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ABSTRACT: Glacio-eustatic sea level lowering has often been proposed as a key mechanism for explaining the onset of the Mediterra-
nean evaporites during the Messinian Salinity Crisis (MSC). To examine the role of glacio-eustacy during the progressive isolation of the
Mediterranean in more detail, we reinvestigated the Ain el Beida quarry section that is located at the Atlantic margin of Morocco and
therefore free of destructive MSC-related complications. The section consists of deep marine, cyclically bedded (reddish/beige), silty
marls of late Messinian age. The reddish layers reveal the same characteristic signals as found in the Mediterranean sapropels
(Globigerinoides spp. maxima and �

18O minima), suggesting that they correspond to precession minima and, hence, (boreal) summer in-
solation maxima. We have established an integrated stratigraphy (calcareous plankton biostratigraphy, magnetostratigraphy, stable iso-
tope stratigraphy and cyclostratigraphy) and an astronomical tuning of the Ain el Beida section by using conventional techniques and
calibration methods. The astronomical ages for the biostratigraphic events and paleomagnetic reversals are in good agreement with the
Mediterranean chronology, and confirm our cyclostratigraphic correlations. Stable isotope analyses reveal that the peak glacial stages
TG22 and TG20 clearly post-date the initiation of the Messinian evaporites in the Mediterranean and that there is no evidence for a
glacio-eustatic control for the onset of the MSC. Only the TG12-11 transition seems to correspond to a major intra-MSC event, i.e. the be-
ginning of the Upper Evaporites. The typical Lago Mare facies of the Upper Evaporites was thus deposited during warmer climate condi-
tions and associated higher global sealevel stands.

INTRODUCTION

Ever since the discovery of thick Messinian evaporites all over
the Mediterranean sea floor (Hsü et al. 1973, Ryan 1973), sci-
entific debate has been directed to the question if the so-called
Messinian Salinity Crisis (MSC) had been initiated by regional
tectonic activity in the Gibraltar area or by global glacio-
eustatic sea level changes (Clauzon et al. 1996, Hodell et al.
1994, Hodell et al. 2001, Kastens 1992, Krijgsman et al. 1999a,
Krijgsman et al 1999b, Weijermars, 1988). This controversy
was impossible to solve by using MSC sequences because in
the Mediterranean Basin it is extremely difficult to distinguish
tectonic from climatic signals. The geological record from the
open ocean provides continuous Messinian sequences that are
relatively free of tectonic activity and less seriously affected by
the MSC (Hodell et al. 2001, Shackleton et al. 1995a). The sedi-
mentary archives from the Atlantic Ocean should thus allow a
successful study of the role of glacio-eustatic sea level on the
major lithological changes of the MSC, provided that a
high-resolution astronomical time frame for both the Mediterra-
nean and the Atlantic Messinian is available.

Benson and coworkers inferred that the best place to study the
sedimentary expression of the MSC in the ocean archives is on
the Atlantic margin of Morocco, because the Rifian Corridor
was thought to have been the final marine connection that ex-
changed waters between Mediterranean and Atlantic during the
Miocene (Benson et al. 1991, Benson et al. 1995, Benson and
Rakic-El Bied 1996, Hodell et al. 1989, Hodell et al. 1994). At-

lantic Morocco is one of the few areas in the world where a
complete late Miocene marine succession can be studied on
land. The sections and drill holes of the Bou Regreg valley,
nearby Rabat, comprise a continuous stratigraphic sequence
without the destructive effects of the MSC (Benson and
Rakic-El Bied 1996, Benson et al. 1991). As a result, these ma-
rine deposits contain the complete history of climatic and
paleoceanographic conditions during the Messinian and serve
as important stratigraphic links between Mediterranean and
deep sea sequences (Hodell et al. 1994). In addition, Benson et
al. (1995) established an astronomical tuning for the late
Messinian sediments of the Ain el Beida section using image
analysis techniques in combination with signature template
comparison. At that time, however, detailed correlations to the
MSC events were still hampered by the absence of a high-
resolution astrochronology for the Mediterranean pre-evaporite
deposits.

Recently, an astronomical polarity time scale (APTS) has been
developed for the Mediterranean Messinian (Hilgen and
Krijgsman 1999, Krijgsman et al. 1999a, Krijgsman et al. 2001)
and astronomical ages were obtained for nine major Mediterra-
nean planktonic foraminiferal events and all the Messinian
paleomagnetic reversals (Hilgen et al. 1995, Krijgsman et al.
1999a, Sierro et al. 2001). The astronomical ages for the mag-
netic reversals are in good agreement with ages derived from
sea floor spreading rates (Krijgsman et al. 1999a) and with the
astrochronology for the South Atlantic (Shackleton and
Crowhurst 1997). However, significant discrepancies exist –
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also for biostratigraphic events – with the astrochronology of
the Ain el Beida section (Benson et al. 1995). These discrepan-
cies might be related to the image analysis technique used by
Benson et al. (1995) instead of the more conventional tuning
methods, because the astrochronology of the nearby but older
Oued Akrech section proved to be in excellent agreement with
the Mediterranean record (Hilgen et al. 2000).

The discrepancies in the astronomical ages hamper a straight-
forward and detailed comparison between the Mediterranean
and open ocean records. For this reason, we have decided to re-
study the Ain el Beida quarry section using similar techniques
as in the Mediterranean sections. In this paper, the astronomical
ages for all sedimentary cycles, bioevents and paleomagnetic
reversals of Ain el Beida are obtained by tuning the characteris-
tic sedimentary cycle patterns to the 65° Nlat summer insola-
tion curve of the Laskar et al. (1993) and (2003) solutions, thus
allowing us to evaluate the synchronous and diachronous nature
of bioevents in the Atlantic and Mediterranean records. Further-
more, the benthic oxygen isotope record of Ain el Beida can be
compared with the Mediterranean event stratigraphy to investi-
gate the possible relation between glacio-eustatic sea level
changes and the onset of the MSC. The astronomical tuning of
the Ain el Beida section will in addition provide the high-
resolution age model necessary for detailed paleoclimatic and
paleoceanographic studies directed at the stability of phase rela-
tions.

BACKGROUND STUDIES

The Ain el Beida section is located in a brick quarry along the
Bou Regreg river, a few kilometres south of Rabat (text-fig. 1).
It consists of deep marine, cyclically bedded, silty marls of late
Miocene age, which are locally referred to as the “Blue Marls”
as they appear when freshly exposed. The first studies of Ain el
Beida dealt with the planktonic foraminiferal biostratigraphy of
the Moroccan Neogene (Feinberg and Lorenz 1970, Wernli
1977). Cita and Ryan (1978) were the first to investigate the
section in search of the sedimentary expression of the MSC out-
side the Mediterranean. Moreover, they already noticed the cor-
relation potential of the sedimentary cyclicity, which they
interpreted to have a climatic origin.

The stratigraphic importance of the Bou Regreg area signifi-
cantly increased with the drilling of long cores at Ain el Beida
and Salé, allowing a detailed study of the entire stratigraphic in-
terval between 7.5 and 4.4 Ma (Benson et al. 1991, Hodell et al.
1994). Planktonic and benthic foraminifera, calcareous nanno-
fossil, and ostracod studies have resulted in a detailed
biostratigraphic frame for the Messinian of Atlantic Morocco,
although discrepancies exist in the location of several
biostratigraphic events between Ain el Beida and Salé (Benson
et al. 1991, Benson et al. 1995, Benson and Rakic-El Bied 1996,
Hodell et al. 1989, Hodell et al. 1994). The paleomagnetic sig-
nal is reported as very good in the fresh drill cores and suffi-
ciently strong in the outcrops (Benson et al. 1995, Hodell et al.
1994). Consequently, the magnetic polarity sequences of both
Ain el Beida and Salé allow a straightforward correlation to the
geomagnetic polarity time scale (GPTS). Oxygen isotope stud-
ies display regular variations with an estimated period of 40 kyr
and are interpreted to reflect changes in global ice volume
caused by obliquity-induced (41 kyr) changes in solar insola-
tion at high latitudes (Hodell et al. 1994). By contrast, the basal
sedimentary cyclicity was inferred to reflect the climatic pre-
cession signal (19 and 23 kyr) and was used to establish an as-
tronomical tuning for the Ain el Beida section (Benson et al.

1995). Finally, Benson and Rakic-El Bied (1996) have pro-
posed the Ain el Beida section as the Global Stratotype Section
and Point (GSSP) of the Pliocene, but this was never accepted.
The boundary has recently been formally defined at the base of
the Trubi Formation in the Eraclea Minoa section of Sicily at
5.33 Ma (Van Couvering et al. 2000).

INTEGRATED STRATIGRAPHY OF AIN EL BEIDA

Cyclostratigraphy

Color cycles in the Ain el Beida section consist of regular alter-
nations of indurated light beige colored marls and softer, more
clayey and reddish colored marls. Apart from measuring bed-
ding thickness, a visual distinction was made, on a scale from 1
to 10, in the color intensity of the reddish layers (text-fig. 2). In
addition to the field observations, the color of the collected sam-
ples was measured with a Minolta CM-508I spectrophotometer.
The resulting red-green component (a-values) of the color re-
cords, which were measured on both wet and dry samples,
match the cyclicity observed in the field (text-fig. 3).

In total 44 cycles were recognized at Ain el Beida. The thickness
of the cycles ranges from 60-350 cm with an average thickness of
165 cm. The interval between cycles AEB 34 and AEB 42 is the
most difficult part of the section, lithological color variations are
less distinct, thus complicating the determination of the exact
number of cycles. The reddish colored marls, and to a lesser ex-
tend the beige marls, reveal marked changes in thickness alterna-
tions of thicker and thinner beds in successive cycles (AEB
15-23). Intervals in which the contrast between red and beige
marls is conspicuous, alternate with intervals of less distinct vari-
ations. Thick and prominent reddish layers usually reappear ev-
ery five basic sedimentary cycles (AEB 9, AEB 13/14, AEB 19,
AEB 23, AEB 28/29, AEB 33/34, AEB 38, AEB 42/43/44). In-
tervals marked by thicker and more prominent reddish layers can
also be distinguished on a larger scale. These intervals (AEB
8-13, AEB 27-34 and AEB 42-44) contain 7 or 8 cycles but this
number increases to slightly less than 20 when the less distinct
cycles below or above are included in the count as well. This
1:5:20 ratio is commonly observed in sedimentary records where
both precession and eccentricity play a role.

Biostratigraphy

Planktonic foraminifera

Micropaleontological analysis started with counting all plank-
tonic foraminifera in the >125 µm fraction of 297 samples pro-
cessed at the Department of Earth Sciences in Parma. Per
sample, 250-300 specimens were counted in splits (using an
Otto microsplitter) and identified at the species level. Preserva-
tion is generally good and on average better in the reddish than
in the beige layers. The detrital component is generally poor.
The low number of foraminiferal fragments (more common in
the beige layers) excludes dissolution effects, while the number
of undeterminable specimens is related to their small size, not to
bad preservation. The planktonic foraminiferal biostratigraphy
is based on the qualitative and quantitative records of several
marker species, which allowed the recognition of the following
events in stratigraphic order (text-fig. 2):
1) the sinistral to dextral coiling change of Neogloboquadrina
acostaensis;
2) the Globorotalia miotumida last regular occurrence (LRO);
and the Globorotalia margaritae first occurrence (FO);
3) the decrease of dextrally coiled Globorotalia scitula;
4) the base of the acme of G. margaritae;
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5) the top of the acme of G. margaritae.
The same events were recognized earlier by Sierro et al. (1993)
and Benson et al. (1996) although a detailed comparison show
significant differences which need some discussion.

The shift of Neogloboquadrina coiling was recognized earlier
in the study area (Benson and Rakic-El Bied 1996, Bossio et al.
1976, Cita and Ryan 1978, Hodell et al. 1989), while Sierro et
al. (1993) recognized the same event (their PF-Event 4) in the
NE Atlantic, the North Betic and South Rifian gateways, and
the western Mediterranean. The sharp shift from sinistral to
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TEXT-FIGURE 1
Simplified geological sketch map of the Gibraltar area (up left), showing the Bou Regreg area near Rabat in the context of the marine Atlan-
tic-Mediterranean gateways during the late Miocene. The detailed map of the Bou Regreg area (up right) shows the location of the Ain el Beida quarry
section, the Tortonian/Messinian GSSP section of Oued Akrech, and the Salé quarry. The photograph of the Ain el Beida section (down), is taken several
years after our sampling campaign in 1996. The quarry phase is constantly changing due to ongoing excavations. Numbers in the picture correspond to
AEB cycles.



dextral coiling of N. acostaensis in cycle AEB 6 is followed,
however, by 12 more or less pronounced sinistral influxes, most
of them located in the interval between AEB 11 to AEB 32
(text-fig. 2). Benson et al. (1995) only recognized 7 influxes,
which is most likely related to a lower sample resolution. These
influxes are commonly confined to the beige layers, apart from
the influxes in AEB 20 and AEB 21, which include the red layer
of cycle AEB 20.

Globorotalia margaritae is initially very rare and shows a regu-
lar increase in abundance to the upper part of the section where
the G. margaritae acme is situated (text-fig. 2). The base of the
acme at 43 metres is coincident with a decrease in Globorotalia
juanai. This event should be equated with PF-Event 6, although
it occurs at a much higher level above PF-Event 5 than reported
by Sierro et al. (1993). Moreover, the top of the acme in the up-
permost part of the section does not correspond to a real drop in
abundance, as this taxon is still common in the Pliocene
(Benson and Rakic-El Bied 1996).

The Globorotalia miotumida group shows a distribution pattern
characterised by a sharp decrease and last regular occurrence
(LRO) in AEB 8, which coincides with the G. margaritae FO.
This event directly postdates the sinistral to dextral coiling of N.
acostaensis (text-fig. 2) and closely corresponds to PF-Event 5
(Sierro et al. 1993). Higher in the section, the G. miotumida
group is very rare and randomly distributed up to AEB 42,
where a second influx occurs.

Globorotalia scitula is dominantly dextral throughout the sec-
tion, but from the middle part (39 metres) upward dextral forms
decrease and sinistral specimens become more abundant. This
decrease corresponds to PF-Event D that Sierro et al. (1993)
consider useful for Atlantic-Mediterranean correlations.

Finally, Globoquadrina altispira is common in the lower part of
the section, becomes rare upward, but is common again in the up-
permost part. Sphaeroidinellopsis is regularly present throughout
the section but is never common.

Calcareous nannofossils

The standard calcareous nannofossil biostratigraphy for the
Messinian only comprises two bioevents, the Amaurolithus pri-
mus and/or Amaurolithus delicatus FO and the Discoaster
quinqueramus LO (Martini 1971, Okada and Bukry 1980). In
the present study, an attempt is made to determine additional
biohorizons and bioevents to improve the biostratigraphic reso-
lution of the late Messinian. A total of 297 samples were pro-
cessed in the laboratory of DeKaenel Paleo Research (DPR) in
Neuchâtel, Switzerland, using the settling methodology re-
ported in De Kaenel and Villa (1996). This settling technique
uses a constant volume of sediment, and provides a uniform
dispersion of calcareous nannofossils on each slide. Preserva-
tion is generally very good and abundance and diversity are
very similar between the reddish and beige layers. The results
reveal eight important events (text-fig. 2):
a) the top of an acme zone of Discoaster quinqueramus;
b) the Amaurolithus amplificus last regular occurrence (LRO)
and the Calcidiscus macintyrei (>11µm) first regular occur-
rence (FRO);
c) the Discoaster quinqueramus LCO;
d) the Amaurolithus amplificus LO and the Cryptococcolithus
mediaperforatus LCO;
e) the Discoaster neorectus (>20µm) LO;
f) the Discoaster quinqueramus (>20µm) LO;

g) the Discoaster surculus FCO;
h) the Discoaster quinqueramus LO;
The top of an acme zone of D. quinqueramus (text-fig. 2; only
specimens with a prominent knob were included) is recorded in
the reddish layer of AEB 9 and is marked by a drop in abun-
dance from 11 specimens per mm2 to 6 specimens per mm2.
This acme is not related to dissolution. The D. quinqueramus
LCO is marked by the last important drop in abundance from 9
to 1.6 specimens per mm2 and finally to 0.3 specimens per mm2

and is recorded in the reddish layer of AEB 15 (text-fig. 2).
Rakic el Bied and Benson, (1996) recorded this event in Ain el
Beida at an older level, directly following the sinistral to dextral
coiling change of Neogloboquadrina acostaensis. The abun-
dance of D. quinqueramus in the upper part of its range is very
low, especially when compared to the records of the western At-
lantic Ocean (Backman and Raffi 1997). Nevertheless, even this
weak distribution pattern provides some clear biostratigraphic
signals. The D. quinqueramus (>20µm) LO corresponds to the
D. quinqueramus LRO and occurs in the reddish layer of AEB
28. The D. quinqueramus LO, which is used in most
biostratigraphic zonal schemes, occurs at the boundary between
AEB 42 and AEB 43. Rakic el Bied and Benson (1996) re-
corded this event at a much older level (in C3An.1n). According
to them, this event predates the Globorotalia miotumida LO and
postdates the main sinistral to dextral coiling change of
Neogloquadrina acostaensis.

Amaurolithus amplificus is rare but consistently recorded within
the lower part of the section up to AEB 13. The A. amplificus
LRO coincides with the C. macintyrei (>11µm) FRO and occurs
in the reddish layer of AEB 13 (text-fig. 2). The A. amplificus
LO is recorded in the reddish layer of AEB 25. The A.
amplificus LO has been recognized in different oceans (e.g.
Backman and Raffi 1997, Gartner 1992, Mazzei et al. 1979,
Raffi and Flores 1995, Rio et al. 1990).

The C. macintyrei (>11µm) FRO corresponds to the recurrence
of morphotypes larger than 11µm (morphotype A of
Knappertsbusch (2000)). Very often, C. macintyrei (>11µm) is
not recorded in the lower part of the Messinian, but reoccurs in
the upper part. A similar absence interval was observed for
Reticulofenestra pseudoumbilica (>7µm) (Gartner 1992, Raffi
and Flores 1995, Rio et al. 1990). Young (1990) and Takayama
(1993) described several late Miocene "small Reticulofenestra
intervals" that can be correlated between the Atlantic, Indian
and Pacific Oceans. The same sequential size variations are
found in the genus Calcidiscus (Knappertsbusch 2000).

Cryptococcolithus mediaperforatus is continuously present
throughout the section (its LO is a lower Pliocene event). The
abundance pattern of C. mediaperforatus (text-fig. 2) represents
only forms larger than 5µm. Smaller forms have been counted
separately. The C. mediaperforatus LCO corresponds to a drop
in abundance from 2.8 specimens per mm2 to 0.3 specimens per
mm2 and is located in the reddish layer of AEB 25.

Discoaster neorectus (text-fig. 2; only specimens larger than 20
?m are counted) is present in low but consistent abundances up
to 37.82 m (0.1 mm-2 corresponds to 1 specimen per two long
traverses on a slide) where the D. neorectus LO occurs in the
reddish layer of AEB 27. Smaller specimens (up to 17µm) are
present to the top of the section. Because D. neorectus is rare, its
occurrence is often not reported in published nannofossil range
charts. Nevertheless, the D. neorectus (>20µm) LO is used as a
secondary marker species to define the top of the Discoaster
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neorectus Subzone (Bukry 1973). At Ain el Beida, D. neorectus
occurs up to the Amaurolithus primus Subzone. This higher oc-
currence of D. neorectus has also been observed in the Atlantic
Ocean where it was reported above the A. delicatus FO at the
level of the D. berggrenii LO (Gartner 1992).

Discoaster surculus is rare and discontinuously present in the
lower part of the section but becomes more common and con-
tinuously present in the upper part. The FCO of D. surculus oc-
curs in the uppermost part of the section at cycle AEB 42 and is
placed at an increase in abundance from 0.1 to 0.8 specimens
per mm2.

Furthermore, several additional bioevents have been recognized
which include: 1) the Discoaster calcaris LO in the reddish
layer of AEB 1, 2) the Reticulofenestra rotaria (>5µm) LCO in
the reddish layer of AEB 3 where its abundance drops from 4
specimens per mm2 to 0.4 specimens per mm2, 3) the top of an
acme zone of Discoaster brouweri at the top of the beige layer
of AEB 5, 4) the top of an acme zone of the Scyphosphaera
group at the top of the reddish layer of AEB 10, 5) the
Discoaster berggreni LO between the reddish and beige layers
of AEB 34, 6) the Helicosphaera orientalis LO between AEB
37 and AEB 38, 7) the Helicosphaera stalis ovata LO between
AEB 38 and AEB 39, 8) the Helicosphaera stalis stalis last oc-
currence datum (LOD) between the reddish and whitish layers
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TEXT-FIGURE 2
Cyclostratigraphy and calcareous plankton biostratigraphy of the Ain el Beida section. In the lithological column a distinction was made in the color in-
tensity of the reddish layers on a scale from 1 to 10. Quantitative distribution patterns of planktonic foraminiferal and calcareous nannofossil (horizontal
nannofossil scale is in specimens/mm2) marker species and the position of the main events: Planktonic foraminifera - 1) Main sinistral to dextral coiling
change of Neogloboquadrina acostaensis; 2) Globorotalia miotumida last regular occurrence (LRO) and Globorotalia margaritae first occurrence
(FO); 3) decrease of dextrally coiled Globorotalia scitula; 4) base of G. margaritae acme; and 5) top of G. margaritae acme. Calcareous nannofossils - a)
top of Discoaster quinqueramus acme; b) Amaurolithus amplificus last regular occurrence (LRO) and Calcidiscus macintyrei (>11 µm) first regular oc-
currence (FRO); c) Discoaster quinqueramus LCO; d) Amaurolithus amplificus LO and Cryptococcolithus mediaperforatus LCO; e) Discoaster
neorectus (>20 µm) LO; f) Discoaster quinqueramus (>20µm) LO; g) Discoaster surculus FCO; and h) Discoaster quinqueramus LO. The stratigraphic
position (and ages) of the events is summarized in Table 2.



of AEB 42, 9) the Triquetrorhabdulus rugosus LOD between
the reddish and the whitish layers of AEB 43, and 10) the
Reticulofenestra rotaria (>5µm) LO at the base of the reddish
layer of AEB 44.

Magnetostratigraphy

The freshly excavated sediment in the basal part of the Ain el
Beida quarry shows the characteristic blue color, which rapidly
changes (within days) to beige/reddish when exposed to air.
This suggests that secondary haematite is formed within the
sediment through weathering by chemical alteration (oxidation)
of primary iron minerals like magnetite or iron sulfides. Hence,
it may be expected that secondary overprints may significantly
disturb the paleomagnetic signal. Therefore, thermal demagne-
tization is applied with small temperature increments of
20-50°C up to a maximum temperature of 600°C to discrimi-
nate the primary component of the magnetization. Paleo-
magnetic samples were taken from 247 levels with a
water-cooled drill and oriented with a magnetic compass. The
natural remanent magnetization (NRM) was measured on a 2G
Enterprises DC SQUID cryogenic magnetometer in the
paleomagnetic laboratory Fort Hoofddijk of the Utrecht Uni-
versity. Principal component analysis was applied to determine
the component directions of the NRM, chosen by inspection of
vector end-point demagnetization diagrams.

NRM intensities of the Ain el Beida section range between 0.5
and 2.5 mA/m and have an average value of approximately 1.0
mA/m. Thermal demagnetization results revealed Zijderveld
diagrams of mixed quality (text-fig. 4). They generally show a
randomly oriented viscous laboratory component, which is
completely removed at temperatures of 100°C, and a low-
temperature (LT) component of normal polarity that is demag-
netized in the 100-240°C temperature range. This LT compo-
nent is interpreted as a secondary present-day field component.
Although the directions are slightly scattered, the average incli-
nation of 51° for this present-day component closely coincides
with the expected inclination of (53.5°) that corresponds to the
latitude of Ain el Beida at 34°N (text-fig. 5). Progressive de-
magnetization in the 240-440°C temperature range revealed ad-
ditional normal or reversed components in approximately 50%
of the Zijderveld diagrams. This 240-440°C component is inter-
preted as the primary component or the characteristic remanent
magnetization (ChRM). One sample (AEB 082; 21.73m)
showed atypical demagnetization behaviour with a normal po-
larity component in the 240-400°C range, but with a clear re-
versed polarity component at higher temperatures. This sample
is interpreted as reversed and presented in the magnetostrati-
graphy column as a possibly reversed interval (text-fig. 4h).

Reversed directions are interpreted as reliable when diagrams
displayed a south/up component that showed a linear or scat-
tered decay towards the origin (text-fig. 4a,b) or when diagrams
showed a clear linear decay of a reversed component without a
trend towards the origin (text-fig. 4c). In the latter case, it is as-
sumed that another secondary component of normal polarity is
present, but this component could not be properly demagne-
tized because heating towards temperatures higher than 440°C
commonly resulted in the generation of a randomly oriented
viscous component. Normal directions are only interpreted as
reliable when diagrams displayed decay towards the origin in
the 240-440°C temperature range (text-fig. 4d-f). Directions are
qualified as unreliable when diagrams only show a cluster at
temperatures higher than 240° (text-fig. 4g) or when directions
are so scattered that a reliable interpretation is impossible.

Declinations and inclinations were calculated for each charac-
teristic component stable endpoint direction. The ChRM direc-
tions and polarity zones show that three polarity reversals are
recorded (text-fig. 3). Normal polarity intervals that only com-
prise one or two samples may correspond to short cryptochrons
but more likely represent samples with a stronger secondary
overprint. The normal and reversed directions are perfectly an-
tipodal (text-fig. 5) and pass the reversal test. The overall mean
direction is: Dec=3°, Inc=43° (N=116; k=10; �95=4) which in-
dicates that the area has not undergone any significant rotation.
The clear E-W elongation in the distribution of directions
(text-fig. 5) suggests that the inclination of the primary compo-
nent has probably been reduced by sediment inclination error
(Tauxe and Kent 2004, Krijgsman and Tauxe 2004).

Stable Isotopes

Oxygen isotope analysis was performed on the calcitic tests of
the benthic foraminiferal species Planulina ariminensis which
were picked from the >125µm fraction in 297 samples. All sam-
ples were processed in the laboratory of the Department of
Earth Sciences in Utrecht and data are reported as per mil (‰)
relative to the PeeDee belemnite (PDB) standard. For each sam-
ple, about twenty specimens of P. ariminensis were picked,
yielding duplicate analyses for most samples. In order to re-
move any organic remains, each sample was roasted for 30 min-
utes at 470°C under vacuum. The samples were analyzed using
an ISOCARB. This system is directly coupled to a mass spec-
trometer and has the capacity to measure 44 samples during a
run, including 1 international (IAEA-CO-1), and 9 in-house
(NAXOS) standards. Each sample reacted with 103% phospho-
ric acid (H3PO4) for 6 to 7 minutes at 90°C. The analytical pre-
cision and accuracy were determined by replicate analyses of
samples and by comparison with the international standard. The
relative standard deviations, analytical precision and accuracy
were better than 0.1‰.

The benthic oxygen isotope record shows a close link to the li-
thology of Ain el Beida, with enrichments in �18O generally oc-
curring in the beige layers and depletions in the reddish layers
(text-fig. 6). The amplitude of the �18O variations is ~1.0 ‰
with values ranging from about 0.4 to 1.3 ‰. The recurrence of
thicker and more distinct reddish layers is marked by prominent
excursions to light �18O values, while most of the prominent
excursions to heavy values occur in the beige layers within such
“clusters” of distinct reddish layers. Apparently, variations in
�18O are also present that are not related to lithology. These
variations occur at intervals with a thickness of approximately
two color cycles. The heaviest �18O values are found in the
beige layers of cycles AEB 33, AEB 35 and AEB 42 in the up-
per part of the section, although heavy values also occur in the
beige layers of cycles AEB 19 and AEB 21 in the lower part of
the section.

ASTRONOMICAL DATING OF AIN EL BEIDA

Astronomical origin of the sedimentary cycles

The standard procedure to establish an accurate and reliable as-
tronomical tuning of any geological record involves a number
of steps. First it has to be proven that the observed cyclicity is
indeed astronomically controlled. This can be achieved by de-
termining the periodicity of the cyclicity, which can be com-
pared with the well-known periodicities of the astronomical
cycles of precession (~20 kyr), obliquity (~40 kyr) and eccen-
tricity (~100 kyr and ~400 kyr).
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Biostratigraphic results from Ain el Beida confirm the late
Messinian age of the section, as demonstrated by Benson et al.
(1991; 1995), and indicate that the two complete magnetic in-
tervals correspond to chrons C3An.1r and C3An.1n. These two
intervals together comprise a total number of 20-21 sedimen-
tary cycles, and correspond to 375 kyr according to the GPTS
(Cande and Kent 1995) and to 400 kyr according to the APTS
(Krijgsman et al. 1999a). The average periodicity of the basic

sedimentary cyclicity in Ain el Beida thus arrives at 18-19 kyr
(GPTS) or 19-20 kyr (APTS), which is in good agreement with
a precessional control. The same conclusion was reached by
Benson et al. (1995) who determined the number of cycles from
an image-processed photograph in their study of the sedimen-
tary cycles at Ain el Beida. Independent confirmation of an as-
tronomical origin of the cyclicity in the Blue Marls comes from
the nearby Oued Akrech section. The integrated stratigraphic
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TEXT-FIGURE 3
Paleomagnetic and colour ratio data from the Ain el Beida section and correlation to the APTS. Solid (open) circles in the declination and inclination
curves denote reliable (unreliable) results (see text for explanation). In the polarity column black (white) denotes normal (reversed) polarity intervals.
The colour reflectance records (a-values) are measured and dry (solid line) and wet (dashed line) samples.



results of Oued Akrech indicate that the basic cyclic alternation
of indurated beige coloured marls and softer more clayey and
reddish coloured marls is indeed dominantly precession-
controlled (Hilgen et al. 2000).

Phase relation with the astronomical cyles

The next step is the determination of the phase relation of the
observed cyclicities with the orbital parameters. This is well
known for the marine sequences of the Mediterranean Neogene
where marl-sapropel cycles are precession controlled, with the
sapropels corresponding to precession minima and summer in-
solation maxima. Detailed quantitative planktonic foraminiferal
analyses and stable isotope records reveal characteristic
sapropel signals with maxima in Globigerinoides spp. and min-
ima in �18O (Sprovieri et al. 1996). On a larger scale, sapropel
clusters correspond to eccentricity maxima – both for the 100
and 400 kyr cycle – and intervals without, or with poorly devel-
oped, sapropels to eccentricity minima (Hilgen 1991). Maxima
in eccentricity will enhance climate fluctuations on a preces-
sional scale because eccentricity modulates the precession am-
plitude. Hence, it can be expected that eccentricity maxima will
favour the formation of distinct cycles with strongly contrasting
lithologies. By contrast, minima in eccentricity will result in in-
tervals in which the cyclicity is poorly developed or absent. For
different sedimentary environments, however, the astronomical
origin of the cyclicity and the phase relation with the astronomi-
cal parameters needs to be determined before astronomical tun-
ing can be established.

In the Ain el Beida section, the detailed quantitative planktonic
foraminiferal analyses and stable isotope records reveal the
same characteristic signal in the reddish layers as found in Med-
iterranean sapropels (Globigerinoides spp. maxima and �18O
minima). This implies that the reddish intervals are equivalents
of sapropels in the Mediterranean and thus correspond to pre-
cession minima and insolation maxima. Moreover, Ain el Beida
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TEXT-FIGURE 4
Representative examples of thermal demagnetization diagrams from se-
lected samples of the Ain el Beida section. Closed (open) symbols repre-
sent the projection of vector-end-points on the horizontal (vertical)
plane; values indicate temperatures in degrees Celcius (ºC).

TEXT-FIGURE 5
Equal area diagrams showing the paleomagnetic directions of the sec-
ondary (LT) and the ChRM components. The 95% confidence ellipse for
the normal and reversed mean directions is indicated. Statistical informa-
tion: N, number of samples; Dec., declination; Inc., inclination; k,
Fisher’s precision parameter, ?95, radius of the 95% confidence cone.



reveals several intervals in which the lithological expression of
the cyclicity is enhanced (AEB 9, AEB 13/14, AEB 19, AEB
23, AEB 28/29, AEB 33/34 and AEB 42/43/44) suggesting that
these intervals correspond to eccentricity maxima. Conse-
quently, intervals in which the cyclicity is less distinct should
correspond to eccentricity minima. The link between the red-
dish layers and precession minima/insolation maxima has also
been suggested for the Oued Akrech section. For this section,
only one calibration was possible when its persuasive thick-thin
alternations are interpreted to reflect precession-obliquity inter-
ference (Hilgen et al. 2000). In contrast, the expression of the
100 kyr eccentricity cycle is almost completely lacking at Oued
Akrech, which could be explained by the fact that the studied
interval corresponds to a 2.35 Myr eccentricity minimum
(Hilgen et al. 2000).

Astronomical tuning

To construct an independent astronomical tuning for the Ain el
Beida section we refrain from using the Mediterranean-based
astronomical ages for bioevents and paleomagnetic reversals.
Nevertheless, all recent time scales indicate that the Ain el
Beida section corresponds to the time interval between 6.5 and
5.5 Ma. The first order calibration involves the tuning to eccen-
tricity. Intervals with distinct sedimentary cycles that contain
prominent and thick reddish layers should correlate to eccen-
tricity maxima while the interval of less distinct cycles should
correspond to eccentricity minima. The most remarkable fea-
tures in the eccentricity curve are the two suppressed 100-kyr
eccentricity maxima at times of the 400 kyr eccentricity mini-
mum around 5.6 Ma (text-fig. 6). Consequently, the interval

with less prominent sedimentary cycles (AEB 35-41) will corre-
spond to the time interval between 5.8 and 5.6 Ma, when the
maxima in 100 kyr eccentricity are reduced as a consequence of
the 400 kyr minimum. Other possible correlations infer upward
or downward shifts of 100 kyr. Evidently, these shifts make less
sense because in those cases the well-developed cycles of AEB
33/34 or AEB 42/43/44 would then correlate with low ampli-
tude eccentricity maxima where the lithological expression is
expected to be less distinct.

The preferred first order correlation can furthermore be tested
by the subsequent tuning of the basic sedimentary cycles to in-
solation. Between AEB 14 and 23 we observed nine more or
less regularly developed cycles with cycles AEB 18 and 19
better developed and AEB 16 and 20 slightly less developed.
This interval fits perfectly to the insolation curve interval be-
tween 6.0 and 6.2 Ma. Upward tuning is also in excellent agree-
ment with the astronomical curve as the darker red layers of
cycles AEB 23, 28/29, 33/34 and 38 nicely correspond to the
highest amplitudes in insolation (text-fig. 6). The tuning of the
upper part of the section is less straightforward. We expect that
the well-developed cycles AEB 42/43/44 will correlate to the
increase in amplitude above 5.6 Ma. This implies that the num-
ber of observed cycles is too low and that several low amplitude
precession/insolation cycles lack sedimentary expression.

We started the tuning from the La93(1,1) solution (Laskar et al.
1993) with present-day values for dynamical ellipticity and tidal
dissipation, hence (1,1), but repeated the whole tuning proce-
dure for the new numerical solution La2003(1,1) (Laskar et al.
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TABLE 1
Stratigraphic position and astronomical ages of mid-points of red and beige marl beds of each color cycle in section Ain el Beida. The astronomical ages
are based on the tuning shown in text-figure 5 and refer to ages of the correlative insolation maximum and precession minimum. Ages in regular style are
based on tuning the color cycles to solution La93(1,1) and ages in italics are based on tuning the cycles to La2003(1,1).



2003). This new solution has already been used to construct the
new standard geological time scale for the Neogene (Lourens et
al. 2004) and it is for this reason that we give the ages for the
sedimentary cycles, calcareous plankton events and magnetic
reversal boundaries according to both solutions in tables 1 and
2. As expected the application of the new solution does not
change the tuning in a fundamental way and results in ages for
the sedimentary cycles, calcareous plankton events and mag-
netic reversal boundaries that are only marginally different.

The tuning shows that the section comprises the time interval
between 6.47 and 5.52 Ma and thus also the period during
which the onset of evaporite deposition occurs in the Mediterra-
nean: this onset is astronomically dated at 5.96 ± 0.02 Ma
(Krijgsman et al. 1999a). The astrochronology for the Ain el
Beida section allows a detailed comparison of the AEB oxygen
isotope record with the Mediterranean sequences, which can be
used to investigate a possible glacio-eustatic control on the
MSC events.

DISCUSSION

Astrochronology of Ain el Beida compared to the
Mediterranean APTS

The astronomical tuning of Ain el Beida implies that the section
can be correlated cyclostratigraphically on a bed-to-bed scale to
the Mediterranean sections (text-fig. 7). The only two biostrati-
graphic events of Ain el Beida that are astronomically dated in
the Mediterranean are the s/d coiling change in N. acostaensis
and the R. rotaria LCO. The coiling change in N. acostaensis
has frequently been recognized both in the Mediterranean and
Atlantic and has an astronomical age of 6.361 Ma (e.g. Sierro et
al. (2001) and references therein). Although it is often used for
biostratigraphic purposes, this change took place at a time when
neogloboquadrinids were extremely rare in the Mediterranean.
Therefore, the first abundant occurrence of dextral N. acosta-
ensis is considered a more reliable and easily identifiable event.
This event has been recognized in sections from Spain, Italy
and Greece (Hilgen and Krijgsman 1999, Krijgsman et al.
1999a; Sierro et al. 2001) and is astronomically dated at 6.339
Ma. In Ain el Beida, the neogloboquadrinids are more common
and the recognized event thus relates to the real change in coil-
ing from dominantly sinistral to dextral forms. The astronomi-
cal age of 6.373 Ma for the coiling change of N. acostaensis is
in good agreement with ages for the same event in the Mediter-
ranean record and suggests that the tuning of Ain el Beida is ba-
sically correct. The s/d coiling change in Ain el Beida is
followed by twelve influxes of sinistral N. acostaensis which all
occur in the beige layers, apart from the prolonged influx that
covers the red layer of AEB 20 as well (text-fig. 2). In the Medi-
terranean, the coiling direction is dominantly dextral above the
main s/d coiling change. This is not surprising because in the
Mediterranean, neogloboquadrinids are absent in those parts of
the sedimentary cycles that correspond to the beige marls of
Ain el Beida (probably as a consequence of cyclically raised sa-
linities in this pre-evaporitic part of the Mediterranean
Messinian). The only exception is the single sinistral influx in
the sapropel that corresponds to the red layer of AEB 20, again
confirming the correctness of the tuning.

The R. rotaria LCO is recorded in the Metochia section on
Gavdos (Greece) with an astronomical age of 6.940 Ma (Raffi
et al. 2003), while our results reveal an age of 6.429 Ma (Table
1). An explanation for this discrepancy is that less favorable en-
vironmental conditions have decreased the abundance of R.

rotaria in the Mediterranean Sea and/or that several acme inter-
vals may occur in the distribution pattern of R. rotaria. Raffi et
al. (2003) identified an acme zone of R. rotaria in Metochia at
about 6.4 Ma that corresponds with the LCO level at the AEB
section. Therefore the R. rotaria (>5 µm) LCO seems to be a re-
liable biostratigraphic event for correlations between the
Mediterraenean Sea and the Atlantic Ocean.

Benson et al. (1995) do not provide astronomical ages of
biostratigraphic events so that we can only discuss their position
relative to the magnetostratigraphic data. Our position of the
main coiling change of N. acostaensis in the middle of the re-
versed chron C3An.1r is in good agreement with the results
from Salé, but is reported from a younger level (lower part
C3An.1n) at Ain el Beida by (Benson et al. 1995). Also in the
Mediterranean and North Atlantic records this event falls within
chron C3An.1r (Hodell et al. 2001, Krijgsman et al. 1999a,
Sierro et al. 2001). The G. margaritae FO is reported by Benson
et al. (1995) in both Ain el Beida and Salé at a much lower level
(middle of C3An.2n) than in our record (upper part of
C3An.1r). This can be explained by the limited downward ex-
tension of the Ain el Beida quarry section as compared with the
Ain el Beida and Salé cores studied by Benson et al. (1991). Our
position of the acme of G. margaritae (lower part C3r) is in
good agreement with both the Ain el Beida and Salé records of
Benson et al. (1995).

The astronomical ages for the paleomagnetic reversals in Ain el
Beida are in good agreement with the ages determined in the
Mediterranean Sorbas basin (Krijgsman et al. 1999a, Sierro et
al. 2001). We have found the reversals at approximately the
same stratigraphic level as Benson et al. (1995), as shown by the
position of the bioevents and specific sedimentary cycles. How-
ever, the age for the reversals at Ain el Beida determined by the
signature template technique (Benson et al. 1995) is clearly
younger. The almost constant offset of ~100 kyr between the
two dating techniques suggests that the image analysed record
of Benson et al. (1995) was tuned to one eccentricity cycle
younger. The ATS of Benson and co-workers is hampered by
the fact that the number of sedimentary cycles does not match
the number of precession cycles in the correlative interval of the
orbital time series. Extraordinarily thick sedimentary cycles
may represent double cycles, and thus explain the discrepancy
in cycle numbers, but this adjustment will at the same time dis-
rupt the characteristic cycle thickness pattern on which the tun-
ing is based.

Implications for the Messinian salinity crisis

Now that we have established a reliable and accurate time frame
for the Ain el Beida section, we are able to compare the
high-resolution �18O record of AEB to �18O records from both
the Mediterranean Sea and the open ocean (text-fig. 6). This is
crucial for establishing the possible link between the obliquity
(41 kyr) controlled glacial �18O cycles in the late Miocene
(Hodell et al. 1994, Hodell et al. 2001, Shackleton and
Crowhurst 1997, Shackleton et al. 1995a, Shackleton et al.
1995b, Vidal et al. 2002) and the initiation and ending of the
Messinian Salinity Crisis in the Mediterranean in terms of
glacio-eustatic sea level changes. The dominance of obliq-
uity-scale variations in �18O in the area of Ain el Beida was al-
ready demonstrated by Hodell et al. (1994), and has recently
been confirmed in detail by spectral analysis (Van der Laan et
al. 2004). By contrast, the cyclic variations in the Mediterranean
marls and evaporites are dominated by precession (Hilgen et al.
1995, Krijgsman et al. 2001, Sierro et al. 1999).
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TEXT-FIGURE 6
Tuning of the Ain el Beida color cycles to the 65ºNlat summer insolation and precession curves of solution La93(1,1). In addition, the combined ETP
(Eccentricity, Tilt (obliquity), and negative Precession) curve is shown for comparison with the �

18O record from AEB (see van der Laan et al. 2004 for
all details). Grey lines represent curves based on the new La2003(1,1) solution (Laskar et al. 2003) and reveal minor differences with the curves of the
La93(1,1) solution (see also table 1). Lithostratigraphic units of the Mediterranean Messinian and their ages are indicated in columns on the right side of
the figure and are based on Krijgsman et al. (1999) and Krijgsman et al. (2001). UE stands for Upper Evaporites and Zo. for Zorreras Member.



The astronomical tuning of Ain el Beida immediately allows a
detailed comparison of the benthic �18O record with the �18O
records of Salé (Hodell et al. 1994), ODP Site 846 (Shackleton
et al. 1995a, Shackleton et al. 1995b) from the eastern equato-
rial Pacific, ODP Site 926 (Shackleton and Crowhurst 1997) at
Ceara Rise in the equatorial Atlantic and ODP Site 982 (Hodell
et al. 2001) in the North Atlantic (see Van der Laan et al. (2004)
for a review). The most pronounced glacial stages (with �18O
values of 3.2 to 3.4 ‰) in these open ocean records are TG 22
and TG 20 as well as TG 12 (coding after Shackleton et al.
1995b), which can be relatively easily identified at AEB
(text-fig. 6). Various authors have linked the occurrence of
peak glacials TG 22 and 20, which would imply sea level falls
in the order of 50m, to the onset of the Messinian evaporites in
the Mediterranean (e.g. Clauzon et al. 1996, Kastens 1992,
Shackleton et al. 1995b). However, the astronomically derived
ages of 5.79 and 5.75 Ma (La93(1,1)) for the peak glacial stages
TG 22 and TG 20 at AEB clearly postdate the onset of the MSC
(text-fig. 6), which is astronomically dated at 5.96 ± 0.02 Ma
(Krijgsman et al. 1999a), by approximately 200 kyr. Hence, the
sea level falls associated with these glacial stages cannot be the
prime cause for the onset of the MSC. In addition, no compara-
ble glacial event associated with a prominent �18O excursion

around 5.96 Ma can be observed at Ain el Beida. This suggests a
dominantly tectonic control on the isolation of the Mediterra-
nean Sea from the open ocean resulting in the deposition of vast
amounts of evaporites, probably with a superimposed effect of
the ~400 kyr eccentricity cycle which reaches a minimum just
before 5.96 Ma (text-figs. 6 and 7). This conclusion was re-
cently also reached by Hodell et al. (2001) who compared the
ODP Site 982 �18O record with the Salé record and by Vidal et
al. (2002) based on ODP Site 1085 in the SE Atlantic. These
similar conclusions based on independent records provide im-
portant evidence that correlations between the onset of the MSC
evaporites and glacio-eustatic peaks are definitely no longer ac-
ceptable. The ending of the MSC (at 5.33 Ma) can unfortunately
not be documented in the stratigraphic record of the Ain el
Beida section because the youngest exposed cycle has an age of
5.52 Ma (text-fig. 6). Nevertheless, it has been shown earlier
that there is no single “event” in the �18O record that corre-
sponds to the end of the MSC and the reflooding of the Mediter-
ranean (Hodell et al. 2001).

The only significant change in the �18O records that seems to
correspond with a major MSC-event is the peak glacial stage
TG12 at 5.55 Ma (text-fig. 6). The transition from TG12 to
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TEXT-FIGURE 7
Correlation between the Atlantic events in sections Ain el Beida/Oued Akrech (Morocco) and the Mediterranean events in sections Molinos/Perales
(Spain), Gibliscemi/Falconara (Sicily), Metochia/Faneromeni (Greece) and Pissouri (Cyprus). For detailed information about these sections the reader
is referred to (Hilgen et al. 1995, Hilgen et al. 2000, Krijgsman et al. 1999a, Krijgsman et al. 2002)



TG11 that marks the end of the high-amplitude, glacial-
interglacial cycles of the latest Miocene (Hodell et al. 2001)
roughly correlates with the base of the Upper Evaporites in the
Mediterranean dated approximately at 5.52 Ma (Krijgsman et
al. 2001). This implies that the Lago Mare facies of the Upper
Evaporites, which was deposited when the Mediterranean was
largely isolated from the Atlantic, corresponds to times of rela-
tively high global sealevel stands and a warmer global climate
than that of older parts of the Messinian.

CONCLUSIONS

We have established a high-resolution integrated stratigraphy
for the Ain el Beida section of Atlantic Morocco by applying a
multi-disciplinary approach that included cyclostratigraphy,
biostratigraphy (planktonic foraminifera and calcareous nanno-
fossils), magnetostratigraphy, and stable isotope (�18O) stratig-
raphy. The 44 sedimentary cycles in Ain el Beida consist of
alternating beige and reddish colored marls and reveal marked
changes in thickness on a one to five to twenty ratio, which is
commonly observed in sedimentary records where both preces-
sion and eccentricity play a role. The planktonic foraminiferal
analyses allowed the recognition of five events, the calcareous
nannofossil results revealed eight important and ten additional
bioevents. They all confirm the late Messinian age of the sec-
tion. Thermal demagnetization of the magnetic signal shows
that three polarity reversals are recorded at Ain el Beida, corre-

sponding to chron C3An. The benthic oxygen isotope record
shows a close link to the lithology with enrichments in �18O
generally occurring in the beige layers and depletions in the red-
dish intervals. The three heaviest peak values in �18O are ob-
served in beige layers in the upper part of the section.

The average periodicity of the sedimentary cyclicity, using the
paleomagnetic reversals as time constraints, is 18-19 kyr, which
is in good agreement with a precessional control. Detailed quan-
titative planktonic foraminiferal analyses and stable isotope re-
cords reveal maxima in Globigerinoides spp. and minima in
�18O in the reddish layers. This implies that the reddish inter-
vals are equivalents of the sapropels in the Mediterranean and
that they thus correspond to precession minima and insolation
maxima. The astronomical calibration of the Ain el Beida sec-
tion started with the tuning of clusters of sedimentary cycles to
eccentricity, followed by the tuning of individual cycles to pre-
cession and insolation. Our calibration shows that the section
comprises the time interval between 6.47 and 5.52 Ma and re-
sults in accurate astronomical ages for all sedimentary cycles,
bioevents and magnetic reversals. Comparison with the Medi-
terranean APTS confirms that the revised astrochronology of
Ain el Beida is basically correct. This allows a detailed compar-
ison of the Ain el Beida �18O record with Mediterranean event
stratigraphy. The pronounced glacial stages TG 22 and TG 20,
which have earlier been linked to the onset of the Messinian
evaporites in the Mediterranean, clearly postdate the first
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TABLE 2
Stratigraphic position, cycle position and astronomical ages of calcareous plankton events and magnetic reversal boundaries in section Ain el Beida. As-
tronomical ages are presented both for the La93(1,1) and La2003(1,1) solution.



evaporite cycle by approximately 200 kyr. Moreover, there is
no evidence at all for a glacio-eustatic control for the onset of
the MSC. The only significant change in the �18O record that
corresponds with a major MSC-event is the peak glacial stage
TG12 at 5.55 Ma, which roughly correlates to the transition
from marine evaporites to the brackish water deposits with typi-
cal Lago Mare facies in the Mediterranean.
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