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ABSTRACT

Abundant and clearly exposed relation-
ships between structures and syntectonic sed-
imentary rocks in the southern Pyrenees
make this area particularly suitable for de-
tailed studies of the sequential development of
a collisional orogenic belt. During the Pyre-
nean orogeny, major shortening occurred in
the eastern Pyrenees in Eocene and early
Oligocene times. Until now, individual tec-
tonic and depositional events have been only
loosely defined temporally by biostratigraph-
ic data. In order to provide a more precise
chronological framework, four new magne-
tostratigraphic sections, spanning 8 km of
Eocene strata and encompassing 18 m.y.,
have been developed in the eastern Pyrenees
of northern Spain. The ages of nine major
depositional sequences in the eastern Pyre-
nean foreland have been specified within the
context of these chronologic data, beginning
with the early Eocene transgression that
commenced at 58 Ma. The timing of numer-
ous tectonic events that occurred during the
subsequent 16 m.y. can also be delineated,
including the initial emplacement of the Ped-
raforca thrust sheet (58-54 Ma), the devel-
opment of the Pedraforca breakback thrusts
(47.5-40 Ma) at a mean shortening rate of 2.4
mm/yr, rotation of the Pedraforca footwall,
three intervals of motion along the Vallfo-
gona thrust (42.5-44.0, 40.5-41.5, and <40
Ma), creation of the Ripoll piggyback basin at
44 Ma, and the emplacement of the Ribes-
Camprodon thrust sheet, beginning at ~42
Ma. Extensive evaporitic deposition, appar-
ently coincident with sea-level lowering, oc-
curred twice during Eocene times in the
eastern Pyrenees: the Beuda sequence at ~49
Ma and the Cardona sequence at ~40 Ma. In
response to continued tectonic encroachment
on the northern margin of the foreland, the
Eocene depocenter migrated southward ~80
km at a mean rate of 5 mm/yr, whereas indi-

vidual facies migrated at rates as high as 1
cm/yr. In the context of recent models of
foreland basins, most of the major grain-size
changes appear to be modulated by changes
in subsidence rates, except in areas very close
to active thrusts.

INTRODUCTION

The goal of understanding the deformational
and depositional history of a collisional moun-
tain range can only be closely approached in
special circumstances. Geologic structures must
be clearly preserved in outcrop, as must related
syntectonic strata. Exposures must be suffi-
ciently extensive to provide a broad window
onto the regional geologic record, and there
must have been enough uplift and dissection to
expose the main structural elements of orogen.
To yield the clearest reconstruction, however,
erosion must be strongly limited in order to re-
veal the near-surface structures and related
strata, rather than solely the deeper-seated roots
of the range. Finally, the tectonic assemblage
must be amenable to chronologic evaluation in
order to provide a temporal context within
which to examine the evolution of the orogen.

The Pyrenees of northern Spain (Fig. 1) meet
these criteria and have several other characteris-
tics that assist in the reconstruction of a detailed
tectonic synthesis. First, the semi-arid- climate
across the southern flank of the range has
yielded abundant, clear exposures. Second, the
amount of convergence that produced the Pyre-
nean orogen during latest Mesozoic and Paleo-
gene times was relatively limited (~150 km;
Muiioz, 1992). Many deformational events in-
volved only a few kilometers of shortening, such
that numerous structures are juxtaposed with the
syntectonic strata that record much of their de-
formational history. Although major conver-
gence was completed by Oligocene times, uplift
and erosion of the orogen appears to have accel-
erated only during Plio-Pleistocene times. This
circumstance has revealed detailed geometric re-
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lationships between structures and syntectonic
strata that are of a quality rarely described in
other mountain chains. Finally, although the ab-
sence of volcanic strata renders many radiomet-
ric techniques inapplicable, high-quality tem-
poral control can be achieved through a
combination of biostratigraphic and magneto-
stratigraphic data.

This paper focuses on the chronology of dep-
osition and tectonism in the eastern Pyrenees.
New paleomagnetic studies provide closer tem-
poral limits than previously attained and yield
new insights on thrusting, rotational, and subsid-
ence histories of this region.

GEOLOGIC SETTING

During the Mesozoic and Cenozoic eras, the
Pyrenean region of northern Iberia experienced
a complex sequence of deformation in response
to the opening of the Atlantic Ocean, closure of
the Tethyan seaway, and both shearing and col-
lision between the Iberian peninsula and south-
western Europe (Masson and Miles, 1984;
Puigdefabregas and Souquet, 1986; Muiioz,
1992). Although significant contraction began in
late Cretaceous times with the development of
the Boixols and related thrusts (Fig. 1) in the
central Pyrenees (Simo, 1986; Berastegui and
others, 1990) and with coeval thrusting in the
Pedraforca area to the east (Vergés and Marti-
nez, 1988), major shortening continued during
Eocene time and culminated in late Eocene to
early Oligocene times in the eastern Pyrenees.

Recent studies in the eastern Pyrenees
(Muiioz, 1985; Muiioz and others, 1986; Puig-
defabregas and others, 1986; Martinez and oth-
ers, 1988) have attempted to link the stratigraph-
ic and structural records in order to develop a
better understanding of Pyrenean deformation
during Paleogene times. At a regional scale, suc-
cessive emplacement of the upper (Pedraforca)
and lower (Cadi) thrust sheets (Fig. 2), followed
by growth of the basement-involved Freser Val-
ley antiformal stack, out-of-sequence thrusting,
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and development of frontal structures in the
foreland (Vallfogona thrust) have been inter-
preted (Puigdefibregas and others, 1986) as
controlling nine large-scale depositional se-
quences in the eastern Pyrenean foreland basin
(Fig. 3). Detailed mapping of parts of the
Pedraforca allochthon has revealed clear cross-
cutting relationships among individual thrusts
and syntectonic strata (Fig. 4) that serve to doc-
ument the development of coeval hindward-
imbricating and piggyback thrusting (Martinez
and others, 1988).

Until now, the chronology of the Eocene de-
formation in the eastern Pyrenees has been
based on biostratigraphic data. The resolution
attainable using the marine record is limited by
the length of biostratigraphic stages (~1-3 m.y.)
and by the unresolved overlap between stages as
presently defined (Harland and others, 1990;
Berggren and others, 1985; Aubry, 1985). In the
terrestrial strata, the overall paucity of fossils and
the imprecise ages inferred from them render
their time resolution even less precise than that
derived from marine strata.

Several problems result from this absence of
detailed temporal control. Stratigraphic correla-
tions between deposits in diverse geographic set-
tings within the foreland basin usually cannot be
made with a resolution better than several mil-
lion years. The precise timing of deformational
events cannot be specified, and many questions
concerning synchrony or rates of tectonic and
related depositional processes cannot be ad-
dressed in detail.

To resolve these problems, magnetic polarity
stratigraphy has been utilized in several key lo-
calities in the foreland basin of the eastern Pyre-
nees to provide a detailed, correlatable chrono-
logic framework within which to examine the
diversity of tectonic and stratigraphic events in
this region. The improved time resolution also
serves to reveal the presence and duration of
gaps in the depositional record and to identify
discrete intervals of deformation. Here, we pre-
sent the results of our magnetostratigraphic
studies and discuss their implications for the evo-
fution of the eastern Pyrenean thrust belt and
adjacent foreland basin.

METHODS

Magnetic polarity stratigraphy was utilized in
four related sections that encompass ~8 km of
strata and include a total of 300 magnetic sam-
pling sites (~1,100 specimens). Three sections
are located within the Cadi thrust sheet and ad-
jacent to the Pedraforca thrust sheet (Fig. 2). A
fourth section (Vic) is located in the foreland,
~20 km south of the Vallfogona thrust. All sec-
tions include both marine and terrestrial strata
and were measured using an Abney level and
Jacob’s staff. Sites were recorded on aerial pho-
tographs or on 1:5,000 topographic maps.

For each section, 10-12 triplets of specimens
representative of various rock types found
within the stratigraphic range of the section were
selected for pilot demagnetization studies. Two
specimens from each pilot sample level were

subjected to stepwise thermal demagnetization
in ~50 °C steps, whereas a third was subjected
to alternating-field demagnetization. The full
complexity of the results of these pilot studies
are beyond the scope of this paper, and only the
salient points are summarized here.

The demagnetization behavior of the marine
and terrestrial rocks was markedly different
(Fig. 5). The sampled marine strata included
marl, limestone, shale, and mudstone, whereas
the terrestrial strata predominantly were over-
bank siltstone. Most marine specimens were
weakly magnetized (typically 10-6-10-8
emu/cc). An apparently modern overprint was
typically removed by 240 °C (Fig. SC-SF). Al-
though some specimens with a reversed charac-
teristic remanent magnetization (ChRM) did not
fully lose this normal overprint until ~300 °C,
all of the specimens with reversed ChRMs dis-
played their reversed polarity above 280 °C.
Upon heating above 350-450 °C, many marine
specimens, particularly marl and shale, exhibited
much higher intensities, large increases in sus-
ceptibility, and inconsistent magnetic directions
(Figs. SD, 5F, 51, and 5J). These changes appear
to result from thermally induced oxidation of
low Curie temperature magnetic minerals, par-
ticularly iron sulfides like greigite, that convert
to magnetite during heating (Burbank and oth-
ers, 1992).

Magnetizations due to iron sulfides tend to be
weak and may be unstable. Because the iron
sulfides are clearly post-depositional in origin,
there is some question about whether they
record the magnetic field near the time of
deposition. In the eastern Pyrenees, we argue
that we are recovering the original remanence
directions based on the following observations:
(a) polarities do not appear to be lithologically
controlled; (b) lithologically identical, super-
posed sites may be oppositely polarized;
(c) most magnetizations were acquired and
stabilized prior to folding; (d) in lithologically
similar rock units in the Esera and Isabena val-
leys (Powers, 1989), laterally separated, but de-
monstrably equivalent, marine strata reveal
matching patterns of reversals; (e) discovered
patterns of reversals can be matched with the
magnetic time scale, with especially convincing
matches in the most uninterrupted sections; and
(f) nearly all reversals have been documented
by multiple sites.

Whereas virtually all of the marine specimens
were gray, most of the terrestrial strata were red,
pink, or tan, due to variable pedogenesis. Al-
though some terrestrial specimens exhibited
large changes in susceptibility and became direc-
tionally unstable above 400-450 °C, many dis-
played a high coercivity, high-temperature stable
remanence (Figs. SA, 5B, 5G, and 5H). This
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Figure 2. Simplified geological map of the eastern half of the South-Central Unit, the Pedraforca region that is the focus of this study, and the
eastern extension of the Ebro foreland. Locations of magnetostratigraphic sections are indicated (B = Baga; G = Gombren; SJ = St. Jaume;
V = Vic). Box delineates the region shown in Figure 4.

component appears to reside in detrital hematite
and probably aiso in authigenic hematite that
formed during pedogenic reddening of these
strata.

Given these demagnetization results, all re-
maining specimens were thermally demagne-
tized at 250, 280, 310, and 340 °C, and the
CbRM was defined on the basis of these data.
For sites in which mixed polarities were shown
by individual specimens, additional heating steps
up to 550 °C were applied. For those sites where
this improved the clustering of the data, these
higher temperature results were used to define
the ChRM. The coherence of the data for each
site was assessed using Fisher (1953) statistics.
Sites were “Class L,” if Fisher k > 10; “Class I,”
if k < 10, but the site showed an unambiguous
polarity; and “Class IIL” if the polarity was
indeterminate. Class I data were used to cal-
culate 2 mean rotation (if any) for each section.
After removal of any vertical-axis rotation de-
fined with respect to the Eocene magnetic pole

for Iberia, Class I and II sites were used to
calculate the virtual geomagnetic pole (VGP) for
each site. This VGP latitude was the basis for the
local magnetic polarity stratigraphy (MPS). An
ags-error envelope was calculated and plotted
for each VGP latitude.

A fold test (McElhinny, 1964) based on the
statistical grouping of directions before (in situ)
and after corrections to restore the beds to hori-
zontal (Table 1) is typically used to evaluate the
possible presence of a post-tectonic magnetiza-
tion. Due to either low (for example, Vic) or
very uniform (for example, St. Jaume) dips
throughout section, the improvement in cluster-
ing for the Pyrenean data after unfolding was
not always statistically significant. It was more
useful to assess whether the demagnetized direc-
tions appeared antipodal and whether either the
in situ or corrected data yielded reasonable
magnetic directions. For example, although the
St. Jaume data do not pass the fold test (Fig. 6;
Table 1), the in situ inclinations are nearly verti-

cal, whereas the corrected directions are inclined
~40°-50°, as would be expected for Eocene
times. Similar observations can be made in each
of the other sections (Fig. 6A-6C), with the ex-
ceptions of (1) some of the pormally magnetized
data from Baga (Fig. 6B), in which the in situ
inclinations approach the modern dipole-field
inclination (59°), whereas the corrected direc-
tions are nearly vertical, and (2) some normally
polarized data low in the St. Jaume section,
where fold-corrected inclinations are subhori-
zontal, whereas in situ ones approximate those
of the present-day field. These sites at Baga and
St. Jaume apparently reflect a post-folding
overprint and were not used in the local
magnetostratigraphy.

In order to reconstruct sediment accumula-
tion, the sections were decompacted using the
method of Sclater and Christie (1980). Paleo-
bathymetric estimates were made based on rock
types and their enclosed faunas. These were
combined with decompacted stratal thicknesses

Geological Society of America Bulletin, September 1992
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depositional sequences, bounded by heavy, lettered lines, and their constituent sedimentary facies are schematically represented. The biostrati-
graphically and magnetostratigraphically defined positions of the sequence boundaries are depicted in the accompanying chart. (Modified from

Puigdefabregas and others, 1986).

to generate subsidence histories for each section.
Although basement subsidence was calculated
following conventional approaches (Sclater and
Christie, 1980; Steckler and Watts, 1978; Gui-
dish and others, 1985), tectonic subsidence was
calculated at each step as the vertical difference
between (1) the reconstructed position of the
base of the decompacted sediment column and
(2) the position that that column would have if
local Airy isostasy prevailed and there were no
tectonic loads. This approach replaces “water-
loaded” basement depths (Sclater and Christie,
1980) with a direct estimate of tectonic loading.
Due to uncertainties in the subsidence curves
arising from poorly known porosity, paleoba-
thymetry, and cementation history, only large-
scale changes in subsidence trends should be
considered significant.

RESULTS

Vic. The Vic section is in the southeast to
medial part of the Ebro foreland (Fig. 2). The
basal part crops out within a few kilometers of
exposed basement in the Catalan Coastal Range.
The 1,300-m-thick section commences at the

top of the Tavertet limestone (Figs. 7 and 8) and
includes the Coll de Malla marls and the trans-
gressive, glauconitic Folgueroles Formation.
The remainder represents an upward-shallowing
sequence of marl punctuated by southward-
prograding sandstone tongues (for example, Oris
sandstone) and succeeded by the St. Marti Xic
deltaic complex, in which small reefs cap pro-
grading sandstone lobes. The section ends in the

terrestrial Artés Formation, which unconforma-
bly overlies the Cardona evaporites farther to
the south (Fig. 3). The Vic section thus spans the
Bellmunt, Milany, and Cardona sequences, and
the base of the Solsona sequence (Fig. 3; Puigde-
fabregas and others, 1986).

Following demagnetization of the 72 sites, 32
(44%) were Class I, 14 (20%) were Class II, and
26 (36%) were Class IIL. Despite fow and gener-

TABLE 1. FISHER STATISTICS ON MAGNETIC DATA

In sie Bedding corrected*
Section Polaity  Number k ags®  Dec () () k ags Dec.() e (9)
Vic N 60 5.7 86 359.6 43.1 78 74 3584 452
R 70 49 116 2004 434 101 17 201.1 -45.6
Bagd N 34 74 99 355.7 482 73 99 251.6 819
R 35 136 75 196.8 23.1 10.5 106 1924 -329
Gombren N 60 87 16 29 144 85 6.8 359.3 474
R 64 32 120 155.1 399 17 82 1659 -189
St. Jaume N 74 187 37 38 76.2 17.8 41 3537 396
R 9 10.5 46 265 -79.7 14.1 44 165.5 ~48.1
[52-50 Mx]T N/R 65 95 55 23 788 15.1 55 3443 475
[46-39 Mx]* N/R 72 164 4.0 63 768 166 47 3547 403

Note: k = Fisher’s (1953) k; agg = 95% confidence interval on mean.

‘These are combined normal and reversed data from St. Jaume for these intervals; reversed data are inverted.

*Bedding corvection assumes beds were horizontal at the time of deposition.
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Figure 5. Thermal demagneti-
zation plots for representative
specimens. Filled circles: decli-
nations in the horizontal plane;
open circles: inclinations in the
vertical plane. A. SJ51A: nor-
mally magnetized terrestrial silt-
stone. Specimen shows largely
single-component decay during
demagnetization. B. SJ49C: nor-
mally magnetized terrestrial,
slightly sandy siltstone, also
normally magnetized. C. SJ33C:
weakly magnetized, marine dark
shale. Normal overprint is re-
moved by 200 °C, and charac-
teristic remanence is displayed
between 200 and 400 °C. Trun-
cated at 450 °C. D. Same as
previous specimen, except errat-
ic behavior at temperatures
>450 °C is shown. E. GO02D:
weakly magnetized marine marl.
Easterly and downwards inclined
overprint removed below 250-
300 °C, characteristic remanence
displayed above 250 °C, and
truncated at 450 °C. F. GO02D.
Same as previous specimen, ex-
cept large intensity changes
and erratic directions displayed
above 450 °C. G-J. Intensity
versus temperature plots for
specimens shown at left. Note
overprint removal below 250 °C
for reversely magnetized speci-
mens, and intensity increases
due to oxiation above 450 to
500 °C.

ally consistent dips, the Class I and II data pass
fold and reversal tests and exhibit ~12° of
clockwise tectonic rotation with respect to the
expected Eocene direction (Fig. 6 and Table 1).
This rotation is consistent with that found by
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Parés and others (1988) in this region. The Vic
MPS contains 15 magnetozones (Fig. 8), most
of which are defined by multiple, superposed
sites. Faunal data indicate that the top of the
Tavertet limestone is of late Lutetian age (Regu-
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ant, 1967), whereas the remainder of the section
spans Bartonian and part of Priabonian times
(Ferrer, 1971; Gich, 1972). The Artés Forma-
tion at the top of the section directly post-dates
the Cardona evaporite (Saez and others, 1991),
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which itself is predicted to represent <100 ky
(J. J. Pueyo, 1991, personal commun.). About
60 km to the west of Vic, the Cardona evaporite
has a magnetostratigraphically defined date of
~40.0 Ma (Burbank and others, 1992). Given
the faunal control and the dated tie point of the
Cardona sequence, the Vic MPS can be corre-
lated with the magnetic polarity time scale
(MPTS; Fig. 9). This correlation indicates that
the section spans from the top of chron 20 to the
base of chron 16, an interval of ~6 m.y.
(Berggren and others, 1985). Although the Vic
MPS could be correlated with the MPTS in sev-
eral different ways, the correlation shown here
yields the smoothest (post-Folgueroles Forma-

tion) sediment accumulation and subsidence
curve (Fig. 10) and is most consistent with the
reversal pattern, with the available faunal age
limits, and with the age of the top of the marine
sequence. Because N2 and R2 are defined by sin-
gle sites, it is possible that N1 represents chron
19 and that N2 is a transitional site at the base of
chron 20. This would modify our interpretations
only slightly.

Baga. The Baga section is located in the hang-
ing wall of the Vallfogona thrust between the
basement antiformal stack to the north and the
outcrop of the Pedraforca thrust sheet to the
south (Fig. 2). Beginning above Paleogene red
beds, the section traverses the Cadi and Corones
sequences (Fig. 3). The Sagnari marls in the
Cadi sequence appear to represent a rapid deep-
ening during the initial stages of thrusting in the
eastern Pyrenees (Pujadas and others, 1989).
During this shortening, earliest Eocene exten-
sional faults were inverted and overtopped by
southward-prograding red beds in the upper Co-
rones sequence. A 700-m-thick section was
sampled at 33 sites along the Baga River (Fig.
11). Following demagnetization, twenty-one
(64%) of the sites were Class I, six (18%) were
Class II, and six (18%) were Class III. The de-
magnetized reversed data indicate ~20° of
postdepositional clockwise rotation for this sec-
tion (Fig. 6). Due to the previously described
overprinting of some normal polarity sites, those
sites yielding low VGP latitudes and large lati-
tudinal errors were not included in the Bagi
MPS.

The Bagd MPS contains five magnetozones
and is dominated by >500 m of reversely mag-
netized strata (Fig. 12). Because the basal Cadi
sequence is early Ypresian in age (Mey and oth-
ers, 1968; Ferrer, 1971; Gich, 1972), the 500-m-
thick reversed interval at the base of the MPS
can be correlated with chron 24R (Fig. 9) that
extends from ~56.0 Ma to 58.5 Ma (Berggren
and others, 1985). Magnetozones N1-N2 could
represent either chron 24 or both chron 24 and
23. Given the long reversely magnetized se-
quence that overlies the Corones beds (see fol-
lowing section), we prefer to correlate the upper
Corones sequence with chrons 23 and 24. In this
case, the top of the Bagd section dates from
~53.8 Ma, and the shelfal strata and red beds in
the upper Corones sequence exhibit very low net
accumulation rates.

Gombren. The Gombren section is located
along the northern limb of the Ripoll Syncline
~20 km east of Bagd (Fig. 2). The 3,000-m-
thick section (Figs. 13 and 14) spans the Ar-
mancies to Bellmunt sequences (Fig. 3) and
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records a transition from marine to terrestrial
deposition. The Arméncies sequence consists of
slope marls, includes six limestone clast-bearing
megaturbidites near its base, and is succeeded by
siliclastic turbidites of the Campdevanol Forma-
tion. The abrupt contact with the underlying
marl suggests that an unconformity occurs at
this contact. No angular discordance, however,
was observed. Weak and unstable magnetiza-
tions found in many specimens led to a high
proportion (40%) of Class III sites. Evaporitic
deposition and probable constriction of the
basin are indicated by the gypsum of the Beuda
sequence, which is followed by transitional
(Coubet) and then wholly terrestrial (Bellmunt)
strata (Fig. 14).

Of the 94 magnetic sites, 39 (42%) are Class 1,
and 17 (18%) are Class II. The demagnetized
data pass reversal and fold tests and exhibit neg-
ligible rotation. The Gombren MPS (Fig. 14)
contains eight magnetozones, of which one (R2)
is based on a single site. The correlation of the
Gombren MPS with the MPTS (Fig. 9) is based
on the Lutetian age of the Bellmunt sequence
(Puigdefabregas and others, 1986), on the mid-
dle to late Cuisian age of the megaturbidites in
the Armancies strata (Estevez, 1973; Puigdefa-
bregas and others, 1986; J. Serra-Kiel, 1990,
personal commun.), and on the ages assigned to
the Corones strata on the basis of the Bagi mag-
netic section. The lateral separation (~20 km)
between the Gombren and Baga sections (Fig.
2), however, could permit considerable dif-
ferences to occur in the age of the Corones-
Armancies contact. Given that the stratigraphic
separation of Armancies megaturbidites above
the formational contact remains nearly the same
despite the distance between the two sections, it
appears that the contact is only minimally time
transgressive. The MPS correlation (Fig. 9) indi-
cates that the Gombren section spans from the
top of chron 23 (53.8 Ma) to the base of chron
20N (~46.0 Ma): an interval of ~8 m.y. The
likely unconformity at the base of the Campde-
vanol sequence is interpreted to be of brief
duration.

St. Jaume. The St. Jaume section is located
in the southern limb of the Ripoll syncline ~10
km southwest of the Gombren section (Figs. 2
and 15). The 3,100-m-thick section is delimited
at its base by the Vallfogona thrust, which car-
ries the Campdevanol sequence in its hanging
wall at this site. Like the Gombren section, the
St. Jaume section includes the Beuda to Bell-
munt sequences. It spans the entire Bellmunt
succession, however, and includes both the Mil-
any sequence and the Banyoles Formation (Rios
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Figure 6. Equal-area stereonets of the demagnetized Class I data from the four studied sections. In situ and bedding-corrected directions are
shown for each data set. Closed circles: lower hemisphere; open circles: upper hemisphere. Shaded ellipses represent 95% confidence cones on
the mean directions. The St. Jaume and Gombren data are moderately to slightly rotated counterclockwise, and the Baga and Vic sections are
similarly rotated clockwise. The statistical data related to each section are shown in Table 1.

and Masachs, 1953), a prodelta marine lithofa-
cies not found in the more northerly Gombren
section. A thin zone of terrestrial red beds is
associated with the gypsum beds of the Beuda
sequence. Granitic clasts first appear at ~2,400
m in the section and become increasingly
abundant above this. Their appearance defines
the base of the Milany sequence. These clasts
have been interpreted as the denudation prod-
ucts from uplift of Axial Zone crystalline rocks
(Fig. 1) due to large-scale out-of-sequence
thrusting (Puigdefabregas and others, 1986).
The St. Jaume section also spans most of the
syntectonic sequence (Fig. 4) that was deposited
during the imbrication of the Pedraforca alloch-
thon (Martinez and others, 1988). Whereas the
most profound unconformities generated by this
imbrication are located farther west, these
unconformity-bounded packets can be traced
into the sampled section. Hence, the dates from
the magnetic section provide ages for the
movement of individual thrusts. A major uncon-
formity occurs at the top of the Bellmunt se-
quence, and stratal geometries (Fig. 15) within
the syncline, as well as faulting of Bellmunt
strata by the Vallfogona fault along the southern
limit of the Ripoll syncline, suggest the uncon-

formity resulted from initial folding of the syn-
cline about an east-west axis. Major paleocur-
rent changes occur within the St. Jaume section
(Fig. 16); whereas the older strata indicate flow
to the west and southwest, younger ones exhibit
flow to the east and southeast.

Of the 93 magnetic sites in the St. Jaume
section (Fig. 16), 53 (57%) were Class I, 18
(19%) were Class II, 14 (15%) were Class III,
and 8 (9%) appeared to be overprinted. Stereo-
plots of the Class I data (Fig. 6D) indicate that
they pass the reversal test and that they have
undergone a syndepositional, differential rota-
tion. The pre-Beuda strata are rotated counter-
clockwise ~15°, whereas the younger Bellmunt
and Milany strata are only rotated ~5° (Table
1). Due to nearly uniform dips throughout the
section, the fold test is not statistically signifi-
cant. The in situ directions, however, appear to
have no geologic meaning, whereas the unfolded
directions provide reasonable Eocene polarities
(Burbank and Puigdefabregas, 1985). Eight sites
(x’s, Fig. 16) between 150 and 375 m appear to
exhibit normal polarity. Their in situ inclina-
tions, however, are similar to that of the modern
field, and their bedding-corrected inclinations
are subhorizontal. We interpret these sites to

contain a modern overprint that thermal de-
magnetization failed to remove. These sites,
therefore, are not included in the MPS for the St.
Jaume section.

The St. Jaume MPS (Fig. 16) contains eight
magnetozones, of which one (N2) is based on a
single site. The correlation of the St. Jaume
MPS with the MPTS (Fig. 9) is assisted by fau-
nal and stratigraphic data. First, nannoplankton
from the Campdevanol turbidites (Van Eeck-
hout, 1990) indicate that the transition between
zones NP14 and NP15 occurs below the Beuda
sequence. According to Aubry (1985) and
Berggren and others (1985), this transition oc-
curs at ~50 Ma near the base of chron 21N.
Second, abundant Bartonian fossils have been
found directly above the unconformity at 2,075
m (Moya and others, 1991). Hence, this part of
the section should be younger than ~44 Ma.
Finally, mapping south of the Vallfogona thrust
shows that the Belimunt sequence is cut by early
imbricates of the thrust and is overlain by the
Folgueroles Formation. Our dates on the Fol-
gueroles Formation from Vic (Figs. 8 and 9)
thus indicate that Bellmunt deposition must
have ceased before ~44 Ma.

Given these limits and the stratigraphic links
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to the nearby Gombren section, the St. Jaume
MPS can be correlated to the MPTS from near
the base of chron 21R to either chron 17 or 18
(Fig. 9). The unconformity at 2,075 m appears
to represent a gap extending from the base of
chron 18N to chron 19R. Whereas chron 21R
encompasses the Campdevanol turbidites, chron
21N appears to be represented by the condensed
section of Beuda evaporites and may contain an

Terrestrial Siltstone

unconformity at their base. The Bellmunt red
beds begin at 46.2 (chron 21N), and the Milany
red beds begin at ~42.7 Ma (chron 18N). The
topmost sampled strata in the Milany sequence
here could correlate to any part of chrons 17 or
18, but if they were to correlate to chron 18, it
would require very rapid sediment accumula-
tion. Following this interpretation, the St. Jaume
section spans from 51.9 Ma to ~40 Ma with at

least a 1.2-m.y. gap centered at ~43 Ma. Be-
tween 52 Ma and 46 Ma, ~10°-15° of counter-
clockwise rotation occurred.

DISCUSSION
Correlations with the Magnetic Time Scale

At present, the Eocene to Oligocene MPTS is
undergoing revision. Chronologic data (Monta-
nari and others, 1988; MclIntosh, 1988) indicate
that the Eocene/Oligocene boundary will be
shifted 3-4 m.y. younger. A similar revision is
also likely to occur in the early Eocene time
scale (W. Berggren, 1990, personal commun.).
Hence, it is likely that the ages quoted here will
need revision to conform to an improved time
scale. Because neither the overall duration of
Eocene time nor the general pattern of reversals
is expected to change significantly, the correla-
tions of the local magnetozones to the MPTS
and the rates calculated here should retain their
overall validity.

The correlation of the local magnetic polarity
stratigraphies with the MPTS (Fig. 9) is assisted
by previously attained biostratigraphic data
(Reguant, 1967; Ferret, 1971; Estevez, 1973;
Serra-Kiel, 1981; Orti and others, 1985). These
data provide generalized “tie-points” of 1-4
m.y. duration between the local MPS and the
MPTS. Because the Pyrenean biostratigraphy is
based primarily on nummulites that have not
been definitively tied to the northwestern Euro-
pean biostratigraphy (Aubry, 1985), uncertain-
ties remain concerning the ¢hronologic signifi-
cance of the Pyrenean biostratigraphic data.
Additional guides to correlation with the mag-
netic time scale are found when sedimentary
formations interfinger at different localities, such
that unambiguous dating of a formation at one
locality serves to guide correlations with the
MPTS at other localities. Finally, identified un-
conformities or intervals of slow sediment ac-
cumulation (for example, glauconitic sands)
suggest stratigraphic intervals where breaks may
occur in the local MPS.

Whereas the correlations shown in Figure 9
have been guided by the faunal, stratigraphic,
and sedimentologic data described above, some
ambiguities remain in the correlations. Our in-
terpretations require the Beuda sequence at St.
Jaume and the upper part of the Corones se-
quence at Baga (Fig. 9) to be highly condensed
and to represent 1-2 m.y., whereas the uncon-
formity between the Armancies and Campde-
vanol strata at Gombren is interpreted to have
lasted less than 0.1 m.y. These interpretations
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Figure 9. Correlation of each of the local MPS’s from the eastern Pyrenees with the
magnetic polarity time scale of Berggren and others (1985). Chron numbers (13-26) are
adjacent to the normal magnetozones of each chron. The underlying, reversed magnetozones
also belong to that chron. Stage names, boundary positions, and ages are also taken from
Berggren and others (1985). The dot-filled boxes indicate the position and correlation of
sequence boundaries between the St. Jaume and Gombren sections, whereas the heavy lines
show the correlations we have defined between each of the local MPS’s and the MPTs. The
wavy lines indicate the position of unconformities within the studied sections, and dashed lines
denote uncertain or alternative correlations. See text for a discussion of the choice of correla-
tions, biostratigraphic controls that guided each correlation, and problems and implications of

each correlation.

are a direct consequence of matching the rever-
sal patterns of each section with the magnetic
time scale, and they are based on the assumption
that the time scale is well known. The duration
of the hiatus identified in the St. Jaume section
(2,100 m, Fig. 16) depends on whether the top-
most normal magnetozone (N4) is correlated
with magnetic anomaly 17, 18, or 19 (Fig. 9).
The correlation we have chosen (to chron 17)

yields both a reasonable gap at the basal uncon-
formity of the Milany sequence and subsidence
rates that are rapid, but consistent with other
sections (Fig. 10). Other correlations, however,
cannot be eliminated with confidence.

The correlation of the base of the Vic section
(Figs. 8 and 9) is also ambiguous. The topmost
Tavertet Formation is of upper Lutetian age
(Reguant, 1967), and magnetozone N1 could,
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therefore, correlate with either anomaly 19 or
20. The Coll de Malla marl and the glauconitic
sandstone of the Folgueroles Formation suggest
slow deposition during this interval, such that
the reversed interval (chron 19R) could be rep-
resented by the stratigraphically thin, reversed
magnetozone (R2) in the middle of the Folgue-
roles at Vic. The topmost Tavertet would then
correlate with anomaly 20. We prefer this inter-
pretation, but can not eliminate the possibility
that the Tavertet extends up to anomaly 19.

Given the density of sampling, the discovered
patterns of reversals, the observed unconformi-
ties within the sections, and the available bio-
stratigraphic controls, there is little flexibility in
the general correlations with the MPTS (Fig. 9).
The proposed correlations of the detailed pattern
of short-duration reversals within anomalies 17,
18, 23, and 24 (Fig. 9), however, may be modi-
fied in the future, if the sampling density, speci-
men quality, and stratigraphic resolution are
increased.

Implications of the Chronologic Record

On the basis of these new magnetostrati-
graphic data, strata spanning an interval of 18
m.y. during Eocene time have been dated with a
much higher resolution than previously attained.
Because this interval encompasses a time of
major shortening within the eastern Pyrenees,
these data provide a precise temporal frame-
work within which to analyze related tectonic
and depositional events. The ages quoted below
are derived from the time scale of Berggren and
others (1985). Other relevant data, such as eu-
static histories (Haq and others, 1987) or faunal
records (for example, Aubry, 1985), which are
cast in the context of the MPTS, are converted
to absolute ages according to Berggren and oth-
ers’ (1985) time scale.

The oldest record studied here comes from
the Baga section located in the footwall of the
Pedraforca thrust sheet (Fig. 2). The marl of the
Sagnari Formation (Gich, 1972) and the Alveo-
lina limestone (Mey and others, 1968) of the
Cadi sequence began to accumulate here at ~58
Ma (Fig. 18), or in earliest Eocene time. These
units overlie Paleocene terrestrial red beds and
lacustrine limestones, and they appear to result
from a widespread transgression that culminated
during latest Thanetian to earliest Ilerdian times
(Ypresian; Haq and others, 1987). Limestone of
similar age is found over much of the central
Pyrenees (Barnolas and others, 1991). East of
the study area, the Sangari marl was deposited
in a trough that apparently subsided rapidly due
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to loading by the Emporda thrust sheet (Pujadas
and others, 1989). Hence, shortening and trans-
gression in the eastern Pyrenees took place coe-
vally at ~58 Ma.

Despite possibly being deposited during a rel-
ative high stand of sea level (Haq and others,
1987), the middle Corones sequence at Baga
(Figs. 11 and 12) includes a northerly supplied
deltaic system that is inferred to correlate with
the basin inversion and southward-prograding
red beds observable 30 km to the east (Pujadas
and others, 1989). The net sediment accumula-
tion rate is slow during this interval (5-9
c¢m/Ky), and numerous small unconformities
may have developed under a regime of minor
tectonic uplift (Fig. 10).

Rapid deepening of the proximal foreland
basin is recorded by the slope marl and breccias
of the Armancies sequence, which represent an
abrupt change in the style of deposition, begin-
ning at ~53.9 Ma within middle Cuisian times
(Gombren section, north limb Ripoll syncline,
Figs. 14 and 17). Decompacted sediment-

accumulation rates and subsidence accelerate at
this time (80-100 cm/ky; Fig. 10). This deepen-
ing is viewed as a response primarily to loading
by the Pedraforca thrust sheets and secondarily
to the relatively high sea level during this inter-
val (Haq and others, 1987). Megaturbidites (or
slope breccias) up to 30 m thick in the lower
parts of the Armancies contain clasts of Ilerdian
limestone within a matrix of middle to upper
Cuisian age (Puigdefabregas and others, 1986).
The only presently known directional indicators
in the megaturbidites suggest westerly flow. Be-
cause this direction is subparallel to the recon-
structed basin axis (Puigdefabregas and others,
1986), it remains unclear whether these meg-
aturbidites had a northerly or southerly source.
Although some of the megaturbidites exhibit
sedimentological evidence for deposition from a
single catastrophic event, others appear to
record several superposed depositional events.
Similar megaturbidites in the western Pyrenees
have been interpreted as representing large seis-
mic events (Séguret and others, 1984). Whereas

an analogous causal mechanism is likely for the
eastern Pyrenees, the superimposition of several
megaturbidites with no intervening fine-grained
strata suggests that destabilization of the carbon-
ate shelf (perhaps by minor sea-level lowering)
often was a precursor to catastrophic collapse of
the shelf margin during submarine thrusting. A
similar temporal coincidence of pulses of tecton-
ism with significant sea-level drops has been
inferred to provide the necessary conditions for
generating submarine breccias in several other
localities (Garrison and Ramirez, 1989).

Along the northern limb of the Ripoll syn-
cline, the Armancies strata are overlain by the
turbiditic Campdevanol sequence, which attains
a thickness of ~1 km (Fig. 14). Because the
turbidites contain abundant mascerated plant
debris and are strikingly siliciclastic, they appear
to be dominated by terrestrial source areas. In
the Gombren section, turbidites appear abruptly
at ~52.1 Ma and, according to our correlation
with the MPTS (Fig. 9), accumulate at a mean
rate of ~30-50 cm/ky until ~49.5 Ma. A dis-
tinct unconformity between the marl and the
terrestrially sourced turbidites occurs within
chron 22N (Figs. 9 and 12). According to Haq
and others (1987), the largest sea-level drop and
rise (>100 m) in Eocene times occurs here at the
Cuisian-Lutetian boundary. The apparent brev-
ity of this sea-level fluctuation, despite its magni-
tude, supports our contention that relatively
little time (<0.2 m.y.) is represented by this
unconformity.

On the southern limb of the Ripoll syncline in
the St. Jaume section, Vallfogona thrust has
truncated the Campdevanol turbidites above
their contact with the Armaincies sequence.
These west-southwest-directed turbidites (Fig.
16) span an interval from 50.0 Ma to 51.9 Ma
(Figs. 9 and 17). Their rate of decompacted sed-
iment accumulation is calculated to be 70-80
cm/ky prior to ~50 Ma (Fig. 10). The subsi-
dence rates during both Armancies and Campde-
vanol deposition display a significant accelera-
tion over those during Corones deposition (Fig.
10). We interpret this rapid deepening, as well
as the presence of megaturbidites that were
probably triggered by seismicity, as a response to
thrust-induced subsidence and infer that em-
placement of the Pedraforca allochthon oc-
curred between 54 Ma and 50 Ma.

The end of turbiditic deposition is marked by
decreasing subsidence rates (5-15 cm/ky; Fig.
10), by distinctive upward shallowing, and by
the development of a red bed and evaporite se-
quence (Beuda Formation). Along both the
northern and southern limbs of the Ripoll syn-
cline, Beuda strata are ~48.7-49 Ma, or early
Lutetian age (Figs. 14, 16, and 17). Eustatic re-
constructions (Haq and others, 1987) indicate a
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sea-level fall (~50 m) at this time. Basin con-
striction may also be attributable to topographic
damming by the oblique termination of the Ped-
raforca thrust sheet. Although this time has been
cited as the end of the first stage of Pedraforca
thrusting (Puigdefibregas and others, 1986), we
suggest that the decreasing subsidence rates may
imply that the rate of erosion and removal of the
thrust load began to exceed the rate of load em-
placement (Flemings and Jordan, 1990), that
the sediment supply decreased dramatically,
and/or that thrusting stopped altogether at this
time.

The prodelta and delta-front sandstone and
shale of the Coubet Formation directly overlie
the Beuda evaporite in the northern Ripoll syn-
cline. On the southern limb, ~200 m of “blue
shale” (Banyoles Formation) precedes the earli-
est Coubet strata. Both formations display re-
newed acceleration of sediment accumulation
and subsidence (~20-50 cm/ky; Fig. 10), and
in the south, the Banyoles strata indicate deepen-

ing marine conditions. The Coubet strata mark
the transition to predominantly terrestrial depo-
sition in the northern parts of the foreland basin,
and they are followed by the generally south-
ward-prograding alluvial strata of the Bellmunt
Formation. In the north, the Bellmunt red beds
first appear at ~47.5 Ma (Fig. 17) and coarsen
upward to the top of the presently preserved
sequence, where abundant conglomerate beds
are dated at ~45.8 Ma (Gombren section; Fig.
14). In the southern synclinal exposures, the Bell-
munt strata first appear ~1-1.5 m.y. later than
in the northern limb. This diachrony suggests
southward progradation of the Bellmunt fan ata
mean rate of 0.5-1.0 cm/yr. Within 300 m of
the top of the Bellmunt sequence at St. Jaume,
rare interbeds of nummulitic sandstone still ap-
pear. Their stratal geometries indicate that the
basin remained open to the southwest at this
time. Stratigraphic relationships still farther to
the south near Vic (Fig. 2) indicate that the
Tavertet Formation underlies the prograding
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Bellmunt fan. Thus, by comparison with dated
strata farther north, the Tavertet limestone may
date from >46 Ma.

Although the clastic rocks that supersede the
Beuda strata generally represent an interval of
erosion of the Pedraforca thrust sheet (Puigde-
fabregas and others, 1986), a hindward-imbri-
cating fan of thrusts began to develop within the
thrust sheet (Fig. 4) at this time (Martinez and
others, 1988). Between 47.4 Ma and 40.0 Ma,
four individual thrusts (T} to T4; Figs. 4 and 16)
cut fan strata that can be correlated with the
Banyoles to Milany strata at St. Jaume (Fig. 17).
Due to the coarse-grained strata in the core of
the Ripoll syncline, the youngest thrust could
not be dated using paleomagnetic techniques.
Breakback thrusting appears to be due to inter-
nal deformation of the Pedraforca thrust sheet
during the development of the Ripoll syncline
between the emergent frontal thrust to the south
and the growing Freser Valley antiformal stack
to the north (Muiioz and others, 1986).

Coeval with the start of breakback thrusting
(T;) at ~47.4 Ma, piggyback thrusting led to
initial development of the Vilada anticline (Figs.
4 and 17). Whereas early anticlinal growth was
not rapid, accelerated growth of the anticline
occurred between 46 Ma and 42 Ma. This dis-
ruption profoundly affected strata in the south-
ern Ripoll syncline, cavsing thinning and stratal
truncation adjacent to the anticline (Fig. 4). An-
ticlinal growth continued to deform syntectonic
strata until 41 Ma, after which no younger strata
appear disturbed by this fold.

Initial movement of the Vallfogona thrust oc-
curred during growth of the Vilada anticline and
breakback thrusting, as ~5 km of shortening dis-
rupted the Bellmunt red beds prior to deposition
of the Folgueroles Formation, transformed the
Ripoll basin into a piggyback basin, and caused
folding about an east-west axis. Between 44 Ma
and 42.5 Ma, shortening averaged 3 mm/yr and
created the unconformity that bounds the base
of the Bartonian Milany strata at 2,075 m in the
St. Jaume section (Figs. 16 and 17). Paleocur-
rents in the Milany sequence at St Jaume (Fig.
16) and coeval stratal patterns in the northern
Ripoll syncline (Martinez and others, 1988) in-
dicate that transformation to a piggyback basin
and continued development of the Pedraforca
imbricates caused fans to prograde eastward into
the newly formed syncline.

Two additional intervals of Vallfogona thrust-
ing can be defined. During Milany deposition
(42-40 Ma), Vallfogona imbricates cut the Fol-
gueroles sandstone. Relative quiescence pre-
vailed during deposition of the Cardona evap-
orite (~40 Ma), and an unconformity developed
across the Vallfogona imbricate fan (Fig. 17).
The overlying Berga conglomerates are correla-
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tive with the Artés Formation in the Vic region.
Progressive unconformities within these con-
glomerates (Riba, 1976) indicate that the Vall-
fogona thrust was active again after ~39.5 Ma.
The cross-cutting stratigraphic and structural
relationships among strata of the Ripoll syncline
and the Pedraforca thrust sheets permit unusu-
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ally tight limits to be placed on the succession of
hindward-imbricating thrusts and coeval piggy-
back thrusts. The magnetic dates on these thrusts
suggest that the entire sequence developed over
an ~7.5-m.y. span. During this time, deforma-
tion appears to have occurred in pulses of rapid
thrusting (or anticlinal growth) that generated
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significant unconformities in proximal areas and
were followed by intervals of slower shortening,
In addition, two different scales of piggyback
thrusting can be discerned. Limited shortening
(~1 km) occurred within the Vilada anticline
immediately adjacent and closely parallel to the
breakback thrusts (Fig. 4). The thrust causing
this shortening used the same sole thrust as was
used by the breakback imbricates. In contrast,
the Vallfogona piggyback thrust is a more re-
gional feature that is oriented orthogonally to
the primary, north-south transport direction. It
utilized a deeper detachment surface, as it trans-
lated both the Ripoll basin and the imbricate
stack into a piggyback basin.

Given this chronologic framework, rates of
shortening can be calculated based on bed-
length balancing of the competent lithologic
units. In a northwest-southeast transect perpen-
dicular to the traces of the breakback imbricates
(Fig. 4), a total of 4.5 km of shortening can be
documented with ~3.5 km accommodated by
the imbricate thrusts and ~1 km accommodated
by the Vilada anticline (Burbank and others,
1990). These data yield a shortening rate of
~0.6 mm/yr for 7.5 m.y. This transect is not,
however, parallel to the north-south transport
direction of the thrusts (Vergés and Martinez,
1988). If the imbricates are traced westward to a
frontal position with respect to their transport
direction, they can be shown to accommodate
~18 km of orthogonal shortening at a mean rate
of 2.4 mm/yr.

The style of deformation of the thrusts bound-
ing the Ripoll basin is strikingly similar to that
seen along the eastern margin of the South-
Central Unit (Figs. 1 and 2) in the vicinity of the
Oliana anticline (Vergés and Muiioz, 1990;
Burbank and others, 1992). In both cases,

BELLMUNT SEQUENCE
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[

Figure 13. Location map for the Gombren section based on 1:5,000 maps and aerial photographs. Tracing of megaturbidites was used to
correlate within the Armancies sequence. See Figure 2 for section location.
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breakback and piggyback thrusting are occur-
ring simultaneously and in close proximity to
each other. Both deformed regions are located
along oblique ramps, and both exhibit a coun-
terclockwise rotation of the footwall strata in
apparent response to the shear couple developed
along the oblique thrust-sheet boundary.

The magnetic data (Fig. 6D) indicate that a
counterclockwise rotation of the southern Ripoll
basin took place during thrusting (Table 1). Pre-
Beuda strata are rotated by ~15°, whereas post-

oS CAMPDEVANOL —

Coubet strata are only rotated ~5°. The
intervening strata exhibit intermediate amounts
of rotation. The driving force for the rotation is
likely to have been the thrusting along the
oblique margin of the Pedraforca thrust sheet.
Sinistral shear along this ramp between 46 Ma
and 47.5 Ma apparently controlled most of the
rotation. Perhaps due to its greater distance from
the thrusts, the Gombren section on the north
side of the syncline shows negligible rotation at
this time.

The granitic provenance that characterizes the
Milany sequence, including the Folgueroles
sandstone in the south, suggests that major, out-
of-sequence thrusts (for example, the Ribes-
Camprodon thrust; Puigdefabregas and others,
1986) brought crystalline rocks to the surface to
the north of the study area (Freser Valley) at this
time. In the upper part of the St. Jaume section,
granitic clasts begin appearing in abundance at
~41.8 Ma. The glauconite-bearing, transgressive
Folgueroles sandstone is dated as spanning
~42.3-439 Ma (Fig. 9) and appears to correlate
with a significant interval of rising sea level (Haq
and others, 1987). The overlying Milany se-
quence at Vic (comprising primarily marl; Fig.
8) is punctuated by two deltaic, southward-
prograding sandbodies. The older Oris sand-
stone at ~41.5 Ma is succeeded 0.5 m.y. later by
the deltaic sandstone and restricted reefs of the
St. Marti Xic complex (Figs. 8 and 17) (Barno-
las and others, 1981). Despite the overall
shallowing-upward sequence at Vic, subsidence
rates generally accelerate over this interval (Fig.
10). Marked rate increases, from ~10 cm/ky
between 44.5 Ma and 425 Ma to ~60-70
cm/ky, occur at ~42.7 Ma, whereas an appar-
ent deceleration to ~40 cm/ky occurs beginning
at ~41.2 Ma. Enhanced subsidence appears
linked to the southward migration of both the
locus of thrusting and the foreland depocenter
(Puigdefabregas and others, 1986). Although the
Vallfogona thrust was active at this time and an
additional thrust load was being emplaced, the
Vallfogona thrust involves only cover rocks, and
it probably did not generate very large new
loads. Instead, it is more likely that major
basement-involved thrusts, like those facilitating
the emplacement of the lower basement units
of the Freser Valley antiformal stack and
the Ribes-Camprodon out-of-sequence thrust
(Muiioz, 1985; Puigdefibregas and others,
1986), were active at this time.

As with the sequences farther to the north, the
rate decreases (Fig. 10) at Vic (after ~41 Ma)
are associated with evaporite deposition (Figs. 3
and 17). The age of the Cardona evaporite (Fig.
8) appears to coincide with the timing of the
largest, most abrupt sea-level drop recorded dur-
ing late Eocene to Oligocene times (Haq and
others, 1987).

Of the previously described structural events,
only the breakback thrusting, the growth of the
Vilada anticline, and three intervals of Vallfo-
gona thrusting can be unambiguously dated
using cross-cutting relationships that can be
clearly related to the studied sections. The tim-
ing of other events, such as out-of-sequence
thrusting, must be inferred from subsidence rec-
ords and stratigraphic indicators of tectonism.
Nonetheless, these new chronologic data pro-
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Figure 16. The St. Jaume MPS. Abundant
paleocurrent indicators in the Campdevanol
turbidites and in the Bellmunt-Milany sand-
stones help define the reorganization of the
drainage system that occurred following in-
itial motion on the Vallfogona thrust and re-
sultant folding of the Ripoll syncline as
represented by the unconformity at 2,160 m.
Thrust symbols to the right of the MPS indi-
cate the stratigraphic height at which the
hindward imbricating thrusts in the Pedra-
forca thrust sheet (Fig. 4) were active. Sites
displaying post-folding normal overprints (x’s
between 150 and 375 m) were not included in
the magnetic zonation.
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vide a significantly improved temporal frame-
work for continuing analysis of the Pyrenean
foreland.

Relationship to Foreland-Basin Models

Recent models of foreland-basin sedimenta-
tion (Flemings and Jordan, 1989, 1990; Ange-
vine and others, 1990) suggest that the patterns
of sedimentary infilling of a flexural basin
should respond to rather complex interactions
among subsidence, sediment supply, base-level
change, transport efficiency, and sorting. These
factors, in turn, represent responses to changes in
loading, erosion, uplift, climate, lithology of
source terrains, and sea level. Although many of
these controls are poorly known with respect to
the Pyrenees at present, some model predictions

(Angevine and others, 1990) regarding grain-
size changes and subsidence rates can be exam-
ined: in supply-driven basins, progradation of
coarse-grained facies should occur during times
of accelerated sediment accumulation, whereas
in subsidence-driven basins, progradation should
occur during times of decreased subsidence and
sediment accumulation.

In all four sections described here, decreases
in the rate of subsidence are associated with
progradation of coarse-grained facies. The un-
certainties inherently associated with the subsid-
ence calculations suggest that little significance
should be attached to subtle rate changes. Con-
sequently, only large-scale changes are consid-
ered here. The Corones red beds (Bagd), the
Folgueroles sandstone and Artés red beds (Vic),
and the Bellmunt-Milany red beds (Gombren

and St. Jaume) each appear in these sections
during or shortly after rates of both subsidence
and sediment. accumulation decrease (Fig. 10).
Because only one of these coarse-grained facies
(Corones red beds) appears to be associated
with a significant drop in sea level (Haq and
others, 1987), these observations suggest that
progradation was controlled primarily by sub-
sidence, rather than sediment supply or base-
level changes.

In the marine records from Bagi, Gombren,
and Vic, accelerating subsidence is associated
with a change to finer-grained, largely marly
deposition. This tendency agrees with the
prediction that, during times of rapid subsidence,
coarser sediments will be trapped in the rapidly
created space along the proximal basin margin,
whereas finer-grained deposition will dominate
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in more distal areas. Increases in water depth
that are independent of sea-level rises are also
associated with these subsidence increases and
suggest that the rate of sediment supply could
not keep pace with the rate of subsidence.

A contrasting response appears at St. Jaume
where, despite the unconformity between 42.5
Ma and 44 Ma, clearly accelerated subsidence
(Fig. 10) is associated with increasingly coarse-
grained deposition (Fig. 16). This seems to pro-
vide an example of a supply-driven prograda-
tion. Its occurrrence here is not unexpected,
because the section is proximal to an imbricating
and newly emergent thrust load (Fig. 4). The
contention that this hindward-imbricated zone is
responsible for a high sediment flux, rather than
a more northerly source area, is reinforced by
the rather ubiquitous easterly directed paleocur-
rents in these coarse-grained units (Fig. 16). It
may also be important that the Vilada anticline
(Fig. 4), which would be likely to have formed a
partial barrier to west-east transport, had largely
stopped growing by this point.

Foreland-basin models (Flemings and Jor-
dan, 1989, 1990) suggest that subsidence curves
can be interpreted in terms of emplacement of
thrust loads, such that new loads should acceler-
ate subsidence through much of the basin and
cause the greatest subsidence in proximal sites.
For example, accelerated subsidence recorded in
the Vic section (Fig. 10) apparently reflects an
increase in the tectonic load due to piling up of
basement units in the antiformal stack and out-
of-sequence thrusting in the hinterland (Fig. 2).
Similarly, the rapid subsidence during Sagnari
deposition is likely to correspond to initial tec-
tonic loading by the Pedraforca thrust sheet
(Pujadas and others, 1989).

Recent modeling studies (Zoetemeijer and
others, 1990) suggest an effective elastic thick-
ness of ~30 km for the lithosphere beneath the
Pyrenees at present. If a similar condition pre-
vailed during Paleogene times, the flexural rigid-
ity would be ~1.6 x 1023 N-m and the basin
half width would be ~230 km. In theory, this
entire width should be affected by events of
thrust loading. For example, during stacking of
basement units, the foreland depocenter is likely
to have stepped northward due to enhanced sub-
sidence, as predicted by several models (Sinclair
and others, 1991; Flemings and Jordan, 1990).
Because the Pyrenean foreland basin is parti-
tioned by east-west—oriented thrusts, however, a
predictably changing subsidence pattern is not
always observed. Thus, although basement
thrusting in Milany times drives a general in-
crease in subsidence in much of the foreland, the
Vallfogona thrust is active within the foreland
during part of this time, and it creates local thin-
ning and unconformities. These characteristics

might explain apparent enigmas in the strati-
graphic and subsidence data.

It is noteworthy that the hindward imbrica-
tion of the Pedraforca thrust sheets does not
produce a clear subsidence response in the
nearby and clearly coeval strata of the Ripoll
syncline (Fig. 10). Foreland-basin models indi-
cate that, given their proximity to the thrusts,
they should have subsided quickly in response to
new loads. Failure to do this, except after 42.5
Ma, may indicate some combination of rapid
erosion of the thrust sheets (hence, little new
load on the crust; Burbank and Beck, 1991) and
activity along the Vallfogona sole thrust that
would have translated the basin into a hanging-
wall position beginning at 44 Ma—a situation
that few forward models have yet addressed.

CONCLUSIONS

Four new magnetostratigraphic sections,
spanning most of Eocene time, have been uti-
lized to improve time constraints on the
depositional sequences in the foreland basin of
the eastern Pyrenees. These data support the fol-
lowing conclusions.

1. Widespread transgression began by ~58
Ma, as nummulitic limestone was deposited dur-
ing the next 1 m.y. across much of the eastern
Pyrenees. At the same time, marl accumulated
in a rapidly subsiding trough caused by initial
loading by the Emporda thrust sheet (Pujadas
and others, 1989), the eastern equivalent of the
Pedraforca thrust sheet.

2. Slowly accumulating, thrust-derived red
beds prograded across the region between
56 Ma and 54 Ma (Corones Formation),
and major thrusting and rapid subsidence
occurred between 53.9 Ma and ~52-50.5 Ma
as the Armancies and Campdevanol sequences
accumulated.

3. Basin constriction and evaporite depo-
sition (Beuda Formation) mark the end of
the initial phase of Pedraforca thrusting at
49-50 Ma.

4. Hindward imbrication of the Pedraforca
thrust sheet (Martinez and others, 1988) oc-
curred over a 7.5-m.y. span commencing at 47.5
Ma. Sinistral shearing along the oblique margin
of the breakback thrusts caused rotation of
footwall strata between 46 Ma and 47.5 Ma.
Within the imbricate thrusts, ~ 18 km of orthog-
onal shortening occurred at a mean rate of
2.4 mm/yr.

5. Initial movement of the Vallfogona thrust
from 42.5 Ma to 44 Ma at ~3 mm/yr caused
folding of the Ripoll syncline about an east-west
axis and translated the syncline into its hanging
wall.

6. To the south of the Ripoll syncline, deposi-

1119

tion on the Tavertet carbonate platform ceased
~44.5 Ma, and the Folgueroles sandstone trans-
gressed across the region between 42.5 Ma and
44.0 Ma. Renewed Vallfogona thrusting de-
formed Folgueroles rocks from 42 Ma to 40 Ma.

7. Accelerated subsidence near Vic at 42 Ma
led primarily to marl deposition over the suc-
ceeding 2.5 m.y. This subsidence is a likely re-
sponse to loading in the hinterland by the
antiformal stack and the Ribes-Camprodon
thrust sheet. A second episode of basin constric-
tion and evaporite deposition (Cardona se-
quence) occurred at ~40 Ma.

8. A third interval of Vallfogona thrusting de-
formed the Berga conglomerate after 39.5 Ma.

9. Following the initial transgression in early
Eocene time, the eastern Pyrenean depocenter
migrated ~80 km southward at a mean rate of 5
mm/yr over the next 16 m.y.

10. The improved chronologic data indicate
that many facies boundaries are time transgres-
sive. Across the relatively narrow width of the
Ripoll syncline, the bases of Coubet and Bell-
munt sequences apparently vary by as much as
0.5-1.0 m.y. in age and reflect the pace of pro-
gradation in this region.

11. Deposition of evaporitic strata, as well as
several unconformities or condensed sections,
appear to correlate with marked sea-level falls
during Eocene times.

12. Regional subsidence is driven primarily
by thrust loads involving basement units, and
subsidence induced by emergent cover thrust
sheets is usually of minor significance.

13. Within the context of recent models for
foreland basins, changes in rates of subsidence
appear to be primary controls on coarsening and
fining trends in the dated stratigraphic record.
Direct correlations between stratigraphically re-
corded thrusting events and synchronous inter-
vals of accelerating subsidence are generally
weak. This may, however, be an indication of
predictable responses in regions not immediately
adjacent to the thrusts themselves.
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