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Abstract: Local isostatic backstripping analysis is performed across the eastern part of the
Ebro foreland basin between the Pyrenees and the Catalan Coastal Ranges. The subsi-
dence analysis is based on two well-dated field-based sections and four oil-wells aligned
parallel to the tectonic transport direction of the eastern Pyrenean orogen. The marine infill
of the foreland basin is separated into four, third-order, transgressive-regressive deposi-
tional cycles. The first and second depositional cycles are located in the Ripoll piggy-back
basin and the third and fourth ones are located south of the syn-depositional emergent Vall-
fogona thrust. Subsidence curves display a typical convex-up shape with inflection points
recording the onset of rapid tectonic subsidence. Inflection points coincide roughly with the
base of depositional cycles. Rates of tectonic subsidence are less than 0.1 mm a-! in distal
parts of the basin and up to 0.53 mm a~! in proximal parts during second depositional cycle.
Younger depositional cycles show maximum rates of tectonic subsidence of 0.26 mm a-!.
The locus of subsidence within the basin migrated southward at a rate of ¢. 10 mm a-1. This
flexural wave crossed the complete Ebro foreland basin in 10-11 Ma. The intraplate
Catalan Coastal Ranges at the southeastern margin of the Ebro foreland basin produced
an increase of tectonic subsidence rate at 41.5 Ma. Maximum rates of tectonic subsidence
coincide with deep-marine infill of the basin, maximum rates of shortening and thrust front
advance, and low topographic relief orogenic wedge. Transgressive-regressive depositional
cycles can be controlled partly by reductions of available space within the basin during tec-
tonic thickening of the sedimentary pile by layer parallel shortening, folding and thrusting.

Although much less constrained, an approximation of post-thrusting exhumation and
isostatic and tectonic uplift, as well as a first determination of possible amounts of eroded
material of parts of the Ebro basin illustrate the impact of post-depositional erosion and
uplift on the foreland.

The geometry and distribution of the infill of a
flexural foreland basin register the interplay
between different surficial and deep geological
processes and are dependent on the ratio
between rates of sediment supply and space
available in the basin. Rates of tectonic growth
and denudation control sediment supply, mainly
in the orogenic wedge, whereas lithospheric
strength, advancing tectonics and sea-level vari-
ations control the accommodation space in the
foreland basin. All these factors are linked to
define a unique linkage between orogenic evol-
ution and the foreland basin during several tens

of millions of years. However, most foreland
basins evolve in a similar way, from marine and
largely underfilled to continental, overfilled and
largely bypassing (e.g. Allen er al. 1986; Fig. 1).
The Alpine Molasse basin {Homewood et al.
1986; Sinclair & Allen 1992) and the Pyrenees
(Puigdefabregas et al. 1986, 1992) as part of the
western European foreland basins show good
examples of this general evolutionary trend. The
internal distribution of sediments within the
basin is characterized by several depositional
cycles with a duration of a few millions of years
(third-order depositional cycles).
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Fig. 1. Vertical motions in a foreland basin during
thrusting are governed by the downward flexure of
the plate produced by tectonic loads. The large-scale
infill distribution on the foreland basin is dependent
on the ratio between available accommodation space
within the basin and the volume of sediment influx.
For low sediment input the basin will be underfilled
(Flysch stage). For large sediment influx, the basin
will be overfilled (Molasse stage). Post-orogenic ver-
tical motions are mainly controlled by the interplay
between tectonic and surficial denudation with con-
comitant isostatic rebound.

In this paper we present the depositional
organization of the Palacogene marine infill of
the southeastern Pyrenean foreland basin
together with a quantitative analysis of vertical
motions within the basin. This work has been
possible by the integration of surface data, oil-
well data and non-published commercial seismic
lines. An important effort has been made in
refining the chronostratigraphic framework of
this part of the Pyrenean basin by combining
magnetostratigraphic and new palaeontological
data. Furthermore, a backstripping analysis,
based on local isostatic compensation, has been
made across a N-S transect throughout the com-
plete foreland basin. This approach allows us to
calculate rates of total and tectonic subsidence
in single localities as well as their migration
across the basin, ahead of the forelandward-
moving Pyrenean deformational front. More-
over, this analysis illustrates how an active distal

margin (the Catalan Coastal Ranges) influenced
subsidence distribution and subsidence rates
across the basin.

Geological setting

The Pyrenees correspond to the western termin-
ation of an orogenic belt formed during the Ter-
tiary closure of the Tethyan Sea located between
the converging African and European plates
(Fig. 2). The relatively straight and E-W-trend-
ing Pyrenean orogen developed by the northern
subduction of the Iberian lithosphere beneath
Europe as imaged by the deep seismic reflection
ECORS-Pyrenees profile (Choukroune er al.
1989). The Pyrences merge eastward with the
highly arcuate Alps, which formed above a
south-dipping European lithospheric subduc-
tion underneath Adria, the northern promon-
tory of the African plate, (ECORS-CROP Deep
Seismic Sounding Group 1989). Both orogens
are doubly sided with a major foreland basin on
top of the lower plate (e.g. Muiioz 1992; Pfiffner
1992). The Ebro basin and the Molasse basin
represent the latest evolutionary stage of the
flexural foreland basin. Earlier foreland basin
strata are preserved in piggyback basins on top
of thrust sheets. The Aquitaine basin developed
on the northwestern side of the Pyrenees and
represents a retro-foreland basin.

The eastern side of the Ebro basin displays an
irregular shape bounded by the Pyrenees to the
north and the Catalan Coastal Ranges to the
southeast (Fig. 3). This irregular geometry is due
to both the oblique trend of the Catalan Coastal
Ranges with respect to the Pyrenean chain and
the succession of frontal and oblique segments
of the Pyrenean front, inherited from the Meso-
zoic extensional basin geometry (Puigdefabre-
gas et al. 1992; Vergés & Burbank 1996). The
southeastern Pyrenean foreland basin devel-
oped almost entirely over pre-Mesozoic base-
ment and stands in contrast to the more westerly
Jaca Basin which developed on top of a detached
Mesozoic section (e.g. Séguret 1972; Teixell
1996).

The Vallfogona thrust represents the major
thrust boundary between the southeastern Pyre-
nean thrust sheets and the deformed foreland
strata (Fig. 3). The thick Tertiary succession
cropping out in the Cadi thrust sheet is folded by
the Ripoll syncline (Muifioz ez al. 1986; Puigde-
fabregas et al. 1986). The lower segment of this
stratigraphic succession represents the northern
part of the former south Pyrenean foreland
basin whereas the upper segment represents the
individualization of this part of the trough as a
piggyback basin, the Ripoll basin, after the
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Fig. 2. Tectonic map of western Mediterranean with location of Tertiary orogenic belts and adjacent foreland
basins. Thick black lines with black triangles bound shaded orogenic regions. Open circles highlight foreland
basins. Oblique lines define major outcrops of basement. Narrow boxes indicate location of compared subsi-
dence studies in the Jaca basin in the western Pyrenees (JB), Aquitaine foreland basin (AB), Swiss Alpine and

German Alpine basins (SAB and GAB).

inception of the Vallfogona thrust. A large part
of the Ebro foreland basin is deformed by a
system of folds and thrusts, in part coeval to
deposition (Puigdefabregas et al. 1986; Burbank
et al. 19924a), detached above a suite of foreland
evaporitic levels (Vergés et al. 1992; Sans et al.
1996).

The subsidence analysis presented in this
paper has been made along a N-S transect (for
location see in Fig. 3), parallel to the tectonic
transport direction in this segment of the Pyre-
nees. The location of the studied stratigraphic
sections and oil-wells have been projected into a
regional cross-section, presented in Fig. 8 and
described in Vergés (1993) and Vergés &
Burbank (1996). This projection into the
regional section is nevertheless problematic due
to the rapid lateral changes in both the stratigra-
phy and the tectonic style and has to be viewed
as an approximate couple between subsidence
results and regional fold-and-thrust belt
geometry. For instance, the Puig-reig oil-well is
projected parallel to the Puig-reig anticlinal
structure from the east where the anticline ends
and displays a much reduced shortening (Vergés
& Burbank 1996).

Depositional cycles and
chronostratigraphy

The Palacogene marine succession of the SE
Pyrenean basin has been divided into four major
transgressive-regressive depositional cycles
across the southeastern Pyrenean foreland
basins. First and second cycles are defined within
the Ripoll syncline (Cadi thrust sheet in Fig. 4),
whereas third and fourth cycles are contained in
the Ebro basin (Figs 3 & 4). The lateral continu-
ity of these four cycles throughout the foreland
basin is not straightforward. Difficulties arise for
the following reasons: (1) the stratigraphic suc-
cession is partitioned in different tectonic units
and basins as discussed above; (2) the interplay
between tectonics and sedimentation occurs at
different scales; (3) the Catalan Coastal Ranges
represent an active, rather than passive, south-
ern basin margin (Figs 2 & 3); (4) the sediments
vary and comprise carbonates, clastics and evap-
orites; and (5) precise chronostratigraphic
control is lacking in the oil-wells of the central
part of the basin.

In this situation, an accurate chronostratigra-
phy is especially needed to determine reliable
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Fig. 3. Structural map of the Eastern part of the Ebro basin between the Pyrenean thrust belt to the North and
the Catalan Coastal Ranges to the South. Dashed line shows the analysed transect from G to M. Short thick
lines represent the location of seismic lines (UTC83-10 crossing the Cadi thrust sheet and S-7 in the northern
side of the Ebro basin). Open circles with crosses show oil-wells with a number referred to an oil-well index
published in Lanaja (1987). Thick dashed N-S line shows the position of a regional balanced and restored
cross-section (Fig. 8) used in the construction of a crustal-scale section (Vergés et al. 1995). Subsidence results
have been projected, parallel to the tectonic structures to both the analysed section to the east and to the
regional cross-section to the west (see black dashed arrows). Sections and oil-wells used in this study are repre-
sented by G-Gombrén section; (464), Jabali oil-well; (26), Puig-reig oil-well; S, Santpedor oil-well; (103),
Castellfollit oil-well; and M, Montserrat section. Additional locations are represented by V, Vic section; SJ,
Sant Jaume de Frontanya section; B, Baga section; O, Oliana section; and A, Artesa del Segre section. Little
stars show location of vitrinite samples used in this study (Santpedor and Calaf localities).

depositional cycles boundaries (Fig. 4). Chrono-
stratigraphy is based on biostratigraphic and
magnetostratigraphic data compilation from
published works and their correlation to the
magnetic polarity time scale. Biostratigraphy is
based mainly on larger foraminifera, especially
Nummulites and Alveolina (Hottinger 1960;

Ferrer 1971; Schaub 1981; Serra-Kiel 1984;
Tosquella 1995). Magnetostratigraphic data
come from seven different sections within the
studied region (Fig. 3; Burbank et al. 1992a.b;
Lopez-Blanco et al. in press) as well as from the
central Pyrenees where the Palacocene-Eocene
boundary is well defined in the Campo section
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(Serra-Kiel et al. 1994). The correlation between
magnetic sections and larger foraminifera corre-
sponding to Shallow Benthic Zones (SB),
mainly based on south Pyrenean specimens
(Serra-Kiel et al. in press) is shown in Fig. 4. The
magnetic polarity time scale of Cande & Kent
(1995) is used here.

Ages corresponding to either transgressive—
regressive boundaries or lithological formations
are calculated by interpolation assuming con-
stant rates of sediment accumulation during
well-defined magnetic intervals. The use of
lithostratigraphic formations minimize the poss-
ible changes of sediment accumulation rates
within analyzed intervals. Ages of the succes-
sions derived from oil-wells have been calcu-
lated from biostratigraphic data, correlation
with surface sections, and the support of the
magnetostratigraphic sections of Vic (Burbank
et al. 1992a) and Oliana (Burbank er al. 1992b),
corresponding to the basin centre (Fig. 3). The
age for the uppermost part of the Bellmunt
deposits in the Gombreén section has been calcu-
lated by extrapolating the mean sediment
accumulation rate determined for the interval
45.82-43.78 Ma. The age of the uppermost
deposits of the Solsona Fm in the Jabali, Puig-
reig, Santpedor and Castellfollit sections have
been determined assuming mean sedimentation
rates of 0.23 mm a! determined from roughly
coeval deposits in Oliana (Burbank ez al. 1992b)
and in Artesa del Segre (Meigs et al. 1996) (see
Fig. 3).

During the Palacogene, the inception of
marine conditions on the SE Pyrenean foreland
basin occurred above a regional unconformity
dated as 55.9 Ma old in the Campo section
(chron 24.3r; Serra-Kiel et al. 1994) as well as
farther west in the Urbasa section, Basque
country (Pujalte et al. 1994). First depositional
cycle is Ilerdian to early Cuisian in age compris-
ing SB5 to SB10 based on magnetostratigraphy
(Serra-Kiel et al. 1994; Bentham & Burbank
1996) correlated with biostratigraphic data
(Serra-Kiel er al. 1994). This first transgres-
sive-regressive depositional cycle started with
shallow-marine Alveolina limestones (Cadi
Fm), Ilerdian and Cuisian in age. The age of the
base of the Cadi Fm decreases toward the distal
margin of the basin: early Ilerdian in the Pyre-
nean thrust sheets, middle Ilerdian in the centre
of the Ebro basin and middle Ilerdian 2 in the
southern and distal margin (Orpi Fm). The
shallow-marine carbonate platform represented
by both the Cadi and Orpi Formations merged
northward into deeper water calcareous mud-
stones of the Sagnari Fm (Luterbacher er al
1991; Giménez-Montsant 1993). The regressive

hemicycle is represented by a prograding,
deltaic, clastic wedge capped by fluvio-lacustrine
facies of the Corones Fm. (Giménez-Montsant
1993), early Cuisian in age (Tosquella 1995).
Based on the magnetostratigraphic studies, the
total duration of this transgressive-regressive
cycle is 5.1 Ma (from 55.9 to 50.8 Magp).

In the Pyrenean thrust sheets, the second
cycle is mid-Cuisian to early Lutetian in age con-
taining SB11 to SB13 based on magneto-
stratigraphy (Bentham & Burbank 1996)
correlated with biostratigraphy (Samsé et al.
1994; Tosquella 1995). This cycle starts with
shallow-marine limestones (uppermost part of
the Corones Fm), which rapidly grade upward
into a ¢. 1000 m thick, slope facies association
mostly represented by carbonates and calcare-
ous mudstones, often slumped (Armancies Fm).
This slope association includes up to seven,
decametric, megabreccia units interpreted as the
result of slope resedimentation of co-existing
carbonate platforms which constitute the Penya
Fm (Giménez-Montsant 1993). Above the slope
marls, over 700 m of siliciclastic turbidites (Cam-
pdevanol Fm), linked to southward-prograding
fluvio-deltaic and fan-delta systems (lowermost
part of the Bellmunt Fm), are present in the
northern margin of the Cadi thrust sheet. These
turbidites filled a trough adjacent to the advanc-
ing Pyrenean thrust sheets and was rimmed
southward by the above mentioned carbonate
platform (Puigdefabregas er al. 1986). The
uppermost part of the turbiditic succession could
be interstratified with evaporitic deposits
(Martinez et al. 1989), although the thick evap-
oritic alternation was deposited southward of
the turbiditic depocentre (Fig. 4). The thickness
of this evaporitic unit (Beuda Fm) greatly
increases southwards, as evidenced by the
Serrat-1 oil-well (Union Texas Inc. 1987), drilled
in the northern flank of the Ripoll syncline (Cad{
thrust sheet; Fig. 3). In the footwall of the Vall-
fogona thrust, the well cuts ¢. 2000 m of gypsum,
and alternating gypsum, sandstones and marls,
with a 200 m thick intercalation of salt (Martinez
et al. 1989). The 100 m thick level of gypsum
cropping out along the northern flank of the
Ripoll syncline represents the northern margin
of the Beuda depocentre. This second deposi-
tional cycle comprises the mid-Cuisian and the
latest part of the early Lutetian, spanning a total
of 4.54 Ma (from 50.8 to 46.26 MagP).

The third and fourth marine depositional
cycles are exposed south of the Vallfogona
thrust, in the Jabali and Puig-reig oil-wells and in
the southern margin of the Ebro basin.

The third cycle is early Lutetian to uppermost
Lutetian in age. It contains SB14, SB15 and
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SB16 zones based on magnetostratigraphy
(Burbank et al. 1992a4; Bentham & Burbank
1996) correlated to biostratigraphic data (Serra-
Kiel & Travé 1995; Sams6 et al. 1994). This third
cycle starts with a renewed transgression
recorded at the northern basin margin by a glau-
conite-rich, mostly sandy, nearshore-to-deltaic
facies association (Coubet Fm) that uncon-
formably overlies previous continental deposits
(lowermost part of the Bellmunt Fm). These
sandy facies are overlain by a thick, southward-
prograding, terrigenous fluvio-deltaic wedge
(Maté et al. 1994), comprising conglomerates,
sandstones and marls (Bellmunt and Banyoles
Formations). The thickness of this fluvio-deltaic
wedge is around 700 m east of the studied tran-
sect (Saula et al. 1994), ¢. 600 m in the Jabali oil-
well and only ¢. 200 m in the Puig-reig oil-well.
To the south, these fluvio-deltaic clastics overlap
a southern carbonate platform (Tavertet Fm).
The age of this cycle is well-constrained by both
biostratigraphy and magnetostratigraphy; it
covers a time span of 4.76 Ma (from early Lutet-
ian at 46.26 to late Lutetian at 41.50 Magp).
The fourth cycle is Bartonian in age. It com-
prises SB17 and SB18 zones based on magneto-
stratigraphy (Burbank et al. 19924) integrated
with biostratigraphic data (Serra-Kiel & Travé
1995). This fourth depositional cycle is charac-
terized by the absence of well-developed plat-
form carbonate deposits, because of the
simultaneous progradation from both basin
margins of Montserrat Fm fan-delta deposits in
the south and Milany Fm fluvio-deltaic sand-
stones and conglomerates in the north grading
basinward to prodeltaic-offshore marls of the
Igualada Fm. The overall offlapping trends of
these terrigenous wedges are locally punctuated
by minor onlapping transgressive pulses leading
to the local and temporary development of
carbonate platforms and reef build-ups which
become more frequent toward the top of the
cycle (Tossa Fm). These mixed terrigen-
ous—carbonate wedges overlie a transgressive,
glauconite-rich, shelf sandstone complex
(Folgueroles Fm) and are capped in turn by an
evaporitic plug (Cardona Fm) that fills up the
marine basin. The thickness of this fourth cycle
is about 1560 m in the Jabali oil-well and 1760 m
in the Puig-reig oil-well, although a thrust fault
located at ¢. 1600 m depth produced tectonic
duplication of part of the section that could be
up to 450 m determined from vitrinite
reflectance data from the Puig-reig oil-well
(Clavell 1992). If these determinations are
correct, there would be an overestimation of
both total sedimentary thickness and calculated
value and rate of subsidence for this interval.

However, this tectonic duplication is not repre-
sented in the seismic line S-7 projected from the
eastern termination of the Puig-reig anticline
(see Fig. 6).

South of the Vallfogona thrust, the fourth
sedimentary cycle shows two internal angular
unconformities located at the base and within
the cycle. These two unconformities fossilize
older folds and thrusts and are subsequently
folded and thrusted (Maté et al. 1994). These
cross-cutting relationships suggest continuous
deformation in the south Pyrenean frontal thrust
zone (at the time slices we are considering) at
least during the total duration of the last marine
cycle, which is estimated to be 4.7 Ma (Barton-
ian, from 41.5 to 36.8 Magp).

The above described depositional cycles are
not recognizable, except the fourth one, at the
southern margin of the Ebro foreland basin
near the contact with the Catalan Coastal
Ranges (Fig. 4). In this sector the carbonate
platform deposits (Cadi-Orpi, Penya, and
Tavertet Formations) are substituted by conti-
nental red beds (Pontils Group, Mediona and
Cairat Fms). The precise chronostratigraphic
attribution of these continental units is not well-
constrained, and the possible existence of
several major stratigraphic gaps, although sus-
pected, can not be proved.

Two seismic lines have been selected to show
the geometry of the Ripoll piggyback basin, the
position of the underlying Vallfogona thrust
(seismic line UTC-83-10; Fig. 5), and the
geometry of the southward prograding shallow-
water carbonate platforms in the central north-
ern part of the Ebro foreland basin (seismic line
S-7; Fig. 6).

Cadi thrust sheet structure: seismic line
UTC-83-10

Line UTC-83-10 (Union Texas Espaiia Inc.
1983, migrated) shows the geometry of the Cadi
thrust sheet and underlying tectonic units (Fig.
5). The line is NNE-SSW oriented, crosses the
Cadi thrust sheet but remains parallel to the
southern flank of the Vilada anticline in the
southern part of the line. This anticline plunges
toward the NNE as a result of a folding interfer-
ence with the Ripoll syncline (Vergés et al. 1994).
The Vilada anticline is parallel to the eastern
oblique termination of the lower Pedraforca
thrust sheet and synchronous to its emplacement
and further development (Martinez et al. 1988;
Burbank er al. 1992a). The southern end of the
seismic line is parallel to and located 1 km north-
ward of the present outcrop of the Vallfogona
thrust (Fig. 3).
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Fig. 5. Seismic line UTC-83-10 (Union Texas Espaiia Inc., 1983, migrated) and interpreted line drawing. The
line parallels the eastern oblique termination of the Pedraforca thrust sheet and the Vilada anticline in its
southern part as shown in Fig. 3. The line shows the geometry of asymmetric Ripoll syncline on top of the Vall-
fogona thrust that define the Cadf thrust sheet. The thrust showing a ramp geometry between two flat seg-
ments in the footwall of the Vallfogona thrust represents the main detachment level within the deformed Ebro

basin. Vertical and horizontal scales are similar.

An almost parallel and gently north-dipping
group of reflectors, interpreted as the lower
Eocene carbonate platforms (Cadi Fm), charac-
terizes the bottom part of the line between 1.75
and 1.9 s (TWT) to the south. Above these
reflectors, the line shows three different panels
of reflectors that, from north to south, define (a)
the Ripoll syncline (as part of the Cadi thrust
sheet) above the Vallfogona thrust, (b) an inter-
mediate unit in the footwall of the Valifogona
thrust, and (c) nearly flat-dipping and parallel
reflectors in the southern part of the line
between 1.1 and 1.75 5.

The Ripoll syncline displays a highly asym-
metric geometry characterized by a complete
and thick south-dipping Palaeocene-Eocene

stratigraphic section in the northern flank
whereas only the uppermost part of these
deposits crop out in the southern flank. The cut-
off relationships between the Ripoll syncline
strata and the underlying Vallfogona thrust can
be expressed as follows: the northern flank of the
syncline represents a high angle hanging wall
ramp with respect the Vallfogona thrust whereas
the hinge zone and the southern flank of the syn-
cline represent a very low angle hanging wall
ramp. The Ripoll syncline shows a northward
migration of its axis through time. The footwall
of the Vallfogona thrust is characterized by short
and irregular reflectors interpreted as a set of
folds and thrusts that crop out to the south of the
Vallfogona thrust (Mufloz et al. 1994; Mat6 et al.
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1994). Well-imaged subhorizontal reflectors
located in the southernmost part of the seismic
line between 1.1 and 1.75 s display an abrupt
northern termination interpreted as the footwall
ramp of a north-dipping and south-directed
thrust related to the foreland fold and thrust
system. This thrust can be followed in the
regional cross-section, although, the geometry
of the Cadi thrust sheet west of the seismic line
shows an important southern tilt due to the
emplacement of basement tectonic units in the
northern part of the section (Vergés et al. 1995;
see Fig. 8).

Ebro foreland basin structure: seismic line
S-7

Line S-7 (UERT, S.A. 1977, fold stack) shows
the geometry and distribution of shallow-marine
prograding platforms in the central-northern
segment of the Ebro foreland basin (Fig. 6). The
line with a NNE-SSW direction, crosses the
gentle Busa syncline and ends at the Puig-reig
oil-well in the northern flank of the Puig-reig
anticline. The Jabali oil-well has been projected
into the S-7 line from 6 km to the WNW, paral-
lel to the northern flank of the Busa syncline
(Fig. 3).

The seismic line shows different vertical seg-
ments according to their seismic facies reflec-
tivity (Fig. 6). The lower segment is composed
of subhorizontal, parallel and non-deformed
group of reflectors between 1.3 and 1.0 s to the
south of the line. The southern ends of these
reflectors display a progressive southward
onlap over a less reflective level interpreted as
the basement (upward arrows in Fig. 6). The
northern ends of individual reflectors grade
laterally and northward into the overlying less
reflective segment, corresponding to more fine
grained sediments (downward arrows in Fig. 6).
The lowermost reflectors correspond to the
lower and middle Eocene platform limestones
(Fig. 4) as confirmed by well information
(Jabali and Puig-reig oil-wells). The length of
individual reflectors is on the order of few tens
of kilometres. The less reflective segment,
located between 1.05 and 0.85 s (at the southern
part of the line) shows increasing reflectivity
toward the north and has been interpreted as
corresponding to marls and sandstones of the
Banyoles Fm. Between (.85 and 0.5 s, there is a
reflective segment delineating the Busa syn-
cline and corresponding to the upper part of the
Tgualada Fm. The uppermost segment, above
0.5 s is much less reflective although individual
reflectors outline the syncline geometry. These
reflectors correspond to the fluvial pelites,
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sandstones and conglomerates of the Solsona
Fm.

Sedimentary model and
palaeobathymetries

Figure 7 shows the interpretation of the studied
part of the foreland basin. The shallow-water
platform limestones migrate and become
thinner toward the south. The northern Jabali
oil-well cuts through c¢. 820 m of limestones
(Cadi to Tavertet Formations) and about 600 m
of overlying terrigenous deposits (Banyoles
Fm), whereas the southern Puig-reig oil-well
cuts across c¢. 480 m of limestones and ¢. 200 m of
marly deposits. The fluvio-deltaic Banyoles Fm
passes southward and overlaps the platform
deposits. Although the ages of these platforms
are not well constrained across the whole basin,
seismic information shows that the uppermost
well-imaged reflector cut in the Jabali oil-well
corresponds to the middle part of the group of
reflectors cut in the Puig-reig oil-well, indicating
therefore a fairly rapid southward migration of
the shallow marine platform systems, as well as
a younger age for the base and top of these
carbonate platforms in the same direction (Fig.
7).
The south-dipping geometry of some of the
reflectors corresponding to the Banyoles Fm can
be interpreted as depositional slopes. Neverthe-
less, the regional tectonic framework indicates
that there is a regional detachment level that
follows approximately the contact between
limestones and marls (Vergés et al. 1992; Sans et
al. 1996). This detachment climbs up from the
limestone—marl contact to the Cardona salt
horizon and produces the Puig-reig anticline
above the thrust ramp.

Facies distribution within the basin shows an
inner, northern part characterized by thick
marine terrigenous wedges grading southward
to shallow-water carbonate platforms, overlap-
ping thin continental deposits located on the
unflexed part of the foreland basin (Fig. 4). Fore-
land basin carbonate platforms on the southern
margin migrated toward the foreland side of the
basin although several progradational episodes
toward the inner part of the basin are recorded
by at least seven megabreccia units during the
second depositional cycle. These megabreccias
are intercalated with talus marls cropping out in
the northern flank of the Ripoll syncline
(Puigdefabregas et al. 1986; Barnolas 1992;
Giménez-Montsant 1993). Above the talus
deposits, important north-derived turbiditic
wedges (Campdevanol Fm) produced the shift
of depositional facies belts to the south. The end
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Fig. 6. Seismic line Seismic line S-7 (UERT, S.A., 1977, fold stack) and interpreted line drawing. The line is
NNE-SSW and crosses the Busa syncline to the north and the Puig-reig anticline to the south as shown in Fig.
3. The line shows the geometry of the northern part of the Ebro basin, especially the southward migration of
the lower and middle Eocene shallow marine platform limestones (constrained by Jabali and Puig-reig bore-
holes), represented by the lower set of subhorizontal reflectors of the line. Arrows point to the northern and
southern ends of individual reflectors. Upward-pointing-arrows indicate the southward migration of platforms.

Vertical and horizontal scales are similar.

of carbonate platform development during the
fourth cycle coincides with the onset of general-
ized clastic deposition by large fan-delta and
fluvio-deltaic complexes around the Ebro basin
(Fig. 4).

These relationships between carbonate plat-
forms and clastic wedges are well exposed along
the N-S, forelandward direction of facies
migration in the Jaca piggyback basin (JB in Fig.
2). Shallow-water carbonate platforms devel-
oped in the distal margin of the Jaca basin,
whereas a thick unit of northerly derived silici-
clastic turbidites (Hecho Group) filled the basin
during a 9-10 Ma long interval spanning from

Ypresian to late Lutetian (e.g. Labaume et al.
1985; Barnolas & Teixell 1994). Eight megabrec-
cia units are recognized within the turbidites,
interpreted as single depositional events pro-
duced by either episodes of thrusting in the
northern side of the trough (Johns et al. 1981,
Labaume et al. 1985) or episodes of drowning
and collapse of the southern carbonate platform
during the migration of the tectonic flexure
toward the foreland side of the basin (Barnolas
& Teixell 1994). The southern depocenter
migration during this period of time was 3-5
mm a~! (Labaume et al. 1985; Barnolas & Teixell
1994).
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Fig. 7. Interpretative stratigraphic panel from Jabali to Puig-reig oil-wells supported by seismic data. The
lower and middle Eocene limestones migrate toward the foreland coevally with the migration of the foreland

flexure. Triangles represent depositional cycles.

Palaeobathymetry is an important factor in
subsidence analysis. For this reason we utilize
multiple approaches to estimate palacowater
depths. Palaeobathymetries of southeastern
Pyrenean foreland platform and shallow-water
deposits are well constrained by larger
foraminifera fossil record. At present, Alveolina
develop between 10 and 60 m depth and are
especially abundant between 25 and 35 m
whereas the range of Nummulites is between 30
and 130 m with their maximum abundance at
45-85 m (Hottinger 1977; Reiss & Hottinger
1984). The palaeobathymetric values for the
Armancies and Campdevanol Fms presents
more uncertainties because they lack good
palaeobathymetric indicators. Planktonic
foraminifera, are almost absent in these sedi-
ments. Within the Armancies Fm and in the
front of carbonate platforms, the megabreccias
extend for around 20 km along the strike of the
basin centre (Vergés et al. 1994; Muiioz et al.
1994), as other modern analogs in active tectonic
settings, that extend along 30 km downslope and
16 km along the axis of the basin (Hine et al.
1992). This modern-analogue massive depo-
sition occurred above slopes of 2.4, reaching
depths of up to 300 m. Although it is difficult to
compare different tectonic scenarios, we think
that the second depositional cycle follows a
deepening-shallowing pattern, starting at very
shallow depth of ¢. 15 m above the upper layer
of the Corones Fm and increasing the depth to
the base of the Campdevanol turbidites at a
maximum depth of ¢. 300 m. From this point,
there is a shallowing sense of the bathymetry,

very well constrained by a Turritella horizon,
located on the lowermost part of the Beuda Fm
(deposited around 50 m below sea level), to the
final very shallow-water or even subaerial
exposure at the top of the Beuda evaporites
(Orti et al. 1988). Although a more precise
palaecobathymetric analysis would be desirable,
especially for the Armancies and Campdevanol
Formations, the values discussed above give us
adequate lower and upper palaeobathymetric
boundaries for the subsidence analysis pre-
sented below (Table 1).

Palacobathymetry is less constrained for con-
tinental deposits. We assumed an average alti-
tude of 50 m (0 to —100 m) above sea level for
Bellmunt and Solsona fluvial deposits. Fluvial
sediments of the Bellmunt Fm were deposited,
at least partially, after the Ripoll basin become a
piggyback basin on top of the Vallfogona thrust.
However, the Ripoll basin was not completely
disconnected from the main foreland basin to
the south where marine sedimentation repre-
sented by the Coubet and Banyoles Fms pre-
vailed during this interval (Mufioz et al. 1994;
Saula er al. 1994). Alluvial and fluvial Solsona
deposits in the basin centre were deposited after
the closure of the south Pyrenean foreland
basins toward the Atlantic Ocean at the Barton-
ian-Priabonian boundary. These deposits pro-
duced an extensive backfilling of the basin and
external parts of the Pyrenean thrust belt
(Coney et al. 1996) that could be concurrent with
a continuous increase of the palaeobathymetry
within the basin. However, we assumed a fairly
low altitude between 0 and 100 m above sea level
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Table 1. List of initial parameters used in this subsidence analysis for each lithology (rock densities, initial

porosities and porosity coefficients)

Lithology Shales Siltstones Sandst. Cong. Marls  Limest. Gypsum Anhydrite
Initial Porosity ¢,  0.63 0.59 0.49 0.5 0.58 0.5 0.5 0.5
Constant ¢ (m™) 0.00051 0.00045 0.00027  0.0003  0.00059 0.0007 0.0009 0.0009
Density (g cm?)

General 2.50 2.53 2.60 2.60 2.50 2.67 231 2.85

Garumnian 2.51 2.54 2.67

Cadi Fm 2.69

Orpi Fm 2.65

Sagnari Fm 2.58

Corones Fm 2.62 2.56 2.66

Amancies Fm 2.50 2.60

Campdevanol Fm 2.55 2.69 2.48

Beuda Fm 2.85

Igualada Fm 2.35

Solsona Fm 2.53

for the Solsona Fm deposits (Table 2). Finally,
above sea-level palaeobathymetries for Mont-
serrat fan-delta deposits are deduced from the
fan-delta palaeotopographic reconstructions
(Lépez-Blanco et al. in press; Table 2).

Subsidence analysis

Subsidence analysis is made along a N-S profile,
parallel to the direction of the Pyrenean tectonic
transport, along the southeastern Pyrenean
foreland basin from the Ripoll piggyback basin
in the north to the Catalan Coastal margin of the
Ebro basin in the south (Figs 3, 8). Local isosta-
tic backstripping analysis is carried out on six
detailed stratigraphic sections along this N-S
transect. The northernmost, outcrop-based,
Gombren stratigraphic section spans the north-
ern flank of the Ripoll syncline (Cadi thrust
sheet). The presented section is based on a
detailed unpublished section from UERT, S.A.
(1977) shown in Fig. 8. The section records the
continental Palaecocene section that underlies
the first and second depositional cycles and is
combined with good magnetic time-control for
the Eocene sequence (Baga and Gombrén mag-
netostratigraphic sections; Burbank et al. 1992a;
Fig. 3). South of the Vallfogona thrust, in the
northern crops out of the Ebro basin, the Jabal{
and Puig-reig oil-wells cut the complete Eocene
marine depositional sequence (first to fourth
cycles). The Santpedor and Castellfollit oil-wells
characterize the central and southern margins of
the Ebro basin. These two sections, as well as the
outcrop-based Montserrat stratigraphic column
represent mostly the fourth depositional cycle.

The Montserrat section and magnetostratigra-
phy are based on Lépez-Blanco et al. (in press).

The stratigraphic intervals used in this subsi-
dence analysis correspond to lithostratigraphic
formations that show fairly homogeneous sedi-
mentary facies. We assume a constant rate of
sedimentation within well-constrained intervals
of time. The lithological percentages for each
interval have been resolved from calculations
based on detailed 1:500 sections, except for the
Santpedor section in which information was less
reliable and the section was incomplete in its
upper part corresponding to the Solsona Fm.

This subsidence analysis, assuming Airy
isostasy, is made from decompaction calculations
and uses estimates of palacobathymetry. Decom-
paction calculations are based on van Hinte
(1978) using a simple exponential relationship
for changes in porosity with depth. Initial porosi-
ties and constant ¢ are based on Sclater &
Christie’s (1980) values for detritic and carbon-
atic rocks and on Sonnenfeld’s (1984) values for
evaporitic rocks. To determine possible errors
during decompaction we calculate decompacted
thickness of the section using a more accurate
algorithm (Allen & Allen 1990; Angevine et al.
1990). The formal errors have been omitted as
they are insignificant (a minimum of 1.1% in the
Montserrat section to a maximum of 4.6% in the
Gombren section). The errors associated with
the specific choices of porosities and compaction
exponent ¢ are unknown. They are probably con-
siderably greater than the formal errors cited
above, but they are unquantified and are ignored
here. Table 1 lists initial porosities and constant ¢
for each lithology.
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The backstripping technique that allows us to
calculate tectonic subsidence is based on Steck-
ler & Watts (1978). We applied specific final den-
sities for both particular lithologies and
formations based on regional studies by Rivero
(1993) as well as evaporitic rock densities based
on Sonnenfeld (1984), that are listed in Table 1.
We used 3.3 ¢ cm for mantle and 1.0 g cm= for
water densities. Equations for continental
basins, in which tectonic subsidence is calculated
for an air-loaded basin, rather than a water-
loaded basin, are applied to the Montserrat
section and decrease the calculated tectonic sub-
sidence by a factor of 30% with respect to
marine equations. Nevertheless, we also
analysed this section using only marine equa-
tions to compare the results.

Conservative estimations of palacobathyme-
try for marine and continental deposits have
been discussed in the preceding section and are
listed in Table 2.

Because the uncertainties on the correlation
between sea-level curves and South Pyrenean
foreland basin infill, especially for short-term
events like the Cardona salt deposition, we do
not include them in the presented backstripping
analysis. First-order cycle sea level decreases
regularly from c. 220 m at the base of the Eocene
to ¢. 190 m at the top of the Eocene (Vail et al.
1977; Haq et al. 1987). The Beuda and particu-
larly the Cardona evaporitic intervals approxi-
mately correspond to marked sea-level falls
(100 m) in the published curve (as noted in
Burbank et al. 19924), and may introduce
additional uncertainties to the subsidence analy-
sis. The Beuda and Cardona evaporitic succes-
sions are characterized by shallowing-upward
sequences culminating in subaerial exposure at
the top of the unit in the case of the Beuda suc-
cession (Orti et al. 1988). The decreasing palaeo-
bathymetry related to these units might reflect
the variation of the ratio between tectonic subsi-
dence and variations in sea-level. If we hold the
tectonic subsidence constant for these short
intervals of time, then the shallowing-upward
sequence would be produced only by a sea-level
drop. However, if the shallowing-upward
palacobathymetry observed in the Beuda unit is
related to a sea-level fall, then the tectonic uplift
associated with this evaporitic unit would be
apparent (see Gombrén subsidence curve in Fig.

8).

Apparently abrupt slope changes in the subsi-
dence curves are primarily artifacts of the calcu-
lation technique in which constant rates are
calculated between dated endpoints that are
widely separated in time. In addition use of local
Airy isostasy tends to amplify apparent rate

changes that would be more subdued if lateral
flexural strength were taken into account. These
abrupt changes have no geological significance
as can be deduced by the widespread grada-
tional contacts between different depositional
units. The uppermost interval of most of the
analysed sections corresponds to continental
deposits that have been partially eroded, such as
the Bellmunt Fm in the Gombren section and
the Solsona Fm south of the Vallfogona thrust.
Subsidence curves for these uppermost seg-
ments of the sections have been determined
using marine equations for water-loaded crust
and assuming the extrapolated age of the top of
each section represents its final stage of depo-
sition (Figs 8 & 9). Table 2 lists the input par-
ameters (age of the top of the selected interval,
present thickness, final density of the whole
interval, and bathymetry) and results (total and
tectonic subsidence and decompacted thickness)
for each of the analysed sections.

Subsidence and tectonics: geohistory

The subsidence curves display a typical foreland
basin convex-up shape with an inflection point
dating the onset of the most intense period of
tectonic subsidence (Figs 8 & 9). The Gombrén
section displays the first inflection point at 55.9
Ma coinciding with the onset of marine con-
ditions within the basin after a long period of
time characterized by widespread continental
Palaeocene deposition (Figs 4 & 8). The second
inflection point, at 50.7 Ma coincides with the
basal part of the second depositional cycle rep-
resented by marls and calcareous marls of the
Armancies Fm. During deposition of siliciclastic
turbidites of the Campdevanol Fm, there is a
marked decrease in tectonic subsidence values
(Figs 8 & 9). During Beuda deposition, the tec-
tonic subsidence pattern starts to show an
upward vector of motion that is distinctive of the
latest evolution of the Ripoli basin as a piggy-
back basin during the Bellmunt Fm fluvial depo-
sition. Nevertheless, as has been noted
previously, a sea-level drop of ¢. 100 m would be
sufficient to invert the calculated upward dispo-
sition of the total subsidence curve during the
Beuda interval.

The Jabali and Puig-reig subsidence curves
show the southward migration of their first
inflection point. In the Jabali section the first
inflection point corresponding to a considerable
increase in tectonic subsidence is located around
46.26 Ma, several millions of years later than the
Gombren inflection points. However, the most
important inflection point in this curve corre-
sponds to 43 Ma as well as in the Puig-reig
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the Gombren section to show the onset of important tectonic subsidence coeval with the
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Fig. 9. Plot of total (lower and thick black lines of each curve) and tectonic (upper lines of each curve) subsi-
dence versus time. The position of each profile is restored to its pre-thrusting position according to the
restored version of the cross-section shown in Fig. 8 (Vergés 1993; Vergés & Burbank 1996). As in Fig. 8, tec-
tonic subsidence curves are calculated for marine equations using the age of the uppermost strata preserved in
the section as a final age-value of the analysis. The Montserrat curve shows results using both continentat
(dashed thin black line) and marine equations (thin black line) for the sake of comparison. Arrows show the
position of the inflection points related to the initiation of subsidence events. From Gombrén to Montserrat,
the migration of the flexural wave occurred at a rate of ¢. 10 mm a-! throughout 104 km of the southern Pyre-
nean foreland basin.

section. This period of strong subsidence corre-  display smaller amounts and rates of tectonic
sponds to deposition of marly deposits of Bany- subsidence during deposition of alluvial and
oles Fm. The younger segments of these curves fluvial deposits corresponding to the Solsona
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Fm. To the south of these two wells, the Santpe-
dor and Castellfollit subsidence curves show
their first and unique inflection point at 40.0 Ma
as well as the Montserrat curve. However, the
Montserrat section shows a previous and very
rapid period of tectonic subsidence at 41.5 Ma at
the base of the conglomeratic Montserrat Fm
that contains growth strata geometries proving
its unambiguous syntectonic character (Lopez-
Blanco 1993). Although time control in the
Santpedor and Castellfollit sections is not so
well constrained as it is in the Montserrat
section, the short-term high-rate of tectonic sub-
sidence determined at 41.5 Ma suggests that
Catalan Coastal Ranges influenced subsidence
in the southern segment of the Ebro foreland
basin. The product of this tectonic activity in
both margins of the Ebro basin during middle
Eocene time resulted in a double flexure as
observed in cross-section (Fig. 8) and two oppo-
site prograding deltaic clastic wedges related to
the active margins of the foreland basin (Fig. 4).

Based on the combination of balanced and
restored cross-sections and palinspastic maps
(Vergés 1993; Vergés & Burbank 1996), Fig. 9
shows the tectonic subsidence curves in a
restored position with the Montserrat section
used as a pin point. This restoration permits
calculation of the rate of southward migration of
the position of the first inflection point and thus
the onset of the tectonic subsidence within
different segments of the Ebro foreland basin.
The rate of flexural wave migration across 104
km of basin width (from Gombrén to Montser-
rat sections) is ¢. 10 mm a-l. At the same time
along the southern margin of the basin, the
shallow-water carbonate platforms (as imaged
in seismic line S-7, Fig. 6) migrate at the same
velocity to maintain the particular bathymetric
conditions required for their growth (backstep-
ping foreland carbonate ramps; Dorobek 1995).

Subsidence in the foreland basins is coupled
to the emplacement of tectonic loads within the
orogen (Price 1973; Beaumont 1981; Jordan
1981). The parallel trend of the subsidence tran-
sect and the Pyrenean tectonic transport permits
investigation of a direct relationship between
tectonics and subsidence. The ages of the
emplacement of southeastern Pyrenean thrust
sheets have been previously documented based
on cross-cutting relationships between thrusts
and syn- and post-thrusting sediments dated by
classical methods (Puigdefabregas et al. 1986;
Vergés & Martinez 1988). A more complete
approach on the timing of thrusting was pre-
sented by Burbank et al. (1992a,b), using both
magnetostratigraphy and subsidence analysis.
Thrust emplacement ages were recalibrated for

the Cande & Kent (1992) global polarity time
scale in Vergés & Burbank (1996), whereas the
links between cover and basement thrust sheets
as well as a compilation of ages of thrusting
along a complete N-S crustal transect crossing
the Pyrenees was presented in Vergés et al
(1995). This subsidence analysis represents a
complementary and independent constraint to
date thrust development and will allow us to
determine better the onset of different events of
thrust, the geometry and rates of tectonic subsi-
dence, and the rate of its propagation across the
foreland (Figs 9 & 10).

The strong subsidence events determined in
the northernmost Gombreén section, cropping
out in the northern flank of the Ripoll syncline,
reflect the emplacement of the Pedraforca thrust
sheets (the upper southern Pyrenean thrust
sheets: Mufioz et al. 1986). Tectonic subsidence
starts at the base of the first depositional cycle
(55.9 Ma) and strongly increases at the base of
the second cycle (50.69 Ma). The parallel
increase of the rate of tectonic subsidence, to
0.53 mm a’!, is related to the southward
emplacement of the Pedraforca cover thrust
sheets and Nogueres basement unit. The sub-
marine and rapid emplacement of the front of
these tectonic units is demonstrated by syntec-
tonic sediments containing blocks and olistolites
derived from the front of the overriding thrust
sheets (Vergés & Martinez 1988) and palinspas-
tic maps (Vergés & Burbank 1996). At basin-
scale, relatively deep marine sedimentation
(Armancies and Campdevanol Fms), recording
the underfilled stage of the foreland basin, coin-
cides with the period marked by highest rates of
tectonic shortening (> 4 mm a!), rapid thrust-
front advance and a first stage of Pyrenean oro-
genic growth characterized by a relatively low
topographic relief (Vergés et al. 1995). This par-
allelism of underfilled basin conditions and high
rates of tectonic advance has been observed in
the Swiss Molasse basin (Allen ef al. 1991) and
simulated with foreland basin modelling (Flem-
ings & Jordan 1989; Sinclair et al. 1991).

Decreasing tectonic subsidence values and
rates (0.10 mm a™) recorded during the tur-
biditic deposition of the Campdevanol Fm
between 49.36 and 46.85 Ma, are related in this
work to the initial deformation within the south
Pyrenean foreland basin before its partition into
a transported Ripoll piggyback basin to the
north and a major foreland basin to the south.
This deformation was achieved by a combi-
nation of layer parallel shortening, folding and
thrusting probably related to the forelandward
propagation of the Vallfogona thrust across
foreland deposits that triggered the large
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Fig. 10. Plot of tectonic subsidence rates in mm a! using reference time slices. The position of each of the pro-
files is restored to the pre-thrusting position as in Fig. 9. Maximum subsidence rates are as high as 0.53 mm a!
(from 50.69-49.36 Ma) in the Ripoll basin. These rates decrease, migrate and become younger toward the fore-
land ranging from 0.26 mm a-! (43-41.5 Ma at 34 km away of the Vallfogona thrust) to 0.22 mm a~! (40.0-36.8
Ma at 44 km away of the same position) to 0.15 mm a-! (same age at 80 km away of the Vallfogona thrust).

number of slumped deposits found within the
turbidites of the Campdevanol Fm, after 49.36
Ma. Following this interpretation, the defor-
mation within the Ripoll basin started before the
final emplacement and fossilization of the lower
Pedraforca thrust sheets at around 47 Ma, as
determined by cross-cutting relationships
(Martinez et al. 1988; Vergés et al. 1994) and
middle Lutetian basin reconstruction (Vergés et
al. 1995).

The general decrease of tectonic subsidence
(0.07 mm a') related to the fluvial deposition of

the Bellmunt Fm is attributed to the onset of
upward motion of the Ripoll basin on top of the
Vallfogona thrust ramp at 42.65 Ma. To the
south, the Jabali section records a first pulse of
tectonic subsidence with rates of almost 0.1
mm a! at 46.26 Ma and a stronger pulse with
rates of 0.26 mm a! at 43 Ma that is also
recorded in the Puig-reig section (0.13 mm a1).
Tectonic subsidence registered in Jabali and
Puig-reig sections was persistent reaching values
of 0.17 and 0.22 mm a~! from 40.0 to 36.81 Ma,
although the last value could be overestimated
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because tectonic duplication is inferred under-
neath the Puig-reig anticline. These events of
subsidence are interpreted to result from the
emplacement of the Cadi thrust sheet and
attached Orri basement unit, coincident with
deformation of syntectonic sediments located in
the footwall of the Vallfogona thrust, that took
place from at least 42 Ma to the late
Eocene—carly Oligocene time (Burbank et al.
1992a; Matd et al. 1994). Deformation within the
footwall of the Vallfogona thrust is widely recog-
nized in both geological maps and seismic lines.
The geological map of Berga shows different
stratigraphic units bounded by unconformities
and affected by different sets of folds and
thrusts. This is exemplified by unconformities
that seal older sets of folds and are folded by a
new group of tectonic structures (Maté et al.
1994). According to Maté et al. (1994), these
growth strata units correspond to the fourth
depositional cycle. South of the Vallfogona
thrust, the western termination of the Bellmunt
anticline is also coeval with the fourth deposi-
tional cycle, starting after 41.5 Ma (Fig. 7).
Deformation of the foreland-basin strata above
a regional detachment level is associated with
emplacement of the basement Rialp unit after
37 Ma (Vergés et al. 1995) and to the activity as
an out-of-sequence fault of the Ribes—Cam-
prodon thrust (Burbank et al. 1992a).

Abrupt increase of tectonic subsidence at 41.5
Ma in the southernmost margin of the Ebro
basin is linked to the onset of tectonic activity
related to the front of the Catalan Coastal
Ranges involving basement rocks (Loépez-
Blanco er al. in press). It should be noted that
this increase of tectonic subsidence is slightly
recorded in Castellfollit and Santpedor sections,
but not in the more northern Puig-reig and
Jabali ones. This differential subsidence
response agrees with the doubly flexed geometry
of the basin determined in the regional cross-
section (Vergés & Burbank 1996; Fig. 8). The
onset of strong deformation along the southern
margin of the basin is at least partly coeval with
the forelandward propagation of deformation in
the Ebro basin, suggesting that the initial tec-
tonic activity of the deep-seated thrust of the
front of the Catalan Coastal Ranges could be
triggered by the transmission of stresses
throughout the upper crustal levels of the
Iberian plate from its northern margin under-
neath the Pyrenees.

All the curves within the Ebro basin show
either decreasing rates of tectonic subsidence or
tectonic uplift during the continental deposition
of the Solsona Fm following the marine Cardona
salt deposition at 36.8 Ma. Post-thrusting

evolution of the Ebro basin is important to com-
plete the history of vertical motions of any of the
sections that are located south of the Vallfogona
thrust and which are affected by tectonic uplift
related to the extensional fault system devel-
oped during the opening of the Valéncia
Trough starting at c. 25 Ma (uppermost Oligo-
cene-lower Miocene; Bartrina et al. 1992) but
probably effective at 16 Ma coinciding with
increasing sediment accumulations in the Valén-
cia Trough continental platform (Roca 1992).

Geohistory of Gombrén and Jabalf sections
across the Vallfogona thrust shows distinctive
vertical motions, especially after deposition of
relative deep-marine, marly Armancies and tur-
biditic Campdevanol Fms (Fig. 11). Develop-
ment of the Ripoll syncline was coeval with
fluvial Bellmunt Fm deposition. Uppermost flat-
lying conglomerates display an angular uncon-
formity with the lower Focene marine series
cropping out in the northern flank of the Ripoll
syncline and permit quantification of synthrust-
ing rock uplift and denudation achieved during
Oligocene times (Vergés et al. 1995). Using a
linear geothermal gradient of 30°C km™' that is
slightly high for foreland basins, it is possible to
estimate the palaeotemperature of the section
during its burial history (Fig. 11). This simple
correlation indicates that the lower part of the
Armancies Fm was buried to 3250 m reaching a
maximum temperature of ¢. 100°C. These results
are in agreement with determinations of Tmax
of the lower part of the Armancies Fm source
rock indicating that it moved through the upper
part of the oil window area (Permanyer et al.
1988; Clavell 1992). The comparison of geohis-
tories across the Vallfogona thrust shows oppo-
site vertical motions. The Gombren geohistory
indicates a general uplift event during the south-
ern transport of the Cadf thrust sheet on top of
the Vallfogona thrust whereas to the south of
this thrust, the Jabalf geohistory shows pervasive
subsidence to the end of Solsona Fm deposition.
Using the same geothermal gradient of 30°C
km~! the base of the section reached 3650 m of
palaeoburial depth corresponding to 110°C of
palacotemperature.

Discussion

Subsidence analysis

The subsidence analysis presented in this study
is carried out along a N-S transect, parallel to
the tectonic transport direction. Although we do
not incorporate the flexural component of the
plate, the calculated amounts and rates at which
the foreland basin has subsided due to the
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Fig. 11. Geohistory of the Gombrén and Jabali sec-
tions located in both sides of the Vallfogona thrust.
An assumed (slightly high) geothermal gradient of
30°C km! is plotted to show palaeotemperatures
during burial. Geochemical data from the lower part
of the source rock Armancies Fm indicate that it
passed through the upper part of the oil window
whereas the presented geohistory suggests that it did
not. The most convincing explanation is that a part of
the Bellmunt Fm has been eroded after the end of
deposition in mid- Eocene times. Uplift of the north-
ern flank of the Ripoll syncline occurred during
thrusting and before the deposition of continental
Tertiary flat-lying conglomerates that unconformably
overlie the south dipping lower and middle Eocene
series. The Jabali geohistory shows a younger age for
the onset of subsidence, a renewed subsidence event
during uplift in the Gombren section and widespread
subsidence to the end of deposition.

Pyrenean tectonic loading are adequate to show
the relative vertical motions throughout the
basin. Each of the studied sections shows a
convex-up subsidence curve with one or two
intervals of rapid tectonic subsidence marked by
inflection points. The almost flat segment of the
curve before the first inflection point represents
a period of slow sedimentation, hiatus or even
erosion that has not been corrected due to the

J. VERGES ET AL.

lack of accurate information. If our interpre-
tation of seismic line S-7 is correct (Fig. 6), in
which the shallow marine platforms (Penya and
Tavertet Fms) migrate to the south with basal
and top boundaries also becoming younger to
the south, then the nearly flat segments of the
subsidence curve would show a different
geometry than that indicated by the subsidence
curve: the initial long segment of the curve
would be shorter and would start later.

In the southernmost sections analysed in this
work, the thicknesses have not been corrected
for overburden due to post-thrusting eroded
continental deposits. Additional depositional
loads in these sections can decrease or even
reverse the upward tendency of the upper
segment of the tectonic subsidence curve as
shown in the next section.

Post-thrusting Ebro foreland basin history

The Post-thrusting history of the Ebro basin is
more difficult to unravel because it has been
characterized by erosion, especially in its south-
eastern margin. Uplift and erosion of the south-
ern part of the basin is related to the
development of onshore normal faults oriented
roughly parallel to the coast (Fig. 3) and linked
to the development of the Valéncia Trough
(Lewis et al. 1996), starting in latest Oligo-
cene—Early Miocene time. In order to estimate
the amount of denudation related to the south-
eastern segment of the Ebro basin, two coals
(five specimens) from Santpedor and Calaf (see
location in Fig. 3) have been studied to deter-
mine the vitrinite reflectance expressed as mean
values of random reflectance (R,,). These
samples can be projected to near the top of the
Castellfollit oil-well in cross-section. The two
coals furnished R, values between 0.44% and
0.48% with deviations of 0.05. However, in this
study we compare these results with R, values
provided by oil-wells more to the north. In the
studied transect, the Puig-reig oil-well shows R,
values of 0.45% from 1.45 to 1.9 km of depth
(Clavell 1992) and the Jabali one at 1.65 km.
However, the best data come from the Basella
oil-well, which cuts a thick and complete Solsona
Fm continental succession (located westward of
the study transect; see oil-well 96 in Fig. 3). This
oil-well shows Ry, values of 0.45% at a depth of
2.9 km (Clavell 1992). The correspondence
between R, values and burial depths observed,
especially in the Basella oil-well, is consistent
with estimations of paleotemperatures and
palacodepths calculated using standard con-
version methods and thus corroborating the
interpretation that observed depths of 2.9 km
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Fig. 12, Interpretative subsidence analysis for the Castellfollit section assuming extra amounts of sediments on
top of the section to account for potential erosion since the end of deposition. These extra amounts are slices
of 500 m up to a total Solsona Fm of 2500 m (see discussion in the text). The subsidence curves are calculated
using marine equations, the age of the uppermost strata preserved in the section as a final age-value of the
analysis and a mean palaeobathymetry for the extra continental deposits of 50 m above sea level.

correspond to maximum burial depths. Accord-
ing to this correlation between R, values and
observed burial depths, the calculated Ry, of
0.44-0.48% located at the surface strongly sug-
gests a palaeoburial depth of 2-3 km for these
sediments. The correlation of R, values along
the studied N-S transect implies differential
denudation south of the Vallfogona thrust that
increases to a maximum close to the Catalan
Coastal margin.

To test the effects in the subsidence analysis of
these inferred extra amounts of material in the
southern side of the Ebro foreland basin, we
added slices of 500 m of strata on top of the
Castellfollit section to up to 2000 m (Fig. 12).
The subsidence analysis is made using marine
equations. These calculations assume a constant
negative bathymetry above sea-level between 0
and -100 m for the upper slice, post-sedimen-
tation uplift to the present position with con-
comitant erosion, and ages of the topmost strata
as estimated by extrapolation. The age of the
topmost part of each of these slices has been
calculated using mean values of sediment
accumulation rate of 0.23 mm a-! as described
previously. The age of the top of the total 2500
m of Solsona Fm continental fluvial strata would
correspond to the Late Oligocene (c¢. 26 Ma).
This extrapolated age agrees with the well-
determined upper Oligocene age reported from
equivalent strata attached to the Pyrenean front,
cropping out 40 km to the northwest in Artesa

del Segre (Meigs et al. 1996; see location in Fig.
3

The results of these analysis show that inde-
pendent of the amount of material added in the
top of the Solsona strata, the tectonic subsidence
curves for the underlying intervals show little
variation. Tectonic subsidence curve corre-
sponding to 574 m (the present Solsona Fm
thickness) show almost a flat trend whereas
curves corresponding to 1000, 1500, 2000 and
2500 m show downward trend during Solsona
deposition. The total subsidence increases as the
thickness of the upper interval increases from
1885 m for the top of basement at the end of
deposition of 574 m of Solsona Fm to 3811 m at
the end of the deposition of 2500 m of Solsona
Fm and material located on top of the present
section (at 574 m), cropping out today at 729 m
above sea-level would be located at a minimum
depth of 1.9 km at the end of Solsona Fm depo-
sition (Fig. 12).

Since the palaeoaltitude of the top of the
additional Solsona Fm deposits has been fixed at
50 m above sea-level, the removal of almost 2000
m of material would not increase this altitude to
the present 729 m by simple isostatic rebound.
Only with palaeoaltitudes of slightly over 1000
m would be possible to reach the present alti-
tude due to erosionally driven isostasy. Because
it is unlikely that the basin was ever filled to this
altitude, the present elevation of the outcrops of
Solsona strata suggests significant tectonically
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driven uplift following deposition. This analysis
shows the potential behavior of the foreland
basin filled with additional material that pre-
sumably has been denuded since the end of
deposition in the Ebro basin.

Subsidence and third order depositional
cycles

Rapid progradations of continental clastic
deposits covering a large part of foreland basins
have been associated with periods of tectonic
quiescence (Heller et al. 1988). In this model,
during periods of thrusting, clastic sediments are
trapped in rapidly subsiding troughs close to the
thrust front. During tectonic quiescence, isosta-
tic flexural rebound triggers erosion in the
mountain range and the products prograde into
the uplifting basin and thus depositing thin
sheets of coarse material unconformably over-
lying syntectonic series. Using a dynamic model,
Jordan & Flemings (1991) reproduce transgres-
sive-regressive third-order marine—continental
sedimentary packages by using repeated periods
of tectonic activity and quiescence. They repro-
duce a complete depositional cycle with 4 Ma of
thrusting followed by 2 Ma of tectonic quies-
cence, a result that can not be attained with sea-
level variations alone. However, these models
also utilize a simple deformation front defined
by a single thrust.

According to the above mentioned models
and using the second depositional cycle as an
example, the talus marls (Armancies Fm) and
siliciclastic turbidites (Campdevanol Fm) would
be related to the emplacement of hinterland tec-
tonic loads, whereas the deposition of evaporites
(Beuda Fm) would be related to tectonic quies-
cence. However, widespread syndepositional
deformation together with intercalated olis-
tostromes and slumps indicate a roughly con-
tinuous forelandward displacement of the
Pedraforca-Nogueres thrust sheet during this
entire interval. The final emplacement of this
large thrust sheet took place on top of the evap-
orites of the Beuda Fm. According to these data
it seems that the transgressive-regressive depo-
sitional cycle could be linked to a different
mechanism of formation than that proposed in
the activity—quiescence models.

The fact that folding and thrusting occurs
during the foreland infill has been widely recog-
nized (e.g. Ricci Luchi 1986). The effect of this
syn-depositional faulting in the sedimentary
infill of a foreland basin has been kinematically
modeled using simple cases (e.g. Zoetemeijer et
al. 1992; Peper 1993). However, the frontal
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regions of the eastern Pyrenees foreland basin
show distributed deformation affecting large
areas of syn-tectonic strata. This deformation
was produced above detachment levels that
could transfer deformation very efficiently. The
thickening of the sedimentary pile by layer-par-
allel shortening, thrusting and folding could be
responsible for simultaneous decrease of the
available space in the basin (Fig. 13). In such a
case, the rapidity of this thickening process
would depend on the efficiency with which the
detachment level propagates the deformation
far away from the previous deformation front
and the velocity at which this process could take
place.

Furthermore, overthickened depositional
units give overestimated amounts and rates of
subsidence, depending on the lithologies. Several
locations of the apparently non-deformed
eastern Ebro foreland basin display tectonic
thickening above 20% (Casas et al. 1996). We
agree with DeCelles & Giles (1996) that distinc-
tion of different segments of foreland basins as
well as the controls on particle paths during fore-
land basin evolution are important to under-
standing and interpreting subsidence analysis.

Comparison with other European foreland
basins

Tertiary Western European foreland basins are
relatively complicated, commonly partitioned,

Deformation
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Basinal Deltaic Fluvial Emergent
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/ / \\’/ _____

Thrust
system
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From DeCelles and Giles (1996)

Fig. 13. Cartoon showing the geometry, sedimentary
facies and deformation distribution within a strati-
graphic unit affected by an advancing buried defor-
mation front. Tectonic thickening of the strata
located above a detachment level (shaded) produces
a decrease of available space on this segment of the
basin. Efficient detachment levels within the basin
and concomitant overthickening of large segments of
the basin could be responsible for the transgressive
part of a third order depositional cycles (at least par-
tially).
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and limited in size due to the complex inter-
action between small plates and rigid basement
blocks that controls the geometry of both fore-
land basins and mountain ranges (Fig. 2). These
foreland basins are located between the conver-
gent African and European large-scale plates
and developed after the collision of continental
blocks moving at relatively low rates. The
history of these basins was similar and partially
synchronous, with depocentres migrating at the
front of forelandward propagating thrusts. The
post-foreland basin histories are different
depending on the final geodynamic evolution of
the basin, and they vary from uplifted basins like
the southeastern Pyrenees and Swiss Molasse
basins to more or less preserved basins like the
northwestern Pyrenean and German Molasse
basins.

The available information on transects simi-
larly located with respect to the front of thrust-
ing permits the comparison of subsidence results
among our study area and the Aquitaine basin,
the Swiss Molasse basin and the German
Molasse basin (Table 3).

The Tertiary development of the Aquitaine
basin (Fig. 2), formed on top of Mesozoic rifted
European plate, was produced by the inversion
of Mesozoic extensional structures toward the
north (e.g. Daignieres et al. 1994). A local iso-
static backstripping analysis from ten oil-wells
has been determined by Dubarry (1988). Her
results show an increasing subsidence rate start-
ing at around 60 Ma (Thanetian) and culminat-
ing at 54-53 Ma (early Ypresian) with rates of
tectonic subsidence ranging 0.16-0.2 mm a-!
(Dubarry 1988). This rapid phase of subsidence
coincided with the emplacement of northern
Pyrenean thrust sheets. The end of the rapid
subsidence was marked by a progressive
decrease of bathymetry at the beginning of con-
tinental deposition a few million years later
(Table 3). More regional studies suggest that the
end of subsidence migrated toward the west,
where it was greatest during Oligocene times in
positions close to the present boundary of the
Bay of Biscay (Desegaulx & Brunet 1990). The
control of previous rifted margins also influ-
enced the subsidence results in the Aquitaine
basin (Desegaulx et al. 1991).

Located in front of the emergent Alpine
thrust front, the Swiss Molasse basin is in part
located on top of the detached fold-and-thrust
system of the Jura Mountains, although older
foreland basin deposits are incorporated in the
Alpine thrust system. Analysing the results from
the Swiss Molasse basin deposits adjacent to the
Alps, we see a comparable subsidence signature
to that of the southern Pyrenean foreland.

Homewood et al. (1986), using an Airy model of
compensation, determined tectonic subsidence
rates similar to the studied Spanish example.
These were 0.1 mm a! at the front of the moun-
tains and 0.06 mm a! in the distal parts of the
basin. The rate of migration of depositional
depocentres was 9 mm a~! during Oligocene
times but decreased to 2 mm a-! during Miocene
times (Homewood et al. 1986).

To the east, the German Molasse basin seems
to be largely undisturbed, but is slightly
deformed close to the Alpine front. In the
German Molasse basin a flexural backstripping
analysis defines rates of tectonic subsidence
between 43 and 23 Ma. The rates were as high as
0.2-0.6 mm a in adjacent to the front (the
highest is 0.9 mm a! during 27-26 Ma), and
0.08-0.3 mm a1, 60 km away from the front pos-
itions, using an effective elastic thickness of 48
km (Jin 1995).

Conclusions

The general pattern of subsidence curves along
a N-S transect crossing the South Pyrenean
foreland basin shows a coupling between thrust-
ing and fiexural response in the basin which pro-
duces propagation of depocenters and
sedimentary cycles toward the foreland side of
the underthrust Iberian plate.

The subsidence curves of the sections
analysed in this work show the typical convex-up
signature of foreland basins. The Gombrén
section represents an early foreland basin (55.9
Ma to at least 42.65 Ma) that has been trans-
ported as a piggyback basin by the Vallfogona
thrust starting at around 47 Ma although
internal deformation could start 2 Ma earlier
(first and second depositional cycles). Maximum
rates of tectonic subsidence are 0.53 mm a! in
the Gombreén section. This relatively short inter-
val of rapid subsidence (50.69-49.36 Ma) was
characterized by the deposition of relatively
deep marine maris intercalated with slope
megabreccia deposits (Armancies Fm), linked
to several northward progradations of shallow-
marine carbonate platforms. South of the Vall-
fogona thrust, maximum rates of tectonic
subsidence are around 0.26 mm a~! in the center
and southern margin of the Ebro basin. The flex-
ural wave propagated at c. 10 mm a! across the
basin. At this rate, the propagation of the flex-
ural wave took only 10-11 Ma to affect the
whole foreland basin, an interval much shorter
than the duration of thrusting activity (Vergés et
al. 1995).

The activity of the southern margin of the
foreland basin, starting at 41.5 Ma, influenced
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the subsidence geometry of the basin, especially
during the fourth depositional cycle as con-
firmed by the double flexure of the basin, repre-
sented in the geological cross-section. The end
of important carbonate production during this
last marine depositional cycle, coeval with the
progradation of significant siliciclastic systems in
the margins of the basin, marks the initial over-
filled conditions of the whole basin although tec-
tonic subsidence is still important.

Western European foreland basins developed
during Tertiary times by the collision of conti-
nental plates flexed downward at a similar
maximum tectonic rates of 0.6-0.9 mm a~! close
to the tectonic front and ¢. 0.1 mm/a~! far away
from it. Maximum rates of tectonic subsidence
are about an order of magnitude smaller than
rates of thrust front advance.

This local isostatic backstripping analysis rep-
resents a first step in the quantification of verti-
cal motions in the south Pyrenean foreland
basin, and it has to be improved at different
scales. At a large scale, flexural rigidity of the
Iberian crust during thrusting (Millan et al. 1995)
has to be taken in account. For areas with irregu-
lar shapes like the Ebro basin where other
margins affected the basin evolution, a 3D flex-
ural backstripping analysis is necessary to deter-
mine the contributions of such margins to the
tectonic subsidence within the basin. At basin
scale the refinement of the chronostratigraphic
framework of the Ebro foreland basin infill as
well as the analysis of palacobathymetric indi-
cators is needed. Also a good correlation with
refined sea-level curves would be necessary,
especially at smaller scales of third order depo-
sitional cycles. The geometry of the deforming
thrust front and its relation with syn-thrusting
deposits are important to understand foreland
basin depositional geometries during thrusting.
It is important to discriminate tectonic thicken-
ing of the sedimentary succession due to layer
parallel shortening, folding and thrusting in sub-
sidence analysis. Indeed, determination of the
relative position of successive analysed intervals
with respect to the advancing thrust wedge
deformation front is important to properly
relate changes in subsidence trend with tectonic
events. This only can be accomplished by the
integration of detailed structural, stratigraphic
and chronologic studies. Combination of subsi-
dence and geochemical results is necessary to
corroborate geohistories of sedimentary basins
and especially to determine syn-thrusting and
post-thrusting exhumation events.
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