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Abstract — The Montalbdn Basin (30 x 15 km wide) is located
within the Iberian Chain (N Spain), and filled with syn-tectonic Ter-
tiary (Eocene to Lower Miocene) deposits, with a cumulated thick-
ness of about 2 000 m. The depth to the Palacozoic basement is
maximum at the western part and gradually shallows toward the
east, as inferred from gravimetric data. The Montalbén Basin is sur-
rounded by an E-W, N-verging, shallow-dipping thrust to the south
and a NW-SE-trending anticline, involving the Palaeozoic, to the
north. The southern thrust shows a minimum displacement of 8 km
and results from the inversion of Mesozoic normal faults. The
northern anticline is asymmetric, its southern limb being vertical in
most of its length. Mesozoic extensional faults and Variscan thrusts
have acted as controls on the location of the frontal limb of this
anticline. The sedimentary, syn-tectonic filling of the Montalbdn
Basin, can be divided into five (M1 to M5) tectono-sedimentary
(unconformity-bounded) units, each with a fining upwards-
coarsening upwards vertical evolution. Their sedimentary environ-
ment corresponds to alluvial fans, with conglomerates at the basin
margins grading to evaporites and limestones at the basin centre.
The geometry and kinematics of the structures limiting the basin
strongly controlled its sedimentary evolution: the Montalban Basin
was wider during M1 and M2, with a northward provenance of
alluvial fans, and closed to its present-day dimensions from M3 to
MS, coinciding with the largest displacement and uplift of the sur-
rounding structures, which became the main source areas. © 2000
Editions scientifiques et médicales Elsevier SAS

compressional basin / thrusting / syn-tectonic sedimentation /
inversion tectonics / Tertiary / Iberian Chain

* Correspondence and reprints: acasas @posta.unizar.es

Résumé —~ Sédimentation syntectonique et cinématique
de plis et chevauchements dans le bassin compressif de Mon-
talban (nord de la chaine Ibérique, Espagne), Le  bassin de
Montalbdn (30 x 15 km) est une dépression intramontagneuse
située a 'intérieur de la chaine Ibérique. 11 est rempli avec des sédi-
ments syntectoniques du Tertiaire continental (de I'Eocéne au Mio-
céne inférieur), qui ont plus de 2 000 m d’épaisseur. A partir de
I’étude des anomalies gravitaires, on a déterminé que la profondeur
du « socle » paléozoique est maximale dans la partie occidentale
du bassin et qu’elle diminue progressivement vers 1’est. Le bassin
de Montalban est limité au sud par un chevauchement a vergence
nord, et au nord par un anticlinal de direction NW-SE dont le cceur
est constitué par des argiles et des grés du Carbonifere. Le chevau-
chement de la limite sud, de direction E-W, a un déplacement de
8 km vers le bassin et il est interpreté comme résultat de la réacti-
vation de failles normales mésozoiques, renversées pendant la com-
pression Tertiaire. L’anticlinal de la bordure nord est déversé vers
le sud, avec des couches verticales ou renversées tout au long de
son flanc sud. La localisation du flanc sud est en rapport avec des
failles normales mésozoiques et des chevauchements hercyniens.
Dans les sédiments syntectoniques du bassin de Montalbén, on a
identifié cing unités tectosédimentaires limitées par des discordan-
ces en bordure du bassin (M1 3 M5). Ces unités, sédimentées par
des cones alluviaux, montrent une évolution verticale du type fining
upwards-coarsening upwards. Prés des bordures du bassin, les
roches plus abondantes sont des conglomérats, qui passent a des
grés, argiles, calcaires lacustres et évaporites vers le centre du bas-
sin. La géometrie et la cinématique ‘des structures ont controlé for-
tement 1’évolution sédimentaire du bassin : pendant la sédimenta-
tion de M1 et M2, le bassin était plus large (en direction N-S) et
pendant M3, M4 et M5, ses dimensions se rapprochaient progres-
sivement des actuelles, avec le soulévement et déplacement des
structures des deux bordures. Les paléocourants dans les premigres
unités montrent une provenance nord, en-dehors des limites actuel-
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les, tandis que dans les dernieres unités les structures des bordures
nord et sud étaient les principales sources de sédiments. © 2000
Editions scientifiques et médicales Elsevier SAS

bassin compressif / chevauchement / sédimentation
syntectonique / inversion tectonique / Tertiaire / chaine
Ibérique

1. Introduction

Intra-plate sedimentary basins develop as a result of tec-
tonic loading due to large-scale folds and thrusts. They can
be asymmetric, linked to a single structure or symmetric,
with folds and thrusts at both margins [1-4]. In this second
case the dynamics of sedimentation within the basin are
determined by the relationships between the kinematics of
the different structures limiting the basin [5, 6].

The kinematics of particular structures and of the whole
basin can be determined from the analysis of vertical and
horizontal variations of syn-tectonic sedimentary units.
Definition of unconformity bounded units or tectono-
sedimentary units is useful to determine the main episodes
of basin filling and their relationships with structures located
at the basin margins [6-9].

Within the northern Iberian plate there are several Paleo-
gene continental, internally drained basins, with sizes rang-
ing from several hundreds of kilometres (as the Ebro Basin)
to a few kilometres (most basins located within the Iberian
Chain). Many of them underwent a common evolution dur-
ing the Paleogene, with (i) a first stage of sedimentation over
wide areas during the Late Eocene and (ii) a second stage,
with separation of smaller, internally drained, basins during
the Middle-Late Oligocene [10-14]. The uplifting of the
basin margins during this second stage is outlined by the
deposition of conglomerates. During the Middle-Late
Miocene sedimentation areas became larger, and the for-
merly separated basins were again connected [16]. The
analysis of the geometry and sedimentary evolution of sedi-
mentary units within Tertiary basins is an essential tool for
understanding of the kinematics of Iberia during the
Cainozoic [12~15, 17]. The Montalb4n Basin is the largest
of these intramontane basins, with more than 2 000 m of
syn-tectonic sediments. Although neither seismic nor bore-
hole data are available, the good outcrop conditions of the
pre- and syn-tectonic sequences allow its subsurface geom-
etry to be inferred.

The objectives of this work are to determine the geometry
of the Montalbén Basin, to analyse the evolution of its sedi-
mentary filling during the Paleogene and the kinematics of
structures at its margins, and to establish its relationships
with other Paleogene basins located in the northern part of
the Iberian plate. The methodology used included aerial
photography and field studies to determine the geometry of
the basin and its margins, sedimentological analysis to deter-
mine the horizontal and vertical evolution of syn-tectonic

units, balanced cross-sections, and a gravimetric study to
constrain the subsurface geometry of the basin.

2. Geological setting

The Iberian Chain is located at the northeastern part of
the Iberian plate (figure I). It constituted a wide area of
intra-continental deformation within the Iberian plate dur-
ing the Mesozoic and the Tertiary {18, 19]. Its limits are Ter-
tiary molasse basins, filled with large thicknesses (up to
5 000 m) of terrestrial deposits: the Ebro basin forming the
main foreland basin of the Pyrenean orogen to the north, the
Tagus basin to the south, and the Duero basin to the west. At
the eastern margin of the Iberian peninsula, the Iberian
Chain disappears at the Mediterranean coast, due to the
opening of the Valencia Trough during Neogene exten-
sion [20].

During the Mesozoic the northeastern part of the Iberian
plate underwent extension, with two episodes of continental
rifting (Early Triassic and Early Cretaceous) each followed
by marine deposition linked to thermal subsidence [19, 21].
By the Late Cretaceous (Cenomanian) a stage of tectonic
quiescence maintained for 40 My. The main Mesozoic
extensional structures are normal faults oriented NE-SW
and NW-SE, corresponding with the main directions of
Variscan folds and faults, and in some places N-§ and E-W.
Jurassic and Cretaceous normal faults show listric geom-
etries, with detachment levels in the Upper Triassic, and in
slatey units of the Palaeozoic series.

Compressional deformation of the Iberian Chain during
the Paleogene was strongly conditioned by pre-existing
structures, in general oblique to the main Tertiary shorten-
ing direction: (i) Variscan and late-Variscan faults, folds and
thrusts (most of them with NW=SE direction) and (ii) Meso-
zoic faults. The overall shortening direction during the
Paleogene is considered to be NNE [22], approximately per-
pendicular to the northern border of the Iberian plate. There
are several detachment levels, the most important of which
are the Precambrian and Silurian shales and the Middle—
Upper Triassic (Muschelkalk and Keuper facies) shales and
evaporites [22, 23]. The latter separates the Mesozoic—
Tertiary cover (Jurassic—Cretaceous) from the Palaeozoic.
The main folds in the northern part of the Iberian chain
strike NW-SE to E-W and have a northward vergence [22].
The southern part of the Iberian chain is characterized by
westward-verging thrusts, positive flower structures and
forced folds of the Mesozoic sedimentary cover over the
Variscan rocks [24].

The Montalbén anticline is located at the zone of inter-
section between the northern part of the Iberian Chain, con-
stituted by two NW-SE Palaeozoic-cored anticlines of the
Aragonian Range and the E-W folds and thrusts that form
the Linking zone between the Iberian Chain and the Cata-
lonian Coastal Range [22]. The two anticlines that form the
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Figure 1. Geological sketch of the Montalbdn Basin (modified from [21]). The location of cross-sections of figure 4 and the maps of figures
3 and 6 are shown. Inset shows the location of the Montalbdn Basin within the Iberian Chain.
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Aragonian Range are separated by the Neogene outcrops of
the Calatayud basin, which is in continuity with the Mon-
talban Basin (figure ). To the north of the Aragonian Range,
Mesozoic outcrops can be followed northwards, covered by
a thin (less than 500 m thick) Neogene cover.

2.1. Stratigraphy

The stratigraphic series in the Montalbdn area comprise
Palaeozoic, Mesozoic, and Tertiary rocks. The Palaeozoic
consists of a thick (up to several hundred metres thick)
series of Lower Carboniferous turbidites (sandstones and
shales) with interbedded volcanic rocks (alkali rhyolites),
Stephanian in age [21]. Some Cambrian and Devonian beds
crop out in the core and on the western limb of the Montal-
ban anticline (figure I).

The Triassic can be divided into three facies, two conti-
nental and one marine, coinciding approximately with the
Lower, Middle and Upper Triassic [19, 25, 26]. The Lower
Triassic (Buntsandstein) consists of red sandstones and
shales with thicknesses varying from several metres to a
maximum of 300 m. The Middle Triassic (Muschelkalk
facies) consists of two levels of dolostones with an interme-
diate level of clays and gypsum, that in many places is the
main décollement level for the Mesozoic cover [22, 27]. The
Upper Triassic (Keuper facies) consists of clays and gyp-
sum and is also one of the most important detachment levels
throughout the Iberian Chain.

The Jurassic series is a relatively homogeneous sequence
of marine limestones and marls, reaching a thickness of
600 m (figure 2), although it is absent in many areas, espe-
cially at the southern limb of the Montalban anticline, due
to either non-deposition or pre-Albian erosion (figure 2).
The Lower Cretaceous consists of continental (Weald
facies) and marine (Urgon facies) sequences, up to 600 m
thick [28]. Deposition during the Early Cretaceous in the
Iberian Basin was strongly controlled by normal faulting,
with two dominant directions: NW-SE and NE-SW [22, 28,
29]. Albian sandstones unconformably overlie other terms
of the series, due to erosion after the main extensional stages
(figure 2). The Upper Cretaceous (Cenomanian—
Maastrichtian) calcareous beds constitute the upper terms of
the pre-compressional series, the latter terms being depos-
ited in lagoon and shallow marine environments.

The Tertiary is represented by alluvial continental depos-
its, varying from conglomerates at the basin margins to
sandstones and shales in intermediate positions and to lacus-
trine limestones and gypsum at the basin centre. In the
Paleogene, coarse clastic deposits are dominant, whereas in
the Neogene lutites, limestones and gypsum are the most
widespread deposits. The Middle Miocene shows a deposi-
tion area larger than that of the Paleogene and covers uncon-
formably many Paleogene compressional structures

(figure ).

2.2. Structures

The main structures surrounding the Montalb4n Basin are
the Montalban anticline, to the north and the Utrillas thrust.
to the south (figures 1 and 2). The Montalb4n anticline
involves Palaeozoic rocks, previously folded and thrusted
during the Variscan orogeny. It is in continuity, to the north-
west, with the NW-SE Palaeozoic-cored anticline that con-
stitutes the northern anticline of the Aragonian Range of the
Iberian Chain, that shows an outcropping length of about
150 km and a width of between 5 and 30 km. Both the
southern limb and the core of the anticline show complex
geometries, derived from the interference between Variscan
and Tertiary structures, and the development of thin-skinned
thrusts with opposite vergence. At the Montalban anticline,
Variscan folds and thrusts show a N~S to NE-SW direction
and Tertiary folds and thrusts are NW-SE to E-W. Variscan
folds show a first phase of isoclinal folds associated to axial-
plane cleavage and a second phase of gentle folds [21]. The
detailed geometry and orientation of the two folding stages
cannot be determined due to the lack of outcrops in the cen-
tral part of the anticline.

The Utrillas thrust is an E-W structure that continues
eastward within the Portalrubio-Vandellés thrust sys-
tem [30]. This thrust system is the main compressional
structure at the northern part of the Iberian Chain. To the
west, the Utrillas thrust probably dies out against a strike-
slip reverse fault (Daroca thrust, [31]). Although most of
this margin is covered by Upper Miocene unconformable
sediments, in some places it can be seen that the Lower
Cambrian overthrusts the Aragonian sediments [31]. Under
the horizontal Neogene of the Calatayud basin some Paleo-
gene compressional structures can be inferred from several
outcrops existing at the boundary between the two basins.

3. Geometry of the Montalbin Basin

The Montalbén Basin is triangle-shaped, with a length of
more than 50 km and a maximum width (in its western part)
of 25 km. Toward the east the Montalb4n Basin narrows and
finally closes at the intersection between the Utrillas thrust
and the Montalbén anticline (figure 1). To the west, the
Paleogene must also disappear, since deposits of this age are
not thicker than 500 m west of the studied area. The overall
geometry of the Montalban Basin is a syncline whose north-
ern, steeply-dipping limb coincides with the southern limb
of the Montalban anticline. The horizontal limb of the syn-
cline is overthrusted by the Utrillas thrust. In some places
the Tertiary beds forming the horizontal limb of the syncline
show a shallow dip toward the south, giving a footwall flat
geometry below the south-dipping thrust surface. In other
places along the Utrillas thrust, vertical Tertiary beds can be

~ recognised, forming a footwall ramp.
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Figure 2. Stratigraphic synthetic profiles of the Mesozoic around the Montalbén Basin. The location of Mesozoic normal faults can be inferred
from the differences in thickness and facies between the different profiles and from sedimentary wedges associated to normal faults [28, 35].

3.1. 3-D geometry. Gravimetric data

The geometry in depth of the Montalb4n Basin cannot be
inferred from seismic reflection or borehole data. Further-
more, the central and western parts of the basin are covered
by horizontal Neogene deposits (figure I). To constrain the
3-D geometry of the basin, and the balanced cross-sections,
a gravimetric survey was carried out. The results obtained
(expressed in the Bouguer anomaly map) allow to determine
the overall geometry of the basin in terms of depth to the
denser Palaeozoic basement. The distance between contours
is also indicative of the dip of the Palaeozoic/Mesozoic
unconformity. These two data (depth to the basement and
dip of the top of the basement) were used for the construc-
tion of the cross-sections shown in this section.

For the compilation of the gravity map about one hundred
new gravity measurements using a Lacoste & Romberg

gravity meter were added to the pre-existing data [19], cov-
ering an area of 300 km?. All the observed gravity values
were tied to the IGSN-71 system taking as a reference the
Zaragoza base station (9.8022323 m-s~2). Bouguer anoma-
lies were computed using a mean value of 2670 kg-m~ for
the density and topographic corrections were applied up to
167 km.

The regional anomaly can be considered as a regular sur-
face with a NW-SE trend shallowly dipping to the south
(figure 3). The Bouguer anomaly map shows a broad abso-
lute minimum at the western limit of the studied area, where
only the horizontal Neogene crops out. This absolute mini-
mum spreads to the east reaching the present-day limits of
the Montalbdn Basin. The northern limit of the latter is well
marked by a relative positive anomaly that indicates the
uplift of the Palaeozoic rocks. Other minor uplifts to the
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west have also a regular expression in the Bouguer anomaly
map. In summary the northern basin margin is well defined
by gravimetric anomalies whereas the southern margin is
not, probably because the differences in density between the
Tertiary and Mesozoic rocks are negligible. The existence
of an important gravimetric minimum some kilometres west
of the present-day limits of the Montalbdn Basin indicates
that the maximum thickness of Tertiary deposits is probably
located under the horizontal Neogene, coinciding with the
intersection between the southern anticline of the Aragonian
Range and the western end of the Utrillas thrust. The fact
that this minimum disappears gradually toward the east may
be interpreted as a gradual ascent of the base of the Tertiary
in this same direction.

3.2. Balanced cross-sections

Three cross-sections (2-2°, 3-3’ and 44’ in figure I)
were drawn and restored to interpret the geometry and evo-
lution of the Montalbin Basin. One more cross-section at
the western sector of the basin (1-1" in figure I) is also pre-
sented, although due to the lack of outcrops it is not as well
constrained as the others. In all of them (figure 4), the over-
all structure shows common features, as it is a shallow-
dipping thrust with horizontal displacement of several kilo-
metres (Utrillas thrust) to the south, and a south-verging

Figure 3. Bouguer anomaly map of the western part of
the Montalbdn Basin obtained from the gravimetric sur-
vey. See location on figure 1.

asymmetric fold involving the Palacozoic basement, with a
maximum structural relief of 4 km, to the north (Montalban
anticline). In cross-section 1-1° the displacement of the
southern thrust becomes smaller. In this section, the basin
floor, larger than in the other sections, is cross-cut by
northward-verging thrusts. The Palaeozoic and Mesozoic at
the hangingwalls of these thrusts crop out at the western
limit of the Montalban Basin (see figure 1).

3.2.1. The Utrillas thrust

In most cross-sections, the Utrillas thrust shows a hang-
ingwall ramp at the frontal part, in which the thrust surface
cross-cuts overturned units, from the Lower Jurassic to the
Upper Cretaceous (figure 5). The dip of the thrust surface -
varies between the horizontal at footwall flats and 25-30° at
footwall ramps. In the western sector of the Montalban
Basin (cross-section 2-2’, figure 4) the Utrillas thrust can be
interpreted as the result of the tectonic inversion of a
southward-dipping normal fault because: (1) the Lower Cre-
taceous in the hangingwall thickens progressively from
north to south suggesting that the present-day thrust was
active at least during the Early Cretaceous [32]. (2) The ori-
entation of the frontal ramp of the thrust changes along
strike, showing segments with NW-SE and NE-SW strikes.

" These orientations correspond to the directions of the main
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Upper
Cretaceous

Figure 5. Geometry of the Utrillas thrust in the eastern sector of the Montalbdn Basin (see location in figure 4). A large anticline with an
overturned frontal limb, defined by the Cretaceous units can be seen at the hangingwall. At the footwall the normal, south-dipping Tertiary beds
are cross-cut by the thrust surface, probably due to the existence of a gentle fold developed early with respect to the main thrust.

normal faults active during the Early Cretaceous rifting [28,
32, 33]. (3) The Early Cretaceous extensional basin (Aliaga
Basin, [28, 34]) located in the hangingwall of the Utrillas
thrust was separated from the sedimentary basin located
north of the Montalbdn anticline (Oliete Basin) and under-
went a different tectonosedimentary evolution (figure 2) [28,
34, 35].

The geometry of the hangingwall of the Utrillas thrust
shows a south-dipping monocline at the eastern part, where
the Aliaga Tertiary basin appears (cross-section 44, figure
4; see also figure 1). This monocline has been inter-
preted [15] as the template for a footwall ramp and would
then indicate the location of the footwall cut-off of the Ter-
tiary units of the Montalbdn Basin (cross-section 44", fig-
ure 4). This monocline can only be observed in the eastern
half of the thrust mapped trace, whereas in the western half,
if the thickness of the preserved Tertiary increases, as sug-
gested by gravimetric data, there must be a ramp cross-
cutting the Palaeozoic basement at the hangingwall. Accord-
ing to our reconstruction, in its western sector (Cross-
sections 2-2°, 3-3’ figure 4) the Utrillas thrust is a

basement-involved structure with its surface gradually deep-
ening southward, the thrust surface cross-cutting the base-
ment at shallower depths than the extensional faults. This
implies that, as occurs in other structures resulting from the
inversion of previous basins [14, 36], the main thrust cuts
across the basement and in some segments the thrust surface
follows the regional detachment level (Upper Triassic),
finally reaching the topographic surface and re-activating
some of the Mesozoic normal faults (see cross-sections 2—2’
and 4-4°, figure 4).

In some areas (cross-section 2-2’ and 4-4’), the main
thrust branches downwards with minor thrusts detached
within the Tertiary. This explains some steeply-dipping Ter-
tiary beds outcropping within the Montalbdn Basin near its
southern margin.

3.2.2. The Montalbdn anticline

The basin is limited to the north by the Montalbdn anti-
cline (figures I and 6). The geometry of the latter changes
from the northwestern limit of the Montalban Basin (see fig-
ure 1), where it shows a northward vergence, to the central
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Figure 6. Geological map of the southern limb of the Montalbén
anticline. See location in figure 1. The location of cross-sections of
figure 7 is shown.

and southern part, where it is asymmetric, with a vertical or
overturned (minimum dip 50°) southern limb and a shallow-
dipping (between 20° and 30°) northern limb. On the north-
ern limb, the outcropping series consists of Triassic, Juras-
sic and Cretaceous beds, gradually thickening to the NE
(maximum 2 000 m). In some places, it is complicated by
the existence of NW—SE normal faults between the Jurassic
and the Lower Cretaceous. At the southern limb the outcrop-
ping Mesozoic series is relatively thin to the NW, where the
Albian lies unconformably on the Upper Triassic. To the SE,
the thickness of the Mesozoic increases, reaching 1 000 m
at the southernmost sector, where the anticline shows an
almost E-W direction (figure 1).

Most of the core of the Montalbédn anticline is formed by
a large outcrop of Carboniferous flysch (Culm facies).
Towards the NW in the Aragonian Range, that is in conti-
nuity with the Montalbén anticline, Cambrian and Ordovi-
cian sandstones and shales crop out in the cores of the anti-
clines (figure I). In the Montalbdn anticline Cambrian and
Devonian rocks appear in isolated outcrops (see figures 1,6

and 7). Throughout the Aragonian Range, the Cambrian is
separated from the Devonian and the Carboniferous by the
Variscan Datos thrust [21, 23] (figures 6 and 7).

A common feature along the southern limb of the Mon-
talb4n anticline (cross-sections 2-2" and 4-4’, figure 4, and
figures 6-8) is the thrusting of the top of the Carboniferous
over the Lower and Middle Triassic, that appears with ver-
tical or overturned beds. This geometry can be interpreted
as the result of an earlier stage of NE-verging thrusting.
These thrusts are presently vertical or overturned (figure 7,
cross-section BB’ and figure 8), which indicates that they
formed before the whole southern limb of the Montalbdn
anticline was uplifted and overturned. These early thrusts
show an upper décollement in the Upper Triassic. Since in
some sections (cross-section A—A’, figure 7) the Cambrian
crops out in the hangingwall of one of these minor thrusts,
they probably correspond to reactivations of the Variscan
Datos thrust during the Tertiary (hypothesis proposed in the
cross-sections of figure 4). In cross-section 2-2’ (figure 4,
see detail in cross-section A—A’, figure 7), the differential
shortening induced by the northeast-verging thrust is bal-
anced at the upper part of the Mesozoic series by a south-
verging thrust detached on the Triassic. The late folding of
this thrust by the Montalbdn anticline gives the geometry of
a ‘téte plongeante’ with a synform anticline defined by sub-
horizontal overturned Cretaceous beds (figures 6 and 7).

In the southeastern part of the Montalbdn anticline,
steeply-dipping south-verging thrusts cut across its vertical
southern limb (figures 6 and 7, and cross-section 3-3’ in fig-
ure 4), with the result that this limb is tectonically thinned
with respect to other transects. These thrusts are usually
arranged in break-back sequences, as can be inferred from
the relationships between Tertiary units and the asymmetric
south-verging synclines associated to these thrusts: (i) south
of Armillas (figure 6), unit M5 lies unconformably on a syn-
cline defined by M4 which, in turn, is folded by a syncline
whose axial trace is shifted to the NE with respect to the
former; (ii)) NW of Montalbén (figure 6, see also point 6 in
figure 10) the same relationship is observed between units
M4 and M3; M3 shows a geometry of progressive uncon-
formity, associated to the uplifting of the southern limb of
the Montalbdn anticline and M4 lies unconformably on the
folded beds of M3.

In the southernmost part of the Montalbén anticline (cross-
section 44, figure 4) the Triassic deposits are very reduced
or absent, which probably indicates an unconformity
between the Lower Jurassic and the Palaeozoic, similar to
other areas of the Iberian Chain [37]. The upper part of the
Mesozoic series (Albian sandstones) shows steeper dips
(practically vertical) than the lower part (marine Jurassic,
dipping 50° N, overturned). This relationship can be inter-
preted as a consequence of thickness changes in the Meso-
zoic series, that would form a southward-opening wedge.
This sedimentary wedge would be the result of deposition
associated to a syn-sedimentary southward-dipping
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Figure 7. Detailed cross-sections of the southern limb of the Montalbén anticline. See location in figure 6.

listric normal fault during the Early Cretaceous (cross-
section 5-5°, restored, figure 4). This interpretation agrees
with the palaeogeographical reconstructions of Early Creta-
ceous sedimentary basins [28, 34, 35]. In our interpretation,
the Cretaceous normal fault would be now in a horizontal
position below the surface (cross-section 5-5°, figure 4),

with an angular relationship with beds different from the
pre-deformational state. This would be due to reverse shear
at the fold limb during flexural-slip folding. Nevertheless,
the compressional structure can also be interpreted as the
result of the reactivation of the normal fault as a reverse
fault, without a shortcut in the Palaeozoic basement.
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photographs in figure 4.

4. The syntectonic Tertiary units

The Tertiary filling of the Montalbdn Basin can be divided
into five units (unconformity-bounded units or tectono-
sedimentary units, TSU), bounded by unconformities at the
basin margins and their equivalent conformities (identified
by sedimentary breaks, that is sudden shifts and/or changes
in their vertical trends) at the basin centre. Recognition and
characterization of TSU is based on fieldwork, and in par-
ticular determining the vertical trend of stratigraphic series
on the basis of lithological and textural data (figures 9, 10).
Correlation between sedimentological profiles was done by
means of photogeological study with identification of bed
contours.

Five tectonosedimentary units (labelled M1 to MS, figure
2) were differentiated within the Montalbén Basin. Each unit
is characterized by its vertical trend, which appears to be be
uniform thoughout the basin. This vertical trend usually
contains a fining-upwards and a coarsening-upwards

defining a south-verging syncline, at the footwall. See location of

sequence (figure 9). Unit M4 is the most widespread and
occupies almost all the central and western parts of the
Montalban Basin (figure 1). The other units crop out only at
basin margins. The constraints on the lateral evolution of
the first and second units are poor, since they have relatively
small outcropping areas (figure ). For units M3 and M4 a
3-D reconstruction can be made since they are horizontal or
shallow-dipping and they crop out along wide areas within
the basin (figure 10). Unit M5 crops out only in a small area
near the northern margin, but farther west it occupies most
of the Calatayud Basin (figure I).

The first unit, M1, crops out both at the northern and
southern margins, only at the western part of the Montalban
Basin (figure 1). It is 250 m thick and consists of fine to
medium grain-sized siliceous sandstones and shales in strata
up to 20 m thick. Its depositional environment corresponds
to middle and distal parts of alluvial fans, more than 50 km
long [38, 39]. Palaeocurrents indicate a northward prov-
enance, probably from the northern anticline of the Arago-
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nian Range [21, 38, 43]. The vertical evolution of the unit
can be considered as gently coarsening-upwards (figure 9).

The second unit, M2, crops out at the northwestern basin
margin (southern limb of the Montalban anticline). It lies
conformably on unit M1, being separated by a sharp change
in grain size (figure 9). Its maximum outcropping thickness
is about 1 100 m (figure 1). It consists of conglomerates,
siliceous sandstones, shales and limestones. At the lower
part of the unit, pebbles within conglomerates are exclu-
sively calcareous (Mesozoic source area), whereas the rest
of the unit contains calcareous and siliceous pebbles (Meso-
zoic and Palaeozoic source areas). The depositional envi-

ronment is that of braided streams with channels up to 10 m
thick and flood plain deposits [38]. Palacocurrents indicate
a northward provenance for the outcropping part of this
unit [21, 38, 43]. Its vertical trend is a fining-upward
coarsening-upward sequence, with the inflection point
located within the lower part of the unit.

The third unit (M3) crops out all along the southern basin
margin, close to the Utrillas thrust. It is the only unit crop-
ping out in the eastern sector of the Montalbian Basin,
between the Utrillas thrust and the Montalbdn anticline
(figure 10). Its thickness is about 350 m. It consists of con-
glomerates with calcareous pebbles and shales at the north-
ern basin margin, changing to lacustrine limestones and
gypsum at the basin centre. Palaeocurrents and facies
arrangement indicate provenance from both basin margins,
which indicates uplifted margins to the north and south,
similar to the present-day geometry (figure 10). Its vertical
trend is fining-upward coarsening-upward. M3 unit is over-
thrusted by the Utrillas thrust to the south and locally it lies
unconformably on M1. To the north, east of Montalban, it
lies unconformably on Albian or Upper Cretaceous deposits
(figure 4, cross-section 4-4’). The conglomerates at the
northern margin correspond to debris-flow deposits, with
olistoliths reaching a size of 10 x 100 m. Conglomerates
change quickly to fine-grained deposits toward the basin
centre.

The fourth unit (M4) is about 225 m thick. It consists of
conglomerates with dominant calcareous pebbles, sand-
stones and shales (figure 10). Towards the basin centre some
limestone beds also appear. Its vertical trend is fining-
upward coarsening-upward. It crops out at both walls of the
Utrillas thrust (Tertiary Aliaga and Montalbdn basins,
figure 1). Palaeocurrents indicate provenance from the
present-day basin margins. Its depositional environment cor-
responds to short alluvial fans. The preserved thickness of
the fifth unit (M5) in the studied area is 70 m and it consists
of conglomerates with siliceous, calcareous, and sandstone
pebbles.

The age of the tectono-sedimentary units can only be
determined from six micromammal sites located within the
basin. They indicate an Early Oligocene age for M3 and a
Late Oligocene to Early Miocene age (Agenian) for M4 [21,
34, 38, 40, 41]. The age of M2 and M1 remains uncertain,
and they must be comprised between the Paleocene and the
Early Oligocene. By correlation with other basins, they
could be Late Eocene—Early Oligocene in age [21, 42].

5. Palaeogeographic evolution of the
Montalbin Basin. Tectonics—sedimentation
relationships

The meaning of syntectonic unconformities and the ver-
tical trend of tectono-sedimentary units within continental,
internally drained, sedimentary basins, closed to marine
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Figure 10. 3-D reconstruction of the Montalban Basin for units M3 and M4.

influence, has been widely discussed [12-14, 18, 39,44]. In
the Montalb4n Basin, unconformities and changes of the
vertical trend can only have a tectonic origin, since th.e
facies uniformity of deposits indicates that no strong cli-
matic variations took place during the Paleogene gnd the
Early Neogene on the inner part of the Iberian Chain. The
unconformities found within the sedimentary filling of the
Montalbén Basin must then correlate with major changes in
the tectonic and palaeogeographic evolution of the sur-
rounding areas.

Deposition of M1 was controlled by large structures
located northwest of the studied area, probably the uplift of
the Palaeozoic of the Aragonian Range. Since similar, distal
facies are found in the Aliaga Basin [15] (figure 1), its depo-
sitional area was much larger than the present-day Montal-
ban Basin. East of the Montalbdn Basin palaeocurrents in
deposits equivalent to M1 show a southward prov-
enance [44], indicating that the Montalban anticline was not
yet elevated and that deformation within the Aragonian
Range progressed from the NW to the SE.

During the deposition of M2, the source area was closer
to the Montalbdn Basin. The occurrence of siliceous,
Palaeozoic clasts, indicates an uplift of the eastern part of
the Aragonian Range of more than 1 500 m (considering
that the Mesozoic cover should be broadly eroded to expose
the Palacozoic in some areas). Nevertheless, the actual
geometry of the basin is difficult to constrain, due to the lack
of outcrops towards the south.

The deposition of M3, with conglomerates at both north
and south margins (figure 10), indicates a coeval movement
and uplift of the Utrillas thrust and the Montalbén anticline.
The hangingwall anticline of the Utrillas thrust was also the
source area for southward-directed alluvial fans, filling the
piggy-back Tertiary Aliaga Basin (figure 1) [15]. In the foot-
wall of the Utrillas thrust, there are distal facies of alluvial
fans, belonging to M3, sourced in the hangingwall of this
thrust. This implies that the movement of the Utrillas thrust
continued after the deposition of M3. Nevertheless, in the
western sector of the Montalban Basin, conglomerates
appear along the southern basin margin [38]. This fact,
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together with the preservation of the hangingwall ramp and
the geometry of the thrust surface (see cross-section 2-2’,
figure 4) indicate that the displacement after the deposition
of this unit was not larger than 1.5 km. Most of the displace-
ment of the Utrillas thrust probably took place during the
transition between M2 and M3 units (Late Eocene-Early
Oligocene). For M3 and M4, the shape of the basin and the
location of its margins were very similar to its present-day
geometry (figure 10).

The deposition of M4 was largely controlled by the final
uplift of the Montalbdn anticline, contemporary with north-
ward displacement of the Utrillas thrust, indicated by the
occurrence of M4 conglomerates at the hangingwall and
footwall of the thrust. These were probably the final stages
of movement along this thrust, although some authors [15]
propose a post-M4 northward displacement of about 1 km.

The Tertiary Aliaga Basin, located at the hangingwall of
the Utrillas thrust (figure 1), can be considered as a piggy-
back basin of this thrust [15], and its tectono-sedimentary
evolution runs parallel with the Montalbdn Basin [44]. Dur-
ing the deposition of M1 and M2 the two basins shared the
same sedimentation area, with no elevation between them.
M2 is much thinner in the Aliaga Basin (maximum 300 m),
which suggests that the accomodation space was probably
created by the uplift of the Aragonian Range. From the
upper part of M2, the Tertiary Aliaga Basin separated from
the Montalbdn Basin, indicating that the uplift of the hang-
ingwall of the Utrillas thrust took place between M2 and
M3.

6. Discussion

6.1. Influence of inversion structures

According to our interpretation of the geometry of the
Montalban Basin and its margins (see cross-sections in fig-
ure 4), the Mesozoic faults inherited from the Triassic and
Early Cretaceous rifting stages controlled the location, and
partly the geometry, of the Tertiary compressional struc-
tures. From the arguments given above (see section 3.2.1.)
the Utrillas thrust can be interpreted as a result of the reac-
tivation of a system of southward-dipping normal faults (fig-
ure 11). This system would be formed by NE-SW and
NW-SE-striking faults, preserved at present as the changes
in direction of the Utrillas thrust (which are not the result of
an outcrop effect of a south-dipping surface, see for
example [22, 45]). To the north there was a sedimentary
high during the Early Cretaceous, separating the Cretaceous
Aliaga Basin to the south from the Oliete Basin to the north
(figure 11, see also figure 2). This high was located partly
over the Montalb4n Basin and the Montalbédn anticline [22,
28, 34, 35, 46-48].

During Tertiary thrusting, the Cretaceous Aliaga Basin
was in the hangingwall of the Utrillas thrust and the sedi-
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Figure 111. Conceptual sketch showing the geometry of the
Mesozoic—Tertiary tectonic inversion in the Montalb4n Basin.

mentary high located northward became the Tertiary-filled
Montalban Basin, and the western part of the Montalbdn
anticline (figure 11). The throw of the normal fault (equiva-
lent to the complete thickness of the Mesozoic, about
2 500 m) was similar to the throw of the Tertiary thrust, but
the heave of the Tertiary thrust was larger than the heave of
the Cretaceous extensional faults, resulting in the complete
inversion of the basin. This geometry of inversion is com-
mon throughout the Iberian Chain [13, 49] (figure 11), in
contrast with other kinds of inversion in which the uplifted
block during extension remains uplifted during compres-
sion [50, 51].

At the northern basin margin the change in strike of the
front limb of the Montalbdn anticline, from NW-SE to
E-W, can be interpreted as the result of the existence of a
normal fault at depth in the E-W segment (interpretation
shown in cross-section 4-4°, figure 4) that probably con-
trolled the location and orientation of the front limb in its
southern part.

6.2. Kinematics of the Montalban anticline

The kinematics of the Montalbdn anticline can be deter-
mined from (i) the geometry of the syn-tectonic deposits and
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(ii) the thrust sequences inferred from the structural analy-
sis. Syn-tectonic deposits indicate a break-back sequence,
with SW-verging thrusts cross-cutting M3, unconformably
covered by M4. In its turn, M4 is cross-cut by thrusts shifted
to the NE (figures 6 and 10). This thrust sequence in the
southern limb of the Montalbén anticline developed during
the late stages of folding. Since thrusts cross-cut an over-
turned limb, they are the reason for some Mesozoic units
missing on this limb at the present-day topographic level in
some sections and produce an overall brittle thinning of 'the
front limb of the Montalb4n anticline (see cross-section
3-3, figure 4).

From the geometrical point of view the Montalbén anti-
cline can be considered as a detachment anticline (hypoth-
esis proposed in cross-sections of figure 4), or a fault-
propagation anticline [53], compatible in both cases with a
flat basal detachment located 3 km below the bottom of the
Montalbén Basin (figures 4 and 11). This geometry can be
explained by the existence of a thick series of Carboniferous
shale-dominated flysch, which at the scale of Tertiary fold-
ing could behave as an incompetent level with respect to the
Mesozoic cover. The Variscan structure of the Carbonifer-
ous flysch, with a much shorter wavelength, and probably a
N-S trend (as inferred from the scarce outcrops, 21D,
would have little influence in the development of the anti-
cline. Only the Variscan, NW-SE striking, Datos thrust,
with Cambrian sandstones in its hangingwall [21], could be
responsible for nucleating small Tertiary NE-verging thrusts
in the front limb of the Montalb4n anticline. The location of
this southern limb could be controlled by the Variscan thrust

(figure 11).

6.3. Relationship with the shortening direction

The Montalbdn Basin shows a triangular shape, limited
by structures with different orientations: the Montalban anti-
cline trends NW-SE and the Utrillas thrust shows an overall
E-W strike. From the relationships between structures and
syn-tectonic units (figure 10) it can be seen that both struc-
tures were active during the same period (mainly tbe Late
Eocene-Early Oligocene). The beginning of uplift was
probably earlier in the Montalbén anticline (section 5 and
figure 11).

Since the shortening direction during the Paleogene in the
Iberian Chain was probably NNE-SSW (perpendicular to
the northern plate margin, [22, 28, 54]), the Utrillas thrust
formed perpendicular to this direction, the thrust surface
within the Mesozoic cover resulting from the reactivation of
NW-SE and NE-SW striking Mesozoic normal faults. The
Montalban anticline is oblique to the main shortening direc-
tion, and its orientation and location were probably con-
trolled by pre-existing Variscan structures, as is the Datos
thrust, that can be followed all along the northern anticline
of the Aragonian Range [23]. The obliquity between the
Montalb4n anticline and the shortening direction may

explain the change in vergence along strike of the south-
verging Montalb4n anticline with respect to the rest of the
north-verging Aragonian Range, since in transpressional
regimes these changes are relatively common, the zones
with opposite vergence being separated by strike-slip faults
oblique to the main structure [52]. In the Montalbdn anti-
cline these faults, striking NNW-SSE, are outlined by a
N-S transverse syncline involving the Mesozoic cover [21].

7. Conclusions

The Montalb4n Basin is one of the most important com-
pressional Tertiary basins within the Iberian Chain, with a
thickness of syn-tectonic terrestrial sediments of about
2 000 m. Both margins of the basin, with NW-SE and E-W
directions, were active during the Tertiary, giving a total
shortening comprised between 8.5 and 11.5 km. The depo-
center of the Montalbdn Basin during the Tertiary was a
relatively uplifted area during the Mesozoic, bordering to
the south on an Early Cretaceous sedimentary basin inverted
during the Tertiary. The normal faults limiting the Creta-
ceous basin were partly reactivated as reverse faults and
partly cross-cut by the newly formed thrusts. The localisa-
tion and orientation of the Montalb4n anticline, located at
the northern basin margin, was partly controlled by Variscan
thrusts. The analysis of syn-compressional sedimentary
units indicates that the basin was much wider during the
Eocene and the Early Oligocene (sedimentation of M1 and
M2 units) and close to its present day shape by the end of
the Oligocene (M3 unit), with active structures at both mar-
gins. Sedimentation along the southern limb of the Montal-
ban anticline influenced the geometry of minor thrusts
cross-cutting this limb in break-back sequence.
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