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Abstract

Alluvial-fan strata contain valuable proxy data for kinematic, climatic and sediment-flux phenomena associated with high-relief
source regions. Proper application of this data is dependent upon acquisition of accurate high-resolution chronostratigraphic data,
best achieved through magnetostratigraphy. Collection of magnetostratigraphic and other proxy data from composite alluvial-fan
sections assumes the chronostratigraphic significance of lithostratigraphy. We present the first test of this assumption with new
magnetostratigraphy collected from Paleogene rocks of the southeastern Ebro basin. We report five new magnetostratigraphic
sections that collectively sample 850 m of alluvial-fan and associated fluvial strata. One-hundred meters of lithostratigraphic
overlap between these sections reveals equivalent magnetic polarities over short along-strike distances (∼200–2000 m). However,
lithostratigraphic correlation of these sections with the magnetostratigraphy of continuously exposed strata eight km away reveals
discrepancies in magnetic polarity trends and age interpretations.

Correlation of our 760 m composite magnetostratigraphic section with the Paleogene geomagnetic polarity time scale suggests
that this section spans from ca. 31.3 to 27.7 Ma (C12r–C9n; early to late Oligocene). This correlation implies steady sedimentation
rates of ∼12 cm/ka for fluvial facies and ∼32 cm/ka for alluvial-fan facies. Alternative interpretations that force chronostratigraphic
correlation with the lithostratigraphically equivalent interval generate unsteady and/or unlikely sedimentation rates in one or both
of the stratigraphies and require rejection of multiple well-constrained polarity zones. The absence of significant surfaces of erosion
or paleosol development argue against these alternative interpretations and suggest that even in the best exposed study areas,
alluvial-fan successions may be diachronous and preclude lateral extrapolation of chronostratigraphic and other proxy data.
Interpretations and models based upon data collected from alluvial-fan strata may be tenuous unless supported by sufficient spatial
overlap to constrain the relationship between time surfaces and rock surfaces.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Much of what we know about Earth history is derived
from proxy records of regional and global change
preserved in sedimentary rocks. Imperative to accurate
collection and application of these proxy data is an
understanding of the lateral and vertical relationships
between strata and time in the rock record. To address
this need, chronostratigraphic models have been devel-
oped and applied to marine (Vail et al., 1977; Van
Wagoner et al., 1988), lacustrine (Bohacs et al., 2000;
Keighley et al., 2003), fluvial (Shanley and McCabe,
1994; Currie, 1997), deltaic (Gani and Bhattacharya,
2005) and alluvial-fan strata (DeCelles et al., 1991a;
Bourquin et al., 1998; Weissmann et al., 2002). Despite
the elegance and utility of these models, they have only
rarely been subjected to the test of independent
geochronologic analysis (e.g., Vail et al., 1977; Beh-
rensmeyer and Tauxe, 1982; Zechun et al., 1998;
Prothero, 2001). Moreover, many of the models continue
to be applied even after the validity of their fundamental
assumptions is called into question (cf. Miall and Miall,
2000; Prothero, 2001; Dickinson, 2003). In this paper,
we test the length scales of correlation between
chronostratigraphy and lithostratigraphy in alluvial-fan
strata, which contain proxy data that are widely applied
to tectonic, climatic, and kinematic problems.

Alluvial fans are proximal depositional systems that
accumulate sediments in the vicinity of high-relief source
terrains and occur near the interface between drainage and
depositional basins. Ancient alluvial-fan strata have been
used to interpret climatic, plate tectonic, structural and
autocyclic phenomena (Schumm et al., 1987; DeCelles et
al., 1991a; Fraser and DeCelles, 1992; Burbank et al.,
1992; Weissmann et al., 2002) and to develop influential
theoretical sedimentary models (Heller et al., 1988; Blair
and Bilodeau, 1988; DeCelles et al., 1991b; DeCelles and
Mitra, 1995; Brozovíc and Burbank, 2000; Jones et al.,
2004).

However, the cogency of such interpretations and
models is often dependent upon high-resolution geo-
chronology and the validity of assumptions used to
establish the temporal relationship between data points.
Alluvial fans present a challenge to both of these
requirements of accurate application of proxy data.
Datable volcanogenic strata are uncommon in alluvial-
fan successions. The high-energy deposition of alluvial
fans inhibits fossil preservation, which can generate age
constraints in more calm terrestrial deposystems (Wood-
burne, 1987). Whereas fossils from more distal lacus-
trine and fluvial strata can assist in the dating of proximal
successions, correlations across facies boundaries are
difficult to achieve with high confidence. Provided suf-
ficient abundance of suitable lithologies, magnetostrati-
graphy offers an opportunity to generate detailed
chronostratigraphy from alluvial-fan successions (Bur-
bank et al., 1992;Meigs et al., 1996; Lopez-Blanco et al.,
2000; Jones et al., 2004). However, the local magnetic
polarity stratigraphies (LMPS) that allow correlation to
the geomagnetic polarity timescale (GPTS) are often
collected by combining individual sections into a
composite section. This correlation technique, which is
also widely applied in the collection of other proxy data
from alluvial-fan and other sedimentary rocks, exploits
lithostratigraphic markers that are believed to have
chronostratigraphic significance. Despite elegant deposi-
tional models for alluvial-fan chronostratigraphy
(Schumm et al., 1987; DeCelles et al., 1991a; Weissmann
et al., 2002), the validity of this assumption remains
largely untested.

Application of lithostratigraphic correlation in allu-
vial-fan strata requires careful stratigraphic analysis
because numerous characteristics of alluvial fans may
inhibit local stratigraphic completeness and prevent
accurate lateral correlations required to produce com-
plete composite sections. Point-sourced sediments,
autocyclic fluctuations and extrinsic forcing common
to alluvial fans instigate avulsive processes that generate
spatio-temporal variations in sediment accumulation
(Schumm et al., 1987; Fraser and DeCelles, 1992;
DeCelles et al., 1991a; Weissmann et al., 2002). The
entrenchment and backfilling processes associated with
alluvial-fan deposition (Schumm et al., 1987) can also
result in erosion of previously deposited strata leading to
further stratigraphic incompleteness. Variations in
thrust-belt structural style and kinematic history can
introduce along-strike age gradients in synorogenic
strata (Butler et al., 2001; Nichols, 2002). Growth
structures, which are common in alluvial-fan strata,
often contain local intraformational unconformities
(Anadón et al., 1986; DeCelles et al., 1991b; Lawton
et al., 1999; Barbeau, 2003). Despite these hazards,
numerous researchers have utilized alluvial-fan magne-
tostratigraphy to develop sedimentary histories and
theoretical models by assuming lateral continuity and
chronostratigraphic significance of proximal strata.

In this paper, we integrate new and existing mag-
netostratigraphic data with sedimentology and field
mapping of a well-exposed Paleogene alluvial-fan
succession adjacent to the Catalan Coastal Ranges
(CCR) in the southeastern Ebro basin (Spain) in order to
examine the synchronicity of alluvial-fan lithostratigra-
phy and magnetostratigraphy. We achieve these goals
through the evaluation of candidate correlations of two
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composite LMPS to the GPTS in light of resultant
sedimentation rates and stratigraphic architecture.

In addition to providing important tests of the efficacy
of lithostratigraphic correlations and interpretations within
proximal strata, this study attempts to use the new
magnetostratigraphic dataset to constrain ages of CCR
wedge-top deposition in the southeastern Ebro basin.
Since the succession records tectonic activity along the
eastern margin of Iberia, this new correlation provides
valuable insight into the kinematics of the pre-rollback
history of the western Mediterranean and the relative
synchronicity of deformation in the CCR and the Pyrenees
(Fig. 1).

2. Geologic setting

2.1. Plate tectonics, thrust belts and basin formation

The Ebro basin formed concurrently with uplift and
crustal shortening attributed to the Late Cretaceous–
Paleogene collision of Iberia with western Europe and
deformation in the Pyrenean, Iberian and CCR of
northeastern Spain (Anadón et al., 1986; Lopez-Blanco,
2002). This deformation was partly coincident with 35° of
anticlockwise rotation that translated the Iberian Peninsula
from its Cretaceous position west of France to its current
location via rotational opening of the Bay of Biscay
(Srivastava et al., 1990; Roest and Srivastava, 1991).

The formation of the Ebro basin is attributed to loading
and sediment flux caused by shortening and uplift in the
Pyrenees (Zoetemeijer et al., 1990; Muñoz, 1992;
Fitzgerald et al., 1999), which began in the LateCretaceous
and continued into the Late Oligocene or Early Miocene
(Meigs et al., 1996; Hogan and Burbank, 1996; Arenas
et al., 2001). Although the Pyrenees have been the focus of
Iberia–Europe convergence, broadly coeval deformation is
recorded by cross-cutting relationships and growth strata in
the CCR (Anadón et al., 1985, 1986; Lawton et al., 1999),
and suggests a complicated Paleogene deformational
regime in northern Iberia. The CCR may have developed
contemporaneously with the Pyrenees (Zoetemeijer et al.,
1990; García-Castellanos et al., 2003) by intraplate
deformation along pre-existing crustal weaknesses associ-
ated with Mesozoic rift-basins (Gaspar-Escribano et al.,
2004). Alternatively, the CCR may have developed in
response to strain-hardening as Iberia sutured to Eurasia
along the Pyrenean zone, causing shortening to jump
southward (Schettino and Turco, 2006).

Rejuvenated attention to post-Oligocene extension in
the western Mediterranean caused by eastward retreat of
a west-dipping Paleogene subduction zone (Lonergan
and White, 1997; Wortmann et al., 2001; Rosenbaum
et al., 2002; Schettino and Scotese, 2002) requires
consideration of antecedent convergent events along the
eastern Iberian margin in the vicinity of the CCR. The
significance of the CCR with respect to Iberia–Europe
convergence, and subduction beneath eastern Iberia is
not well constrained, making proxy records of this
deformation particularly important.

2.2. Stratigraphy and structural geology

Paleogene alluvial-fan and associated strata are
exposed for 200 km along the western flank of the
central and southern CCR (Fig. 1). Northeast of the Ebro
River, these strata are composed of deposits from four
large fan systems that distributed coarse-grained
sediment 7–25 km into the basin from the mountain
front. Coeval fluvial-lacustrine strata intervene the Sant
Llorenç del Munt, Montserrat, Sant Miguel del Montclar
and Montsant fan systems (Fig. 1) and delineate their
margins. Southwest of where the Ebro River intersects
the CCR, a ∼60 km long, 1–4 km wide belt of coarse-
grained proximal strata flank the southern CCR. This
coarse-grained belt is narrower and more continuous
than the belt northeast of the Ebro River, suggesting that
the southern segment formed via coalescence of
numerous small fans, whereas sedimentation to the
northeast occurred in larger, discrete fan systems
(Anadón et al., 1989). Due to the similar source
lithologies along the length of the southern CCR, the
boundaries of individual fans have not been delineated.

This study compiles and comparesmagnetostratigraphic
data collected from a particularly well-exposed section of
the southern segment near the ‘Linking Zone’ (Guimerà,
1984) that forms the transition between the CCR and the
Iberian Ranges (Fig. 1). The early (?) Paleogene fluvial and
lacustrine strata below and in the lower part of the study
interval are commonly referred to as the Cornudella
Formation (López et al., 1985; Lawton et al., 1999),
although the temporal relationship with its type locality in
the central CCR is not well-documented. Alluvial-fan
conglomerates in overlying gradational contact with the
Cornudella Formation compose the Montsant Formation,
although the relationship of these strata with the type
Montsant Formation conglomerates in the central CCR
(Fig. 1) is also not well-constrained.

The lower Cornudella Formation consists of paleo-
sols, lacustrine marls and fine-grained fluvial overbank
strata deposited atop Cretaceous marine carbonates. The
upper Cornudella Formation is composed of fluvial
channel sandstones, overbank mudstones and fine sand-
stones, and subordinate channel conglomerates. The
Montsant Formation is composed of alluvial-fan cobble-
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pebble conglomerates with subordinate sandstones and
siltstones. Stratigraphic thickness variations and up-
section dip decreases in the upper Montsant Formation
of the Rodamunts region (Figs. 2 and 3) indicate
syntectonic deposition of growth strata with deposition
occurring above a fault-propagation fold (Barbeau,
2003). Growth strata and associated progressive uncon-
formities have been recognized in similar deposits to the
SWand NE of Rodamunts (Anadón et al., 1986; Lawton
et al., 1999; Lopez-Blanco, 2002).

We report new magnetostratigraphic data from the
uppermost Cornudella andMontsant Formations between
Rodamunts and Muntanya de Santa Bàrbara (Figs. 2
and 3) for comparison with composite magnetostrati-
graphic sections (Jones, 1997; Jones et al., 2004) reported
Fig. 1. Geologic setting. Inset: map of the Iberian Peninsula showing the loca
(CCR), Linking Zone (LZ) and the now-dispersed Paleogene orogenic be
Rosenbaum et al., 2002). Main figure: Eastern Ebro basin and CCR depictin
alluvial-fan systems of the northeastern CCR, and (b) the changing orientatio
and granitic rocks overlain by Mesozoic strata of the Maestrat basin (Lawton
basin and strata associated with the opening of the Valencia Trough. Cities and
Barcelona.
from broadly equivalent strata to the north and northeast
that were deposited by interfingering of the Guadalope–
Matarranya fluvial system andmultiple alluvial fans of the
Horta–Gandesa alluvial system.

3. Previous magnetostratigraphic work in the
southeastern Ebro Basin

Barberà et al. (2001) constructed a magnetobiostrati-
graphy from diverse stratigraphic sections in the medial
part of the eastern Ebro Basin to the northeast of the
study area (Fig. 1). Using the magnetostratigraphy of
lacustrine and distal fluvial strata and 53 fossil mammal
sites ascribed to local biozones and/or European
reference levels, they interpreted the intermediate to
tion of the Pyrenees (PR), Iberian Ranges (IR), Catalan Coastal Ranges
lts of the Greater Iberian thrust system (Lonergan and White, 1997;
g the location of the study area relative to (a) the four major Paleogene
n and structural style of the CCR. PzMz: Hercynian metasedimentary
et al., 1999), inverted to form the CCR. Cz: Cenozoic strata of the Ebro
towns:—H: Horta de Sant Joan, B: Bot, G: Gandesa, Bs: Beseit, BCN:
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marginal facies of the partially exposed Montsant
alluvial system to have been deposited from 34.8 to
23.7 Ma (late Eocene to early Miocene). The individual
magnetostratigraphic and lithostratigraphic sections
reported in Barberà et al. (2001) are plotted herein with
respect to the Cande and Kent (1995) GPTS (heretofore
CK95; Fig. 4), and reveal nearly constant undecom-
pacted net sediment accumulation rates of ∼16 cm/ka
(R2 =0.99), irrespective of depositional system. The
integration of magnetostratigraphic and biostratigraphic
data makes this effort the most robust and detailed
Fig. 2. Simplified geologic map of the southwestern CCR and southern Eb
distribution from López et al. (1985); alluvial-fan lithosomes from Barbeau
Jones et al. (2004), provided by Miguel Garcés (pers. comm., 2006). Locati
lithostratigraphic correlation between the Puig Cavaller (PC), Bot (BOT1, e
CNL, SB, CG). TR: undivided Triassic marine carbonates and shales; J: un
carbonates; PE: undivided Paleocene–Eocene terrestrial mudstones, sand
mudstones and sandstones; Ecb: Bartonian terrestrial sandstones and mud
Formation.] EO: undivided Eocene–Oligocene alluvial-fan conglomerates an
O: Rupelian and Chattian sandstones and conglomerates that are medial-basi
distal strata of the Montsant Formation alluvial fan deposystem. Q: Quatern
geochronology of Paleogene southeastern Ebro foreland
basin stratigraphy to date.

Lopez-Blanco et al. (2000) reported a LMPS collected
from alluvial-fan strata of theMontserrat fan-delta system
of the central CCR (Fig. 1). Superpositional, biostrati-
graphic and eustatic sea-level arguments support a middle
Eocene agemaking this fan system older than the alluvial-
fan strata of the southern CCR examined in this study. The
section's LMPS and interpreted correlation with the
CK95GPTS is presented herein for comparative purposes
(Fig. 4).
ro basin near Horta de Sant Joan and Gandesa, Catalunya. Formation
(2003). Paleomagnetic transects BOT1-5 are corrected locations from
on map shown in Fig. 1. The two thick dotted and dashed lines mark
tc.) and Rodamunts–Muntanya de Santa Bàrbara sections (S5, RDM,
divided Jurassic marine carbonates; K: undivided Cretaceous marine
stones and marls; PEO: undivided Paleocene–Oligocene terrestrial
stones. [PE, PEO and Ecb are generally known as the Cornudella
d subordinate sandstones generally known as the Montsant Formation;
n strata of the Guadalope–Matarranya fluvial system intercalated with
ary alluvium.



Fig. 3. Ortho-rectified and annotated aerial photos of the Rodamunts–Muntanya de Santa Bàrbara (A) and Puig Cavaller area (B) study regions. Location of maps shown in Fig. 2. The two thick dotted
and dashed lines mark the lithostratigraphic correlation between the Puig Cavaller (PC), Bot (BOT 1, etc.) and Rodamunts–Muntanya de Santa Bàrbara sections (S5, RDM, CNL, SB, CG). Thin solid
lines mark lithosome boundaries, but are not continuous between the two study areas. Circles in A represent magnetostratigraphic sample sites collected in this study and their corresponding magnetic
polarity. Local magnetic polarity columns in B are from Jones et al. (2004) and are stretched to match lithosome interpretations in their Fig. 2 and the corrected transect locations (Miguel Garcés, pers.
comm., 2006). Local magnetic polarity columns (labeled with dashed BOT 2,–BOT 5 polygons) adjacent to the Puig Cavaller lithostratigraphic section (PC) in B represent projections made by Jones
et al. (2004) depicted in Fig. 5. Local magnetic polarity column labeled with dashed BOT 2 polygon in A represents lithostratigraphic projection of the lower half of the BOT 2 LMPS whose data was
collected by Jones et al. (2004) from the transect labeled in B. Note resulting discrepancies in LMPS suggesting that long-distance (N2 km) lithostratigraphic correlations of alluvial-fan strata may not
be chronostratigraphically equivalent.
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Fig. 4. Calculation of net sediment accumulation rates from compilation of magnetostratigraphic data from fluvial and lacustrine strata of the distal part of the eastern Ebro Basin (Barberà et al., 2001),
and from alluvial-fan strata of the Montserrat fan-delta of the northern CCR (Lopez-Blanco et al., 2000). The Montserrat LMPS has a ∼20 m average vertical sampling interval with numerous gaps
exceeding 50 m. Biostratigraphically constrained late Bartonian evaporites of the Cardona Formation correlate to a position stratigraphically above the Montserrat fan-delta. With this constraint, their
LMPS suggests deposition between ca. 43 and 37 Ma with ∼16 cm/ka (R2=0.98) net sediment accumulation rate in the lower section that accelerates to more than 100 cm/ka (R2=0.91) in the upper
section. Because of the small number of polarity intervals used to constrain the net sediment accumulation rate of the upper section, we also report the ∼27 cm/ka average net sediment accumulation
rate for the entire succession but note its relatively low coefficient of determination (0.82).
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Jones (1997) reported a LMPS collected from a
transect southeast of the town of Bot (Figs. 1–3). She
presented two possible correlations to the GPTS based on
two biostratigraphic considerations: (1) Projection of a
fossil site containing Eomys zitteli fauna near the town of
Gandesa, which at the time of publication was dated at ca.
27 Ma (Agustí et al., 1988), near the top of the C9n chron
(Cande and Kent, 1995). (2) An early-middle Eocene (ca.
37–40Ma) charophyte assemblage reported elsewhere in
the upper part of the Cornudella Formation (Cabrera et al.,
1985) that she correlatedwith the lower part of the studied
section. Because of its low sampling density, and the
improvements made in Jones et al. (2004), the LMPS of
Jones (1997) is not presented nor evaluated further herein.

Jones et al. (2004) resampled and reanalyzed the
magnetostratigraphy of a similar interval at a higher
density than was reported in Jones (1997) and added an
additional overlying section of interfingering deposits of
the Guadalope–Matarranya fluvial system (Fig. 5,
Anadón et al., 1989; Jones, 1997; Jones et al., 2004),
which composes a fundamentally different depositional
Fig. 5. Comparison of ‘Bot Section’ and ‘Puig Cavaller’ section lithostratigrap
correlation of the magnetostratigraphic data collected from the intercalated
interpret the sediment accumulation history of the Puig Cavaller section (Fig
transects BOT1–BOT 5 shown in Fig. 2 and Fig. 3 are depicted at left of Bo
different architectures of the two sections, reflecting the influence of the Gua
increase in sedimentation rate at∼450m coincideswith a dramatic decrease in
system that debouched sediment into the southern Ebro
basin near the Linking Zone–CCR syntaxis∼50 km to the
southwest (Anadón et al., 1986, 1989). This effort resulted
in a significantly different LMPS that Jones et al. used to
reinterpret short-term variations in sedimentation rates
without diverging from the previous overall age range of
the foreland basin succession (ca. 40 to 27 Ma). As in
Jones (1997), Jones et al. (2004) projected onto their
section theE. zitteli fossil site near Gandesa, but neglected
to utilize the updated chronostratigraphy of Barberà et al.
(2001) that assigned the fossil site to the top of chron
C10n, which occurs at ca. 28Ma in the CK95GPTS. As a
result, Jones et al. (2004) anchored their correlation to the
top of C9n (ca. 27 Ma). To constrain the base of their
LMPS, Jones et al. used the early-middle Eocene
charophyte fossil assemblage (Cabrera et al., 1985;
Anadón et al., 1992) found elsewhere in the upper strata
of the Cornudella Formation's fluvio-lacustrine system,
but acknowledged that the gradational contact between
the Cornudella and Montsant Formations make the
projection of this fossil locality difficult. Jones et al.'s
hies with the Bot section magnetostratigraphy of Jones et al. (2004). A
Guadalope–Matarranya fluvial system of the Bot section was used to
. 8 of Jones et al., 2004). Stratigraphic position of individual magnetic
t lithostratigraphy (Garcés, pers. comm., 2006). Note the dramatically
dalope–Matarranya fluvial system in the Bot section stratigraphy. The
the fraction of coarse-caliber sediment. All data from Jones et al. (2004).
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resulting correlation of their LMPS to the CK95 GPTS
yields net sediment accumulation rates of ∼3 cm/ka and
∼16 cm/ka for the middle and upper parts of their section,
respectively. Ambiguity of the lower part of the LMPS led
them to suggest two comparatively high (∼10–20 cm/ka)
sediment accumulation rate interpretations.

4. Results

We report new paleomagnetic data (Fig. 6 and Fig. 7)
from five sections that transect Rodamunts and
Muntanya de Santa Bàrbara (Fig. 2, Fig. 3 and Fig. 7),
which we compile into a single composite section
(RMSB LMPS) covering a net∼770 m of strata (Fig. 7).
The analyzed samples were collected from red siltstone
and fine sandstone intervals of the conglomeratic study
interval. The methods of sample collection and analysis
are included as supplementary material in the online
version.

4.1. Components of remanent magnetism

The intensity of the natural remanent magnetization
(NRM) was between 2.6×10− 2 and 5.2×10− 5 A/m for
all samples. Alternating field (AF) demagnetization and
the first steps of thermal demagnetization usually
removed a component with present local field (PLF)
direction (Fig. 6). The vector component removed by AF
demagnetization steps (0–10 mT) was usually slight, but
almost always parallel to the PLF direction. The first
steps of thermal demagnetization (100° and 150 °C) also
removed an occasionally large PLF overprint (Fig. 6).

Vectors removed during the first steps of thermal
demagnetization are dispersed around the PLF before
correction for bedding tilt (Fig. 6). Bedding dips in the
studied section vary from30° to 70°. As such, comparison
of Fisher statistics from pre-and post-correction bedding
constitutes a fold test. The PLF overprint vectors fail the
McElhinny (1964) fold test as the Fisher concentration
parameter (k) is maximized at 0% unfolding—indicating
that these directions constitute a post-tectonic overprint.

Some specimens became directionally unstable above
low or mid-range temperatures, but many exhibit a high
unblocking temperature component that was removed
above 600 °C (Fig. 6). This component, interpreted as the
characteristic remanent magnetism (ChRM), decayed
towards the origin. Least-squares fit lines were fit to the
data yielding resultant ChRM vectors with both normal
and reversed polarities. These vectors pass theMcElhinny
(1964) fold test at 99% confidence as they become
significantly more concentrated upon correction for
bedding orientation (k1 /k2=2.24; Fig. 6). The populations
of reversed and normal directions are distinguishable and,
while roughly antiparallel, the mean vectors have
significant differences in declination resulting in an
inconclusive reversal test. Differences in declinations
between normal and reverse polarity mean ChRM
directions have also been observed in other Ebro basin
magnetostratigraphies, including those from Eocene
turbidites (Oms et al., 2003), Eocene mixed carbonate
and clastics (the Vic section of Burbank et al., 1992), and
Oligocene fluvial strata (Turner et al., 1984) in the
Pyrenees, and from Eocene alluvial-fan (Lopez-Blanco
et al., 2000), and Oligo-Miocene fluvio-lacustrine strata
(Barberà et al., 1994) in the CCR. The ChRM directions
of these results do not vary systemically through our
studied section, suggesting that vertical-axis rotation is
not a tenable explanation for these declination variations.

4.2. Magnetic stratigraphy

Local magnetic polarity stratigraphies (Fig. 7) were
constructed for the individual sections based on the
virtual geomagnetic pole (VGP) latitudes calculated
from tilt-corrected ChRMs of Type I data (e.g., Fig. 6).
Correlation between the combined ∼865 m of section
analyzed in the CNL, RDM, S5, SB and CG sections
yields a 770m thick composite LMPS (Fig. 7) containing
15 reversals. Where individual sections overlap via
lithostratigraphic correlation the polarity zones are
coincident (e.g., RDM with S5, SB and CG with S5).
This agreement of reversals in nearby lithostratigraphi-
cally correlated sections reinforces the robustness of the
local (b100 m) correlations and of the LMPS itself.

5. Interpretation and discussion

5.1. Correlation with the global polarity time scale

As in other proximal depozones (Colombo, 1994;
Lawton et al., 1999; Lopez-Blanco et al., 2000; Lopez-
Blanco, 2002), neither fossils nor volcanogenic strata
have been identified in the immediate study area.
Despite the absence of independent age constraints,
robust evidence brackets the depositional age of the
studied interval to the Paleogene period: (1) Paleocene
and Eocene gastropod, ostracode and charophyte (López
et al., 1985; Anadón et al., 1992) and Oligo-Miocene
mammal faunal assemblages (Agustí et al., 1988;
Barberà et al., 2001) occur in intercalated and overlying
strata and their interpreted equivalents, respectively. (2)
The Cornudella Formation, which shares a gradational
relationship and compositional similarities with the
overlying Montsant Formation that comprises the
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majority of the studied interval, is superposed on Upper
Cretaceous marine carbonates southeast of the study
area. (3) Growth strata in the studied interval (Barbeau,
2003) and its equivalents to the northeast and southwest
(Anadón et al., 1986, 1989; Lawton et al., 1999; Jones et
al., 2004) are consistent with north–south Paleogene
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convergence and shortening independently recognized
in Iberian–Eurasian–African plate reconstructions (Sri-
vastava et al., 1990; Roest and Srivastava, 1991;
Rosenbaum et al., 2002), and Paleogene cooling ages
in the Pyrenees and the greater Iberian thrust system
(Monié et al., 1991; Rosseti et al., 1999; Rosenbaum et
al., 2005), and (4) Latest Oligocene–Neogene exten-
sional basins crosscut the CCR and mark the change
from convergent to extensional tectonics that now
dominate the northeastern Iberian margin (López
et al., 1985; Roca et al., 1999).

Considering these ages, we have correlated the
RMSB LMPS (Figs. 8 and S1) to the Paleogene GPTS.
Given the lack of evidence for major hiatus, pedogenesis
and/or erosion in the studied interval and the sedimen-
tation rates determined from a robust magnetobiostrati-
graphy of broadly coeval, but distal, southeastern Ebro
basin lithofacies (Barberà et al., 2001), we sought a
correlation that would yield sedimentation rates that
were (a) internally steady within the upper and lower
parts of the studied succession on 105–106 year time-
scales, and (b) consistent with the expected increase in
sedimentation rate caused by progradation of large
sediment-flux, proximal (alluvial-fan) strata atop low
sediment-flux, more distal (fluvial) strata and the
increase in flexural subsidence that accompanies north-
westward propagation of the CCR orogenic wedge
(Lopez-Blanco et al., 2000).

Our proposed correlation of the composite RMSB
LMPS to the CK95 and OS04 (Ogg and Smith, 2004)
GPTS is shown in Fig. 8A. This correlates the RMSB
section to chrons C12–C9 in the early to late Oligocene
(31.3 to 27.7 Ma for CK95; 31.5 to 27.6 Ma for OS04).
For this correlation to work, two normal polarity zones
based on single data points must be ignored. Due to the
nature of viscous remagnetization, a normal polarity
data point is less reliable than one of reversed polarity
because of the propensity for PLF overprints to disguise
reverse polarities if a sample is only moderately stable at
Fig. 6. Representative vector component diagrams (Zijderveld, 1967), and
representative samples from the RMSB section. Plots A, B, C and D are of spec
conclusively determined (Type I data). When not corrected for bedding the co
removed by the first thermal demagnetization step corresponds with the present
(Kirschvink, 1980) throughmid-to-high temperature points to the origin are the Ch
E and F are of specimens for which no ChRMcould be conclusively determined. R
towards the origin and questionable polarity. Results shown in F constitute a Type
H show directions of the vectors that were removed during the first steps of therm
(in situ) coordinates is indistinguishable from the PLF direction (358.2, 56). Th
correction is applied such that the data fails the McElhinny (1964) fold test. Th
acquired as a post-tectonic overprint. Plots I and J are in situ and tilt-corrected equ
fold test (k1 /k2=2.24; McElhinny, 1964) at the 99% confidence level when corre
magnetization.
higher temperatures. Other than these discrepancies, the
fit between the LMPS and the GPTS is straightforward.

Because our preferred correlation of the RMSB
LMPS to the GPTS conflicts with that of Jones et al.
(2004), we made four alternative correlations, which are
presented in Fig. S1 in the online version. We evaluate
the apparent conflicts of these correlations in Section 5.3
as well as Table S1 in the online version.

5.2. Sedimentation rates

Our preferred correlation of the RMSB LMPS to the
CK95 GPTS yields a significant change in vertical
sediment accumulation rates at 29.6 Ma (29.7 Ma for
OS04). Average undecompacted net sediment accumu-
lation rates for the fluvial-dominated upper Cornudella
and the alluvial-fan dominated Montsant Formations are
∼12 cm/ka (R2 =0.94) and ∼32 cm/ka (R2 =0.98),
respectively, and reflect the increased sediment flux
characteristic of alluvial fan systems.

The magnitudes and up-section increase in sediment
accumulation rates are consistent with previouswork in the
Ebro basin and in the terrestrial deposystems and proximal
depozones of other settings. The magnetobiostratigraphy
reported in Barberà et al. (2001) composes the highest
resolution chronostratigraphy in the southeastern Ebro
basin to date and yields a steady sedimentation rate of
∼16 cm/ka throughout the studied distal fluvial and
lacustrine strata accumulated in the medial basin between
ca. 35 and 24 Ma (Fig. 4). Although less well-constrained
and of lower resolution than the data of Barberà et al.
(2001),magnetostratigraphy from the early-middle Eocene
Montserrat fan-delta system of the central CCR (Lopez-
Blanco et al., 2000; Lopez-Blanco, 2002) reveal sedimen-
tation rates of∼16 cm/ka for interbedded distal alluvial-fan
and fluvial strata increasing to ∼20–100 cm/ka for
proximal alluvial fan-strata (Fig. 4). In his study of more
than 25,000 sedimentation rates, Sadler (1981) determined
that when constrained via techniques with 105–106 year
magnetic intensity (J /J0) plots showing demagnetization behavior for
imens for which the characteristic remanent magnetism (ChRM) could be
mponent removed during AF demagnetization and the large component
local field (PLF). Vectors that can be fit by principal component analysis
RMs: reversed polarity for A and B and normal polarity for C andD. Plots
esults shown in E are indicative of Type II data due to an ambiguous trend
III data point as no ChRMcan be determined. Equal area projectionsG and
al demagnetization (10 mT–100°/150 °C). The mean vector in geographic
e concentration factor (k) of these vectors is highest before any bedding
is indicates that this low-coercivity component of the magnetization was
al-area projections of all Type I ChRM directions. These directions pass a
ctions are made for bedding tilt, indicating that these vectors are a primary



Fig. 7. Lithostratigraphy and composite localmagnetic polarity stratigraphy (LMPS) ofRodamunts andMuntanya deSantaBàrbara (RMSB) constructed using
lithostratigraphic correlations of the individual LMPS sections: CNL, RDM, S5, SB andCG.Virtual geomagnetic pole (VGP) latitudes calculated fromChRM
directions are used to develop the normal and reversed polarity zones for the individual LMPS sections. Negative VGP latitudes correspond with reversed
polarity zones (white); positive VGP latitudes correspond with normal polarity zones (black). Whereas both Type I and II data are presented (closed and open
circles respectively), only theType I pointswere used to develop theLMPS.Half-width polarity zones indicate that the zone is supported byonly one data point.
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age-resolution (as is tenable in Paleogene magnetostrati-
graphy), fluvial sedimentation rates range ∼5–100 cm/ka,
with a mean value of ∼10 cm/ka.

5.3. Correlation to previous magnetostratigraphic work

Whereas our preferred correlation between the
RMSB LMPS and the GPTS falls within the age range
interpreted for broadly equivalent strata in the Puig
Cavaller area ∼10 km to the northeast (Jones et al.,
2004), it conflicts fundamentally with that interpretation
(Figs. 8, S2A). Moreover, a 250-meter interval in the
lower part of the RMSB S5 section contains a polarity
stratigraphy that does not match that collected from a
lithostratigraphically traceable interval from the PC
LMPS (Fig. 2 and Fig. 3).

As a result of these discrepancies, we present four
alternative interpretations of our LMPS (Figs. S1B–E, 8)
and six alternative interpretations of the Jones et al. Puig
Cavaller area (PC) LMPS (Figs. S2B–G) and compare the
resultant undecompacted net sediment accumulation rates
with other eastern Ebro chronostratigraphies (Fig. 9).
Although these alternative interpretations offer resolu-
tions to problems that arise through comparative analysis
of the RMSB & PC LMPS (Fig. 3), each interpretation is
compromised by one or more lines of incompatible



Fig. 8. Comparison of Rodamunts–Muntanya de Santa Bàrbara (RMSB, this study) and Puig Cavaller area (PC, (Jones et al., 2004) LMPS to the CK95 and OS04 GPTS. A: This study's preferred
correlation of the RMSB LMPS to the GPTS alongside Jones et al.'s correlation of the PC LMPS. B: Forcing of the PC LMPS to this study's preferred correlation of the RMSB LMPS along
lithostratigraphic markers (solid lines) yields logical and steady sedimentation rates but requires rejection of three normal polarity zones in the PC LMPS not present in the RMSB LMPS nor the GPTS.
C: Forcing of the RMSB LMPS to Jones et al.'s preferred correlation of the PC LMPS yields steady but slow sedimentation rates and requires rejection of three normal polarity zones in the PC LMPS
and that correspond to three normal polarity chrons of the GPTS but are not recorded in the RMSB LMPS.
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evidence: (1) rejection of GPTS or LMPS polarity zones,
(2) unsteady sedimentation rates that are not indicated by
the stratigraphic architecture, or (3) sedimentation rates
that are incompatible with better constrained chronos-
tratigraphies of related and comparable deposystems.

When the RMSB LMPS is forced to match Jones
et al.'s (2004) interpretation of the PC LMPS and honors
the lithostratigraphic correlation presented in Fig. 3
(interpretation RMSB-B in Figs. S1B and C), relatively
steady sedimentation rates are achieved but the section
overlaps with three normal polarity chrons (C15n,
C16n.1n, C16n.2n) in the GPTS that are not recognized
in the RMSB LMPS. Moreover, this interpretation re-
quires unreasonably slow alluvial-fan sedimentation
rates (∼6 cm/ka) based on comparison to the rates
(∼16 cm/ka) well constrained from equivalent but more
distal fluvial facies (Barberà et al., 2001).

Forcing theRMSBLMPS tomatch Jones et al.'s (2004)
interpretation of the PC LMPS without honoring the
lithostratigraphic correlation presented in Fig. 3 (interpre-
tation RMSB-E in Fig. S1E) does not require rejection of
significant polarity zones in the LMPS or chrons of the
GPTS and yields steady sedimentation rates, but these rates
are excessively slow (∼8 cm/ka) for alluvial-fan deposys-
tems in comparison to coeval distal fluvial and lacustrine
sedimentation rates (Barberà et al., 2001).

When the PC LMPS is forced to our preferred
interpretation of the RMSB LMPS (interpretations PC-D
and PC-E in Figs. 8C, 9, S2D and E), relatively steady
sedimentation rates are achieved, but the correlation
requires rejection of four normal polarity zones that
occur in the PC LMPS but not in the GPTS (between
chrons C10n.2n and C11n.1n), nor the RMSB LMPS.
Resultant undecompacted net sediment accumulation
rates (∼20–36 cm/ka) are logical with respect to rates
that are well constrained from more distal facies (Fig. 9,
Barberà et al., 2001).

We also examine four alternative interpretations of the
PCLMPS (interpretations PC-B, PC-C, PC-F, and PC-G in
Figs. S2 and 9) designed to adjust the projected E. zitteli
local biozone to its proper location at the top of theC10n.1n
chron instead of the correlation to the top of the C9n chron
that Jones et al. (2004) employed. Each of these
interpretations requires unsteady sedimentation rates that
are not indicated by the stratigraphic architecture.
Moreover, all but one of the alternative correlations (PC-
G; ∼14 cm/ka) results in average sedimentation rates that
are much slower (∼6 cm/ka) than those of Barberà et al.'s
(2001) distal fluvial facies. Likewise, when the RMSB
LMPS is forced to fit the adjusted PCLMPSand honors the
lithostratigraphic correlation presented in Figs. 2 and 3
(interpretations RMSB-C and RMSB-D in Fig. 9, S1C and
D), it yields unsteady and slow sedimentation rates (∼8 cm/
ka). Given the above considerations and the difficulty
projecting from the E. zitteli fossil site near Gandesa to the
Puig Cavaller region (Jones et al., 2004), these alternative
correlations should not be accepted with high confidence.

In light of these alternative interpretations of theRMSB
and PC LMPS, we raise three concerns about the existing
age interpretation of the Puig Cavaller area magnetostrati-
graphy (Jones et al., 2004) that together encourage
consideration of the new age interpretations for the
southern Ebro syntectonic succession presented herein.

(1) The∼1000mmagnetostratigraphic section reported
in Jones et al. was collected along a 9 km horizontal
transect oriented obliquely to the structural and
depositional front of the CCR (Fig. 2). This
sampling transect crossed (a) an important facies
boundary that separates alluvial-fan strata derived
from the immediately adjacent CCR from fluvial
strata of the Guadalope–Matarranya fluvial system
derived from theLinkingZone,∼50 km to the south
(Anadón et al., 1989; Jones, 1997; Jones et al.,
2004), and (b) an inferred structural boundary
marked by the southwest termination of the
Fontcalda anticline (Fig. 2). The new data presented
herein were collected wholly from continuously
exposed strata that are most proximal to the modern
CCR, covering a region in which any two samples
are nomore than 3 km apart (Fig. 2 and Fig. 3). This
approach has allowed us to minimize potential
complications introduced by intercalations of the
Guadalope–Matarranya fluvial system and projec-
tion across poorly exposed intervals.

(2) Jones et al.'s miscorrelation of the E. zitteli local
biozone locality near Gandesa (Barberà et al.,
2001) to chron C9n instead of chron C10n.1n
either underscores the difficulty of projecting
folded alluvial-fan strata across poorly exposed
intervals, or yields corrected GPTS interpretations
that are tenuous due to the resultant unsteady and
slow net sediment accumulation history (Figs. 8,
9, S2) that is contradicted by chronostratigraphic
analysis of similar strata (Burbank et al., 1996;
Garcés et al., 2002).

(3) The sedimentation rates that result from our
preferred correlation of the RMSB LMPS to the
Paleogene GPTS (Fig. 9) are steady and logical
with respect to sedimentation rates reported from
associated (Barberà et al., 2001) and similar
(Sadler, 1981; Burbank et al., 1996; Lopez-
Blanco et al., 2000; Garcés et al., 2002) strata.
Whereas the resultant sedimentation rates of the



Fig. 9. Comparison of undecompacted net sediment accumulation rates of RMSB and PC LMPS interpretations presented herein and from Jones et al.
(2004) with the integrated fluvio-lacustrine magnetobiostratigraphy of Barberà et al. (2001) and alluvial-fan magnetostratigraphy of Lopez-Blanco
et al. (2000). See Figs. 5, 8, S1 and S2 for LMPS-GPTS correlations and Table S1 and text for discussion.
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Jones et al. LMPS interpretation are steady, they
yield a thick interval of alluvial-fan strata with net
sediment accumulation rates that are nearly 50%
slower than better-constrained rates of coeval
lacustrine and distal fluvial strata in the medial
part of the basin (Fig. 5 and Fig. 9; Barberà et al.,
2001). If true, this spatial distribution of sedi-
mentation rates would have caused a retrograda-
tion of the alluvial-fan succession and an attendant
orogen-ward migration of distal basin facies for
which there is no evidence in the stratigraphic
architecture of the study area.

Despite the improvements offered by our preferred
correlation of the RMSB LMPS to the Paleogene GPTS,
the new magnetostratigraphy suffers from a lack of
proximity to fossil localities that could more securely tie
the LMPS to the GPTS and the absolute geologic
timescale. Whereas proximity to fossil localities might
improve the robustness of GPTS correlations, we note
that discrepancies between the reported (Barberà et al.,
2001) and utilized (Jones et al., 2004) ages and chrons of
existing fossil localities emphasize the low confidence of
correlation between distal facies (where such localities
are common) and their energetic, fossil-poor proximal
counterparts. A more detailed magnetostratigraphic
sampling routine may better constrain the absolute age
and stratigraphic completeness of the study interval.

5.4. Implications for alluvial fan deposystems and proxy
data

Regardless of the true absolute ages of theRodamunts–
Muntanya de Santa Bàrbara and Puig Cavaller region
strata examined herein and in Jones (1997) and Jones et al.
(2004), this study suggests that lithostratigraphically
correlative strata in alluvial-fan deposits of proximal
foreland basin depozones have chronostratigraphic sig-
nificance over short distances, but not over long distances
(N∼5 km). Whereas detailed study of marginal-marine
strata tests the sequence stratigraphic interpretive frame-
work (Van Wagoner et al., 1988), terrestrial proximal
foreland basin depozones distribute and accumulate
sediment in ways that are fundamentally different from
shallow-marine settings (Shanley and McCabe, 1994;
Currie, 1997). In particular, autocyclic and avulsive
processes inherent to proximal, fan-shaped deposystems
generate a spatially complicated distribution of chronos-
tratigraphically significant surfaces that inhibit application
of traditional sequence stratigraphic frameworks.

Schumm et al. (1987) presented results from an
experimental physicalmodel of alluvial-fan dynamics that
depicts entrenchment-backfill-dispersion cyclicity and
suggests that some components of alluvial-fan lithostrati-
graphy should have chronostratigraphic significance. In
particular, dispersal phases distribute thin, but laterally
continuous, fine-grained sediments over large areas of
alluvial fans. The presence of widespread fine-grained
intervals in ancient alluvial-fan strata (DeCelles et al.,
1991a; Weissmann et al., 2002), including the study area
(Barbeau, 2003), suggests that this can be tested through
along-strike lithostratigraphic correlations of magnetos-
tratigraphic sections (Fig. 2 and Fig. 3), as the fine-grained
lithostratigraphic markers should connect intervals with
the same magnetic polarity.

Our new data demonstrate an apparent contradiction of
this assumption (Figs. 2, 3, 8) and suggest that chrono-
stratigraphic models for alluvial-fan sediment accumula-
tion need to be reconsidered. Whereas the fine-grained
intervals used for lithostratigraphic correlation in the
study area appear to have chronostratigraphic significance
over short distances (b2 km) as indicated by the overlaps
in the SB, CG, RDM and S5 LMPS, conflicts between the
intervals of the RMSB LMPS and PC LMPS that are
connected by continuously exposed, lithostratigraphically
equivalent strata suggest that chronostratigraphic and
lithostratigraphic surfaces vary over longer distances
(Fig. 2, Fig. 3, and Fig. 8). In addition to magnetostrati-
graphic studies that compile composite LMPS from
multiple individual sections, any proxy data collection
that uses a similar technique of lateral correlation may be
collecting incomplete or duplicated serial data.

5.5. Iberian plate tectonics

Robust evidence of growth strata in the RMSB
section occurs 480 m into the composite LMPS
(Barbeau, 2003). Based on our preferred correlation of
the LMPS to the CK95 GPTS, this growth began at ca.
28.5 Ma and indicates the arrival of the orogenic wedge.
If our new magnetostratigraphic interpretations are
correct, the southwestern CCR orogenic wedge was
active from 28.5 Ma to at least 27.6 Ma (late Oligocene).
The increase in net sediment accumulation rate and the
transition to an alluvial-fan system 180–200 m into the
LMPS is indicative of proximity to a high-relief source
region—requiring that CCR shortening was in progress
no later than ca. 29.6 Ma.

This timing of local deformation in the CCR is
compatible with Schettino and Turco's (2006) model for
western Mediterranean Oligocene plate kinematics that
attributes folding and faulting in the CCR to a stress
regime that developed after the cessation of the Pyrenean
orogeny as the convergent boundary between Africa and
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Eurasia jumped southward. Uplift in the CCR thrust belt
likely began earlier than 29.6 Ma, however, as enough
topography was present after the Middle-Late Eocene
boundary (∼37 Ma) to maintain the Ebro basin as an
intermontane basin dominated by terrestrial sedimenta-
tion (Vergés et al., 2002). This timing could then fit with
models that explain the CCR as a manifestation of
intraplate stresses resulting from the late stages of the
Pyrenean orogeny.

6. Conclusions

1. Paleomagnetic analysis of ∼865 m of alluvial-fan
strata in the southeastern Ebro Basin reveals 15
reversals within a ∼760 m composite succession.
Correlation of the resulting local magnetic polarity
stratigraphy to the Paleogene global polarity time
scale of Cande and Kent (1995) dates deposition from
31.4 to 27.7 Ma (C12r–C9n; early to late Oligocene).
This correlation requires an increase in sedimentation
rates from ∼12 cm/ka to ∼32 cm/ka at ca. 29.6 Ma
(base of C11n.1), which is coincident with the
transition from fluvial to alluvial-fan sedimentation.

2. The above interpretation is in apparent conflict with the
interpretation of previousmagnetostratigraphic analyses
of broadly equivalent strata attributed to the stratigraphy
of Puig Cavaller, b10 km to the north and northeast of
the study area (Jones, 1997; Jones et al., 2004).Attempts
to force the Rodamunts–Muntanya de Santa Bàrbara
LMPS tomatch the Puig Cavaller area LMPS (and vice
versa) require unsteady sedimentation rates that are not
supported by the stratigraphic and pedogenic architec-
ture of the studied interval (Jones et al., 2004; Barbeau,
2003). Whereas this discrepancy could be partially
attributed to tenuous lithostratigraphic and biostrati-
graphic correlations and assumptions utilized in
construction of previous workers' composite LMPS,
lithostratigraphic correlation of the only continuously
exposed interval common to the two studied composite
sections reveals disparate magnetic polarity zonations.
The occurrence of a significant structural boundary
between the study areas further suggests that these
strata may be diachronous. In light of these considera-
tions, we suggest that the magnetostratigraphic
interpretation proposed herein be used for the
previously undated wedge-top and proximal foredeep
strata preserved southwest of the down-plunge
termination of the Fontcalda anticline in the vicinity
of Rodamunts and Muntanya de Santa Bàrbara until a
more accurate chronostratigraphy can be acquired.

3. The above-mentioned discrepancies betweenmagnetic
polarity zonations of lithostratigraphically correlatable
alluvial-fan strata in the studied interval suggest that
the dynamics of fan-shaped avulsive deposystems
(i.e., alluvial fans, deltas, submarine fans) may pre-
clude the use of lithostratigraphic markers for moderate
and long distance (greater than ∼5 km in the present
study) chronostratigraphic correlation in such settings.
As a result, tectonosedimentary and sediment-distribu-
tion models supported by data using such lithostrati-
graphic correlations may need to be reconsidered until
more robust data can be acquired. Moreover, geoscien-
tists who collect proxy data from composite strati-
graphic sections in alluvial-fan strata should be wary of
the apparent diachroneity of lithostratigraphy in such
settings. Sampling strategies employed in alluvial-fan
strata should include large percentages of vertical over-
lap and minimization of lateral and down-dip lithos-
tratigraphic correlation distances.

4. Using this study's preferred correlation of the RMSB
LMPS to the GPTS, onset of synkinematic deposition
in the RMSB region as reflected by growth strata
occurred at ca. 28.5 Ma with wedge-top deposition
continuing until at least 27.7Ma. If accurate, models of
western Mediterranean kinematics should be consis-
tent with arrival of the southernmost Catalan Coastal
Range orogenic wedge in southern Catalunya in the
late Early Oligocene. However, upon evaluation of the
possible correlation complexities of the PC LMPS and
the apparent diachroneity between the overlapping
RMSB and PC sections, this age may be older.
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