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ABSTRACT

Well-dated syntectonic unconformities with the Spanish Pyrenees allow characterization
of sedimentation and deformation within an orogenic foreland. The Spanish Pyrenees are
composed of a south-vergent thrust belt and foreland basin in which folds developed both
parallel and perpendicular to tectonic transport. Unconformity geometries and magnetostrat-
igraphic data from synorogenic strata provide a precise temporal framework for the quanti-
tative analysis of the Mediano anticline, the largest of the transverse folds. Folding began in the
early Eocene and ended by ~42 Ma at which time an anticline 20 km long and ~5 km in
wavelength had been produced. Angular and progressive unconformities within syntectonic
sedimentary units preserve the history of fold development. Fold growth resulted from west-
ward salt movement driven by prograding sediments and was characterized by 2-3 m.y.
intervals of slow continuous limb tilting, 2.2°~4.2°/m.y., preserved as progressive unconform-
ities within syntectonic strata. Because the emplacement of the Cotiella-Montsec thrust sheet
was episodic, intervals of stow fold growth were punctuated by intervals lasting <1.5 m.y. when
fold growth was three to ten times faster, producing angular unconformities.

INTRODUCTIGN

Synorogenic strata provide a record of
tectonic activity within a mountain belt, but
incomplete exposures and lack of accurate
chronologic markers often make direct links
between sedimentation and deformation dif-
ficult. Within the Spanish Pyrenees, some
folds developed in an actively aggrading
foreland basin where unconformity geome-
tries allow direct links between deformation
and deposition. By establishing a precise
chronology for these synorogenic strata, it is
possible to determine sedimentation and de-
formation rates and characterize the tran-
sient nature of fold growth within mountain
belts.

Traditionally, unconformities are thought
to represent erosion, however, unconformi-
ties may also result from continuous aggra-
dation during orogenesis. Synorogenic un-
conformities can be classified as progressive
unconformities, which result from slow tilt-
ing of the depositional surface with respect to
sedimentation rate, or angular unconformi-
ties, which result from rapid tilting of the
depositional surface with respect to sedi-
mentation rate (Riba, 1976). In the south
Pyrenean foreland, both types of unconfor-
mities were observed within the synorogenic
deposits around the Mediano anticline, a re-
gional-scale transverse fold (Fig. 1). Magne-
tostratigraphic data provide a temporal
framework, which is used to reconstruct the
deformational and depositional history of the
Mediano area. The reconstructions permit a
quantitative assessment of the relation be-
tween unconformity geometries and the
rates of deformation and sedimentation.
Thrust emplacement, fold development, and
sedimentation are transient orogenic proc-
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esses. Synorogenic strata around the Medi-
ano anticline preserve a detailed record of
fold growth, permitting a rare glimpse of
temporal variations in progressive deforma-
tionrates and an assessment of driving forces
for Pyrenean folding.

GEOLOGIC SETTING

Pyrenean orogenesis produced thrust
belts and foreland basins within both the Ibe-
rian and European plates. A series of synsed-
imentary folds oriented both parallel and
perpendicular to tectonic transport devel-
oped within the Spanish foreland (Anastasio,
1992), which became detached during con-
tinued orogenesis (Ori and Friend, 1984; La-
baume etal., 1985). The origin of many trans-
port-parallel structures has been attributed
to several mechanisms, including prethrust
buckling (Séguret, 1972), movement over an
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oblique ramp (Déramond et al., 1984), and
salt deformation (Anastasio, 1992).

The Mediano anticline is a transverse de-
collement fold with a wavelength of ~5 km
and a strike length of ~20 km and is cored by
>2 km of Triassic evaporites, which in part
are concordant with and in part diapiric with
respect to overlying strata (Fig. 1). Upper
Eocene carbonate rocks on the crest and
flanking deeper water shales led Puigdeféb-
regas (1974) to postulate early Eocene fold
initiation. Subsequent fold growth is re-
corded by angular and progressive uncon-
formities within Eocene strata flanking the
anticline. Syntectonic sedimentation around
the anticline included siliciclastic turbidites
and mudstones derived from exposures of
the Gavarnie and Cotiella-Montsec thrust
sheets to the north, south, and east, which
were deposited in 400-1000 m of water
(Fig. 1; Mutti et al., 1989). Folding-induced
submarine topography channelled paleocur-
rents northward along the slope until the late
middle Eocene. Infilling of the foreland basin
by westward progradation of coastal depos-
its is recorded around the Mediano anticline
as a transition from slope turbidites and mud-
stones to shelf and nearshore detrital rocks
up section.

PALEOMAGNETIC STUDY

To determine deformation and sedimen-
tation rates, magnetostratigraphic data were
obtained from synorogenic strata surround-
ing the Mediano anticline. Between two and
four samples, spaced over ~2 m of section,
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Figure 1. Generalized geologic map of Spanish Pyrenees.
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Figure 2. Unconformity
geometries flanking Me-
diano anticline. Angular
unconformities num-
bered here and on subse-
quent figures.

were collected at sites located at stratigraph-
icintervals of ~40 m along traverses through
both limbs of the fold (Figs. 1, 2). The re-
currence interval of polarity reversals in the
Eocene permits the history of deformation
and sedimentation to be determined with a
resolution of ~0.5 m.y.

Samples from each rock type were demag-
netized with thermal and alternating-field
methods to determine the optimal demagne-
tization strategy for the remaining samples.
Thermal demagnetization was more effec-
tive in cleaning the very weakly magnetized
(107'-10"2 mA/M) samples. Above 400 °C,
magnetic intensity increased rapidly, and
magnetic vectors became inconsistent as
iron sulfides were transformed to magnetite
during heating (Fig. 3; Burbank et al., 1992).
During thermal demagnetization between
250 and 400 °C, the magnetization of most
samples maintained nearly constant direc-
tions as the intensity decreased, which is
consistent with isolation of the characteristic
magnetization (Fig. 3). On the basis of the
results of the pilot study, the remaining sam-
ples were demagnetized in 25° steps between
250 and 400 °C. The characteristic magneti-
zation for each sample was determined by
principal-component analysis (Kirschvink,
1980). To ensure accuracy, only samples
(80% of total) with a maximum angular de-
viation <15° were used to determine horizon
polarities. A fold test of the calculated di-
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rections suggests that the characteristic mag-
netization was recorded during folding, a re-
sult consistent with isolation of the primary
depositional magnetization.

The polarity of each sampling horizon was
assigned, using the criteria of Hillhouse et al.
(1977), on the basis of the characteristic rem-
anence. To eliminate the effects of secular
variation, a horizon was considered reversed
if at least one of the samples fell within 30° of
the Eocene reversed axial dipole [I = —63°,
D = 180°]. A horizon was considered normal
if no sample was reversed and at least one
sample had a characteristic direction that fell
within 30° of the Eocene normal axial dipole
[I = 63°, D = 0°] (Roest and Srivastava,
1991). A horizon was considered indetermi-
nate (1 of 36) if none of the measured direc-
tions was within 30° of either the normal or
reversed dipole after demagnetization. Ho-
rizon polarities were used to establish mag-
netostratigraphic sections for both limbs of
the Mediano anticline, with most reversals
confirmed by multiple sampling horizons
(Fig. 4).

The sampled stratigraphic sections consist
of the Castisent Group, the Santa Liestra
Group, and the lower Campodarbe Group
(Mutti et al., 1989). Biostratigraphic data
used to correlate the magnetostratigraphic
data to the geomagnetic polarity time scale
include (1) the nannoplankton Discoaster lo-
doensis (Marzo et al., 1988) of nannoplank-
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ton zone 13 (52-50.5 Ma) in the Castisent
Group, (2) fauna from mammal ievel MP 13
(47-48 Ma) found in shelf deposits correla-
tive to the Santa Liestra Group, (3) fossils of
MP 14 (46—45 Ma) from the upper Santa
Liestra equivalent (Gozalo, 1989), and (4)
fossils from mammal level MP 15 (41-42 Ma)
within the lower-middle Campodarbe group
(Gozalo, 1989). The coincidence of the ob-
served unconformity geometries and simi-
larity of the magnetic polarity records for
both limbs provides confidence that the mag-
netostratigraphic correlation is accurate
(Figs. 2, 4).

DISCUSSION

Geologic and geochronologic data permit
us to reconstruct the history of fold devel-
opment and sedimentation at >51, 48, 46,
and 42 Ma (Fig. 5). Rocks deposited on the
flanks of the Mediano anticline were back-
stripped and corrected for compaction in the
reconstructions (Sclater and Christie, 1980).
Time-averaged sedimentation rates calcu-
lated for each polarity chron averaged 200
m/m.y. (o = 60 m/m.y.) for the west limb and
70 m/m.y. (o = 30 m/m.y.) for the east limb.
Ages of angular unconformities were esti-
mated by interpolation between polarity
chron boundaries using measured rates of
sediment accumulation. These ages pro-
vided a temporal framework in which to re-
construct the tilted angular and progressive
unconformities and to calculate the rates of
limb tilt, uplift, and shortening for the Me-
diano anticline.

Differences in sedimentation rates within
the sections were used to calculate the max-
imum possible depositional hiatus repre-
sented by the angular unconformities. A fa-
vored estimate of folding rate (limb tilt),
~20°-40°m.y., was calculated for each an-
gular unconformity using hiatus duration
(Fig. 6). A minimum folding rate of 10°-13°/
m.y. was calculated by assuming that the
time missing at the unconformity was no
greater than the duration of the polarity
chron containing it. Given the aggradational
history of the basin and the consistency of
time-averaged sedimentation rates, large
depositional hiatuses are clearly unreasona-
ble. The intervals of more rapid limb tilting
represented by angular unconformities
punctuate, at 2-3 m.y. intervals, the inter-
vals of slow continuous tilting recorded as
progressive unconformities. Rates of limb
tilt calculated for intervals represented by
progressive unconformities ranged from 2.2°
to4.2°/m.y. for both limbs, about three to ten
times slower than the rates recorded by the
angular unconformities (Fig. 6).

Temporal variations in folding rates relate
to tectonic processes active within the evolv-
ing south Pyrenean foreland. Anuplift rate of
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thology of sampled sections. II: Stratigraphic nomenclature. lll: Position of
of individual, progressively demagnetized samples. IV: Horizon polarity
graphic tie points. VIl: Geomagnetic reversal time scale (Harland et al., 1990).

Figure 5. Reconstructed
history of Mediano anti-
cline region (paleogeogra-
phy after Nijman and Nio,
1975). Insets show trans-
port direction and cumula-
tive displacement on
Cotiella-Montsec thrust.
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Figure 6. Graph of favored and minimum defor-
mation rates for Mediano anticline. Geomag-
netic reversal time scale is shown on horizontal
axis with identification numbers (circled) of an-
gular unconformities.

~250 m/m.y. and a horizontal shortening
rate of ~500 m/m.y. were calculated from
the regional paleogeographic and structural
reconstructions (Fig. 5). The average rate of
the westward advance of continental facies
resulting from both fault movement and sed-
imeat progradation was ~500 m/m.y.
(Fig. 7). The rate of progradation can be par-
titioned into a time-averaged rate of ~200
m/m.y. for the westward component of
thrust motion and ~300 m/m.y. for sediment
progradation (Fig. 7). These values remained
nearly constant throughout fold develop-
ment. Synchronous with westward facies
progradation, the entire foreland was trans-
lated southward at a rate of ~900 m/m.y.

The similarity between average rates of
westward facies progradation and rates of
fold growth adds further evidence that these
two processes are linked. Differential load-
ing halotectonics (salt flowage resulting from
tectonics) has been recognized as an impor-
tant folding mechanism in the Gulf Coast
(Jackson and Talbot, .1986), the Spanish
Pyrenees (Anastasio, 1992), and elsewhere.
Intervals of rapid fold growth may have re-
sulted from episodic movement of the
Cotiella-Montsec thrust sheet. Episodic fold
growth is consistent with decollement folding
driven by movement of the Coticlia-Montsec
thrust sheet (Stein, 1983). The growth of the
Mediano anticline and by inference other
transverse folds within the south Pyrenean
foreland progressed slowly and continuously
as a result of salt movement driven by sed-
imentary loading, and more rapidly as a re-
sult of episodic thrust loading.

CONCLUSIONS

The Mediano anticline is a regional-scale
structure that developed synchronously with
sedimentation, thrusting, and halotectonics
within the south Pyrenean foreland. Magne-
tostratigraphic data provide a temporal
framework for analyses of folding and sedi-
mentation and permit a detailed history of
fold growth to be reconstructed. Folding be-
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Figure 7. Schematic section summarizing average rates (~51-43 Ma) of (1) westward continental
facies progradation (500 m/m.y.), (2) westward component of thrust sheet motion (200 m/m.y.), (3)
southward component of thrust-sheet motion (900 m/m.y.), (4) crestal uplift (250 m/m.y.), (5) hor-
izontal shortening (500 m/m.y.), (6) sedimentation rates for both limbs (A—200 m/m.y.; B—70
m/m.y.), and (7) limb tilt for both limbs (A—6.5°/m.y.; B—7.5°/m.y.).

gan in the early Eocene, lasted ~10 m.y.,
and was characterized by intervals of slow
and constant fold growth (2.2°~4.2°/m.y.)
punctuated by episodes of deformation three
to ten times faster. The slow intervals of limb
tilt are recorded by progressive unconformi-
ties within syntectonic strata and are likely
produced by sediment loading, whereas the
intervals of rapid fold development resulted
in a series of angular unconformities that can
be related to episodic movement of the
Cotiella-Montsec thrust sheet.
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