to
marine carbonates, shaly platform deposits on the Iberian
Peninsula, and deep manne marly deposits on the
Balearic Islands [/GME, 1987]. Similarly, nearby the
inking zone as well, the Catalan thrust units show a west
to east thickening of the Cretaceous sequences, with a
transiton from near shore to pelagic facies [Guimera,
1984]. These features strongly indicate that the extension
1n the Valencia Trough 1s of Neocomian age [Roca and
Desegaulx, 1990], or a lateral continuation of the
Aptian-Early Albian extension phase in the Iberic Cordil-
lera [Canerot, 1985].

CONCLUSION

The polystaged evolution of the northern part of the
[berian Peninsula is responsible for the complex foreland
basin development of the Ebro Basin. The present paper
has demonstrated that the deflection of the Iberian plate
under the Ebro Basin is due to the combined effect of
loading exerted by the Pyrenees, the Iberic Cordillera,
and the Catalan Coastal Range. The interaction between
the different chains surrounding the Ebro Basin is pro-
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Fig. 8. Simplified sketch of the geological interpretation for the
basement outcrop in the southern part of the Ebro Basin and

explanation for the shallowness (277 m) of the well Caspe 1.
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Fig. 9. Three yield envelopes for continental lithosphere with a

32 km thick crust with quartz/diabase/olivine composition
(Smith and Bruhn, 1984; Caristan, 1982]. The darkest shading
gives the envelope for a surface heat flow g, of 100 mW me%;
while progressively lighter shading shows the envelopes for g,
of 80, and 60 mW m™2, respectively. The strain rate € adopted
in the extrapolation of the rock mechanics data 1s 1025
EET values of 30 and 8 km, inferred from the flexural model of
the Ebro Basin are roughly consistent with lithospheric strength
distributions calculated for a surface heat flow of about 70 and
100 mW m™% respectively.

nounced in the western part of the Ebro Basin where the
basin has its main infill of Cenozoic beds. Parts of the
Ebro Basin, where the well data indicate shallow Tertiary
infill can be explained by Paleogene reactivation of
preexisting faults. A new flexural analysis of three
profiles in the Ebro Basin shows that the topographic
loads themselves, due to thrusting, are able to explain the
geometry of the Ebro Basin. No traction exerted by a
subducted oceanic slab is required. The flexural model-
ing, therefore confirms that the Ibeman collision was
intracontinental. It thus differs from, for example, the
Apennine collision zone, which followed an episode of
oceanic subduction. An important tool used in the paper
that goes beyond previous efforts is the incorporation of
varying elastic thickness in the modeling. The local
weakness zones predicted by the flexural modeling shed
light on the heat flow anomalies in northern Spain.
There is a correlation between observed heat flow and the
elastic thicknesses inferred from the modeling of the fore-
land basin deflection. The results of our study strongly
support an aulacogenic origin for the Iberic Cordillera.
The recently put forward interpretation of a Mesozoic age
for the extension phase in the Valencia Trough, 1S con-
sistent with this tectonic scenario.
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APPENDIX

The differential equation governing the deflection w (x)
of a thin elastic plate with variable ngidity D (x), hor-
izontal load N, and surface load g(x) on top of a fiuid
mantle 1s

d*w
dx2

d*w
de

d2
dx?

(.Di(x) )+ N

+ (Pm—Ps) g wx)=q(x) (1)

with ¢ = 9.8 m s the gravity acceleration and (p,,—p;)
is the density contrast of mantle and sedimentary nfill.

The relationship between the flexural ngidity D (x) and
the thickness of the elastic plate EET (x) 1S

E (EET (x)%
12(1-v?)

D(x)= (2)

in which £ is Young’s modulus and v 1s Poisson’s ratio.
In this study we adopt the following values:
E=7.0% 10" "Nim % and v = 0.25.

To solve the fourth-order differential equation (1) for
bending, the elastic plate a finite difference approxima-
tion 1S used.

Boundary Conditions

As x = o, w(x) > 0 and dw/dx — 0. The third and

fourth boundary conditions for the broken plate are, at x
=0,

d*w

) =
2
ax x.={)

=P (

M 3)

with M, the bending moment applied at the free end of
the plate (positive for counterclockwise).

|

d d*w |

-EX_D(dwz)l =Py
| x=0

(4)

where P is the vertical shearforce applied at the free end
of plate (down is positive).
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