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ABSTRACT

Sierro, F.J., Flores, J.A., Civis, J., Gonzalez Delgado, J.A. and Francés, G., 1993. Late Miocene globorotaliid event-stratig-
raphy and biogeography in the NE-Atlantic and Mediterranean. Mar. Micropaleontol., 21: 143-168.

The quantitative study of kecled and unkeeled globorotaliids in several Late Miocene sites of the NE Atlantic, the North
Betic and South Rifian Gateways and the Western Mediterranean enabled us to recognize a sequence of planktic forami-
niferal (PF) events useful for a high resolution correlation of the Mediterranean with the global ocean for the time interval
immediately prior to the salinity crisis.

PF-Event 1 (6.7 Ma, end of Subchron 7nl) is defined by the sudden disappearance or reduction of Globorotalia men-
ardii group | (sinistral) in most of the NE Atlantic and Mediterranean. This is probably due to a southward migration of
these forms to more subtropical latitudes. PF-Event 2 (6.56 Ma; Subchron 6r2) is defined by the abundant occurrence of
Globorotalia menardii group 11 (dextral ). Between PF-Events 1 and 2, the temperate waters of the NE Atlantic Ocean and
Mediterranean Sea were almost completely lacking in keeled globorotaliids. The most prominent change in the assem-
blages, the replacement of the Globorotalia menardii group 11 by the Globorotalia miotumida group (PF-Event 3; 6.4 Ma,
Subchron 6n) may be correlated with the Tortonian/Messinian boundary and is related to a widespread second southward
migration of northern temperate faunas replacing the subtropical ones as the North Atlantic latitudinal thermal gradients
increased. This event also coincides with the beginning of the Mediterranean crisis recorded by isotope fluctuations in
surface waters and immediately followed by the development of widespread anoxic conditions in the deep and intermedi-
ate waters during the deposition of the Tripoli Formation. PF-Event 4 (first abundant occurrence of dextral specimens in
the Neogloboquadrina acostaensis group; approximately between 5.6 and 5.5 Ma, Subchron 5r1) and PF-Event 5 (reduc-
tion or disappearance of the Globorotalia miotumida group; approximately between 5.6 and 5.5 Ma, Subchron 5r1) pre-
date the Lower Evaporites and PF-Event 6 (First abundant occurrence of Globorotalia margaritae s.s.; Subchron 5nl) is
contemporary to their deposition.

The coiling direction of unkeeled globorotaliids, highly variable in the first part of the Late Tortonian, became almost
100% dextral (PF-Event A) a short time after PF-Event 2. This group maintained this pattern until the Late Messinian
with the exception of a short interval with a peak of sinistral forms just at the Tortonian/Messinian boundary.

On comparing these events with the carbon isotope records of different sites of the Atlantic Ocean we recognized similar
trends between the events. Maximum 6 '*C values in planktic and benthic foraminifera coincide with PF-Event 1, they
decrease between PF-Events 1 and 2 and increase again immediately after PF-Event 2. PF-Event 3 coincides with the
beginning of the global Late Miocene carbon shift.

Introduction

Previous contributions (Sierro, 1985; Sierro
et al., 1987) recognized a series of changes in
the assemblages of keeled globorotaliids in
some sections of the Guadalquivir basin
(Spain). Based on these studies, the present

work mainly focuses on the investigation of the
geographic and stratigraphic distribution of
several groups of Globorotalia in the NE Atlan-
tic and the Mediterranean throughout the Late
Miocene.

At present, the Globorotalia menardii group
lives exclusively in waters from the tropical and
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Fig. 1. Location of study area. Black areas: location of the
land sections. Large circles: Sites studied in this work.

subtropical zones of the Atlantic Qcean, and
has not been found northern than 30°N in the
NE Atlantic Ocean, though it may be found in
the NW Atlantic Ocean in latitudes more to the
north, associated with the Gulf Stream flow
(Cifelli, 1976; Poore, 1981).

In the North Atlantic Ocean, populations of
the G. menardii group were abundant in the
Tortonian (Beckman, 1972; Poore and Berg-
gren, 1975; Cifelli, 1976; Poore, 1978; Cifelli
and Glagon, 1979; Salvatorini and Cita, 1979;
Krasheninnikov, 1979; Salvaterini, 1979; Iac-
carino and Salvatorini, 1979; Cita and Vis-
mara Schilling, 1980; Poore, 1981; etc.). G.
menardii has been reported at the Hatton
Rockall Bank at about 50°N (Fig. 1). How-
ever, none of the authors paid special attention
to the coiling direction of the populations.

Globorotalia miotumida was recognized in
the North Atlantic Ocean by Feinberg and
Lorenz (1970), Bossio et al. (1976), Flores
and Sierro (1989) and Benson et al. (1991) in
Morocco, by Sierro (1984, 1985) and Sierro et
al. (1987) in Spain, by Salvatorini and Cita
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(1979) and Mazzei et al. (1979) at Site 397
(Cape Bojador), by Cita and Vismara Schill-
ing (1980) at Site 416 and by Poore (1978) at
Sites 410 and 334. At all sites, G. miotumida
appears suddenly in the late Miocene.

At Sites 403, 404 and 406 of the Hatton
Rockall Bank, Krasheninnikov (1979) de-
fined the Globorotalia merotumida Zone char-
acterized by the presence of the name-giving
species, G. menardii and Globorotalia cultrata
and the overlying Globorotalia plesiotumida
Zone with abundant Globorotalia conomiozea
and Globorotalia conoidea.

Poore and Berggren (1975) also defined the
G. conomiozea Zone in the upper Miocene of
Site 116 in the Hatton Rockall basin and lo-
cated the base of the zone at a level at which
the specimens of G. conomiozea represented
more than 50% of the plexus of G. conoidea-
G. conomiozea.

In the Mediterranean Sea several authors
(D’Onofrio et al., 1975; Zachariasse, 1975,
1979; Colalongo et al., 1979; etc. ) reported the
sudden occurrence of convex globorotaliids
such as G. conomiozea, Globorotalia mediter-
ranea or G. miotumida in several Italian sec-
tions. They used this event to locate the Tor-
tonian/Messinian boundary in the stratotype
section. Sierro (1985) correlated this event in
the Mediterranean with the replacement of the
G. menardii group by the the G. miotumida
group in the adjacent Atlantic.

Methods and materials

Almost 300 Late Miocene samples contain-
ing abundant specimens of Globorotalia were
analyzed. All samples were wet sieved at 62,
149 and 500 um but only the 149-500 ym frac-
tion was analyzed. About 100 Globorotalia

PLATEI

Scanning electron micrographs of globorotaliids of the Late Miocene NE Atlantic. 1-8. Group I of G. menardii from
DSDP Site 410-29/4/21-23. 9-13. Group I of G. menardii from DSDP Site 334-7/1/10-12. 14-18. Group Il of G. men-
ardii from DSDP Site 397-52/1/7-9. 19-23. Group Il of G. mendrdii from the Cantillana section (Guadalquivir basin,

SW Spain, Atlantic face). Sample CT-21. Scale-bar= 100 um.
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specimens  were picked from each sample in
order to calculate the approximate relative
percentages. The majority of sampies were
nannofossil cozes or marly clays rich in calcar-
eous nannoplankton and planktic foramini-
fera. Only in a few samples the globorotaliids
were 8o scarce that it was necessary to use heavy
liquids to separate them.

This study was based on the analysis of the
associations of keeled and unkeeled globoro-
taliids of the following. DSDP: Sites of the NE
Atlantic Ocean: Holes 410 -(45°30.51'N;
29°28.56’'W), 397 (426°50,7°N; 15°10.8'W),
334 (37°2.13'N; 34°24.8T'W), 544A
(33°46’N; 9°24.3’'W), 135 (45°30.5I'N;
29°28.56’'W), 415 (31°1.72°N; 11°39.1 W)
and 416A (32°50.18’N; 10°48.06'W ). These
results were correlated with those found in
ODRP Site 654 in the Mediterranean Sea. Be-
tween both realms several land-based sections
were analyzed in the North Betic (south Spain)
and-South Rifian (north Morocco) foredeeps
to the north and south of the Gibraltar Arc, re-
spectively (Fig. 1). Both regions were veryim-
portant during the Late Miocene, because they
were probably the main gateways connecting

In the western part-of the North Betic Gate-
way (Guadalquivir basin) complete and con-
densed sections of Late Miocene age are ex-
posed. The sections of Gibraleén, Beas-
Trigueros, Guillena, Cantillana and Arroyo
Galapagar (lower part of the Andalusian type
section) were studied, whereas in Morocco
only the Oued Akrech section, situated near
Rabat, was analyzed (see Fig. 1).

F.J.SIERROETAL.
Taxonemic notes

Our G. menardii group 1 is referable to G.
menardii form 4 of Tjalsma (1971) and Za-
chariasse (1975). The morphology of this
group is fairly variable (Plate I, 1-13). Speci-
mens of G. cultrata s.s. are present in some
samples but there is a predominance of speci-
mens with tight coiling, a closed umbilicus and
embraced chambers that were identified as G.
merotumida and G. plesiotumida. In the dorsal
view, the chambers exhibit a more or less ren-
iform periphery and rapid expansion, whereas

-the ventral side is relatively inflated: Some of

these specimens are similar to G. miotumida
though they do not exhibit the high arched ap-
erture characteristic of this species. Zachar-

‘iasse (1975) also noted the existence of speci-

mens with a highly inflated umbilical side; even
resembling G. conomiozea. The coiling direc-
tion of this group is preferentially sinistral.

G. menardii group II has more open spire and
umbilicus, with relatively low ventral convex-
ity (Plate I, 14-23). The dorsal view shows a
more or less rapid growth and a semicircular
penphcxy The specimens of G. cultrataor Glo-
borotalia limbata are dominant, while G. ple-
siotumida and G. merotumlda may also be

itially dextral and
is snmlar to G. menardii ferm 5 of Tjalsma
(1971) and Zachariasse (1975). We use the
same taxonomic criteria to recognize both
groups, because we believe that the morpho-
logic difference between the two is related to
ecophenotypic variations, as “may be deduced
by analyzing the morphological changes in a
single group related to latitude.

The G. miotumida group (Plate II 1-18)

PLATEII

Scanning electron micrographs of gtobommm:!s of the Late Miecene NE Atlantic and Mediterranean. 1-3. Globorotalia
miotumida group from the Cantillana section {Gu; vir bagin, SW Spain, Atlantic face). Sample CT-27. 4-8. Glo-
borotalia miotumida group from DSDP Site 410-23}3 165-67.9-12. Globorotalia miotumida group from the Arroyo Gal-
apagar section (Guadalquivir basin, SW Spain, Aﬁm’txcfaee) Sample AR-23. 13-18. Globorotalia miotumida from the
Arejos section (Sorbas basin, SE Spain, M ranean ). Sample CME-90. 19-24. G. margaritae from DSDP Site 397-
41/7/18-20.Scale-bar = 100 um.
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consists of several species with a very charac-
teristic planoconvex periphery in lateral view
and with different levels of convexity of the
umbilical side. It includes G. miotumida, G.
conoidea (probably a deep ecophenotype of G.
miotumida), G. mediterranea and-G. conom-
iozea (as used in the Mediterranean Sea) The
abundance of each one of these species is dif-
ferent, depending on the region studied.

According to the aforementioned criteria we
can relate the G. menardii groups I and II with
the Globorotalia tumida and Menardella groups
of Srinivasan and Kennett (1981) and the G.
miotumida group with the Globoconella group
of the same authors.

The Globorotalia scitula group, consisting of
G. scitula, Globorotalia ventriosa s.1. and Glo-
borotalia suterae, also exhibit morphoelogic
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variations and changes in the coiling direction
which can be used for regional correlations.

Planktic foraminifera events

In all the sections analyzed a quantitative
study of the Globorotalia specimens was per-
formed to find the relative abundance of the
different groups of the genus throughout the
Late Miocene. Moreover, the sinistral and
dextral specimens of the G. scitula group were
counted in order to recognize the main changes
in the group. The results of these analyses are
shown in Figs. 2 to 11, where the main guan-
titative or qualitative changes in the assem-
blages are identified as PF-Events 1 to 6 and
PF-Event A, ;

PF-Event 1 is defined by the sudden disap-
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Fig. 2. Variation in the assemblages of globorotaliids in DSDP Sife 410 and location of the main calcareous nannoplank-
ton (CN) and planktic foraminifera (PF) events from bnttom to top. Only globorotaliids were taken inte account for this
analysis in order to calculate the relative abundance among them. The white area shows the relative abundance of the

unkeeled globorotaliids=G. scitula group.
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association of DSDP Site 410.

pearance or reduction of the G. menardii group
I (see Figs. 2, 5, 8, 9 and 11). It was clearly
found at Site 410, in Morocco and in all the
Guadalquivir basin sections, always coincid-
ing with a strong increase in the small placo-
liths in the calcareous nannoplankton assem-
blage (Flores and Sierro, 1989). At Site 334
the specimens of the G. menardii group 1 are
abundant up to 163 mbsf (meters below sea-
floor; Fig. 5). At this level a reduction occurs
in this group and the unkeeled globorotaliids
become dominant. However, in this interval
forms with a strong ventral convexity which are
strongly encrusted are present. The difference
between these forms and those existing above
142 mbsf corresponding to the typical forms of
G. miotumida s.s. is apparent. The approxi-
mate coincidence of the strong reduction of G.
menardii group I with the increase in small
placoliths recorded in other areas suggests that
this coccolith event may be correlated with PF-
Event 1.

The location of PF-Event 1 at Site 397 is very
problematic, because G. menardii group 1 is
abundant until it is replaced by group II at 498
mbsf (Fig. 4). At this site the interval in which
the keeled globorotaliids are absent or poorly

represented has not been found. The evident
preference of this group for subtropical waters
probably explains its continous presence at this
latitude, whereas in more northerly areas
(Morocco, Spain, Site 410, etc.) the group re-
duces its abundance or disappears. However,
upon analyzing the calcareous nannoplankton,
an increase was seen in the small placoliths be-
tween 505 and 515 mbsf (Flores and Sierro,
1989) which can be correlated with that found
in other regions.

PF-Event 2 is defined by the sudden abun-
dant occurrence of group II of G. menardii after
an interval in which keeled globorotaliids are
very reduced or absent. It can easily be identi-
fied at Sites 410 and 397, in Spain and Mo-
rocco and was also found by one of us in the
Tyrrhenian Sea (Glagon et al., 1990; Figs. 2, 4,
8,9 and 11). This event is always located be-
tween the increase in small placoliths and the
FOD (first occurrence datum) of Amauroli-
thus primus (Flores and Sierro, 1989; Flores et
al., in press).

At Site 334, according to our data, PF-Event
2 coincides with a hiatus between 142 and 149
mbsf (Fig. 5), which is marked by a sharp
change in the association of keeled globorota-



150 F.J.SIERROETAL.
C.N. events P.F. events
CHRONS 0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
] 385 - P BT P PR I
N -
uil 395 4 ]
LOD ) 1
E. berggrenii 405 -: 9
z > 415 4 (6)
= 425 J 0 ]
@ 435 4 -
: 445 ] ®
FOD I ]
A. delicatus 455 4 o
—_— 465 d
FOD 475 ]
A. primus ; 4
- —_— 485 J ] ]
increase 495 : A ...
s. placaliths L - ]
z 505 4 ')
< —> ) 1
- 515 4 :
x FOD h 1
e E. berggrenii 525 - P
» i 535 3 ]
S 545 ] ]
[ Reversed 555 4 -
Normal 565 1 1
No data - .
- =) - B ]
mbsl

% Globorotaliids

[:] % G. scitula Gr.
[ % G. menardii Gr.I

% sin G. scitula Group

% G. menardii Gr. |l [:] % G. margaritae
B <. G miotumidaGr

Fig. 4. Variation in the assemblages of globorotaliids in DSDP Site 397. Paleomagnetic data from Hamilton (1979). The
white area shows the relative abundance of the unkéeled globorotaliids = G. scitula group.

liids, since—although the G. miotumida group
is dominant during a longer interval—above

142 mbsf only specimens of G. miotumida oc-

cur, while below this level there is a predomi-
nance of G. conoidea. The forms of the G. men-
ardii group also disappear from that horizon
on. Another very significant aspect that sup-
ports the existence of a hiatus at this level is
the coincidence of PF-Events 3 and A and the
disappearance in the upper cores of siliceous
microfossils (radiolarians and diatoms) that
are relatively frequent in the lower part of the
section.

PF-Event A is defined by a coiling change
from sinistral to dextral in the G. scitula group
which approximately coincides with the FOD

of A. primus in all the sections analyzed both
in the NE Atlantic Ocean and in the Mediter-
ranean Sea (Sites 410, 397 and 334, in Spain,
Morocco and the Tyrrhenian Sea; Figs. 2, 4, 5,
8,9and 11).

PF-Event 3, characterized by the replace-
ment of the G. menardii group H by the G.
miotumida group, is a prominent change in all
the sections (Sites 410 and 397, Guadalquivir,
Sorbas and South Rifian basins; Figs. 2, 4, 8,
9, 10 and 11). In all these sections, this event
is recorded slightly above the FOD of A. pri-
mus. In Fig. 4 both events appear together, be-
cause they occur in an interval of almost 9 m
of no recovery. In the Tyrrhenian Sea one of us
(in Glagon et al., 1990) placed PF-Event 3 at
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Fig. 5. Variation in the assemblages of globorotaliids in DSDP Site 334. The white area shows the relative abundance of

the unkeeled globorotaliids = G. scitula group.

the level of the first abundant occurrence of the
G. miotumida group, because at Site 654 the
replacement of the G. menardii was not ob-
served, since this group is absent from at least
1 m below that event. The FOD of G. cono-
miozea, traditionally used to locate the Tor-
tonian/Messinian boundary in the Mediterra-
nean Sea, occurred 1 m above PF-Event 3. The
G. miotumida group is not dominated by this
species, since the more convex forms, such as
G. conomiozea or G. mediterranea, are usually
very abundant. In the Sorbas basin (Spain),
another characteristic Western Mediterranean
region, G. menardii group Il seems to disap-
pear prior to the entry of the G. miotumida
group (see Fig. 10). Both events took place ap-
proximately several meters below the deposi-
ton of the first white laminated marlstones (see
p. 157). In this section we observed strong

abundance variations within the G. miotum-
ida group. At the lower levels G. miotumida is
the dominant species, as in the Tyrrhenian Sea,
but in the middle part the specimens exhibit a
large ventral convexity and a strongly pustu-
lous wall, typical of G. conoidea and G. cono-
miozea as used in the Mediterranean Sea.
PF-Event 4, the only one not related to Glo-
borotalia assemblages, is defined by the first
common occurrence of dextral forms in the N.
acostaensis group after a long period of domi-
nance of the sinistrally coiled specimens (over
90%; Figs. 2, 4, 5, 6, 8 and 10). This event was
found in all the sites studied, but its accurate
location is not easy to determine, because in
some places there are several sinistral to dex-
tral oscillations until the group becomes defi-
nitely dextral. In the sites analyzed in this study
it usually occurs prior to PF-Event 5 (Sites 397,
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Fig. 9. (a) Variation in the assemblages of globorotaliids in the Oued Akrech Section (South: Rifian basin, Morocco).
(b) Relative abundance of the Globorotalia menardii groups I and II in the planktic foraminifera association. (¢) Loca-
tion of PF-Events 1 to 3 in the magnetostratigraphic scale after Benson et al. (1991 ) and Rakic-El Bied (1990). The white
area shows the relative abundance of the unkeeled globorotaliids = G. scitula group.

334 and 544A and in the Guadalquivir basin)
or coinciding with it (Site 410). In the Sorbas
basin, this event was recognized just below the
Lower Evaporites.

PF-Event 5 is characterized by a sharp de-
crease or disappearance of the G. miotumida
group which up to this time was dominant
among the globorotaliids- (Sites 410, 397, 334
and 544A; Figs. 2,4, 5and 6).

After PF-Event 5, during the Late Messinian
when the keeled globorotaliids were very poorly
represented in the NE Atlantic, Globorotalia
margaritae s.s. became a common taxon in the
assemblages of keeled Globorotalia. This, re-
ferred to as PF-Event 6, is more easily located

in the sections than the FOD of G. margaritae,
because of the taxonomical problems related
to its identification near the evolutionary tran-
sition from its ancestor. In many sections we
have found specimens very close to G. marga-
ritae throughout the Messinian, but either
without a well developed keel or with a dextral
coiling. PF-Event 6 was identified to occur im-
mediately above PF-Event 5 at Sites 397, 334,
544A and 410 in the NE Atlantic (Figs. 2, 4, 5
and 6).

An additional useful stratigraphic tool is
found in the coiling direction of the G. scitula
group (Fig. 12). In all the sections we can de-
duce that after PF-Event A the group keeps its
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preferentially dextral coiling during the inter-
val in which the G. miotumida group is abun-
dant in the NE Atlantic with the exception of
a strong peak of sinistral forms coinciding with
PF-Event 3 (PF-Events B and C defined by the
dextral to sinistral and sinistral to dextral
changes, respectively). This peak may be ob-
served in all sections in which there is a high
resolution sampling of this interval as, for ex-
ample, at Site 410 or in the sections of the
Guadalquivir basin (Figs. 2 and 8, respec-
tively ). At Site 654 a dextral to sinistral change
(PF-Event B) in the G. scitula group was found
by one of us just below PF-Event 3 (Glagon et
al., 1990), which could be correlated with this
peak in the adjacent Atlantic Ocean. At this site
above this level the G. scitula group is so scarce
that it was not possible to analyze its coiling,
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rhenian Sea). Magnetostratigraphic data according to
Channell et al. (1990).

but in the Arejos section, the group again be-
comes dextral (PF-Event C) after PF-Event 3.
During the late Messinian, between PF-Events
4 and 5 the group again becomes progressively
sinistral (PF-Event D) as may be seen in Figs.
2, 4, 5 and 6. Therefore, we suggest the exis-
tence of a similar pattern in coiling changes
throughout the Late Miocene in the region
studied, which may be useful for Atlantic-
Mediterranean stratigraphic correlation.
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Correlation of the bioevents with magnetostra-
tigraphy and stable isotope stratigraphy

The correlation of the calcareous plankton
events with the magnetostratigraphic scale was
possible both in the Tyrrhenian Sea and Mo-
rocco, based on data from Channell et al.
(1990) and Benson et al. (1991), respectively.

As may be seen in Fig. 11, PF-Event | in the
Tyrrhenian Sea was recorded during an inter-
val ranging from immediately below to imme-
diately above Subchron 7n1, PF-Event 2 lies
within the upper part of Subchron 6r2, PF-
Event A in the basal part of Subchron 6nl,
whereas PF-Event 3 is located towards the
middle part of this Subchron.

In Morocco, Benson et al. (1991) and Rakic-
El Bied (1990) studied two cored wells in Ain
el Beida and Salé and the Oued Akrech sec-
tions in the South Rifian basin, and found the
same sequence of events that were correlated
to the magnetostratigraphic scale (Fig. 9). Ac-
cording to their data, PF-Event 1 was located
in the upper part of Subchron 7n1. PF-Event 2
lies in the upper part of Subchron 6r2 and PF-
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Event 3 coincides with the upper part of Sub-
chron 6nl. PF-Event A was not identified by
these authors.

Our data do not support either the paleo-
magnetic interpretation of Kastens and Mas-
cle (1990) for ODP Site 654, or the interpre-
tation of Langereis et al. (1984) for Late
Miocene sediments of Crete. The main line of
argument against their interpretation are the
following: (1) The FOD of A. primus is a very
useful stratigraphic datum globally related to
Subchron 6n1 (Haq et al., 1980) and, conse-
quently, PF-Event 3, recorded immediately
after the FOD of A. primus, must be correlated
with this subchron and not with Subchron 5n2,
as suggested by Langereis et al. (1984) and
Kastens and Mascle (1990). (2) The ¢arbon
shift recorded by Glagon et al. (1990) at Site
654 and used by Kastens and Mascle (1990)
in favor of their paleomagnetic interpretation
is not the same as the one found in the global
ocean and thus it cannot be used in the strati-
graphic correlation . (see below). (3) There-
fore, the global carbon shift, generally corre-
lated with Subchron 6nl, is approximately
contemporaneous with PF-Event 3.

All these data are in favor of the paleomag-
netic interpretations of Channell et al. (1990)
for Site 654 and Berggren et al. (1985; see also
Hsii, 1985 and Moreau et al., 1985) for Crete
and are therefore followed in this study.

PF-Event 1 (decrease G. menardii group 1)
may be correlated with the LOD of G. menar-
dii form 4 identified by Langereis et al. (1984)
in Crete. This event was located only in the
Skouloudhiana section within Subchron 7rl
according to the reinterpretation of Berggren
et al. (1985). The correlation of this event in
relation to the magnetostratigraphic data is not
very accurate because in Morocco it seems to
lie within Subchron 7nl, whereas in Crete it
seems to be slightly older. However, we take
the data of Morocco as more reliable because
in the Mediterranean Sea the keeled globoro-
taliids are generally scarce and therefore their
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disappearance is more difficult to determine
correctly.

PF-Event 2 (abundance increase of G. men-
ardii group II) coincides with the entry of G.
menardii form 5 identified by Langereis et al.
(1984) in the upper part of Subchron 6r2,
strongly coinciding with its location both in
Morocco and the Tyrrhenian Sea. The replace-
ment of the G. menardii group by the G. mio-
tumida group in the Atlantic Ocean must be
related to the event literally described by Lan-
gereis et al. (1984, p. 265) in Crete as “the ab-
rupt and instantaneous recurrence of sinis-
trally keeled globorotaliids above the FOD of
G. menardii form 5. This event was found in
sections Potamida 1 and 3 in the middle part
of Subchron 6n1, which coincides well with its
occurrence in Morocco and the Tyrrhenian Sea.

After establishing the magnetostratigraphic
correlation among Morocco, Site 654 and Crete
we can estimate an age of approximately 6.7
Ma for PF-Event 1 and 6.56, 6.48 and 6.4 Ma
for PF-Events 2, A and 3, respectively, accord-
ing to the geochronologic time scale of Berg-
gren et al. (1985).

Langereis et al. (1984 ) recorded the FOD of
G. conomiozea during Subchron 6r1 which
leads us to suggest that this event may be
slightly diachronous because at Site 654 this
species occurred from the middle part of Sub-
chron 6n1l.

The accuracy of the correlation between our
events and the classic biostratigraphical zones
of the Mediterranean Sea is not good, but we
tentatively correlate the boundary between
subzones of Globigerinoides obliquus extremus
and G. suterae of D’Onofrio et al. (1975) be-
tween PF-Events 1 and 2.

PF-Event 3 (replacement of G. menardii
group Il by G. miotumida group) is contem-
porary with the first evidence of the Mediter-
ranean crisis. Coinciding approximately with
this event, there was an important reduction in
the diversity of benthic communities, as ob-
served by Colalongo et al. (1979) in the Fal-
conara section in Sicily. This was probably re-
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lated to a strong change in deep-water
circulation. Moreover, immediately above this
event, the Tripoli Formation in Sicily, the do-
lomites in the Tyrrhenian Sea and the inter-
mittent white laminated marlstones in the sec-
tions of Arejos (Sorbas basin, Spain) and
Potamida (Crete) began to be deposited,
showing that at this time anoxic bottom con-
ditions are widespread in deep and intermedi-
ate waters of the Mediterranean Sea (Fig. 13).
The water stratification seems to occur con-
stantly in deep Mediterranean environments
during the Early Messinian (Falconara section
and Tyrrhenian Sea), whereas a cyclical alter-
nation between oxygenated and anoxic condi-
tions occurs in intermediate waters (Crete,
Sorbas). The development of anoxic condi-
tions may be dated 6.3 Ma at Site 654 in the
Tyrrhenian Sea. At this site, coinciding with
PF-Event 3, high but fluctuating 6'%0 values
were recorded by Glagon et al. (1990) indicat-
ing strong fluctuations in the salinity of surface
waters. A similar 6'%0 increase was observed
by Vergnaud Grazzini (1983a) below the
Tripoli Formation in the Monte Giammoia
section (Sicily).

PF-Event 4 (change to dextral coiling in N.
acostaensis group ) has been widely recognized
both in the Atlantic Ocean and the Mediterra-
nean Sea (Stainforth et al., 1975; Zachariasse,
1975; Bossio et al., 1976; Montenat et al., 1976;
Manuputti, 1977, Gonzalez Donoso and Ser-
rano, 1977b; Colalongo et al., 1979; Mazzei et
al., 1979; Salvatorini and Cita, 1979; Civis et
al.,, 1979; Van der Zwaan, 1982; Langereis et
al., 1984; Hooper and Weaver, 1987; Benson
et al., 1991; Benson and Rakic-El Bied, 1991;
etc.). Hooper and Weaver (1987) found a first
peak of dextral forms in the N. acostaensis
group in several DSDP Sites of the North At-
lantic. At Site 609 this peak was located in the
middle part of Subchron 5rl. In Morocco, ac-
cording to Benson et al. (1991) this event lies
on top of Subchron 5r whereas in Crete, ac-
cording to Langereis et al. (1984), it lies above
the youngest sediments analyzed and, hence,
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this event probably took place during Sub-
chron 5r1 or 5nl. However, a quantitative
study of this group and a high resolution stra-
tigraphy is necessary to be sure that we are
comparing the same event in all these sites.

PF-Event 5 (disappearance of G. miotum-
ida group) appears to be caused by the disap-
pearance of the G. conoidea group recorded by
Hooper and Weaver (1987) at Site 609 (North
Atlantic) during Subchron 5rl. However, at
that site, in contrast to our observations, this
event took place immediately prior to PF-
Event 4. At any rate, both events seem to be
related to Subchron 5rl with an estimated age
between 5.5 and 5.6 Ma.

The change from sinistral to dextral in the
N. acostaensis group (PF-Event 4) has been
recorded in the Mediterranean Sea just below
the Lower Evaporites by Stainforth et al.
(1975), Manuputti (1977), Civis et al.
(1979), Benson and Rakic-El Bied (1991),
and others. In Falconara PF-Event 5 is caused
by the disappearance of G. conomiozeg and lies
in the upper part of the Tripoli Formation just
below the ‘“‘Calcare di base” and the Lower
Evaporites. There and in the Arejos section
studied in this work and in the Cuevas de Al-
manzora section (SE Spain) (Montenat et al.,
1977; Gonzalez Donoso and Serrano, 1977b;
Civis et al., 1979; Benson and Rakic-El Bied,
1991; etc.) PF-Events 4 and 5 thus seem to co-
incide. In all these regions both events approx-
imately coincide with the boundary between
the subzones of G. mediterranea and G. multi-
loba defined by D’Onofrio et al. (1975) by the
FOD of G. multiloba and characterized by a
strong reduction in the diversity of the plank-
tic and benthic foraminiferal assemblages.

Recently one of us (F.J. Sierro, unpubl.
data) has located PF-Event 4 in the Fortuna
basin (SE Spain) approximately coinciding
with the deposition of the lower Mamoya marls
at Fortuna (Event 1) of Miiller and Hsii (1987;
Fig. 13). The Tortonian/Messinian boundary
and consequently PF-Event 3 has not been
identified, but it could be located at the base of
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the Mamoya marl (see Luckowski et al., 1988),
as may be deduced by correlation with the Are-
jos section and other late Miocene transgres-
sive sequences in several basins in Southeast
Spain.

Up to last year G. margaritae had never been
recognized in the Mediterranean Sea before the
Pliocene, leading us to suggest that its FOD
would have taken place during the deposition
of the Lower Evaporites. But recently, Benson
and Rakic-El Bied (1991 ) reinterpreting data
from Montenat et al. (1976) of the Cuevas de
Almanzora section (Sorbas basin), have
pointed out the continuous record of the sin-
istral to dextral change in N. acostaensis, the
LOD (last occurrence datum) of G. mediter-
ranea and the FOD of G. margaritae during
Subchron 5r1 during the Late Messinian. The
first two events are correlated with our PF-
Events 4 and 5, whereas the last one probably
predates our PF-Event 6. According to our data
the co-occurrence of G. margaritae with dex-
tral and sinistral forms of the N. acostaensis
group is very typical of the Late Messinian in
the Atlantic Ocean, whereas in the Early Pli-
ocene the group is dominantly dextral. This can
be observed in the Guadalquivir basin, where
PF-Events 4, 5 and 6 were recorded in several
sections (Sierro, 1985; Sierro et al., 1987). The
coiling pattern of the N. acostaensis group was
also analyzed by Hooper and Weaver (1987)
along the Miocene/Pliocene boundary at Site
609 showing that, after a series of changes, the
group became dominantly dextral during the
Gilbert Chron, approximately coinciding with
the Miocene/Pliocene boundary. This sup-
ports the interpretation of Benson and Rakic-
El Bied (1991) assuming a Messinian age for
the whole Cuevas de Almanzora section.

According to the previous discussion an at-
tempt is made in Fig. 13 to follow the events
along a traverse from the open Atlantic Ocean
passing through the North Betic Gateway and
Western Mediterranean and finishing in the
Eastern Mediterranean.

As regards the carbon isotope record, the
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Messinian carbon shift, defined by a strong de-
crease in planktic and benthic foraminifera
4'3C, is one of the most prominent events dur-
ing the late Miocene. It has been observed in
the Pacific, Indian and South Atlantic Oceans
(Keigwin, 1979; Haq et al., 1980; Keigwin and
Shackleton, 1980; Savin et al., 1981; Vincent
et al., 1985; Woodruff and Savin, 1985; Hodell
and Kennett, 1986; and others). More re-
cently, Keigwin et al. (1987) and Hodell et al.
(1989) also observed the late Miocene carbon
shift in the North Atlantic. All the authors agree
that this event took place during Chron 6, im-

mediately after the FOD of Amaurolithus spp.

In Fig. 14 we compare the carbon isotope re-
cord with some of our planktic foraminifera
events previously defined, using the carbon
isotope data of Keigwin et al. (1987) for Hole
410 and those of Hodell et al. (1989) for the
land based section of Ain el Beida (Morocco;
see also Benson et al., 1991).

In Hole 410 the ages previously estimated for
PF-Events 1, 2, 3 and 5 were assumed. The ages
for the different levels were calculated by in-
terpolation and extrapolation.

The similarity between the carbon isotope
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Fig. 14. Correlation between the carbon isotope curves and the main planktic foraminifera events of the Atlantic DSDP
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Keigwin et al. (1987), Hodell et al. (1989) and Glagon et al. (1990), respectively. (a) and (¢) Ain el Beida Section
(Morocco), (b) and (d) DSDP Site 410, (e) ODP Site 654. Arrow marks the FOD of Amaurolithus primus.

curves of Site 410 and Morocco is evident, es-
pecially for the benthic foraminifera, as can be
seen in Fig. 14. If the curves are analyzed in
detail, we can recognize that the maximum
0'3C values both in planktic and benthic fora-
minifera were recorded during a short interval
coinciding with PF-Event 1 (approximately
from 6.9 to 6.7 Ma). From this point upwards
the following trends, culminating with the

Messinian carbon shift, may be observed:
Between PF-Events 1 and 2 a first decrease
in 6'3C of benthic and planktic foraminifera
(approximately 6.7 Ma) took place prior to the
FOD of A. primus that may be considered as a
prelude to the late Miocene carbon shift.
Immediately after PF-Event 2 (top of Sub-
chron 6r1) the 6'3C record tends to increase
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again between PF-Events 2 and 3 (Subchron
6nl).

PF-Event 3 approximately marks the begin-
ning of a strong decreasing trend in 6'3C in
Morocco and in Hole 410, which was inter-
preted as the global Messinian carbon shift by
Keigwin et al. (1987) and Hodell et al. (1989),
respectively.

In the Southern Ocean, Miiller et al. (1991)
seem to recognize a similar carbon isotope pat-
tern in ODP Site 704, as may be deduced by
magnetostratigraphic correlation, but they do
not give any information about planktic fora-
minifera. The beginning of the Late Miocene
carbon shift in ODP Site 704 also coincides
with the top of Subchron 6n1 and this event is
related to a major paleoceanographic change in
the Southern Ocean (Miiller et al., 1991; Hod-
ell et al., 1991; Froelich et al., 1991), charac-
terized by important temperature and/or sal-
inity fluctuations, variations in carbonate
saturation and ventilation of deep waters. This
instability in the Southern Ocean was related
to the beginning of the Messinian Salinity Cri-
sis in the Mediterranean Sea by Miiller et al.
(1991).

In the Tyrrhenian Sea, according to data
from Glagon et al. (1990), the carbon isotope
record is very different from that globally rec-
ognized in the Open Ocean. Maximum 6'3C of
planktic foraminifera appear in the lower core-
sections (approximately 7 Ma), clearly pre-
ceding PF-Event 1 and thus diachronous with
those found in the Atlantic Ocean (Fig. 14¢).
From 7 to 6.8 Ma an important decrease in
0'3C was found by Glagon et al. (1990), which
evidently is not related to the Messinian car-
bon shift in the global ocean.

As may be seen in Fig. 14e, the carbon iso-
tope record in Hole 654 is anomalous, with
lighter values than those found in Morocco or
in Hole 410. Compared to other carbon iso-
tope records from the Mediterranean Sea, the
light §!3C values in Hole 654 seem to be con-
sistent, at least during the late Tortonian and
early Messinian, previous to the Messinian
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Salinity Crisis [see carbon isotope curves of
Van der Zwaan (1982), Vergnaud Grazzini
(1983a) and Van der Zwaan and Gudjonsson
(1986) for the Falconara, Monte Giammoia
and Cretan sections]. Similar, light 6'3C val-
ues were recorded by Van der Zwaan (1982)
in benthic foraminifera of several Cretan sec-
tions during the latest Tortonian and early
Messinian.

It may thus be inferred that starting in the
late Tortonian, the Mediterranean surface and
deep waters show a peculiar carbon isotope re-
cord different from that of the global ocean.
Vergnaud Grazzini (1983b) observed that
these lighter values have been characteristic of
the Mediterranean deep waters since the Mid-
dle Miocene.

Considering that this difference of at least
0.8%o in the planktic and benthic foraminifera
6 '3C between the Atlantic Ocean and the Tyr-
rhenian Sea, Sicily or Crete appears to be valid
for the whole Mediterranean Sea, it may be de-
duced that the carbon isotope record of Ain el
Beida (Hodell et al., 1989) is of Atlantic affin-
ity and, hence, deep waters in the South Rifian
Gateway seem to have been of Atlantic origin.

The 6'*C decrease recorded by Vergnaud
Grazzini (1983a) in the Lower part of the
Tripoli Formation in Sicily probably repre-
sents the Mediterranean amplification of the
global late Miocene carbon shift.

Globorotgliid biogeography

During the Miocene the G. menardii group
was restricted to the tropical and subtropical
region, whereas (according to our concept) the
G. miotumida group was present in temperate
areas. A very marked provincialism in the
Miocene planktic foraminifera have been rec-
ognized by many authors (Jenkins, 1971, 1978;
Scott, 1979, 1983; Srinivasan and Kennett,
1981; Poore, 1981; Berggren, 1984; Kennett et
al., 1985; Hodell and Kennett, 1985; and oth-
ers) in both hemispheres of the Pacific, Indian
and Atlantic Oceans. Globorotalia (Globoco-
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nella) (Globorotalia incognita, G. zealandica,
G. miozea, G. conoidea, G. conomiozea, G.
puncticulata and G. inflata) preferentially oc-
curred in temperate water masses and was ab-
sent in tropical waters, whereas Globorotalia
(Menardella) (G. menardii, G. limbata, G.
multicamerata) and Globorotalia (Globoro-
talia) are distributed across the tropical and
subtropical waters (Srinivasan and Kennett,
1981).

- Berggren (1984 ) suggested the existence of
sharper thermal gradients in the North Pacific
Ocean than in the North Atlantic Ocean dur-
ing the late Miocene (see also the biogeo-
graphic maps of Kennett et al., 1985). Accord-
ing to our data, planktic foraminiferal
provincialism does not seem to be well defined
in the North Atlantic, at least until the Messi-
nian, since the G. miotumida group has rarely
been recorded in the area studied prior to that
period.

In the North Atlantic Ocean the G. menardii
group extends throughout the temperate zone
up to the latest Tortonian. Then a first south-
ward retreat of the group probably took place

@ G. menardii group

[j G. miotumida group (G. miotumida)
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from a part of the North Atlantic (PF-Event 1;
see Site 410, Guadalquivir basin, South Rifian
basin and the Mediterranean Sea ). We also be-
lieve that during the short interval in which the
group is absent or sporadic, a change from sin-
istral to dextral took place in the G. menardii
group. This change may probably be corre-
lated with the one found in the N17 Zone: at
DSDP Sites 214 and 289 in the Tropical In-
dian and Pacific Oceans (Heath and Mc-
Gowran, 1984) and in the eastern Atlantic
(Berggren, 1984).

At the Tortonian/Messinian boundary an
important change occurred in the assemblages
of keeled globorotaliids of the Mediterranean
Sea and N. Atlantic; this is manifested-by the
replacement of the G. menardii group by the
G. miotumida group. This change can there-
fore be interpreted as a southward migration
of northern temperate faunas replacing the
subtropical ones along the eastern boundary
current, probably due to the increasing latitu-
dinal thermal gradients in the North Atlantic
Ocean.

An increasing circulation intensity in the

. j G. miotumida group (G. conoidea + G. conomiozea)

Fig. 15. Simplified paleogeographic maps showing the inferred distribution of the globorotaliids in the-NE Atlantic and

Mediterranean. (a) Tortonian. (b) Messinian.
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North Atlantic subtropical gyre near the Tor-
tonian/Messinian boundary was suggested by
Benson et al. (1991); this would have led to a
better definition of the faunal boundaries and
water masses during the late Miocene. These
authors recognized that in Morocco the re-
placement of the G. menardii group by G. mio-
tumida group strikingly coincides with the oc-
currence of a psychrospheric fauna in the South
Rifian Gateway. Both events led them to de-
duce the existence of a current reversal in the
Gateway at the Tortonian/Messinian bound-
ary that they called the ‘““siphon event™.

Populations of the G. menardii group were
restricted during the Messinian to the tropical
and subtropical zones. Specimens of this group
coexisted with G. miotumida at Sites 397 and
416, and, sporadically, in the South Rifian
basin.

According to our data and those of other au-
thors (Bizon et al., 1972; Zachariasse, 1975;
Poore and Berggren, 1975; D’Onofrio et al.,
1975; Salvatorini and Cita, 1979; Cita and
Vismara Schilling, 1980; Poore, 1981; Rakic-
El Bied, 1990) we have observed that each
taxon of the G. miotumida group had a partic-
ular distribution during the Messinian. In gen-
eral, throughout the Mediterranean Sea G.
conomiozea or G. conoidea were abundant,
though occasionally or locally the G. miotu-
mida morphotype was dominant (Fig. 15).

In the NE Atlantic the distribution of the
different forms of the group seem to be related
to latitude since G. conomiozea and G. cono-
idea appear preferentially at mid to high lati-
tudes while G. miotumida appears at low lati-
tudes and has been found at least as far south
asto 25°N.

The most abrupt biogeographic change is
found precisely at the interface between the
Mediterranean and Atlantic waters, since in
both the Guadalquivir basin and the South Ri-
fian basin, there is an almost complete pre-
dominance of G. miotumida, whereas in the
adjacent Mediterranean basins, such as Al-
meria, Malaga, Murcia, Alicante, Alboran,
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Boudinar, etc., G. conomiozea is dominant
(Bizon et al., 1972; Montenat, 1975; Houzay
et al., 1975; Montenat et al., 1975; Carrasco et
al., 1977, Gonzalez Donoso and Serrano,
1977a; Manuputti, 1977; Civis et al., 1979; and
others).

The FOD of G. conomiozea and G. mediter-
ranea in the Mediterranean Sea is hence the re-
sult of migration of the North Atlantic bio-
provinces, not an in situ evolution
(Zachariasse, 1975; Sierro, 1985). When the
northern temperate G. miotumida group
reached the entrance of the Betic and Rifian
Gateways, it spread across the whole Mediter-
ranean Sea. At first, the delicate low convex
forms (G. miotumida s.s.) were dominant, but
these were soon partially replaced by the
higher, conical forms (G. conomiozea, G. med-
iterranea, G. conoidea, etc.).

Conclusions

A sucession of events was identified in sev-
eral Late Miocene DSDP Sites of the NE At-
lantic, North Betic and South Rifian Gateways
and Western Mediterranean based on the main
changes in the assemblages of the keeled and
unkeeled globorotaliids.

These events were correlated with the mag-
netostratigraphic scale following the paleo-
magnetic data of Channell et al. (1990) for
ODP Site 654 (Tyrrhenian Sea) and Benson
et al. (1991) for the Ain el Beida section
(Morocco).

PF-Event 1, defined by the last occurrence
or reduction of group 1 of G. menardii (sinis-
tral) (subchron 7nl, 6.7 Ma) is followed by
PF-Event 2 characterized by the occurrence of
abundant forms of the G. menardii group II
(dextral) (subchron 6r2, 6.56 Ma). PF-Event
3, characterized by the replacement of the G.
menardii group Il by the G. miotumida group
(subchron 6nl, 6.4 Ma), is prominent in all
the sections and is approximately correlated
with the Tortonian/Messinian boundary. This
change may be interpreted as a southward mi-
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gration of northern Atlantic temperate faunas
replacing the subtropical ones, probably caused
by increasing latitudinal thermal gradients. At
the same time, this event is contemporary to
the first evidence of the Mediterranean crisis
identified by the spreading of anoxic condi-
tions in intermediate and deep waters during
the deposition of the Tripoli Formation.

During the Late Messinian 3 events are rec-
ognized; PF-Event 4, defined by the first com-
mon occurrence of dextral forms in the popu-
lations of the N. acostaensis group (subchron
5rl, 5.6-5.5 Ma), occurred shortly prior to PF-
Event 5 (subchron 5rl1) characterized by the
reduction or last occurrence of the G. miotum-
ida group. Both events have been widely rec-
ognized in the Mediterranean Sea immedi-
ately below the Lower Evaporites. PF-Event 6
is defined by the first common occurrence of
G. margaritae s.s. (subchron 5nl).

As regards the unkeeled globorotaliids, four
changes in the coiling direction of the G. sci-
tula group are recorded and cited as PF-Events
A,B,Cand D.

This succession of PF-events is also corre-
lated with the carbon isotope curves recorded
in Hole 410 by Keigwin et al. (1987) and in
the Ain el Beida section (Morocco ) by Hodell
et al. (1989) and Benson et al. (1991). Maxi-
mum §'3C values coincide with PF-Event 1 in
DSDP Site 410 and Morocco, whereas a first
decrease in benthic and planktic foraminiferal
6'3C took place between PF-Events 1 and 2,
increasing again immediately after PF-Event 2.
The beginning of the global Messinian carbon
shift approximately coincides with PF-Event 3.

In the Tyrrhenian Sea, the strong decrease in
6'3C found by Glacon et al. (1990) clearly
precedes PF-Event 1 and hence is not related
to the Messinian carbon shift of the global
ocean as suggested by Kastens and Mascle
(1990).
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