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ABSTRACT

Clear demonstrations of detailed sequences
of thrust development are rare, particularly
with respect to hindward-imbricating succes-
sions. Similarly, well-constrained chronolo-
gies of the timing of multiple thrust motions
and associated rates of shortening are also
uncommon. Along the eastern oblique ramp
of the South-Central Unit (SCU) of the Pyre-
nees, well-exposed structural geometries and
crosscutting stratigraphic packages unambig-
uously illustrate a sequence of break-back
thrusts that developed synchronously with
the growth of an adjacent duplex. The break-
back sequence includes both the Sierras
Marginales and Montsec thrusts: structures
defining two of the major east-west partitions
within the SCU. Balanced, sequentially re-
stored structural cross sections indicate that a
minimum of 7.5 km of shortening occurred
within the imbricate stack. An additional 9
km of contraction was accommodated by the
duplex, prior fo translation of the duplex and
imbricate stack to the south along a detach-
ment within upper Eocene evaporites. Mag-
netic polarity stratigraphies have been used to
calibrate these late Eocene to Oligocene epi-
sodes of deformation. These temporal data
indicate that Sierras Marginales thrusting
began in the study area ~39.8 Ma and that
the Montsec thrust ceased movement —36.2
Ma, yielding a mean rate of shortening of 2.1
mm/yr. Coeval shortening within the duplex
was ~2.5 mm/yr, and subsequent translation
across the footwall ramp occurred at ~2.5-4
mm/yr. Despite the partitioning of shortening
into distinctively different styles of deforma-
tion, the mean rate of contraction remained
steady over ~4 m.y. These new chronologies
indicate that the locus of large-scale thrusting
did not progress systematically toward the

foreland, but shifted episodically within the
SCU, such that, during the late Eocene short-
ening, the Sierras Marginales thrust was
active both prior to and south of the Montsec
thrust.

INTRODUCTION

As recently proposed models for the evolu-
tion of thrust wedges (for example, Davis and
others, 1983) are tested against geological data,
two problems repeatedly emerge. First, it is fre-
quently difficult to demonstrate the actual se-
quence of thrust propagation, that is, whether it
occurred as a series of piggyback thrusts propa-
gating toward the foreland, break-back thrusts
propagating toward the hinterland, or some
combination of the two. Piggyback thrusting is
widely accepted as the typical style of deforma-
tion in fold-and-thrust belts (Bally and others,
1966; Boyer and Elliott, 1982). Break-back
thrusting, however, has recently been docu-
mented (Elliott and others, 1985; Martinez and
others, 1988) and is, in fact, predicted by the
mechanical thrust-wedge models (Davis and oth-
ers, 1983; Platt, 1988). Second, even when the
sequence of thrusting can be reliably recon-
structed, the precise timing and duration of
thrusting events are difficult to define. Fre-
quently, several tectonic events will fall below
the resolution of any known biostratigraphic
limits, and, particularly in terrestrial sequences,
such faunal data may be sparse.

The sequence of thrust propagation often can
be unambiguously defined only by the relation-
ships between thrusts and synorogenic sediments
(for example, Martinez and others, 1988; Vergés
and Muifioz, 1990). Such relationships are usu-
ally observed solely in the external portions of
fold-and-thrust belts, where the absence of ex-
tensive uplift and associated deep erosion has
preserved them. The problem of defining the
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sequence of thrusting events can be addressed
directly when crosscutting structural relation-
ships are observable and, more specifically,
when successive sedimentary aprons related to
the emplacement of individual thrust sheets can
be mapped. In addition, if these synorogenic sed-
iments can be precisely dated (for example, Bur-
bank and Raynolds, 1988; Jordan and others,
1988) and balanced cross sections can be con-
structed, then the problems of timing and rates
of thrust development can also be assessed.

The southern Pyrenees provide an opportu-
nity to apply the combined approaches of detailed
mapping of thrusts and related synorogenic sed-
iments with high-resolution dating techniques.
Unlike many other youthful collisional moun-
tain ranges, only moderate uplift has occurred
adjacent to the external thrusts within the fore-
land. Limited erosion has exposed many of the
thrusts, while also preserving clear syntectonic
depositional relationships. Fine-grained sedi-
ments are present throughout much of the syn-
orogenic succession and facilitate the successful
application of magnetic polarity stratigraphy as
a means to develop better temporal constraints.

In this study, we focus upon the boundary
between the Ebro foreland basin and the South
Central Unit (Séguret, 1972), a trapezoidally
shaped thrust sheet involving Mesozoic to early
Tertiary cover strata and extending ~90 km in
an east-west direction and ~60 km in a north-
south direction (Figs. 1 and 2). The recently
published ECORS deep-seismic reflection pro-
file traverses the eastern segment of the SCU
(ECORS Pyrenees team, 1988; Roure and oth-
ers, 1989; Muiioz, 1991). This seismic line re-
veals that, along this transect, the “Axial Zone”
of the Pyrenees consists of a south-directed,
crustal-scale duplex with an antiformal geome-
try that developed through piggyback thrusting.
Although south- and north-directed imbricate
thrust systems flank the Axial Zone, the majority
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of shortening is accommodated by the South
Pyrenean thrust system. As the large-scale and
deep-structural relationships are clarified by
these new seismic data, it becomes increasingly
useful to constrain more precisely the ages of
deformation along this traverse in order to re-

RS MEDITERRANEAN  construct the tectonic evolution of this region
more reliably. We describe here an integrated
stratigraphic, structural, and chronologic study
of the northern portion of the eastern termina-
tion of the SCU, where we can define coeval
=4 break-back and piggyback thrust sequences, de-
e o o e " termine the magnitude of shortening on several
thrusts, and document the ages and rates of

thrust emplacement and synorogenic sediment
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Figure 1. Generalized geologic map of the Pyrenees indicating major structural units. Dotted The SCU is bounded in the west by a set of
lines indicate the positions of buried thrusts and major anticlines in the Ebro basin. Box anticlines and thrusts which separate it from the
indicates the location of Figure 2. Gavarnie thrust sheet and in the east by the
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Figure 2. Simplified geologic map of the eastern South-Central Unit and the adjacent Pedraforca Unit showing the structural partitioning of
each region, including the Boixols, Montsec, and Sierras Marginales thrust sheets in the SCU and the structurally equivalent units in the
Pedraforca area. Box indicates the location of Figure 3 near the branching point of the Sierras Marginales and Montsec thrusts. The location of
the structural cross section (Fig. 4) from the Boixols thrust to the Ebro foreland basin is shown by the approximately north-south line.
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Figure 3. Geologic map showing major thrusts and stratigraphic units within the Oliana area along the eastern lateral ramp of the SCU.
Conglomerate packages 1-4 are directly related to intervals of thrusting and show that the Sierra Marginales thrusts and the Montsec thrust
formed in a break-back sequence. The gypsiferous strata on the map correspond to the Cardona evaporite. The locations of the magnetostrati-
graphic sections (Oliana and Peramola I and II) and the structural cross section are indicated.

Segre thrust, which separates the SCU from the
Cadi thrust sheet (Figs. 1, 2, and 3). To the south
and southeast, the SCU is bounded by the de-
formed Ebro foreland basin, whereas its north-
ern limit is defined by the Nogueras thrust
sheets, which comprise both cover and basement
rocks of the Axial Zone of the Pyrenees (Fig. 2).

Three major thrust sheets can be delineated
within the SCU. From the north to south, these
are the Boixols, Montsec, and Sierras Marginales
thrust sheets. Farther south in the northern Ebro
basin lie additional foreland folds and thrusts
(Vergés and others, 1991). Deformation along
the Boixols thrust occurred in late Maastrichtian
time (Simd, 1985). An initial phase of move-
ment of the Montsec thrust within the SCU af-
fected the Ager syncline (Fig. 2) in the early
Eocene (Mutti and others, 1985). In the western
SCU, structural, stratigraphic, and magnetic
data indicate that initial motion on the Montsec

thrust terminated by 54 Ma (Powers, 1989). De-
formation within the Sierras Marginales (Fig. 2)
along the southern border of the SCU is loosely
constrained as ranging from middle Eocene to
Oligocene (Puigdefabregas and others, 1989).
In the northern portion of the eastern margin
of the SCU, several thrusts can be observed
which are lateral extensions of the Montsec and
Sierras Marginales thrusts. These thrusts branch
in a unique northeast-southwest-striking sur-
face, the Segre thrust, which corresponds to the
eastern oblique ramp of the SCU (Figs. 2 and 3).
Oriented subparallel to the Segre thrust, the
doubly plunging Oliana anticline is the north-
ernmost structure along this traverse that does
not involve pre-Tertiary strata. To the northwest
of the Oliana anticline, geometrical relationships
with synorogenic conglomerates demonstrate
that the Mesozoic rocks of the SCU in the hang-
ing wall of the Segre thrust are deformed by a

break-back imbricate stack. Details of the thrust
geometry and sequencing are given by Vergés
and Muiioz (1990). Seismic reflection profiles
across the Oliana anticline clearly depict a zone
of subhorizontal detachment at ~3 km beneath
the crest of the structure. Well data indicate that
this décollement corresponds to the upper Eo-
cene Cardona evaporites and continues beneath
the southern outcrops of the Montsec thrust
sheet (Fig. 4).

Foreland Stratigraphic Series

The foreland stratigraphy commences with
uppermost Cretaceous—lower Paleogene Garum-
nian red beds (Tremp Formation in the Pyre-
nean foreland basins) directly overlying the
Hercynian basement rocks. Subsequently Iler-
dian-Lutetian deposition on a carbonate plat-
form (Alveolina limestone) was replaced by the
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its translation across the footwall ramp and the height of the ramp itself are determined from altitudinal and deformational relationships
presently visible along the base of conglomerate 4. Conglomerates 1-3 have been deformed by both the Oliana duplex and the imbricate thrusts,
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thrusts are marked by dashed lines.
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Igualada marls. These marls crop out in the core
of the Oliana anticline, attain a thickness of
~700 m in the Basella well (Fig. 4A), and have
been micropaleontologically dated as late Bar-
tonian—early Priabonian in age in the Oliana
anticline (Caus, 1973). The upper portion of the
marly sequence comprises lower Priabonian
reefal limestone (Caus, 1973) in the southern
limb of the anticline and fan-delta strata in the
northern limb. They are succeeded by the lower
Priabonian Cardona marine evaporites (gypsum
and salt), representing the transition from ma-
rine to terrestrial conditions in this part of the
Ebro basin (Saez, 1987). These evaporites are
overlain by >1,000 m of upper Eocene-lower
Oligocene continental conglomerate (Fig. 4)
which prograded generally to the south and
which interfingers with evaporite (Barbastro
continental gypsums) and lacustrine strata to the
south and southeast.

METHODOLOGY

The study area was mapped at a scale of
1:25,000. Aerial photographic analysis and
mapping permitted strike-line tracing of many of
the sedimentary strata from positions adjacent to
thrusts and folds in the west toward less de-
formed regions in the east (Fig. 3). Attention
was focused on stratal packages that either over-
lay or were cut by thrusts, because they can most
precisely define intervals of thrust motion. A
balanced cross section, preserving bed lengths
for the competent units and cross-sectional areas
for the incompetent units, was constructed along
a north-south transect. This orientation is sub-
parallel to the transport direction inferred from
the cartographic pattern of frontal and oblique
thrust ramps in the eastern and central SCU.
Although magnetic data from the western SCU
reveal post-Paleogene clockwise rotations of the
SCU (Powers, 1989; Dinarés and others, 1991),
data from the eastern SCU exhibit no similar
rotation. Consequently, it is reasonable to use
the orientations of oblique and frontal structures
as indicators of transport direction in this area.
Due to the upper-crustal level of thrust
emplacement, however, there is a paucity of
reliable microstructural indicators that could
confirm the inferred north-south transport direc-
tion which yields the minimum estimate of
shortening.

Detailed mapping delineated four important
detrital units (conglomerates 1-4) overlying the
Igualada marls and the Cardona marine evapo-
rites (Fig. 3). These units can be identified on
both flanks of the Oliana anticline. On the
northern margin, they are related directly with
thrusts and consist of coarse-grained strata
(breccia and conglomerate) interbedded with
occasional siltstones. In this proximal area, the
contacts between the units are generally angular

A0 1p g .A
km Valldan; l

Figure 5A. Strike-line location map for the Oliana magnetic section. Site locations and
polarity (normal = filled circles; reversed = open circles). See Figure 3 for location.

Figure 5B. Location map for the Peramola I and II magnetic sections. Note that the promi-
nent unconformity between conglomerates 1 and 2 diminishes toward the west. See Figure 3
for location.
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unconformities. On the southern flank, particu-
larly in the more distal areas, sedimentation was
finer grained (sandstone and siltstone are punc-
tuated intermittently by conglomerate through-
out the lower units), and most stratigraphic
contacts appear to be conformable.

Given the distribution of facies and uncon-
formities, more distal localities were chosen for
magnetostratigraphic studies in finer grained,
presumably more continuously deposited strata.
The longest section (Oliana) is located on the
southeast limb of the anticline (Figs. 3 and 5). It
begins in the Igualada Formation, traverses both
delta-front sandstone and strata laterally equiva-
lent to the nearby Cardona evaporites, encom-
passes ~800 m of terrestrial strata, and termi-

1 n 1
og 690 og

nates in nearly continuous conglomeratic beds
containing few, if any, fine-grained intercala-
tions. The contact between the marine and ter-
restrial strata is demonstrably unconformable
here because conglomerate 1 has been erosion-
ally removed along the base of conglomerate 2
northeast of the section and is missing in the
sampled strata (Figs. 3 and 5). Two other sec-
tions (Peramola I and IT) are situated on the
distal flank of the southwest-plunging nose of
the anticline (Figs. 3 and 5). These sections are
closer to the thrusts than is the Oliana section
and contain higher proportions of coarse-
grained strata. Consequently, suitable rock types
for paleomagnetic studies are irregularly spaced.
Both sections cross a distinctive unconformity

" ]
500

dation of iron sulfides.

that separates conglomerates 1 and 2 (Fig. 5B)
and can be used to correlate among all three
sections.

Approximately 100 sampling sites were
placed within these three sections. Sites were
initially spaced at ~15-m stratigraphic intervals
in the marine facies and at every 20 to 40 m in
the fluvial sequence. During subsequent tra-
verses, additional sites were placed in order to
fill gaps where poor results had been previously
obtained and to try to confirm magnetozones
that were represented by fewer than three sites.
At each site, 3 or 4 oriented specimens were
collected. Paired specimens of representative
rock types from these traverses were subjected to
step-wise thermal demagnetization up to 600 °C
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in order to characterize the magnetic behavior
and to determine the optimal demagnetization
procedures for the remaining samples.

The results from these pilot studies indicate
two contrasting types of magnetic behavior for
the marine and terrestrial strata. Often some
component of the modern magnetic field is re-
flected by the initial in situ directions (Fig. 6). As
much as 70% of the initial remanence, appar-
ently comprising a viscous component and
sometimes goethite, is lost during heating up to
250 °C. The characteristic remanence is typi-
cally revealed between 250 and 350 °C, and by
350 ° in the marine specimens, 50%-90% of the
remanence intensity observed at 250 °C has
been lost. Many of the marine samples show
large intensity increases and unstable directions
above 350-400 °C. This appears to result from
oxidation of a low Curie-temperature mineral
during heating and is interpreted as a conversion
of an Fe-sulfide (probably greigite) to magnetite.
A strong increase in susceptibility (Fig. 7) ac-
companies this thermally induced change in
mineralogy.

Because iron sulfides are likely to be post-
depositional in origin, there is some question
about whether they record the magnetic field
near the time of deposition. Studies of Holocene
marine sediments (Karlin, 1990; Leslie and oth-
ers, 1990a, 1990b) indicate that dissolution of
magnetite and growth of greigite often occurs
near the depositional surface (0—40 cm). Almost
ubiquitously, marine-sediment accumulation
rates defined using biostratigraphic and magne-
tostratigraphic data in the central Pyrenean fore-
land during Eocene times (Caus, 1973; Powers,
1989) are considerably greater than 10 cm/kyr,
suggesting that greigite could have formed with-
in <5-10,000 yr of deposition. Karlin (1990)
noted that, when a complex magnetic signal
represents both detrital and authigenic magnetic
carriers, the preserved remanence directions
often integrate several thousand years of secular
variation. Whereas such sediments are not well
suited for detailed magnetic studies requiring
time resolutions of <104 yr, they can, none-
theless, provide reliable polarity data (Karlin,
1990).

Magnetizations due to iron sulfides tend to be
weak and are not always stable through time.
Unfortunately, due to the paucity of reversed
sites within the sampled marls, it is not possible
to demonstrate a convincing reversal test based
on the Oliana data. In conjunction with mag-
netic results from lithologically similar marl in
nearby areas (Powers, 1989; Burbank and oth-
ers, unpub. data), however, we conclude that the
early post-depositional remanence directions at
Oliana are being recovered based on the follow-
ing observations: (a) the magnetic data pass a
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Figure 7. Susceptibility changes during thermal demagnetization. Large changes in suscepti-
bility observed above 350 °C for many marine sediments mimic similar changes in intensity
(Fig. 6). The observed susceptibility increases are interpreted to represent conversion of iron

sulfides to magnetite during heating.

fold test (Table 1; McFadden and Jones, 1981),
indicating that the magnetizations in the marls
were acquired and stabilized prior to the folding
that occurred shortly after deposition; (b) litho-
logically identical, superposed sites can show
opposite polarities; and (c) in similar lithologies
farther west in the SCU, laterally separated but
demonstrably equivalent marine strata reveal
matching patterns of reversals. Despite these
contentions, the magnetic data are not of the
highest quality, nor is the resulting magnetic zo-
nation in the marls.

Whereas the fluvial strata also reveal their
characteristic remanence directions between 250
and 350 °C, these directions and the magnetic
susceptibility are generally stable up to ~550 °C
(Figs. 6 and 7). Many of these strata are pink,
tan, and red siltstones, and, in addition to mag-
netite as a primary remanence carrier, they indi-
cate the likely presence of some authigenic
hematite, as suggested by the remanence that
remains above 580 °C (Fig. 6).

Because the directions interpreted to represent
characteristic remanences were revealed for
both marine and terrestrial samples at tempera-
tures above ~240 °C, all of the remaining spec-
imens were thermally demagnetized at 250, 280,
310, and 340 °C. A characteristic remanence
direction was defined for each specimen based
on these successive measurements. The validity
of the specimen directions was further assessed
using Fisher (1953) statistics on the multiple
specimens at each temperature level at each site.
Sites were then classified as “Class I,” if Fisher k
> 10 (implying that these directions were non-
random at >95% confidence level; Irving, 1964),
“Class II,” when the polarity of the site was
unambiguous, but k < 10; and “Class II,” when
no reliable polarity could be determined for a
site. The mean site directions, calculated using
the 280-310 °C data, were used to determine a
paleolatitude for the virtual geomagnetic pole
(VGP) which in turn formed the basis for classi-
fying sites as of either normal or reversed polar-

TABLE 1. FISHER STATISTICS ON MAGNETIC DATA

Section Polarity Number In situ Bedding corrected*
k ags(®) Dec. () Inc. (°) k ags ©) Dec. (°) Inc. (°)
Otiana N 118 6.0 49 340.7 311 87 49 82 60.2
(alt sites) R 58 6.3 8.6 155.8 180 70 82 164.5 -29.6
Otiana N 81 6.8 6.6 3326 348 11.3 49 3573 622
(marls)
Peramola N 24 8.6 12.2 3400 217 41 204 34538 204
Tand 11 R 20 109 9.6 1434 200 70 12.9 150.0 -275

k = Fisher {1953) k. agg = 95% confidence interval on mean.
*Restored to horizontal attitude assuming nonplunging, cylindrical folds.
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ity. An ags-error envelope was calculated on the
VGP latitude to provide an additional indication
of the reliability of each site. Following demag-
netization, some Class I and II sites exhibited
inclinations that were inconsistent with their ap-
parent polarity, that is, positive inclinations for
sites with southerly VGP’s. This was particularly
true in the red beds of the Peramola sections,
where more than 25% of the sites displayed this
behavior. Such sites were not included in the
magnetic polarity stratigraphy (MPS). They
probably either represent transitional polarities
or specimens for which a secondary overprint
was not successfully removed.

Analysis of the magnetic data with respect to
fold tests and VGP’s is further complicated, be-
cause the sections are located along the flanks of
a doubly plunging structure, the Peramola sec-
tions are located on a secondary plunging fold
above a back thrust, and the anticlinal folding
itself is not concentric. Given the available data,
it is not possible at present to determine the
plunge axis that would be appropriate for each
part of each section. Consequently, reliable
restoration of beds and magnetic directions to
their pre-folding orientation is not readily ac-
complished (Chan, 1988), and apparent rota-
tions revealed by the magnetic data should be
evaluated in this context.

At present, the middle Cenozoic time scale is
undergoing considerable revision (for example,
Montanari and others, 1988; Mclntosh, 1988;
Berggren and Kent, 1989). Although we utilize
the time scale of Berggren and others (1985) for
our correlations, it is likely that all of the late
Eocene to early Oligocene ages will be de-
creased by 2-4 m.y. Fortunately, the magnetic
data cited here can be readily adjusted to ac-
commodate these changes, and, because the
early Eocene ages are also likely to be revised
younger, the rates calculated here will not be
strongly affected.

Following incremental decompaction (Sclater
and Christie, 1980), tectonic subsidence was
calculated using a force-balance approach,
rather than the algorithm that is typically ap-
plied to wholly marine basins (see, for example,
Sclater and Christie, 1980; Guidish and others,
1985). We assumed a force balance with local
isostatic compensation at the beginning and end
of each step of deposition, such that, at the end
of each step, the difference between the isostati-
cally predicted position of the base of the section
and the modeled, decompacted position was at-
tributed to tectonic loading. The summation of
the incremental tectonic loads yielded the total
tectonically driven subsidence. This approach
can be applied equally to marine and terrestrial
sediments, and it appears to improve the reliabil-
ity of the estimate of tectonic subsidence.

BURBANK AND OTHERS
RESULTS
Structural and Stratigraphic Results

Mapping (Vergés and Mufioz, 1990; and the
present study) indicates that the eastern margin
of the SCU is not a simple oblique-slip fault, but
consists of two, related structural zones: an ob-
lique imbricate system of thrust faults involving
Mesozoic and lower Tertiary strata and a large,
doubly plunging anticline in the Eocene strata of

the footwall (Fig. 3). Well-exposed, crosscutting

relationships between thrusts and syntectonic
strata permit a clear reconstruction of the overall
pattern of thrusting and growth of the anticline
(Vergés and Muiioz, 1990). Strata that overlie
thrust tips or that are either cut or deformed by
thrusts indicate that both piggyback and hind-
ward-imbricating thrusts are represented here:
thus, two coeval, but contrasting styles of thrust-
ing can be delineated.

Prior to the initiation of deformation, the Bar-
tonian-lower Priabonian Igualada marls ac-
cumulated across this region. During the latter
part of marl deposition, a fan delta prograded
across the northern portion of the study area.
The final stages of fan-delta deposition were
coeval with evaporitic deposition (Cardona)
farther to the south. As shown by crosscutting
relationships, the subsequently developed thrusts
northwest of the Oliana anticline formed by
hindward imbrication (Vergés and Mufioz,
1990). Hence, the oldest thrust is the southeast-
ern-most Sierras Marginales thrust (Fig. 3), and
the youngest thrust is the Montsec thrust.

Despite lithologic similarities among the
hanging-wall strata of these thrust sheets, four
distinct terrestrial conglomeratic packages can
be delineated with respect to different episodes
of break-back thrusting (Fig. 3). The crosscut-
ting relationships between thrusts and syntec-
tonic strata that serve to define these packages
are best exposed along the northeastern expo-
sures of the Sierras Marginales and Montsec
thrusts (Fig. 3) where clear unconformities sepa-
rate each of the conglomeratic units. Several of
these units can be traced laterally around the
northeastern and southwestern ends of the Oli-
ana anticline and into the thicker stratigraphic
sequence preserved along its southeast limb. As
these contacts between the conglomeratic units
are traced laterally toward more distal regions,
they become increasingly conformable (with the
exception of conglomerates 1 and 2, as de-
scribed below), and distinctions among the
stratal packets become less marked, such that a
stratigraphic uncertainty of ~50 m should be
attached to their mapped location. Deposition of
conglomerate 1 largely preceded the initial
thrusting event recorded in the Oliana area (Fig.

4C). In proximal positions, conglomerate 1 is cut
by the outermost Sierras Marginales thrust,
whereas in some more distal locations, its upper
strata are deformed and/or eroded prior to dep-
osition of conglomerate 2 (Fig. 5B). Although
this initial thrust is “in sequence” (piggyback
thrusting), it defines the southern limit of the
hindward-imbricating stack of thrusts, as de-
scribed below.

Mapping along the outermost Sierras Margi-
nales thrust reveals that, whereas it truncates
conglomerate 1, it is overlain unconformably by
conglomerate 2 near the limits of its southern
and northern exposures (Fig. 3). In the northern
portion of the map area, a syntectonic progres-
sive unconformity is developed within conglom-
erate 2 adjacent to a younger break-back thrust
(Sierras Marginales II) that later truncated this
conglomerate. In the direction of the hinter-
land, conglomerate 3, in turn, overlies the Sierra
Marginales II thrust sheet and is itself folded into
a footwall syncline by the Montsec thrust. This
thrust not only cuts conglomerate 3, but its
hanging wall was also the source of a large block
(>200 m per side) that is preserved in the axis of
the footwall syncline. Although strata equivalent
to conglomerate 3 are undoubtedly present in
the southwestern portion of the map area, they
could not be unequivocally identified due to
erosion of proximal portions of this unit. The
final synorogenic conglomeratic package in the
Oliana area, conglomerate 4, overlies the Mont-
sec thrust (Fig. 3). In a few places, conglomerate
4 exhibits small amounts of local deformation
above the buried thrust tip, but, in general, it
defines the end of the hindward-imbricating
thrust sequence.

As interpreted on the basis of field data, seis-
mic lines, and well data, a contrasting style of
deformation is represented by the growth of the
Oliana anticline (Vergés and Muiioz, 1990). The
subhorizontal Cardona evaporite underlies the
anticline and indicates that it is allochthonous.
In the anticlinal core, the Oliana well penetrated
more than 2,300 m of Igualada marls without
encountering the evaporites. This is at least three
times the documented stratigraphic thickness
drilled in the Basella well (Fig. 4A). Due to the
folding of the marls and their seismically defined
thickening to the north, only two structural units
are interpreted to have been superimposed in the
core of the anticline (Fig. 4A). The absence of
the Cardona evaporites in the drill hole, despite
being present south and north of the study area,
suggests that the anticline corresponds to a
forward-dipping duplex (Vergés and Muiioz,
1990). Along the southeastern margin of the du-
plex, a back thrust separates conglomerate 1
from the underlying marls. This thrust and its
hanging-wall anticline (Fig. 3) formed during
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translation of the duplex across the footwall
ramp. The duplex developed near the presently
preserved northern margin of the Cardona evap-
orites which served as the detachment level. In
contrast to, and in the context of, the Montsec
and Sierras Marginales thrust, the Oliana duplex
formed in a piggyback thrusting sequence.

Stratigraphic evidence indicates that the
growth of the Oliana duplex was coeval with at
least some parts of the break-back thrusting se-
quence. First, paleocurrents in the conglomer-
ates northwest of the duplex (Oliana anticline)
suggest flow primarily to the southwest, parallel
to both the thrust and anticline traces. This
stands in contrast to the transverse transport
found associated with most proximal fan sys-
tems (for example, Marzo and Anadon, 1988;
Bull, 1964). These fans appear, in part, to have
poured into a structural moat that channeled
flow along the northwest margin of the anticline
against which conglomerates 2 and 3 pinch out
locally. Second, on the southeast flank of the
anticline and within the continental sediments,
there is a low-energy, partly lacustrine succes-
sion. This sequence grades laterally both to the
northeast and southwest into coarse conglomer-
ates and suggests a protected environment in the
lee of a structure that effectively diverted ener-
getic flow around its flanks. This situation is
similar to low-energy, inter-fan regions recon-
structed along the northern margin of the Ebro
basin (Hirst and Nichols, 1986). Third, the in-
creasing truncation of conglomerate 1 by con-
glomerate 2 on the distal southeast flank of the
Oliana structure (Figs. 3 and 5) suggests that it
was growing during or just after deposition of
conglomerate 1. Fourth, near the northeast nose
of the anticline, stratal geometries within con-
glomerate 2 fan toward the southwest and pinch
in the opposite direction above the unconform-
ity. This suggests continued growth of the
duplex during deposition of these conglomer-
ates. Finally, at the widest part of the duplex
along the Segre River, the preserved thickness of
the conglomerates is at a minimum, implying
continued deformation and some erosional trun-
cation within this particular zone.

Balanced and Restored Cross Sections

A balanced cross section was constructed
along a north-south transect, parallel to the
thrust transport direction and across the zone of
the Segre oblique ramps (Fig. 4). It is pinned in
the south by the Sanaiija drill hole that pene-
trated the basement. Additional drill-hole data
and nearby seismic sections help to define the
subsurface structural geometries. The position of
the footwall ramp of the autochthonous Eocene
sediments is interpreted on the basis of the

northern, seismically defined extent of the flat-
lying Cardona evaporites, changes in the dip an-
gles within the Montsec thrust sheet (Fig. 4A),
and well data.

Most of the shortening interpreted in the sec-
tion is due to the displacement of the Mesozoic
cover units (Sierras Marginales and Montsec)
over allochthonous Eocene strata which form
the Oliana duplex and to the displacement of
this duplex structure above the décollement
within the Cardona evaporites (Vergés and
Muiioz, 1990). Both the large displacement in-
volving the Igualada and Cardona Formations
and the absence of south-vergent thrusts cutting
either the surface of the anticline or the con-
glomeratic units south of it appear to be due to
the efficacy of the Cardona detachment surface.
This detachment surface continues southward
into the foreland basin, where deformation of
the hanging wall creates the southernmost struc-
tures in the Pyrenean fold-and-thrust belt
(Vergés and others, 1991).

Two partially restored cross sections have
been constructed (Figs. 4B and 4C). The older
reconstruction indicates geometric relationships
at the time of deposition of conglomerate 1 (Fig.
4C), whereas the younger restoration is contem-
poraneous with deposition of conglomerate 4
(Fig. 4B). The older restoration shows the posi-
tion of the southward-prograding fan delta that
crops out extensively in the northern flank of the
Oliana anticline. The end of the fan-delta depo-
sition corresponds to the closure of the marine
basin and deposition of the early Priabonian
Cardona evaporite, the top of which formed an
extensive, subhorizontal surface. At this time,
northern thrusts sheets, comprising Mesozoic to
lower Eocene strata (the latter largely eroded in
the present transverse), constituted the hinter-
land relief of the basin. Conglomerate 1, depos-
ited across both this relief and the adjacent
foreland strata, was subsequently deformed by
the Sierras Marginales emergent imbricate fan of
thrusts (Fig. 4C).

The second partially restored cross section
corresponds in time with the base of conglomer-
ate 4, which was deposited unconformably
across the foreland strata, the growing duplex,
and the break-back imbricate stack. Stratigraph-
ic relationships permit the geometry of deforma-
tion, particularly the growth of the duplex and
the amount of southward translation along the
Cardona detachment, to be clearly delimited at
the initiation of deposition of unit 4. At present,
in the southern limb of the Oliana anticline, the
basal contact of unit 4 is folded, whereas in the
northern limb, it is flat lying and at a higher
altitude. The altitudinal difference between the
basal contact of unit 4 south of the anticline
(where beds are again flat lying in the axis of a
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syncline) and north of it corresponds to the
height of the autochthonous footwall ramp. This
geometry implies that unit 4 was deposited un-
conformably over the duplex and the break-
back imbricates before the northern limb of the
Oliana anticline climbed over the footwall ramp
and consequently before most of the southward
displacement of the studied structures across the
detachment level took place (Fig. 4). The pres-
ent geometry of the balanced cross section (Fig.
4A) is probably little altered since the end of
early Oligocene time, when the youngest strata
along this traverse (Saez, 1987) were folded in
the foreland fold-and-thrust belt.

On the basis of the balanced sections, min-
imum amounts of shortening can be calculated
for three deformed zones: the Sierras Marginales
imbricate fan and the Montsec thrust, the Oliana
duplex, and the subsequent translation above the
detachment south of the duplex. Shortening
along the Sierras Marginales to Montsec thrusts
(Figs. 3 and 4) amounts to at least 7.5 km. This
shortening can be partitioned as follows: Sierras
Marginales I (southernmost, floor thrust): 3.75
km; Sierras Marginales II (break-back se-
quence): 0.67 km; Montsec thrust: 2.15 km; and
inversion of a previous Late Cretaceous Montsec
normal fault (interpreted by the difference in
thickness and facies between the footwall and
the hanging wall of the Montsec thrust): 1.0
km. All of these estimates are minima because
we do not know the position of the cut-off of the
Mesozoic strata in the hanging wall. The likely
predeformational positions of the Mesozoic
strata now located in the imbricate fan and the
position of the branch lines (Vergés and Muiioz,
1990) indicate that shortening is likely to have
been considerably more than that calculated
here. Regardless of any additional shortening,
however, the deformation cited here represents
syndepositional contraction that we can tem-
porally constrain.

The shortening that resulted in the growth of
the Oliana duplex is calculated to be 9.1 km.
Whereas most of the duplex growth was coeval
with the break-back thrusting, this terminated as
extensive southward translation along the Car-
dona detachment commenced. The total amount
of shortening along the cross section amounts to
a minimum of 28.7 km, of which 16.7 km is
attributed to break-back thrusting and duplex
growth prior to deposition of conglomerate 4,
whereas 12 km is assigned to subsequent south-
ward translation.

Magnetic Results
The Oliana magnetic section (Fig. 5A) en-

compasses the upper 400 m of the marine se-
quence, all of conglomerates 2 and 3, and the
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basal part of conglomerate 4, whereas the two
Peramola sections (Figs. 5B) cover portions of
conglomerates 1 and 2. The quality and reliabil-
ity of the magnetic results vary significantly
among the three sections. For the Oliana sec-
tion, 61%, 14%, and 25% of the sites yielded
Class L, II, and III data, respectively. The Pera-
mola sections yielded 48%, 15%, and 37%
Class I, II, and III sites, respectively. Nearly half
of the statistically defined Class I sites in the
Peramola sections, however, exhibited inclina-
tions inconsistent with their calculated polarities
(for example, positive inclinations with south-
erly declinations) and were discarded. Conse-
quently, the MPS’s here are more schematic and
less reliable than in the Oliana section.

Twelve magnetozones are defined within the
Oliana MPS (Fig. 8), most of which contain two
or more sites. The two reversed magnetozones in
the marls, however, are based on single Class II
sites, and, despite further sampling, no addi-
tional reversed sites were located here. These
magnetozones are, therefore, not well docu-
mented. Given the late Bartonian/early Priabo-
nian age of the Igualada marls in the study area
(Caus, 1973), magnetozones N1-N3 must corre-
late with some portion of chron 17 and possibly
chron 18 (Aubry, 1985; Berggren and others,
198S; Fig. 9). The uncertainties respecting the
validity of magnetozones R1 and R2 (Fig. 8)
affect only the inferred age and correlation of the
basal part of the studied section. Given the re-
versal pattern of the Eocene-Oligocene magnet-
ic polarity time scale (MPTS, Berggren and
others, 1985) and the Priabonian to earty Rupe-
lian age of the terrestrial conglomerates (Siez,
1987), magnetozones N3-R6 can be correlated
most reasonably with chrons 16N to 13R (Fig.
9). This correlation implies that the unconform-
ity at the base of conglomerate 2 represents
~1 m.y.

Based on the correlation shown here, the base
of conglomerate 2 is dated at ~39.2 Ma, and the
last normal magnetozone (N6) correlates with
chron 15 (~37.5 Ma). The mean rate of subsid-
ence during this interval of terrestrial deposition
averages ~20-25 cm/k.y. (Fig. 10). Because the
upper 350 m of the sampled section is reversely
magnetized, it appears to lie below chron 13N,
and its top is estimated to date from ~36 Ma
(Fig. 9). This correlation requires a slight accel-
eration of the subsidence rate during deposition
of conglomerate 3 (Fig. 10).

It is, perhaps, surprising that the subsidence
rate was lower during thrusting than prior to it
(Fig. 10), at a time when geophysically based
models for typical foreland basins would suggest
enhanced subsidence should occur in response
to thrust loading (Flemings and Jordan, 1989).
Although the more rapid subsidence rates during
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marl deposition (>35 cm/k.y.) could relate to
undefined thrust loads emplaced farther to the
north, the dramatic change in rates corresponds
in time to the initial growth of the Oliana du-
plex. We infer that deposition of conglomerates
2-4 occurred above the roof thrust of the devel-
oping duplex and would have been affected by
uplift during the ramping stages of duplex
growth. The calculated decrease in the total
amount of tectonically driven subsidence be-
tween the end of marl deposition and the begin-

ning of conglomerate 2 (Fig. 10) reinforces the
concept of duplex growth and tectonic uplift at
this time.

Both of the Peramola sections straddle the
unconformity between conglomerates 1 and 2
(Fig. 5B) and are quite short (<400 m thick).
Consequently, their MPS’s can be interpreted
only in the context of the Oliana magnetic sec-
tion, which constrains conglomerate 1 to be
older than chron 16 and younger than the under-
lying marl (~40.0 Ma). This suggests that N1 in
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Figure 8. (Continued).

both Peramola sections should correspond with
the top of chron 17 (Fig. 9). Due to the brevity
of the Peramola sections, the correlation of con-
glomerate 2 with the MPTS is ambiguous, but
the most logical interpretation suggests that it
correlates with chron 15R and portions of chron
16. This interpretation requires the base of con-

glomerate 2 to be ~0.5 m.y. older in the Oliana
section than in the Peramola sections. This
would not be unexpected, given the tendency to
preserve a more complete record in more distal
sections, when proximal sections are being
eroded during thrusting (Burbank and Raynolds,
1988). The age differences, however, also sug-
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gest that deformation along the anticline was not
uniform and that either the initial phases of du-
plex growth or back thrusting continued longer
in the southwest than in the northeast. Although
high rates of sediment accumulation for con-
glomerate 2 are required by this correlation
(>60 cm/k.y.), such elevated rates might be an-
ticipated immediately adjacent to thrusts, where
both the sediment flux and subsidence should be
highest. Moreover, considerable variability of
short-term rates across distances of several kilo-
meters is not unexpected (McRae, 1990).

Stereoplots and statistical analysis of the Class
I data from Oliana and Peramola (Table 1 and
Fig. 11) show that the bedding-corrected, nor-
mally and reversely magnetized sites are nearly
antipodally disposed and that these data pass a
fold test (McElhinny, 1964; McFadden and
Jones, 1981). The observations that the mean in
Situ inclinations (4°~25°) are far shallower than
the bedding-corrected inclinations (27°-60°)
and that the in situ reversed inclinations are posi-
tive, rather than negative, reinforce the conten-
tion that the primary magnetization was acquired
prior to folding. Although the data suggest the
presence of a counterclockwise rotation, the dif-
ficulties in restoring beds in variably plunging
structures (Chan, 1988) dictate that these appar-
ent rotations should not be overinterpreted. The
fact that the bedding-corrected, normal and re-
versed data from the Oliana section (Fig. 11A)
are not completely antipodal may be due to the
preponderance of normal sites in the basal third
of the section. These strata require a different
(but unknown) correction than do the overlying
strata. The discrepancy between the mean decli-
nations of the normal and reversed data may
also be due to the incomplete removal of a nor-
mal overprint in some of the samples. Recent
paleomagnetic studies of other Eocene strata
(primarily sandstones) along the central portion
and the SE margin of the Ebro basin (Parés and
others, 1988) show a pervasive, high-tempera-
ture, normal-polarity remanence direction ex-
hibiting ~20° of clockwise rotation. These Ebro
basin sites fail both the reversal and fold tests
and appear to carry a post-folding magnetization
that may reside in fine-grained, authigenic
hematite. A similar post-folding magnetization
may bias some of the remanence directions de-
termined for the Oliana data. Whereas this does
not appear to interfere with the determination of
polarity of sites, it may have deflected the mean
declinations.

DISCUSSION
The structural and stratigraphic mapping in

the Oliana-Peramola region reveals an unam-
biguous, hindward-imbricating system of thrusts
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formed during an early phase of deformation
(Vergés and Muiioz, 1990). Whereas the break-
back system of thrusts represents a restricted
amount of shortening (Fig. 4), it increased the
- structural relief and, consequently, the taper of
the thrust wedge. Additional movement of the
sole thrust of the Montsec and Sierras Margi-
nales imbricates continued as deformation mi-
grated farther into the foreland. Clear strati-
graphic relationships indicate that growth of the
Oliana duplex was concurrent with the devel-
opment of the imbricate thrusts. The translation
of the horses of the Oliana duplex across the
footwall ramp (Fig. 4B) caused folding of both
the previously emplaced thrusts and the coeval
conglomeratic units. Consequently, thrust prop-
agation both toward the foreland and the hinter-
land within a restricted geographical region can
be unequivocally demonstrated to have oc-
curred synchronously along the eastern margin
of the SCU.

This region exhibits many similarities with the
oblique ramp of the Pedraforca thrust sheet ad-
jacent to the Ripoll basin in the eastern Pyrenees
(Fig. 2). There, similarly unequivocal strati-
graphic and structural evidence exists for a
hindward-imbricating stack of thrusts that devel-
oped contemporaneously with a long-lived pig-
gyback thrust (Martinez and others, 1988). As in
the Oliana area, in the footwall of this imbricate
stack, an anticline developed (Vilada anticline).
In both areas, the eastern oblique ramp of a
major thrust sheet is being examined, and a
magnetically defined counterclockwise rotation
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Figure 10. Geohistory curve for the Oliana section. Decompaction of sediments calculated
using methods of Sclater and Christie (1980). The sea-level curve is from Haq and others
(1987) and records departures from the initial sea-level position at ca. 42 Ma. The sediment
surface indicates water depth for the marine sediments (>40 Ma) and the assumed height of the
surface above sea level for the terrestrial sediments. The tectonic subsidence is calculated using
a force-balance method (see text). Uncertainties in initial porosities, diagenetic history, past
sea-level changes, and paleobathymetries suggest that an error envelope of ~10% should be
attached to these subsidence calculations. The dashed lines indicate the approximate position of
a hiatus in the record. The apparent uplift across this hiatus is interpreted to reflect initial
growth of the Oliana duplex.
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Figure 11. Equal-area stereonet plots of Class I magnetic data for Oliana (A) and Peramola
(B) sections suggesting modest counterclockwise rotation, especially for the Peramola sections.
Solid dots: lower-hemisphere data; open circles: upper-hemisphere data. The mean directions
are calculated on the basis of those sites showing either northern or southern VGP latitudes in
their bedding-corrected orientation. See text for discussion.

is observed in the basin immediately adjacent to
the northeast-southwest—oriented structures (Bur-
bank and Puigdefabregas, 1985). This sense of
rotation suggests that the thrust transport direc-
tion was oblique, rather than perpendicular,
to the thrust traces. Such a transverse compo-
nent of motion would be expected to generate a
counterclockwise shear couple in the region east
and south of the thrust tip.

When the chronologic data from the Oliana
and Peramola magnetostratigraphic sections are
combined with the structural data from the sur-
rounding region, specific temporal limits can be
placed on the deformational and depositional
evolution of the eastern margin of the SCU (Fig.
12). Initial deformation in late Eocene time is
represented by the upward-coarsening from

marls through fan-delta sandstones to conglom-
erates that developed as a thrusted source area
encroached on the northern margin of the study
area. The deposition of the Cardona evaporites
and the subsequent transition to terrestrial sedi-
mentation in this region after 40.0 Ma appear to
be coeval with a large, abrupt eustatic fall during
early Priabonian times (Haq and others, 1987)
and may in part be a response to this base-level
change. Whereas the earliest terrestrial conglom-
erates on the southeast limb of the anticline were
eroded in the vicinity of the Oliana section dur-
ing early duplex development, they are pre-
served near the southwest-plunging nose of the
structure (Fig. 3), where they were sampled by
both Peramola sections. The magnetic data from
these sections suggest that the basal portion of
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conglomerate 1 dates from ~39.8 Ma. Con-
glomerate 2 is as old as 39.2 Ma in the distal
areas (Oliana section), whereas in more prox-
imal localities (where the effects of continuing
deformation were more pronounced), its base
dates from <39 Ma. This conglomerate contains
a progressive unconformity in its proximal part
and indicates continued motion on the northern
strands of the Sierras Marginales thrust (Fig. 3).
Although the precise correlation of conglomer-
ate 3 from its proximal to more distal outcrops is
somewhat tenuous due to incomplete exposure,
this unit appears to span ~37.7-36.4 Ma. The
termination of motion of the Montsec thrust, as
represented by the generally undeformed, over-
lapping contact of conglomerate 4 across the
thrust, can be dated at ~36.2 Ma. Given these
chronologic data regarding individual thrusts,
the entire imbricate package of thrusts can be
shown to have developed over an interval of
~3.6 m.y. at a mean, minimum shortening rate
of ~2.1 mm/yr.

The initiation of growth of the duplex can be
inferred from the erosional truncation of con-
glomerate 1 in a “distal” position, that is, on the
southeast limb of the anticline. The duration of
erosion during initial duplex development ex-
tends from as old as 39.8 Ma until at least 39.3
Ma (the base of conglomerate 2 in the Oliana
section). A second phase of syndepositional
growth of the duplex is dated at ~39.2-38.0
Ma, as inferred from the progressive pinching of
strata within conglomerate 2 both northwest
and southeast of the anticline. The major phase
of shortening within the duplex is inferred to
have been completed before the initial deposi-
tion of conglomerate 4 (Fig. 4B). Because the
folding and uplift of the basal contact of con-
glomerate 4 on the northwest limb of the Oliana
anticline can be interpreted to have resulted
from the translation of the duplex across the
footwall ramp, the age of conglomerate 4
(~36.2 Ma at its base) places an upper limit on
the timing of duplex growth. Given the 9 km of
shortening calculated for the duplex itself (Fig.
4B), the mean shortening rate can be estimated
as at least 2.5 mm/yr. Consequently, the total
shortening rate across the deformed zone (thrust
stack and duplex) is ~4.6 mm/yr during this
4-m.y.-long interval that encompasses much of
Priabonian and the earliest part of Rupelian
times.

The upper parts of conglomerate 4 could not
be directly dated because the continuous, coarse-
grained strata prevented further magnetic sam-
pling. If the sediment-accumulation rates deter-
mined for the upper portion of the dated Oliana
section (Fig. 10) are extrapolated to the top of
the folded units, they would date from ~34.5
Ma. We take this estimated age to represent the
termination of translation of the duplex across
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Figure 12. Time-distance summary of thrusting, duplex growth, and related deposition. Four dated conglomeratic packages are displayed
with respect to the thrusts that they overlap or by which they are cut. The age of the boundary between conglomerates 2 and 3 is not tightly
constrained. Although the overall timing of the duplex development is well defined, the specific sequencing and timing of motion on individual
horses is speculative. S.M. = Sierras Marginales; Mont. = Montsec.

the ramp. Given ~3-5 km required to complete
this translation (Fig. 4B), a shortening rate of
2.5-4 mm/yr can be estimated for this interval.

This new chronology from the Oliana region
serves to constrain more precisely the develop-
ment of two of the major thrust systems in the
SCU (Fig. 2). The oblique margin of the Sierras
Marginales thrust system was active in the Oli-
ana area from ~40.0 to ~37.5 Ma. This defor-
mation is inferred to be both synchronous with,
and directly related to, the earliest major phase
of thrusting along the southern deformed margin
of the SCU. Later stages of emplacement of the
SCU and additional Oligocene deformation in
the Sierras Marginales is probably represented
near Oliana both by continued growth of the
duplex and by later southward translation along
the detachment that underlies both the thrust
stack and the duplex (Fig. 3).

Although bounded on the west by the north-
south Boltafia anticline, the Sierras Marginales
appear to be cartographically related to the Sier-

ras Exteriores, which delimit the southern mar-
gin of the Guarga thrust sheet 100-200 km to
the west of the study area (Fig. 1). When com-
pared with similar magnetic chronologies for de-
formation developed in the Sierras Exteriores
(Hogan and others, 1988; Jolley and Hogan,
1989), the dates from the Sierras Marginales in-
dicate that emplacement of the southern thrust
sheets of the SCU began ~4 m.y. prior to the
initiation of major thrusting in the Sierras
Exteriores.

Whereas the Montsec thrust was clearly ac-
tive in early Eocene time (Mutti and others,
1985; Powers, 1989), reactivation of this thrust
along the northern margin of the Ager basin is
inferred to correlate with Montsec thrusting in
the Oliana area, that is, 37.5-36.2 Ma. It is in-
teresting to note that renewal of activity on the
Montsec thrust in the Ager area thus occurred
~16 m.y. after the initial phase of motion ceased
along this fault in the early Eocene. It also ap-
pears that the most important phase of shorten-

ing along the northern limit of the Ager basin
was the latest Eocene—Oligocene interval of
thrusting, as defined in the Oliana area.

CONCLUSIONS

The synthesis of detailed chronologic, struc-
tural, and stratigraphic data from the southern
Pyrenees provides new insights upon the timing
and styles of deformation within a thrusted fore-
land, as well as upon the rates of major deforma-
tional and depositional events in this particular
orogen. Geologic mapping along the oblique
ramp of the South-Central Unit in the Oliana
region serves to define two contrasting styles of
shortening that occurred both coevally and im-
mediately adjacent to each other. Crosscutting
stratigraphic and structural relationships clearly
show that a hindward-imbricating stack of
thrusts developed along the Segre oblique ramp.
While these thrusts were active, piggyback
thrusting led to the development of a neighbor-
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ing duplex to the southeast of the thrust stack.
Balanced sections suggest that a minimum of
~16.7 km of shortening is represented by the
imbricate stack and the duplex.

Magnetostratigraphic dating indicates that
marine sedimentation continued in this area
until ~40.0 Ma, after which conglomerate 1,
derived from hinterland sources, transgressed
across the northwestern part of the study area.
Motion along the Sierras Marginales thrust
commenced ca. 39.8 Ma, and during the next
3.6 m.y., the imbricate stack developed at a
mean shortening rate of ~2.1 mm/yr. Growth
of the Oliana duplex (at a mean rate of ~2.5
mm/yr) occurred during this same interval, such
that the net shortening rate was ~4.6 mm/yr.
Translation at comparable rates of the duplex
across the footwall ramp was likely to have
been completed by ~34.5 Ma. These rate data
indicate that, although the deformation was
partitioned into distinctively different styles
(hindward imbrication, duplex growth, and
translation on a décollement) and may also have
occurred in discrete pulses along individual
thrusts, the mean rate of shortening remained
steady throughout the 5-m.y.-long interval.

Thrusts within the imbricate stack at Oliana
appear to be strands of the Sierras Marginales
and Montsec thrust systems that define two
major east-west zones of deformation within the
SCU. Consequently, the locally determined
chronologic records can be utilized to delimit
important intervals of large-scale shortening in
the South Pyrenean foreland. The magnetostrat-
igraphic dates from the Oliana region indicate
that the initial phase of shortening in the Sierras
Marginales extended from 39.8 to 37.5 Ma,
whereas the final phase of motion on the Mont-
sec thrust commenced at ~37.5 Ma and termi-
nated at ~36 Ma. The thrust-wedge model
(Davis and others, 1983) predicts that, in order
to maintain a critical taper, deformation must
occur within the wedge, as well as at its leading
edge. The out-of-sequence character defined by
this thrust chronology for the SCU supports this
prediction.
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