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Magnetostratigraphy of the Miocene continental deposits
of the Montes de Castejón (central Ebro basin, Spain):
geochronological and paleoenvironmental implications

A detailed magnetostratigraphic study has been carried out in the early to middle Miocene distal alluvial and
lacustrine sediments of the Montes de Castejón (central Ebro Basin). The study was based on the analysis of
196 magnetostratigraphic sites sampled along a stratigraphic interval of about 240 meters. Local magne-
tostratigraphy yielded a sequence of 12 magnetozones (6 normal and 6 reverse) which could be correlated with
the Geomagnetic Polarity Time Scale (GPTS) interval C5Cr to C5AD (between 17 and 14.3 Ma.). The sampled
sedimentary sequences include the boundary between two tectosedimentary units (TSU, T5 and T6) already
defined in the Ebro Basin. The magnetostratigraphy of the Montes de Castejón allows to date the T5/T6 TSU
boundary at 16.14 Ma, within chron C5Cn.1n. This magnetostratigraphy also allows us to analyse in detail as
well as to discuss the variations in sedimentation rates through space and time between different lacustrine envi-
ronments: Outer carbonate lacustrine fringes and distal alluvial plains (Montes de Castejón sections) show high-
er sedimentation rates than offshore lacustrine areas (San Caprasio section, 50 km east of Montes de Castejón).

Magnetostratigraphy. Geochronology. Sedimentation rates. Miocene. Ebro basin.
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INTRODUCTION

The development of a precise stratigraphic frame-
work in continental basins is often problematic because
of the scarcity of absolute chronological constrains, as
well as the absence of reliable chronostratigraphic
markers. In foreland basins in particular, lithostrati-
graphic units generally have diachronous boundaries,
rapid lateral facies transitions are frequent and, there-
fore, basin-wide stratigraphic correlations are usually

too uncertain for high resolution basin-scale paleoenvi-
ronmental studies. The Tertiary sedimentary record of
the Ebro Basin has been studied by many authors from
a stratigraphic and sedimentologic point of view in
order to decipher its paleogeographic evolution. As a
result, many lithostratigraphic units have been named
(Riba et al., 1983; Villena et al., 1992). From a genetic
point of view, the sedimentary record has been divided
into eight Tecto-Sedimentary Units (TSU, see concepts
in Pardo et al., 1989) named T1 to T8 (Villena et al.,
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1992, 1996; Alonso-Zarza et al., 2002), the ages of
which were determined either from mammal
biochronology or by correlation with marine equiva-
lents towards the eastern end of the basin. More recent
magnetostratigraphic studies have provided further
time constraints to some Eocene to Miocene continen-
tal successions in the central and eastern parts of the
basin (Gomis et al., 1997; Barberà et al., 2001; Pérez
Rivarés et al., 2002). These studies combined represent
a very long continuous record of approximately 22 Ma,
from late Eocene to middle Miocene, and provide a
very firm high-resolution chronological framework. Its
correlation with the time scale is well supported by
mammal biostratigraphic data in the Oligocene
sequences and a radiometric age in the lower Miocene
sediments of the central part of the basin (Odin et al.,

1997). From these studies absolute ages for some TSU
boundaries could be determined.

In this paper we present new magnetostratigraphic
results from the Montes de Castejón, in the central part
of the Ebro basin, which lacks chronological evidence,
except for that derived from stratigraphic correlation
with the Sierra de Alcubierre (Arenas, 1993; Arenas
and Pardo, 1999, 2000), based solely on the tectosedi-
mentary analysis. The aims of this contribution are: 1)
to check the previous stratigraphic correlation of the
Montes de Castejón units with nearby areas (i.e., Sierra
de Alcubierre), 2) to better define the age of the TSU
boundaries, and 3) to discuss the varying sediment
accumulation rates at particular time intervals and its
paleoenvironmental significance.

FIGURE 1 Geological map and location of the Ebro Basin and the study area in the Iberian Peninsula (modified from Instituto Tecnológico y
Geominero de España, 1995). MC: Montes de Castejón; SA: Sierra de Alcubierre.
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GEOLOGICAL CONTEXT OF THE CENTRAL PART OF
THE BASIN

The Ebro Basin is one of the largest Tertiary basins in
the Iberian Peninsula, generated during the Paleogene as
a result of the collision of the Iberian and Eurasian plates.
It is bounded by the Pyrenean Range to the north, the
Iberian Ranges to the south and the Catalan Coastal
Ranges to the east. In the latest Eocene the Ebro Basin
became fully continental (Riba et al., 1983) and accumu-
lated up to 5.5 km of alluvial and lacustrine sediments
until the middle-late Miocene, when the basin opened
towards the Mediterranean sea (Vázquez-Urbez et al.,
2003; García-Castellanos et al., 2003). The Oligocene and
Miocene record of the central part of the basin consist of
coarse to fine detrital sediments deposited in alluvial and
fluvial systems originated from the basin margins, and
carbonate and evaporite sediments formed in lacustrine
systems in the centre. 

The studied area (Fig. 1) is located in the central part
of the Ebro Basin and was directly linked to the Pyrenean
Range evolution (Arenas, 1993; Arenas and Pardo, 2000).
In this area, the detrital deposits to the north (Uncastillo
Formation, Soler and Puigdefàbregas, 1970) consist of
ochre and red mudstones with sheet-and-channel-like,
fine to medium sandstone intercalations. These deposits
belong to the distal sector of the “Luna fluvial system”
(Hirst and Nichols, 1986) and grade laterally southward
into lacustrine carbonate and evaporite deposits of the
Alcubierre and Zaragoza Formations (Quirantes, 1978),
respectively. The Zaragoza Formation is mainly made of
nodular gypsum and marls with limestone intercalations
that crop out extensively on the southwestern and south-
eastern sides of the Montes de Castejón. The Alcubierre
Formation consists of limestones and marls with scarce
fine siliciclastic intercalations. It makes the present car-
bonate uplands of the centre of the basin, one of which is
the Montes de Castejón plateau (Fig. 1). It grades lateral-

FIGURE 2 Simplified cartographic map (modified from Arenas, 1993) and geological cross-section of the study area.
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ly and overlies the evaporitic deposits of the Zaragoza
Formation.

The outcropping succession in the Montes de Caste-
jón lies nearly undeformed, and strata are horizontal or
show dips up to 5º southeast. It has been divided into two
local TSUs (Fig. 2) with a general but complex, fining-
upward evolution (Arenas, 1993): the first one (N1) crops
out in the lowest parts of the Montes and corresponds to
the Uncastillo, Zaragoza and Alcubierre Formations. The
second one (N2), which has not any known equivalent
deposits in the Pyrenean area, occupies the highest parts
of the Montes de Castejón and corresponds entirely to the
Alcubierre Formation.

The boundaries between units are sedimentary breaks
(in the sense of Pardo et al., 1989) represented by sharp
shifts in the sequential evolution. In the southern part of
the studied area, evaporite deposits of unit N1 are sharply
overlain by carbonate facies of unit N2 (Fig. 2). In con-
trast, in the northern part, the same boundary is found
within a carbonate succession and is marked by the pres-
ence of syngenetic karst facies (Arenas et al., 1999).

The lack of chronological data in the Montes de
Castejón, along with their disconnection from other areas
in the central Ebro Basin, make difficult a chronostrati-
graphic correlation. Thus, the correlation of local units
N1 and N2 with other areas in the Ebro Basin (e.g., Sierra
de Alcubierre, 50 km east of Montes de Castejón) was
exclusively made by photogeology and similarity of the
sequential evolution of the TSU units, resulting in the fol-
lowing: N1=T5 and N2=T6 (Fig. 3). According to Alon-
so-Zarza et al. (2002) the age of T5 is Agenian (MN2)-
early Aragonian (MN4) and the age of T6 is middle
Aragonian (MN4)-late Aragonian (MN6). These ages
were not very accurate because were based on very few
fossil sites whose biochronological assignment has been
object to several revisons (e.g., the Villanueva de Huerva
site, Pérez et al., 1985; Cuenca et al., 1992). Recent mag-
netostratigraphic studies by Pérez-Rivarés et al. (2002) in
the Miocene deposits of the neighbouring Sierra de Alcu-
bierre provided a reliable absolute chronology for some
of the younger TSU boundaries: T4/T5 21.2 Ma, T5/T6
16.4 Ma and T6/T7 14.4 Ma.

From a sedimentological and paleogeographical point
of view, sediments corresponding to units T5 and T6 repre-
sent a lacustrine system that extended throughout the cen-
tral part of the Ebro Basin during the early and middle
Miocene. Good examples of this lacustrine environment
are described in the areas of Sierra de Alcubierre and
Montes de Castejón. Cyclic water level changes in the lake
system resulted in alternating carbonate facies, at times of
high water level, and evaporite facies, at times of low
water levels. Periods of highstand lake level were charac-

terised by a maximum extent of a unique water body, while
lowstands could correspond to several isolated sulphate
depositional areas (Arenas and Pardo, 1999). These sul-
phate areas in some cases (e.g. unit T5 in Montes de Caste-
jón) were separated through low-relief subaerial barriers
that experienced saline diagenetic processes during low
lake levels and dissolution-precipitation processes in sub-
sequent water level rises; these correspond to the syngenet-
ic karst zones (Arenas et al., 1999).

STRATIGRAPHIC SECTIONS

For the purpose of this contribution, two stratigraphic
sections that cover the entire succession of the Montes de
Castejón were chosen for paleomagnetic analysis (see Fig.

FIGURE 3 Stratigraphic correlation of some sections in the Montes
de Castejón and Sierra de Alcubierre areas according to Arenas
(1993) and Arenas and Pardo (2000), with indication of equiva-
lent nomenclature of TSU (Tectosedimentary units). SO: Castillo
de Sora; ES: Esteban; SC: San Caprasio; LN: Lanaja.
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2 for location): the Castillo de Sora section in the northwest-
ern part, and the Esteban section in the northern central part.
See Arenas (1993) and Arenas et al. (1999) for details. 

The Castillo de Sora section (Fig. 4) has a total thick-
ness of 118 m and it has been divided into four parts. From
base to top, the first one consists of grey, green, ochre and
reddish mudstones and marls with mostly brown and grey
sheet-like, fine sandstone intercalations. Sandstones have
horizontal and cross lamination, ripples and may have sul-
phate cement. At places, mudstones contain scattered gyp-
sum nodules. At the base and top this interval contains
some thin grey and beige, mostly bioturbated, bioclastic
limestones. The second part is made of mostly reddish and
ochre mudstones and minor grey marls with thin, grey bio-
clastic limestone intercalations and some fine ochre and
grey sheet-like sandstone layers. Scattered gypsum nodules
can be present in some reddish mudstones. The third part
consists of alternating grey marls and thin beige, yellow

and grey limestones with nodular gypsum, either as contin-
uous layers or scattered nodules. Limestones associated
with gypsum are horizontally laminated (micrite, at places
dolomicrite, with very thin, fine sandstone and silt laminae
and lenticules) and contain some gypsum nodules, breccia
and dissolution facies (e.g., syngenetic karst facies). The
boundary between units T5 and T6 is located at the top of
those levels. The fourth part of the section shows thick
strata of beige limestones with beige and grey marl interca-
lations. At the base, limestones are mostly laminated as
those described above, while toward the top of this part
bioclastic limestones, at places bioturbated, are dominant.

The Esteban section (Fig. 5) has a total thickness of
141 m and has been divided into three parts. From base to
top, the first one consists of beige and yellow laminated
limestones and dolostones and beige, brown and grey
marls. Carbonate layers contain cavities, cracks, silica nod-
ules and layers, and evaporite nodules and pseudomorphs.

FIGURE 4 Stratigraphic column and magnetostratigraphy of the Castillo de Sora section. Solid dots represent highly reliable directions, open
circles and triangles represent less reliable ones. Black (white) bands represent normal (reverse) polarity.
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The passage to unit T6 is located at the top of this interval.
The second part consists of beige, white, grey and yellow
limestone, commonly grouped into thick sets of strata, and
green and grey marls. Most limestones, particularly those
at the lower third, correspond to laminated facies consist-
ing of micrite with very thin intercalations of silt and fine
sandstone laminae and lenticules. The rest are bioclastic
and bioturbated facies. The third part of the section is made
of alternating beige, brown and grey marls and limestones
style. Most limestones correspond to structureless bioclas-
tic and bioturbated facies. The uppermost part has thick
bioturbated and nodulised limestone strata.

PALEOMAGNETIC RESULTS

The Castillo de Sora and Esteban sections (Figs. 4 and

5) were sampled at 1 meter intervals, obtaining a total of
196 sites. Two oriented cores per site were collected and
210 samples were analysed in order to obtain the local
magnetic polarity stratigraphy. The studied lithologies
consist of limestones, marly to sandy limestones, dolo-
stones, marls and brown to red mudstones.

The Natural Remanent Magnetisation (NRM) was
measured in a three-axes superconducting magnetometer
and analysed using standard stepwise thermal (TH)
demagnetisation procedures. A successful isolation of the
paleomagnetic components was possible after treatment
to 10 to 15 demagnetisation steps and up to 650ºC. The
visual inspection of Zijderveld plots revealed the pres-
ence of three components in most of the samples (Fig. 6).
A randomly oriented small viscous component was
removed at 100ºC to 150ºC. Above this temperature a

Miocene magnetostratigraphy in central Ebro basinF.J. PÉREZ-RIVARÉS et al.

FIGURE 5 Stratigraphic column and magnetostratigraphy of the Esteban section. Solid dots represent highly reliable directions, open circles
and triangles represent less reliable ones. Black (white) bands represent normal (reverse) polarity.



north directed component which parallels the present-day
field represents a significant proportion of the remaining
NRM. This secondary component is easily removed after
treatment to 300ºC-340ºC. At higher temperatures a char-
acteristic remanent magnetisation (ChRM) is isolated and
shows both normal and reverse polarity. Demagnetisation
of the ChRM yields a linear decay towards the origin with
maximum unblocking temperatures ranging from 490ºC
to 630ºC depending on the lithology. Complete demag-
netisation at temperatures lower than 550ºC-600ºC is typ-
ically observed in limestones and grey marls, where the
magnetite is the most likely magnetic carrier (Figs. 6A,
6B, 6C). Maximum unblocking temperatures above
630ºC suggesting the presence of hematite are frequent in

the red mudstone intervals from the lower part of the
Castillo de Sora section (Fig. 6D).

The occurrence of both magnetite and hematite in the
studied sediments is further illustrated with the IRM data
from a set of representative samples. Stepwise acquisition
of the IRM up to 1 Tesla was combined with thermal
demagnetisation of the IRM at 1 Tesla and 0.1 Tesla
applied successively in two orthogonal directions
(Lowrie, 1990). The shapes of the IRM acquisition curves
(Fig. 7A) vary over a range which denotes the variable
contributions of soft and hard magnetic minerals in the
sampled sediments. Rapid IRM acquisition and saturation
at fields below 0.2 T corresponds to magnetite bearing

Miocene magnetostratigraphy in central Ebro basinF.J. PÉREZ-RIVARÉS et al.
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FIGURE 6 Examples of thermic demagnetization diagrams from some samples of the studied sections. Solid (open) symbols are projections of
vector endpoints onto the horizontal (vertical) plane. Numbers on the curve give temperatures in ºC.

FIGURE 7 IRM acquisition (A) and progressive demagnetization (B,C) of representative samples, both normalised. Castillo de Sora (SO) and
Esteban (ES). 



samples and show IRM unblocking temperatures of
580ºC (Fig. 7B). Unsaturated samples at 1 Tesla show
unblocking temperatures of the hard component of about
660ºC (Fig. 7C), which is clear indication of hematite
occurrence. In most of the cases samples show intermedi-
ate behaviour with occurrence of both magnetite and
hematite in variable proportions.

The average normal and reverse components of the
ChRM show nearly antipodal directions. Reverse direc-
tions show slightly shallower directions, which may result

from a partial overlap with the north directed low temper-
ature component. The mean paleomagnetic declination
(Fig. 8) is not significantly different from the reference
geomagnetic field direction, therefore we can assume that
no vertical axis rotation has occurred since deposition of
the Montes de Castejón sediments.

CORRELATION WITH THE GPTS

The virtual geomagnetic pole (VGP) latitude calculat-
ed for each paleomagnetic site in both the Castillo de
Sora and Esteban sections defines a sequence of seven
magnetozones in each section. The stratigraphic correla-
tion between both sections (Fig. 3) established by Arenas
(1993) yielded an overlap of some tens of meters which is
coherent with the magnetostratigraphic data from both
sections (Fig. 9). The combined results provide a compos-
ite magnetic polarity sequence consisting of 12 magneto-
zones: 6 of reverse polarity (R1-R6) and 6 of normal
polarity (N1-N6). 

The correlation of the Montes de Castejón composite
magnetostratigraphy with the Geomagnetic Polarity Time
Scale (GPTS) of Cande and Kent (1995) can be estab-
lished on the basis of the available chronostratigraphic
constraints for equivalent sediments in the Ebro Basin
(see Geological Context) and the distinctive pattern of
local magnetozones. Assuming a coarse late Ramblian to
early-middle Aragonian (early to middle Miocene) age
for units T5 and T6, the long reverse interval (R4) with
three shorter intervals below (N1-N2-N3) and two above
(N4-N5) leaves correlation with the C5Br as the most
probable. The triplet of normal magnetozones N1 to N3
in the Castillo de Sora section can be correlated with the
characteristic triple chron C5C. Similarly, N4 to N6 in the
upper Esteban section correlates with the two short
chrons in C5Bn and the lower part of C5AD. As a result,
the entire composite magnetostratigraphic succession of
the Montes de Castejón ranges from C5Cr to C5ADn and
spans approximately 2.6 Ma, from ~17 to ~14.3 Ma.

DISCUSSION

The previous magnetostratigraphic results from the
Miocene sediments of the Sierra de Alcubierre (Pérez-
Rivarés et al., 2002) provided an independent correlation
with the GPTS. This study showed that at the T5/T6
boundary in the San Caprasio section, clearly defined by
a rapid replacement of evaporite facies with carbonate
facies, the local magnetostratigraphy apparently missed
parts of chron C5Cn, yielding an uncertain dating of this
TSU boundary (Fig. 9). On the other hand, in the Lanaja
section where the magnetostratigraphy is more complete,
the stratigraphic location of the T5/T6 boundary was

Miocene magnetostratigraphy in central Ebro basinF.J. PÉREZ-RIVARÉS et al.
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FIGURE 8 Equal-area stereographic projections of characteristic
directions (normal and reverse polarities). Open (solid) symbols
plotted on upper (lower) hemisphere
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roughly placed by fotogeology methods within an interval
of carbonate facies. From these data, the authors estimat-
ed the age of T5/T6 boundary at approximately 16.4 Ma
(C5Cn.2n), based on the magnetostratigraphy of Lanaja.

Unlike the Sierra de Alcubierre, the magnetostratigra-
phy of the Montes de Castejón yields a complete record
of chron C5Cn. Here, the stratigraphic location of T5/T6
boundary is determined in an evaporitic interval at the
transition from the alluvial sediments of the Uncastillo
Formation and the lacustrine limestones of the Alcubierre
Formation (Figs. 3 and 4). It is also defined at the top of
syngenetic karts layers within the Alcubierre Formation
(Figs. 3 and 5). As shown above, this interval correlates
with chron C5Cn.1n, with an interpolated age of about
16.14 Ma (Fig. 9), which is now assumed to be the best
estimate for the T5/T6 boundary.

The correlation of the Montes de Castejón section
with the GPTS allows an evaluation of the sedimentation
rates through time. The Sora Section shows well deter-
mined magnetostratigraphic boundaries, which allow to
estimate short-term sedimentation rates (calculated at the
subchron level); these vary significantly from 6 to 26
cm/Ka. It must be noted, however, that errors of absolute
ages in the GPTS should safely be taken in the range of
104 years. This can be easily illustrated when comparing
ages of the Astronomical Polarity Time Scale (APTS)
with previous geomagnetic polarity time scales (Cande
and Kent, 1992; 1995). For chrons shorter than 100 Ka,
astronomical calibration has yielded durations that differ
significantly from the radiometrically based GPTS (as
much as 50% of their estimated duration) (Fig. 10).
Therefore, sedimentation rates estimated over short peri-
ods (subchrons shorter than 100 Ka) must be taken with

Geolog ica  Acta ,  Vo l .2 ,  Nº3,  2004,  221-234

FIGURE 9 Magnetostratigraphic correlation between the Montes de Castejón succession, Sierra de Alcubierre succession and the GPTS (Can-
de and Kent, 1995). Grey bands indicate the uncertain boundaries of biozones and chrons. TSU: Tectosedimentary units.



caution unless an astronomical calibration is available.
Still, it is remarkable the abrupt decrease in sedimentation
occurring in chron C5Cn.1n, in coincidence with the
observations in the San Caprasio section (Sierra de Alcu-
bierre), where the same time slice records a significant hia-
tus of about 0.4 Ma (Pérez-Rivarés et al., 2002). This cor-
responds to the T5/T6 boundary, which represents an
abrupt change from sulphate depositional environments
(T5) to an expanding carbonate depositional lacustrine sys-
tem (T6). Above the T5/T6 boundary the average sedimen-
tation rates estimated in both the Montes de Castejón and
Sierra de Alcubierre are not significantly different (8.85
cm/ka and 7.95 cm/Ka respectively). T6 in San Caprasio is
about 115 m thick, similar to the 135 m measured in Este-
ban (Fig. 9). However, when compared the sediment thick-
ness over a shorter time scale (at the subchron scale) the
two areas show different trends. If the stratigraphic interval
which correlates with chron C5Bn.1r is considered, in the
San Caprasio section the sediment thickness (12 to 13.5 m)
is about double compared to the Esteban section (3 to 7.5
m) (Fig. 11). In the Esteban section, this interval corre-
sponds to bioclastic limestones affected by karstification,
marls and mudstones (Arenas et al., 1999). The same time
interval in the section of San Caprasio is represented by a
sequence of mudstones, sands, sandstones and laminated
sandy limestones. The next stratigraphic interval corre-
sponding to chron C5Bn.1n shows that the relation
between Esteban and San Caprasio is the opposite: a thick
interval (10 to 13.5 m) of bioturbated bioclastic limestones
alternating with marls in the Esteban section  is equivalent

in San Caprasio to a thin interval (4 to 6.5 m) of ochre
mudstones, grey marls and some laminated limestones with
abundant sulphate nodules.
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FIGURE 10 Values of APTS chron duration plotted against
APTS/CK92 (GPTS after Cande and Kent, 1992) showing more
pronounced differences in chron duration between astronomical
calibration and radiometrically based calibration time scales for
chrons shorter than 100 Ka.

FIGURE 11 Detailed stratigraphy and magnetostratigraphy of the
Esteban (Montes de Castejón) and San Caprasio (Sierra de Alcu-
bierre) sections to show differences in thickness and facies of
lacustrine deposits between these two areas. Solid (open) dots
indicate position of the normal (reverse) polarity samples. Grey
bands indicate the uncertainty polarity intervals.



Miocene magnetostratigraphy in central Ebro basinF.J. PÉREZ-RIVARÉS et al.

231Geolog ica  Acta ,  Vo l .2 ,  Nº3,  2004,  221-234

FIGURE 12 Sedimentary facies model (modified from Arenas and Pardo, 1999) to explain the different sedimentary rates between Montes de
Castejón and Sierra de Alcubierre successions. The scheme shows the different facies and processes resulting from a continuous fall of
water level from freshwater (HWL) to saline, sulphate (LWL) depositional environments. Maps show the facies areal distribution correspon-
dent to each water level case, with indication of the location of the sections. SO: Castillo de Sora; ES: Esteban; SC: San Caprasio; LN: Lana-
ja. Gn: nodular gypsum; Gl: laminated gypsum; Ll: laminated limestones and dolostones; Ls: stromatolitic limestones and dolostones; Lm:
massive limestones; Lb: bioturbated limestones; Sm: masive sandstones; Sl: laminated sandstones; Sr: rippled sandstones.



The contrasting facies and sediment thickness
observed between Montes de Castejón and San Caprasio
can be related to the different sedimentary locations with-
in the proposed sedimentary lacustrine model (Arenas
and Pardo, 1999), and were ultimately controlled by the
cyclic water level fluctuations that experienced the lacus-
trine system (Fig. 12). During periods of high water level
(Fig. 12A) there was a single water body in which fresh-
water carbonate depositional conditions prevailed, giving
rise to thick layers of bioclastic limestone facies on the
outer fringes of the lake (Esteban section), while thinner
layers of marls were deposited in offshore areas (San
Caprasio). At the same time the Sora area recorded most-
ly distal alluvial sedimentation. Episodic lowering of the
water level (Fig. 12B1) led to exposure ancient carbonate
areas, which became palustrine fringes, while in the lake
more saline carbonate facies (laminated limestones and
stromatolites) formed on the littoral fringes and marl
deposition continued offshore. By the time of extreme
low water levels (Fig. 12C), the littoral carbonate and
marl facies were exposed, undergoing syndepositional
saline diagenetic processes (e.g., cracks, breccia, growth
of sulphate nodules and pseudomorphs), while sulphate
precipitation occurred in the lake water. Subsequent water
level rises led the previous syndepositional saline diage-
netic products to suffer dissolution and new precipitations
processes; it was then when the syngenetic karts facies
finalized its features. Alternating high and low water lev-
els gave rise to simple sequences, dm to m thick,
described by Arenas and Pardo (1999).

According to this model, the upper part of T5 proba-
bly recorded some of the lowest and more prolonged peri-
ods of low water levels in the basin, causing exposition of
large lacustrine areas. A condensed lacustrine sedimenta-
tion at the end of T5 in the central parts of the basin could
be coherent with repeated long periods of extreme aridity
and low water levels. At the same time span, in high
water level periods, subaerial areas directly connected
with the main fluvial system (Luna System), such as the
Castillo de Sora area, could keep moderate accumulation
rates as a consequence of terrigenous sediment supply.
The variable sedimentation rates through C5Cn (6 to 26
cm/ka) could be partly interpreted as the result of the
unsteady and discontinuous character of these deposition-
al systems. But as noted above, this variable short-term
sedimentation rates are subjected to the uncertainties of
the time scale that can be larger than the inferred fluctua-
tions in sedimentation when very short subchrons are
considered.

Another period of dominant low water levels corre-
sponded to magnetozone R5 (Fig. 11) causing exposition
of the carbonate fringes and syngenetic karstification in
the Esteban section. At the same time, the decreasing
accommodation space along the margins propitiated sedi-

ment bypass and progradation of detrital wedges towards
the inner parts of the basin (San Caprasio area, Fig.
12B2). These localised terrigenous contributions were
responsible for the relatively high sedimentation rates in
San Caprasio associated to R5 (Fig. 11). A period of dom-
inantly high water levels is best represented during N5
(Fig. 11), when the Esteban section records thick pack-
ages of bioclastic limestones. Increased accommodation
along the fringing areas facilitated the aggradation of
these units while in the inner parts of the lake (San Capra-
sio), deposition of condensed marly sequences occurred.
Briefly, during the time of magnetozones R5 and N5 the
San Caprasio area recorded sedimentation that corre-
sponded mostly to inner lacustrine parts, with continuous
and low rate sedimentation, excepting the case of episod-
ic detrital inputs. At the same time, the Esteban sector
remained mostly as outer carbonate fringes, in which sed-
imentation was less continuous, with common hiatuses,
but with higher rates at times of high water level.

CONCLUSIONS

The paleomagnetic analysis of the Miocene sedimentary
record of the Montes de Castejón, which covers the upper
part of TSU T5 and TSU T6, indicates that the natural rema-
nent magnetization is carried by magnetite and hematites,
and reveals a composite magnetic polarity of 12 magneto-
zones. The local magnetostratigraphy can be independently
correlated with the GPTS (chrons C5Cr to C5ADn). 

In the central sector of the Ebro Basin the boundary
between units T5 and T6 is present in both the Montes de
Castejón and the Sierra de Alcubierre successions. The
magnetostratigraphy of the Montes de Castejón allows a
best estimate of 16.14 Ma for the age of T5/T6 boundary
(within chron C5Cn.1n).

Accurate correlation through the central sector of the
Ebro Basin based on magnetostratigraphy shows thick-
ness and facies differences between distant areas of the
basin at particular time intervals (e.g., Esteban section in
the Montes de Castejón and San Caprasio section in the
Sierra de Alcubierre). The sedimentary facies model pro-
posed for the late Oligocene-Miocene lacustrine system
(Arenas and Pardo, 1999) explains that during chrons
C5Cn to C5Bn.1n these two areas occupied different sedi-
mentary positions within a lacustrine system that experi-
enced cyclic water level fluctuations through time. Dur-
ing the deposition of unit T6 the San Caprasio area mostly
corresponded to offshore areas with continuous and steady
sedimentation rates. In contrast, the Esteban area mostly
corresponded to outer carbonate fringes, with discontinu-
ous and unsteady sedimentation caused by the lake level
fluctuations: high sedimentation rates at times of high
water level and hiatuses at times of low water level.
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