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Abstract The Melilla carbonate complex (NE Morocco)
is the only area of the Paleo-Mediterranean Sea where
volcanic activity was present throughout most of the
Messinian. 40Ar/39Ar dating of volcanic tuffs interbed-
ded within the upper Messinian sedimentary deposits,
known as the Terminal Carbonate Complex (TCC),
yields accurate ages of paleoenvironmental and sea-level
changes related to the Messinian Salinity Crisis. The new
chronologic data (1) provide an average of 5.95–
5.99 Ma for the base of the TCC, thus being synchro-
nous with the onset of the Messinian Salinity Crisis, (2)
demonstrate for the first time that the basal unconfor-
mity of the TCC does not represent a hiatus of long
duration, (3) define a precise time line at 5.87±0.02 Ma
(2r) corresponding to sedimentary rocks exhibiting a
lateral transition between continental and marine
deposits typical of the TCC and (4) yield evidence that
emersion of the Melilla platform during deposition of
the TCC is partly related to tectono-magmatic activity.
An erosional surface, capping the TCC deposits in the
Melilla basin, is related to the major Messinian Medi-
terranean drawdown. The duration of the hiatus, asso-

ciated with this surface, is estimated to be at most
450 kyr, but is probably shorter.
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Introduction

The famous Messinian Salinity Crisis (MSC; Hsü et al.
1977) occurred during the Late Miocene in the Paleo-
Mediterranean Sea and is mainly represented by thick
and regionally extensive evaporitic deposits in Sicily and
the Central Mediterranean region which are classically
divided into two main units: Lower and Upper Evap-
orites. The evaporites are related to a catastrophic sea-
level drawdown and include brackish-to-freshwater
‘‘Lago-mare’’ deposits. Events linked to the MSC have
been dated principally within outcrops of the Paleo-
Mediterranean using magnetostratigraphy or astro-
chronology, or both in the ‘‘deep’’ basinal sequences
(Gautier et al. 1994; Krijgsman et al. 1999, 2001).

Shallow-water carbonate complexes associated with
the MSC and located along the margins of the Paleo-
Mediterranean Sea have undergone a significant amount
of research because these deposits contain a high-reso-
lution record of paleoenvironmental and sea-level
changes. A general description of the carbonate com-
plexes from bottom to top includes: (1) retrogradational
deposits (marls, conglomerates, bioclastic limestones);
(2) a prograding bioclastic and younger reefal platform
(‘‘fringing reefs’’ or ‘‘reef complex’’); (3) mixed silici-
clastic-oolitic coastal deposits, including large microbial
build-ups, known throughout the Western Mediterra-
nean as the ‘‘Terminal Carbonate Complex’’ (TCC)
bounded by two major unconformities (sensu Esteban
1979); (4) brackish-to-freshwater continental deposits
(Lago-Mare-like facies). Correlations between basinal
and coastal sequences are fundamental in understanding
the MSC; however, they have been highly debated
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G. Féraud Æ M. Moullade
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because of the lack of precise chronological constraints
within the carbonate complexes (Krijgsman et al. 2001;
Riding et al. 1998, 1999, 2000; Fortuin et al. 2000;
Montgomery et al. 2001; Rouchy et al. 2003). Limited
chronological constraints within these Messinian shal-
low-water carbonates are related to (1) the lack of
age-diagnostic planktic foraminifera; (2) numerous
difficulties in interpreting magnetostratigraphic data
(problems include low natural remanent magnetization,
discontinuous sedimentation and diagenetic overprints);
(3) inadequate data to produce decisive astrochronology
and (4) the scarcity of intercalations of datable volcanic
layers.

The timing of the deposition of MSC evaporites and
the main MSC sea-level drawdown have been highly
debated, highlighting the importance of why precise
dating of TCC deposits remains crucial to better
understand the MSC:

1. Evaporite deposition within basins at the margins of
the Paleo-Mediterranean Sea, which corresponds to
the MSC onset, has been correlated to the Geomag-
netic Polarity Time Scale (GPTS) and the Astro-
chronological Polarity Time Scale (APTS) yielding an
age of about 5.94–5.96 Ma (Gautier et al. 1994;
Krijgsman et al. 1999, 2001). These evaporites have
been correlated differently within the stratigraphic
succession of Messinian sedimentary deposits. Some
authors correlated them with an erosional surface at
the boundary separating prograding reefs and TCC,
assuming that these evaporites are the Lower Evap-
orites of Sicily and Central Mediterranean and were
deposited during a low-stand system tract (Rouchy
and Saint-Martin 1992; Cunningham et al. 1994,
1997; Roep et al. 1998). Others assumed that they are
the Upper Evaporites and were deposited during a
transgression following a 400 kyr hiatus represented
by the same surface that separates the prograding

reefs from the TCC (Riding et al. 1998, 1999). More
recently it has also been proposed, but not yet
demonstrated, that they correspond to the Lower
Evaporites and are equivalent to the TCC (Cornée
et al. 2002, 2004; Fortuin and Krijgsman 2002).

2. It has been proposed that the main drawdown of the
Paleo-Mediterranean Sea during the MSC occurred
either before deposition of the Lower Evaporites
within marginal basins (Riding et al. 1999; Rouchy
and Saint-Martin 1992) or after their deposition
(Krijgsman et al. 1999, 2001; Clauzon et al. 1996).
This drawdown is correlated, within the carbonate
complexes, to a major erosional surface located either
at the contact between the prograding reefs and the
TCC (Rouchy and Saint-Martin 1992; Martin and
Braga 1994; Braga and Martin 1996; Cunningham
et al. 1997; Riding et al. 1999) or above the TCC
(Clauzon et al. 1996; Roep et al. 1998; Krijgsman
et al. 2001; Fortuin and Krijgsman 2002).

The Melilla carbonate complex, NE Morocco
(Fig. 1), is one of the more complete Messinian strati-
graphic successions and is known for the occurrence of
numerous datable K-rich volcanic layers (Cunningham
et al. 1994, 1997; Roger et al. 2000; Münch et al. 2001;
Cornée et al. 2002; Kuiper 2003). Nevertheless, chro-
nological data from the TCC are still too scarce and
imprecise to accurately define relations between the
platform sequences and the main events of the MSC.
Moreover, it has been recently proposed that the up-
permost Messinian sediments of the Melilla basin could
correspond to Lago-Mare-like deposits, indicative of an
early (�5.8 Ma) dilution of the Melilla basin by
freshwater (Rouchy et al. 2003). The purpose of this
study is to establish an updated and precise geochro-
nological framework for the TCC of Melilla basin by
extending the existing 40Ar/39Ar dataset (Cunningham
et al. 1994, 1997; Roger et al. 2000; Münch et al. 2001;

Fig. 1 Simplified geological
map of the study area near
Melilla and Nador with
locations of the studied sections
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Cornée et al. 2002; Kuiper 2003) to key stratigraphic
levels. Our new chronological data combined with
recent sedimentological and biostratigraphical investi-
gations at the basin scale provide new constraints for
the timing and the evolution of the MSC.

Geological setting and studied sections

The Melilla carbonate complex is mainly located on the
northern margin of a post-nappe basin in the Rif region
(Fig. 1; Guillemin and Houzay 1982). It is represented
by a bioclastic, reefal and oolitic platform, which has
been extensively studied (e.g. Guillemin and Houzay
1982; Cunningham et al. 1994, 1997; Saint Martin et al.
1991; Cornée et al. 1996; Roger et al. 2000; Münch et al.
2001; Cornée et al. 2002; Cunningham and Collins 2002;
Garcia et al. 2004). In this study, we will use the most
recent stratigraphic and sedimentological framework
(e.g. Cornée et al. 2002, 2004), which differs from the
one previously established by Cunningham et al. (1994,
1997). The differences between these two frameworks
have already been extensively discussed in Saint Martin
and Cornée (1996), Cornée et al. (1996, 2002, 2004),

Roger et al. (2000), Münch et al. (2001, 2003) and
Garcia et al. (2004). Three main cycles (Fig. 2) can be
defined within the stratigraphic succession (Cornée et al.
2004): (1) a first cycle (cycle 1), Tortonian (?) to Mes-
sinian in age, is composed of retrogradational con-
glomerates overlain by a bioclastic ramp, a
progradational bioclastic unit and a younger reefal
platform, merging laterally into marls and alternating
marls and diatomites towards the basin (the two or three
youngest prograding reefs are associated with Halimeda-
rich slopes extending far basinward and constituting an
index-bed) ; (2) a second cycle (cycle 2), Messinian in
age, characterized by a very flat aggrading�retrograding
geometry (Cornée et al. 2002, 2004) and, from bottom to
top, by reefs, giant microbial buildups and mixed silici-
clastic-oolitic deposits with associated stromatolites; and
(3) a third cycle (cycle 3), possibly Pliocene in age (Gu-
illemin and Houzay 1982; Rouchy et al. 2003), that
mainly developed in the southwestern part of the basin,
and is composed of silty to sandy marls and littoral
shallow marine Isognomon-rich beds.

Cycle 2 corresponds to the TCC (sensu Esteban 1979)
based on its lithology and unconformities that bound it
at the top and bottom. Seven sections, from the northern

Fig. 2 Correlation of the studied Messinian TCC sections and depositionnal environments (grey scale). The sections have been arranged
in order to have the base of the basaltic lava flow lying flat. Previous geochronological data: *Cunningham et al. (1994, 1997); **Cornée
et al. (2002)
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platform edge to the foothill of the Gourougou volcano
(Fig. 2), were studied. The lower unconformity, which is
positioned between cycles 1 and 2 (surface B in Cornée
et al. 2004) is considered as a marine planation surface
associated with a minor drop in sea level (Cornée et al.
2002). From the reef-talus slopes (Ifounassene section)
to the proximal basin (Rostrogordo section), two vol-
canic tuffs have been found surrounding the Halimeda
index-bed (Fig. 2). The tuffs from the Rostrogordo
section (Ro-3 and Ro-4, 7.3 m below and 5.5 m above
the Halimeda index-beds, respectively) are precisely da-
ted (40Ar/39Ar ages), which allows us to propose an age
for the base of the TCC and an estimate of the possible
time gap associated with the basal unconformity of the
TCC. Within the TCC, two major sub-cycles have been
recognized, representing two main transgres-
sive�regressive trends (Garcia et al. 2004). A third sub-
cycle (sub-cycle 2c) can be distinguished but it is very
thin, incomplete and mainly exposed in the area around
Medouar and In Allah (Fig. 2; Garcia et al. 2004). The
oldest sub-cycle (sub-cycle 2a, Fig. 2) corresponds to the
termination of the construction of the Melilla reef
complex and overlying siliciclastic deposits, and the
younger (sub-cycle 2b, Fig. 2) corresponds to the
development of a mixed oolitic shallow ramp during the
progressive infill of the Melilla basin. The sub-cycle 2a
leads to an approximately flat topography of the coastal
zone floor under very shallow marine environments,
with some very localized and temporary emersions. One
volcanic tuff (Tiz-3) and one tuffaceous sand layer (Car-
2), both occurring within the deposits of the sub-cycle 2a
(Fig. 2), were also sampled for 40Ar/39Ar dating. The
volcanic tuff (sample Tiz-3) is located a few metres above
the last reef in the Mallatcha and Medouar sections
(Fig. 2). From its geographic extension and the typical
pinkish colour, the volcanic tuff (sample Tiz-3) consti-
tutes an index-bed marker within this region known as
the ‘‘Pink Tuff’’ (Azdimoussa and Bourgois 1993; El
Bakkali et al. 1998). The sample Car-2 is intercalated
within shoreface sandy facies 5 m below the top of the
sub-cycle 2a deposits, and 20 cm below a localized pa-
leosoil (Fig. 2). The sub-cycle 2b exhibits increasing
continental influences. However, brackish to marine
environments persist until the end of TCC deposition as
oolitic facies or stromatolites, or both, are reported in
the sub-cycle 2c deposits in the Medouar and In Allah
sections (Garcia et al. 2004). Near the top of the TCC
deposits there is a sub-aerial lava flow dated at
5.77±0.08 Ma (Cornée et al. 2002) or an erosional
surface, both observable in the southwestern parts of the
Melilla basin and both indicative of an emersion of re-
gional extent (Guillemin and Houzay 1982; Cornée et al.
2004). Within the northern platform and basinal areas,
the erosional surface is poorly identified as the cycle 3
deposits conformably rest upon the top of cycle 2 and
the aerial lava flow is lacking.

The lower part of cycle 3 is represented by silty marls
that are only preserved in the bottom of the deepest
incised valley (Guillemin and Houzay 1982). Overlying

the marls are yellow sands and, towards the shore, the
Isognomon index-beds (Cornée et al. 1996). As no vol-
canic layer is present within cycle 3, it was previously
assigned to the Pliocene on the basis of the sporadic
presence, within the upper yellow sands, of G. margari-
tae margaritae and Sphaeroidinellopsis spp. (Guillemin
and Houzay 1982) and the occurrence of Ceratolithus
acutus (Rouchy et al. 2003). As the lowermost marls are
azoic, a definite age for the onset of the marine flooding
during early deposition of cycle 3 is uncertain, and could
vary from Late Messinian to Early Pliocene (Cornée
et al. in preparation).

40Ar/39Ar dating

Description of volcanic layers

Samples Ro-3 and Ro-4, from the Rostrogordo section
(Fig. 2), are non-welded sea-rafted pumice horizons that
contain some rare bioclasts. They were deposited in a
very low-energy environment as indicated by the sur-
rounding muddy sediments. The mineralogical compo-
sition of both tuffs is dominated by sanidine, plagioclase
and biotite which are associated with clinopyroxene only
in sample Ro-3. The crystals are euhedral and always
included in the pumice clasts. These pumice horizons
may probably correspond to two large pyroclastic
eruptions.

Sample Tiz-3 is a non-welded pumiceous tuff with a
typical pinkish colour. It corresponds to a thick volcanic
breccia from which the clasts are predominantly rhyo-
litic and trachytic pumices, and volcanic lithic frag-
ments. The rhyolitic and trachytic pumices are located in
the upper and lower portion of the pyroclastic flow
probably representing the inverted sequence of magma
erupted from a zoned chamber. The trachytic pumices
are porphyritic and their mineralogy is dominated by
sanidine associated with biotite, plagioclase and minor
oxides. The rhyolitic pumices are sub-aphyric with sa-
nidine and plagioclase microphenocrysts. The maximum
thickness (�20 m) of the whole tuff is located at the
foothill of Gourougou volcano (Tizza and Mallatcha
sections) and decreases markedly to the north in the
study area (Fig. 2). It also shows a rapid decrease in the
number of clasts and their size with distance from the
source. It is likely that it was produced by pyroclastic
flows; however, epiclastic processes cannot be ruled out,
especially with increasing distance from the source. All
sanidine crystals selected for dating were separated from
trachytic pumice blocks (size >15 cm) sampled near the
Gourougou volcano zone (Tizza section; Fig. 2), in or-
der to limit the potential of contamination from acci-
dental ejecta and post-eruption epiclastic reworking
processes.

Sample Car-2 is a tuffaceous sandstone (sensu Cas and
Wright 1988) containing mainly crystal fragments and
pumice clasts (size <1 cm). It is a few centimetres thick,
exhibits normal grading and occurs as a discontinuous
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layer infilling an irregular paleotopography between
small-scale dunes. The base of the tuffaceous sandstone is
mainly composed of small-sized broken crystals while
larger pumice clasts are present above. The principal
mineral constituents are sanidine and plagioclase.
Because of the high energy of the depositional environ-
ment, epiclastic reworking and redeposition are highly
suspected whereas pyroclastic falls cannot be completely
ruled out.

Methodology

40Ar/39Ar analyses were performed on single sanidine
crystals. Samples were crushed and the sanidines were
separated using conventional techniques (magnetic sep-
arator, heavy liquids) and semi-quantitative chemical
analysis under a XL-30 Philips Environmental Scanning
Electron Microscope (ESEM) equipped with an energy
dispersive spectrometer (EDAX DX4). All the crystals
were ultrasonically cleaned in baths of pure acetone,
alcohol and distilled water in order to remove alteration
products and glass. Finally, sanidine crystals, ranging
from 0.2 to 1.4 mm in size, were hand-picked under a
binocular microscope. In order to confirm that all ana-
lyzed grains are sanidine, ESEM analyses were used to
produce a rough composition of each grain selected for
dating. This technique was tested and described in more
detail in Roger et al. (2000).

The selected samples were irradiated for 5 h in the
McMaster University reactor (ON, Canada) in position
5c. The Fish Canyon Tuff Sanidine was utilized as a
monitor (FCTs, 28.02 Ma; Renne et al. 1998). Seven
clusters of five grains of sanidine monitor were included
in a 30-mm-long irradiation can, and the distances be-
tween them were lower than 7 mm. No flux gradient
could be detected along the irradiated can, and we
estimated an error of about ± 0.2% on the 40Arra-
d/
39ArK measured on the monitor. The total neutron flux

density during irradiation was 1.3·1018 n/cm2 .
Sanidine crystals were step heated or fused or both

using a SYNRAD CO2 continuous laser with a maxi-
mum output power of 50 W. Isotopic analyses were
carried out on a VG 3600 mass spectrometer working
with a Daly detector system. Typical blank values of the
full extraction and purification system, routinely mea-
sured every three steps, were in the range of 3–6·10�13,
3–25·10�14 and 1–2·10�14 ccSTP at masses 40, 39 and
36, respectively. Beam intensities of Ar isotopes were
typically in the order of 500–2,500 and 2,000–25,000
times the blank level, in total fusion experiments, and in
the order of 30–2,500 and 100–7,000 times the blank
values in the fused step during step heating experiments,
for the 40Ar and 39Ar, respectively. The value for 36Ar
was indistinguishable from the blank value in some
cases. Mass discrimination was monitored by analyzing
Ar from a well-known air pipette volume, and the
40Ar/36Ar ratio was measured with a maximum error of
±0.5% (1r).

The results are reported on age spectra of Fig. 3.
Plateau ages are defined at least by three successive steps
showing consistency within a 2r confidence interval and
carrying at least 70% of the 39Ar released. For the two
samples dating the base of TCC (Ro-3 and Ro-4), direct
fusion experiments were also conducted to evaluate the
homogeneity of the grain population in order to detect
xenocrysts or post-volcanic reworking processes or both.
For single fusion experiments, a pre-degassing step was
always performed before fusion to reduce eventual
contamination from alteration phases. The fuse steps
correspond to more than 97% of the total 39Ar released.
All errors on the plateau ages, single fusion ages, iso-
chron ages and weighted mean ages are quoted at a 2r
confidence level and do not include the errors associated
with the age of the monitor. The value of the error for
the 40Ar*/39ArK ratio of the monitor is included on error
calculation for plateau ages and single fusion ages. The
full 40Ar/39Ar data set is shown in Table 1.

Results

Four single crystals from the Ro-3 tuff (Fig. 2) were step
heated. Their displayed plateau ages (including three
concordant ages) range from 6.15±0.03 to
6.25±0.02 Ma and correspond to at least 80% of the
39Ar released (Fig. 3a, b). Seven total fusion analyses
performed on single crystals yielded similar ages ranging
from 6.16±0.03 to 6.27±0.02 Ma. The homogeneous
37ArCa/

39ArK ratio (Fig. 3a, b) of steps defining a pla-
teau demonstrates the purity of the analyzed sanidine
grains. The age distribution of all data (plateau and
single fusion ages) gives a peak value of 6.20 Ma cor-
responding to the weighted mean age (Fig. 4). The
weighted mean age of seven concordant ages (two pla-
teau ages and five single fusion ages, plain symbols in
Fig. 4) is 6.20±0.02 Ma and corresponds to the ac-
cepted age for this sample. The inverse isochron diagram
(36Ar/40Ar vs. 39Ar/40Ar) for all data (not given) pro-
duces an age of 6.20±0.03 Ma (MSWD = 2.3 and
initial 40Ar/36Ar ratio of 434±51). When we recalculate
an age from the plateau fractions and fused steps only,
the value is 6.15±0.05 Ma (MSWD = 2.6 and initial
40Ar/36Ar ratio of 1969±1037). These 40Ar/36Ar ratios
are far from the accepted atmospheric value (295.5); this
is a consequence of the clustering of high-precision data
on the diagram, resulting from low atmospheric con-
tamination.

Among the five step-heated single sanidine crystals
from the Ro-4 tuff (Fig. 2), four of them yielded con-
cordant plateau ages ranging from 5.84±0.04 to
5.89±0.04 Ma, corresponding to more than 93% of the
39Ar released (Fig. 3c, d). One plateau age at
5.77±0.04 Ma (Ro-4b) is slightly younger. Here also the
37ArCa/

39ArK ratios show that the gas released from
heating steps defines a plateau corresponding to pure
and homogeneous sanidine (Fig. 3c, d). The weighted
mean age calculated from the four concordant plateau
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Table 1 Full 40Ar/39Ar dataset.
Step = step number (laser
probe)
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ages is 5.86±0.02 Ma. The more variable low-temper-
ature apparent ages (affected by larger error bars) relate
to a contamination by alteration phases, as shown
by both atmospheric contamination and variable
37ArCa/

39ArK ratios. Twelve total fusion analyses were

also conducted on single crystals. The resulting age
values scatter between 5.76±0.06 and 5.96±0.04 Ma.
The lower age values may be caused by alteration
whereas the slightly higher age values may originate
from excess Ar or correspond to xenocrysts. The age

Table 1 (Contd.)

% 39Ar = fraction of 39Ar
released for each step; 40Aratm
= atmospheric 40Ar; 40Ar* =
radiogenic 40Ar; ArCa and ArK
= Ar produced by Ca and K
neutron interferences, respec-
tively. The gas fractions corre-
sponding to plateau ages are
indicated by a dashed line at the
right of the apparent ages.
Error bars on apparent and
integrated ages are given at the
1r confidence level. Correction
factors for interfering isotopes
produced by neutrons in the
McMaster reactor were mea-
sured in Nice, as (39Ar/37Ar)Ca
= 7.06·10�4 (±4%),
(36Ar/37Ar)Ca = 2.79·10�4
(± 3%), and (40Ar/39Ar)K =
2.97·10�2 (± 3%)
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distribution of all data (plateau and single fusion ages)
gives a peak at 5.87 Ma (Fig. 4). The weighted mean of
concordant ages (four plateau ages and eight single fu-
sion ages, plain symbols in Fig. 4) is 5.87±0.02 Ma and
corresponds to the accepted age. The weighted mean of

all data yields exactly the same result. The inverse iso-
chron plot for all data (not given) produces an age of
5.86±0.03 Ma (MSWD = 2.3 and an initial 40Ar/36Ar
ratio of 322±15). The isochron plot of the concordant
plateau fractions and fusion steps displays very clustered

a

c

e

b

d

f

Fig. 3
40Ar/39Ar ages and 37ArCa/

39ArK ratio spectra for the sanidine crystals from the studied tuffs. Arrows show the steps included in the
plateau age calculations for each experiment (error at the 2r level)
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data and an age of 5.88±0.03 Ma (MSWD = 1.2 and
an initial 40Ar/36Ar ratio of 271.6±13.7).

Three single crystals from the Tiz-3 tuff (Fig. 2)
yielded concordant plateau ages ranging from
5.84±0.10 to 5.87±0.04 Ma and correspond to at least
75% of the 39Ar released (Fig. 3e). The weighted mean
age is 5.86±0.03 Ma. Because the atmospheric con-
tamination is very low, no information could be ob-
tained from isochron plots.

The three single crystals from the Car-2 tuff (Fig. 2)
yielded concordant plateau ages ranging from
5.87±0.04 to 5.95±0.04 Ma corresponding to more
than 96% of the 39Ar released (Fig. 3f). The weighted
mean age of 5.91±0.02 Ma (= accepted age) is con-
cordant with the Tiz-3 and Ro-4 weighted means
(5.86±0.03 and 5.87±0.02 Ma, respectively) whereas
they should have a younger age according to their rel-
ative stratigraphic positions. Therefore, the age of the

Car-2 tuff is not stratigraphically consistent and may
indicate a reworked origin for this deposit that may be
sourced from the underlying ‘‘Pink Tuff’’ (Tiz-3 and Ro-
4 samples).

In summary, these results allow us to define a timeline
at 5.87±0.02 Ma. Hence this can be used to precisely
correlate the different TCC deposits (Fig. 2).

Discussion

Previous geochronological studies in the Melilla basin

For comparative purposes, previous data (Cunningham
et al. 1994, 1997) have been recalculated relatively to an
age of 28.02 Ma for the FCTs standard (Table 2) as
recommended by Renne et al. (1998). For these com-
parisons, the precision of age measurements is the cru-
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Fig. 4 Age distribution
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cial parameter, although their accuracy is relative to the
age of the FCT sanidine standard. Cunningham et al.
(1994, 1997) dated five tuffs among which three occurred
at three distinct stratigraphic levels within the TCC
deposits (V3, V4, and V4a; Fig. 2 in Cunningham et al.
1997). We can place all three samples within the sub-
cycle 2a of the TCC as defined herein. The V3 (= Ro-4)
tuff, located a few metres above theHalimeda index-beds
in the Rostrogordo section, yields a recalculated age of
6.01±0.20 Ma (5.95±0.20 Ma, 2r, in Cunningham
et al. 1994, 1997) and was proposed to fall within the
upper part of the normal paleomagnetic sub-chron
C3An.1n (Cunningham et al. 1994, 1997). From our
results, we now consider a more precise age for V3 (=
Ro-4) at 5.87±0.02 Ma. The V4 tuff, located between
the first two aggrading reefs from the TCC in the Ifo-
unassene section, yields a recalculated age of
5.88±0.04 Ma (5.82±0.04 Ma, 2r, in Cunningham
et al. 1994, 1997) and was proposed by Cunningham
et al. (1994, 1997) to fall within the sub-chron C3r.
However, recent detailed sedimentological investigations
proposed that there is only one volcanic tuff some metres
above the base of the TCC within the northern platform
(Cornée et al. 2002). Considering our more precise age
for Ro-4 = V3 (5.87±0.02 Ma), we observe that V3 and
V4 (5.88±0.04 Ma) have concordant ages. The similar
ages for Ro-4 = V4 and V3 confirm the data of Cornée
et al. (2002) who found only one major volcanic layer in
the lowermost part of the TCC in the northern platform
of Melilla. However, they disagree with the stratigraphic
and paleomagnetic data presented in Cunningham et al.
(1994). Cunningham et al. (1994) proposed that two
tuffs are around 35 m apart. If true, that should yield an
unrealistic vertical accumulation rate of 50 cm/kyr
considering the refined age of Ro-4 (e.g. Cenozoic reefs:
3–28.6 cm/kyr; Miocene Great Barrier: 6.7–10 cm/kyr;
Enos 1991). Thus, following our field observations, we
propose a unique volcanic tuff which can be used as a
time line at 5.87±0.02 Ma. This allows us to define a
new and precise correlation between basinal and coastal
deposits. This result strongly suggests a reinterpretation
of the available paleomagnetic data of Cunningham
et al. (1994).

The V4a tuff, located immediately below the large
oolitic deposits of the TCC in the Medouar area, yields a

recalculated age of 5.85±0.04 Ma (5.79±0.04 Ma, 2r,
in Cunningham et al. 1997) and was proposed to fall
within sub-chron C3r (Cunningham et al. 1997). Al-
though the exact location of this tuff could not be
determined, we can position it following the literature
(Fig. 2 in Cunningham et al. 1997), exactly at the top of
our TCC sub-cycle 2a. Then the age of the V4a sample is
concordant with the age of Ro-4 tuff (5.87±0.02 Ma;
maximum age difference of 90 kyr when error bars are
considered) although the V4a tuff is stratigraphically
much more elevated than Ro-4. The V4a sample could
have an epiclastic or re-worked origin rather than a
pyroclastic one, similar to our Car-2 sample. Indeed,
these two samples are both located within the upper part
of sub-cycle 2a, in very shallow shoreface and high-en-
ergy environments.

The Ro-3 tuff has been re-dated at 6. 21±0.02 Ma
using only single grain total fusion techniques (sample
no. Ifo-5 in Kuiper 2003). This age agrees very well with
our value of 6.20±0.02 Ma.

Correlations in the Melilla basin based on 40Ar/39Ar
ages and sedimentology

From their similar age and mineralogy, the Ro-3 tuff
(6.20±0.02 Ma) and the aerial Bh-26 ignimbrite
(6.23± 0.06 Ma: Roger et al. 2000), in the southwest-
ern part of the Melilla basin (Bou Hamza area, Fig. 1),
can now be correlated. The Bh-26 ignimbrite indicates
emersion of the southwestern margin of the Melilla
basin and marks the end of carbonate platform growth
at that position.

The age of the base of the TCC within the Melilla
basin was previously (Cornée et al. 2002) estimated to
be at around 6.1 Ma using the available age for the V3
= Ro-4 tuff (Table 2; Cunningham et al. 1994, 1997).
Now, we can re-evaluate this age using our more
accurate age for the V3 = Ro-4 tuff (5.87±0.02 Ma).
Taking into account error bars, the age of the base of
the TCC can be estimated at around 5.95–5.99 Ma.
The age of the base of the Halimeda index-beds can
also be estimated using vertical accumulation rates
calculated for the marls/diatomite sequence (Münch
et al. 2003). The calculated average vertical accumula-

Table 2 Comparison between previously published 40Ar/39Ar data and this study

Tuff layer Stratigraphic unit Cunningham et al. (1997) Kuiper (2003) This study

Published age Re-calculated age using FCTs at 28.02 Ma

V4a TCC sub-cycle 2b 5.79±0.04 Ma 5.85±0.04 Ma
Car-2 TCC sub-cycle b 5.91±0.02 Ma
Tiz-3 TCC sub-cycle 2a 5.86±0.03 Ma
V4 TCC sub-cycle 2a 5.82±0.04 Ma 5.88±0.04 Ma
Ro-4 = V3 TCC sub-cycle 2a 5.95±0.2 Ma 6.01±0.2 Ma 5.87±0.02 Ma
Ro-3 = Ifo-5 Pre-TCC 6.21±0.02 Ma 6.20±0.02 Ma

Errors are quoted at the 2rlevel. The age for Ro-3 = Ifo-5 in Kuiper (2003) was originally calculated using an age of 28.02 Ma for FCTs
standard
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tion rate of 8.3–8.6 cm/kyr yields an age at around
6.1 Ma for the base of Halimeda index-beds, which is
in good accordance with the astronomical age, also
established in the Melilla basin, of 6.07 Ma (Kuiper
2003). Therefore, the 68-m-thick reefal sequence,
occurring between the base of Halimeda-rich talus and
the base of V4 tuff, has an average vertical accumula-
tion rate between 27.2 and 32.4 cm/kyr. These rates are
close to the highest ones estimated for Cenozoic coral
reefs (3–28.6 cm/kyr; Enos 1991). The base of the TCC
(surface B; Fig. 2) in the Melilla basin thus cannot
correspond to a hiatus of long duration considering
both the age of tuffs surrounding the surface B and the
very high vertical accumulation rates of the last fring-
ing reefs.

Within the TCC sub-cycle 2a, we can now delineate
a time line at 5.87±0.02 Ma from the northern margin
(Ifounassene and Rostrogordo sections) to the emerged
foothill of the Gourougou volcano (Mallatcha and
Tizza sections) through a passageway between the two
margins of the basin (In Allah section) and the
southern margin�continent transition (Medouar and
Mallatcha sections; Fig. 2). The general facies distri-
bution shows that the sub-cycle 2b TCC marine
deposits (oolitic/stromatolitic and deltaic facies),
mainly observable near the northeastern margin, are
the lateral equivalent of continental-lagoonal deposits
occurring in the vicinity of the Gourougou volcano
(Mixed Carbonate Siliciclatic Complex in Cunningham
et al. 1997). Rouchy et al. (2003) tentatively compared
these continental deposits with the latest Messinian
Lago-Mare facies and proposed they correspond to an
early (�5.8 Ma) fresh water dilution of the Melilla
basin, prior to the generalized and typical Lago-Mare
episode at 5.52–5.33 Ma (Krijgsman et al. 2001). As
the occurrence of continental deposits is related to the
local paleogeography and as uppermost Messinian
deposits (sub-cycle 2c at �5.8 Ma) are still littoral
oolitic/stromatolitic facies near the northern margin
(Medouar and In Allah sections, Fig. 2), no early
dilution of the Paleo-Mediterranean Sea can be evi-
denced within the Melilla basin. Our results show that
the Lago-Mare deposits are completely lacking in the
Melilla basin, whether non-deposited or eroded prior
to the cycle 3 transgression. The general facies distri-
bution shows that, during the TCC, the carbonate
factory (coral reefs and then oolitic/stromatolitic
shoals) was mainly located on the northern margin of
the Melilla basin (Fig. 2). It also shows that the dis-
ruption of (1) the carbonate platform on the southern
margin and (2) TCC deposition in almost the entire
basin is correlative with two main tectono-magmatic
episodes of Gourougou volcano that we can date at
6.2 and 5.8 Ma, respectively. These episodes may have
contributed to the generalized emersion of the south-
ern margin of the Melilla basin.

As the age of the cycle 3 lowermost deposits is not
definitely established, the hiatus associated with the
erosional surface at the top of the TCC appears to last

approximately 450 kyr, between 5.77±0.08 (age of the
sub-aerial lava flow in the Medouar and Mallatcha
sections; Cornée et al. 2002) and 5.33 Ma (M/P
boundary; Lourens et al. 1996). This is a maximum
duration for two reasons: (1) late Messinian deposits
could have existed within the Melilla basin and have
been later eroded, and (2) the marine re-flooding could
be late Messinian or early Pliocene in age.

Implications for MSC

From a sedimentologic point of view, the TCC from
the Melilla basin displays great similarities with the
TCC in other Western Mediteranean marginal basins
(Calvet et al. 1996; Esteban et al. 1996; Franseen et al.
1998). However, the former contains only two com-
plete cycles, and locally a third one, whereas the latter
generally show three to four cycles (Calvet et al. 1996;
Franseen et al. 1998). This suggests that the preserved
TCC in the Melilla basin could be incomplete, which
agrees with an inferred generalized emersion of the
basin at the top of TCC. However, our chronological
data are in perfect accordance with the only chrono-
logical constraints available in the Cabo de Gata car-
bonate platform, in SE Spain (Franseen et al. 1998;
Montgomery et al. 2001). There, the fringing coral
reefs/TCC boundary falls in the lower portion of
Chron C3r, which base was astronomically recalibrated
at 6.04±0.01 Ma (Krijgsman et al. 1999), and the
whole TCC is restricted to this reversal Chron (Fran-
seen et al. 1998; Montgomery et al. 2001). The last
fringing reefs of Cabo de Gata are associated with
Halimeda-rich talus as well as in the Melilla basin.
This strongly suggests that these Halimeda-rich beds,
slightly older than 5.95–5.99 Ma in the Melilla basin,
represent time-equivalent event strata in the Western
Mediterranean, as already suggested by Mankiewicz
(1988) and Roger et al. (2000). Therefore, the base of
the TCC, immediately overlying the Halimeda biose-
dimentary event, can also be considered synchronous
over the entire Western Mediterranean.

This study demonstrates, for the first time, that the
initiation of TCC deposition in the Melilla basin, esti-
mated at 5.95–5.99 Ma, is synchronous with the onset of
MSC, dated at 5.94–5.96 Ma throughout the Mediter-
ranean Sea (Gautier et al. 1994; Krijgsman et al. 1999,
2001). As the unconformity separating the prograding
reefs (cycle 1) from the TCC (cycle 2) within the Melilla
basin is not a major sub-aerial surface and does not
correspond to a significant hiatus (sensu Riding et al.
1999), the initiation of MSC does not correspond to a
major sea-level drawdown. This is in agreement with
many studies of Neogene basins in SE Spain (Sorbas:
Roep et al. 1998; Conesa et al. 1999; Krijgsman et al.
1999—Nijar basin: Fortuin and Krijgsman 2002) and
Western Algeria (Murdjadjo: Cornée et al. 1994). The
preserved deposits of the TCC within the Melilla basin
are thus time-equivalent with outcropping Lower
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Evaporites of marginal basins. This result is in agree-
ment with field observations made within Neogene ba-
sins in SE Spain (Santa Pola area: Calvet et al.
1996—Sorbas basin: Conesa et al. 1999—Nijar basin:
Fortuin and Krijgsman 2002).

An apparent 450 kyr gap between cycles 2 and 3
within the Melilla basin is consistent with the timing of
the MSC model of Clauzon et al. (1996). These authors
proposed a drastic Mediterranean drawdown around
5.6 Ma, followed by a hiatus in marginal settings, be-
tween 5.6 and 5.3 Ma and then an early Pliocene re-
flooding. Considering that the uppermost TCC and the
whole typical Lago-Mare sediments were not deposited
and/or eroded in the Melilla area, their duration
(around 200 kyr for Lago-Mare according to Krijgs-
man et al. 2001) has to be taken into account to esti-
mate the time gap in the general scenario of the MSC.
Moreover, the age of the first transgressive deposits
over the erosional surface capping the TCC in the
Melilla basin is not well defined and could still be late
Messinian in age. Therefore the duration of the hiatus
should be much less than 450 kyr. The apparent 450
kyr hiatus in the Melilla basin appears to be partly
related to a tectono-magmatic uplift and not only to a
sea-level lowering, as proposed by Duggen et al. (2003)
and Warny et al. (2003).

Conclusion

This study gives an example of high precision 40Ar/39Ar
ages applied to paleoclimatic and paleoenvironmental
sequences. It describes the precise time frame of the
sedimentary development of the Upper Messinian TCC,
which is restricted to a single magnetic chron lasting less
than 900 kyr. The main results are the following:

1. The transition of prograding or fringing coral reefs to
TCC within the Melilla carbonate complex is now
estimated at around 5.95–5.99 Ma, allowing us to
correlate it with the onset of evaporite deposition
within other marginal basins (Krijgsman et al. 1999,
2001), and therefore with the onset of the MSC
(Gautier et al. 1994; Krijgsman et al. 1999).

2. No significant hiatus can be associated with the lower
boundary of TCC within the Melilla basin. In the
Western Mediterranean Sea, the TCC deposition in
littoral areas is therefore lateral- or time-equivalent
with the Lower Evaporites deposition within the
marginal basins. Therefore, the oolite/microbialite
deposition of the diverse TCC on the margins of the
Western Paleo-Mediterranean Sea may be considered
as a mostly synchronous biosedimentary event.

3. A precise time line was established within the TCC
deposits at 5.87±0.02 Ma, demonstrating a lateral
transition between shallow-water normal marine and
lagoonal�continental environments in relation with
the paleogeography of the Melilla basin and not to an
early dilution of the Paleo-Mediterranean Sea.

4. The TCC deposits in the Melilla basin appear to be
incomplete, in relation with the tectono-magmatic
uplift of the whole Alboran realm (Duggen et al.
2003; Warny et al. 2003). Therefore, the apparent
hiatus associated with its upper unconformity, lasting
between 5.77 and 5.32 Ma, may not be related to the
Mediterranean drawdown only. Its duration could be
shorter considering that the 450 kyr time gap evalu-
ated in the Melilla basin is time-equivalent of the
uppermost TCC and entire Lago-Mare deposition in
other marginal basins.
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Géol Fr 167:495–507

Cornée JJ, Roger S, Münch PH, Saint-Martin JP, Féraud G, Conesa
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Hsü KJ, Montadert L, Bernoulli D, Cita MB, Erikson A, Garrison
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