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Abstract

Integrated data of calcareous nannofossils, as well as planktonic and benthic foraminifera from the Pissouri Motorway section
on Cyprus allow the reconstruction of surface- and bottom-water paleoenvironments of the eastern Mediterranean during the
interval preceding the Messinian salinity crisis (MSC). Contrary to deeper-water locations, where benthic foraminifera faunas are
suppressed or absent just after the Tortonian—Messinian boundary, sediments deposited at intermediate water depths do contain
benthic assemblages. From the earliest Messinian onwards, a development towards increasingly unfavourable paleoenvironments is
reflected in the planktonic and benthic microfossil records of the Pissouri section and proceeds with rather discrete time steps that
can be correlated to sequences throughout the Mediterranean. Shortly after the Tortonian—Messinian boundary a transition is
recorded in the sedimentology and the open marine, deeper-water taxa disappear from the benthic foraminifera assemblages;
subsequently, the diversity of all fauna groups diminishes. The changes recorded at species level in both surface-water and sea-floor
dwelling taxa suggest decreasing circulation of the bottom waters, associated with changes in the surface waters, most likely due to
increasing stratification. From ~6.73 Ma onwards, our data indicate a prominent change to more restricted conditions and
increasing salinity at the sea floor together with intermittently rising surface water salinity. The dominance of oligotypic and
monospecific assemblages and the frequent shifts in assemblage compositions of all microfossil groups indicate severely stressed
environments after ~6.4 Ma, probably related to increased salinity. The major changes in paleoenvironmental conditions, including
oxygen deprivation due to stagnation and hypersalinity, can be explained by hydrographical changes in the Mediterranean basin,
which are probably caused by tectonic movements in the Rif Corridor acting in concert with astronomical cyclicity. Evaluation of
the paleodepth proxies indicates that the depth of the Pissouri Basin remained rather constant at ~300—500 m, with a minimum of
200 m, until deposition of the “barre jaune”, the transitional interval towards the evaporites and that early shallowing to neritic
depths, as was proposed before, is highly unlikely.
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1. Introduction

The Messinian salinity crisis (MSC), affecting the
Mediterranean area during the latest Miocene, has been
the focus of numerous studies. Evaporites deposited
during this relatively short-lived period (~630 ky;
Krijgsman et al., 1999a) are presently seen in outcrop
throughout the area and were already described by
Mayer-Eymar (1867). Seismic studies combined with
coring in the Mediterranean (DSDP Leg XIII, 1973) led
to discovery of the so-called M-reflector, representing
the top of the evaporite facies in the marine domain. In
the same year, several potential scenarios were pre-
sented to explain the massive deposition of evaporites
during the MSC (Hsii et al., 1973a,b; Nesteroff, 1973).

By now the temporary constraints of the MSC and
the period preceding the salinity crisis have been cla-
rified (e.g. Hilgen and Krijgsman, 1999; Krijgsman et
al., 1999a; Sprovieri et al., 1999; Sierro et al., 2001). The
actual events eventually leading to evaporite deposition
remain, however, essentially debated, and current hypo-
theses concerning the evaporitive phase can still be
traced back to the first scenarios formulated in 1973.
Recently, Flecker and Ellam (in press) challenged both
the desiccation and the brine concentration models based
on their measurements of the tracer ®’St/**Sr and pos-
tulated that actual triggering of evaporite deposition was
caused by increased inflow of Atlantic waters, i.e.
transgression.

Restricted environmental conditions started well be-
fore the MSC, as has long been known from deposition
of diatomites and black shales and associated faunal and
isotopic changes in the early Messinian (e.g. Cita, 1976;
Vergnaud-Grazzini et al., 1977; Van der Zwaan, 1982;
Van der Zwaan and Gudjonsson, 1986; Glagon et al.,
1990). The role of basin configuration, connections to
surrounding (oceanic) basins and astronomical forcing
has also long been recognized, although the relative
importance of either of these is still discussed. Accurate
dating of events is important in this respect and
increasingly high-resolution studies have provided
more insight in the actual correlation of events. Krijgs-
man et al. (1999a) showed that onset of the Messinian
salinity crisis was synchronous throughout the Mediter-
ranean, contrary to the onset of diatomite deposition
(Hilgen and Krijgsman, 1999). Salinity increase preced-
ing the MSC remains difficult to prove, but has been
inferred to start as early as ~6.8—6.7 Ma in the surface
waters (e.g. Santarelli et al., 1998; Bellanca et al., 2001)
and perhaps even as early as 7.167 Ma in bottom-water
environments in the deepest Mediterranean basins (e.g.
Seidenkrantz et al., 2000; Kouwenhoven et al., 2003).

Microfossils have proven to be reliable indicators of
past environments and many high-resolution microfossil
studies of the pre-MSC Messinian have been presented
in recent years. In the Sorbas Basin (SE Spain) these
studies revealed a detailed covariance of sedimentolog-
ical characteristics (Vazquez et al., 2000) and the
distribution of planktonic taxa (Sierro et al., 2003;
Flores et al., 2005) with precessional cyclicity and the
trophic state of the surface waters. The geochemical
study by Filippelli et al. (2003) confirmed findings of
Sierro et al. (2003) that sapropels in the Sorbas Basin
were deposited under low-productivity, and diatomites
under high-productivity regimes. Pérez-Folgado et al.
(2003) found that the planktonic foraminiferal succes-
sions were essentially the same in the eastern Mediter-
ranean Metochia section (Gavdos, Greece) despite the
different sedimentary expression of precessional cyclic-
ity, and thus presented evidence for a cyclic control of
paleoenvironments throughout the Mediterranean.

Due to virtual absence of benthic life in the deeper-
water Messinian sections many previous studies mainly
or exclusively concentrated on planktonic organisms. In
deeper-water Messinian sections, for instance on Sicily
(e.g. Sprovieri et al., 1996a,b; Blanc-Valleron et al.,
2002) and Gavdos (unpublished data), benthic forami-
nifera are often scarce and very irregularly distributed
and it cannot always be excluded that those benthic taxa
that were encountered were displaced. In intermediate-
water sections, however, benthic foraminifera are often
present and provide additional paleoecological infor-
mation (e.g. Goubert et al., 2001; Sanchez-Almazo et
al., 2001 (Sorbas Basin); Seidenkrantz et al., 2000;
Kouwenhoven et al., 1999, 2003 (central and eastern
Mediterranean)). Environmental changes recorded by
benthic foraminifera can be correlated throughout the
Mediterranean and traced back to 7.167 Ma, well before
the onset of diatomite and black shale deposition
(Kouwenhoven et al., 1999, 2003; Seidenkrantz et al.,
2000) and preceding clear changes in planktonic
assemblages.

We here present integrated microfossil data from the
eastern Mediterranean Pissouri Motorway Section on
Cyprus. This section offers the opportunity to study the
assemblage composition of benthic foraminifera togeth-
er with the planktonic foraminifera and the calcareous
nannofossils. Our record from Cyprus comprises the
time slice between 7.65 (latest Tortonian) and 5.98 Ma,
based on the age model published by Krijgsman et al.
(2002) and ends just prior to the deposition of the ‘barre
jaune’, which precedes the actual start of the salinity
crisis (at 5.96+0.02 Ma (Krijgsman et al., 1999a). Our
aim is to approximate longer-term changes in the
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surface and deep-water masses preceding the MSC
based on the microfossil records, in order to contribute
to a reliable reconstruction of the development of the
Mediterranean towards the MSC.

2. Materials and methods
2.1. Lithology and stratigraphy

The Pissouri Motorway section is located in the
Pissouri sub-basin on the island of Cyprus in the eastern
Mediterranean (Fig. 1). Several Messinian outcrops are
present on Cyprus and have been subject of extensive
sedimentological and paleoecological studies. These
studies predominantly focused on the evaporite and
Lago Mare facies of the MSC, and on the Messinian—
Zanclean transition (e.g. Bizon et al., 1979; Orszag-
Sperber et al.,, 1980, 2000; Di Stefano et al., 1999;
Rouchy et al., 2001). An integrated stratigraphy and
preliminary fauna data from pre-evaporite sediments
of the Pissouri Motorway section were presented in
Krijgsman et al. (2002) and Merle et al. (2002).

A detailed description of the Pissouri Motorway
section is given in Krijgsman et al. (2002); for clarity

the main characteristics are repeated here (Fig. 2). The
pre-evaporitic sediments generally consist of cyclic
alternations of indurated calcareous beds and softer
marls, developed in response to astronomical climate
forcing (see for instance Hilgen et al., 1995; Vazquez
et al., 2000). The marly levels of the Pissouri section
can be correlated to grey and sapropelitic sediments
(after Kidd et al., 1978; true sapropels containing >2%
organic material) in contemporaneous sections
throughout the Mediterranean. The sedimentation rate
increased in the course of the late Miocene from
2.6 cm/ky in the latest Tortonian to around 5 cm/ky in
the top of the section. Bedding-parallel shear planes
and centimeter- to decimeter-thick detrital layers of
reddish gypsiferous sands and are present in the
interval following the Tortonian—Messinian boundary
(at 41.5 m). Sapropelitic layers occur in two intervals,
in cycles PC 25-22 (33.8-32.2 m) and cycles PC 9-5
(17.5-10.5 m; the ‘lower’ and ‘upper organic-rich
interval’ respectively in Krijgsman et al. (2002); “l.o.r.
i.” and “v.o.r.i.” in Figs. 2—7). The marls in the upper
32 m of the section (cycles PC 22-1) have a diatomitic
appearance. The slumped interval between PC3 and 4
(10-6.5 m) laterally contains reef limestone blocks.

Troodos
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Pissouri Basin

Basin

Basin
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Fig. 1. (A) Generalised map of the Mediterranean Sea, modified after ODP. The Mediterranean Sea is at present connected to the Black Sea (to the
northeast) through the Bosporus and the Sea of Marmara, and to the Atlantic Ocean (to the west) through the Gibraltar Strait. The island of Cyprus is
located in the eastern Mediterranean. (B) Map of Cyprus. The pre-Neogene basement outcrops among others in the Troddos ophiolite complex.
Neogene basins and Messinian evaporitic deposits are schematically indicated. The Pissouri Motorway section is located in the Pissouri Basin near

the SE coast of the island (modified after Krijgsman et al., 2002).
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The transition from cyclic carbonates and marls
towards evaporites is a 1.5 m thick interval of
laminated carbonates interpreted as stromatolitic
limestone. This interval is commonly referred to as
the “barre jaune” in the nearby Polemi Basin; a term
adopted here. The latter two intervals were not
sampled. Ages given in Krijgsman et al. (2002; see
Figs. 2, 6 and 7) were obtained by astronomical
tuning. In the grey interval astronomical tuning is not
fully resolved.

2.2. Sample preparation and collection of data

2.2.1. Calcareous nannofossils

Sample preparation followed a methodology assur-
ing a uniform distribution of the sediment on the
cover glass. For this purpose, 1 mg of sediment was
resuspended in 10 mL of buffered water, corrected to
pH=8. After 30 s, 1 mL of the suspension was
collected with a micropipette and left to dry on a
cover glass at 50 °C. Counts were performed with the
use of a light microscope at 1250x magnification by
counting at least 300 specimens per sample. Results
were converted to numbers per mm? according to
Baumann et al. (1998), and to relative frequencies.
Giunta et al. (in press) discuss the advantages of using
numbers per mm’ compared to percentages. A
taxonomic reference list for the calcareous nannofos-
sils is given in Appendix A.

2.2.2. Foraminifera

For foraminiferal counts the sediment samples were
disintegrated in water and washed over 63, 125 and
595 micromesh sieves. The foraminiferal species were
identified and counted from a sub-sample of the 125—
595 pum standard aliquot, obtained by splitting. The
ratios between planktonic and benthic foraminifera
counted in a sample split (P/B ratios) are expressed as
%P=100x {P/(P+B)} (Fig. 2; e.g. Wright, 1978; Van
der Zwaan et al., 1990). In the lower part of the
section the %P was used to estimate the paleodepth by

applying the regression formula of Van der Zwaan et
al. (1990).

Analyses of planktonic foraminifera have been
conducted on 65 samples. A variable number (mean
210 specimens) of planktonic foraminifera tests was
counted. Whole samples were counted when the
number of foraminifera was small. Diversity of the
planktonic foraminiferal assemblages is expressed as
the number of taxa encountered per sample. The census
counts were converted to relative frequencies. A
taxonomic reference list of planktonic foraminifera is
given in Appendix B.

Counts of benthic foraminifera are included from 129
samples. Most samples allowed identification of 200—
400 benthic specimens. Whole samples were counted
when the number of foraminifera was small. Samples
yielding less than 200 specimens were included in the
analyses if oligotypic assemblages occurred, unless the
number of tests was below 50. Diversity of the benthic
foraminiferal assemblages is expressed as the number of
taxa encountered per sample, and as Shannon—Weaver
index (H(S)=2X'p:np; with H(S)=diversity, and p,=the
relative percentage of the ith species: see Murray, 1991).
All counts were transferred to relative frequencies. A
taxonomic reference list of benthic foraminifera is given
in Appendix C.

2.2.3. Selection of samples

A Q-mode cluster analysis of all samples revealed no
correlation between microfossil taxa and/or groups and
lithological characteristics (marls; calcareous, indurated
strata; laminated or dark levels; not shown). Conse-
quently, we decided to include all samples in the analysis
regardless of the lithology they were taken from.

3. Results
3.1. General observations and paleobathymetry

The preservation of the microfossils is rather variable
due to diagenetic alteration, and especially in the

Fig. 2. Left panel: Diversity of the microfossil groups expressed as number of species counted per sample. For benthic foraminifera, the Shannon—
Weaver index is also given (H(S)= X} p;inp; with H(S)=diversity, and p,=the relative percentage of the ith species: see Murray, 1991). For calcareous
nannofossils, the number of nannofossils per mm? is calculated. The percentage of planktonic foraminifera (%P) of the total foraminiferal association
is expressed as %P =100 x {P/(P+B)}. Middle panel: records of micro-laminated sediment grains, and semi-quantitative estimates (present, common
or abundant) of secondary gypsum, fish scales, sponge spicules and radiolarians. Right panel: simplified lithological column correlated to 65°N
summer insolation, and positions of planktonic foraminifera events (numbers 1-10 in circles), taken from Krijgsman et al., 2002. Grey field indicates
a period for which age reconstruction could not be resolved in detail. The ‘barre jaune’ is indicated just below the evaporites at the top of the section.
‘Lo.ri” and ‘w.o.ri.’: lower and upper organic-rich intervals. For more details of lithology see text, and Krijgsman et al., 2002. (Planktonic
foraminifera events: (1) LO G. menardii 4; (2) LO G. falconarae; (3) FO G. menardii 5; (4) FRO G. miotumida group; (5) LCO dominantly sx. G.
scitula; (6) FO G. nicolae; (7) LO G. nicolae; (8) LO G. miotimuda group; (9) sx/dx coiling change N. acostaensis; (10) 1st influx (>80%) of sx.

neogloboquadrinids).
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indurated strata the data coverage decreases towards the
top of the section. At several levels poor preservation of
nannofossils as well as foraminifera precludes reliable
counts. In a number of samples where benthic forami-
nifera could be quantified, reliable counts of planktonic
foraminifera were not feasible. Some down-slope trans-
portation is recorded in samples throughout the section
and may explain isolated minor occurrences of plank-
tonic and benthic taxa in the younger part of the section.

Above the sheared level around 33 m (micro-)
laminites occur, and the wash residues contain gypsum
(crystalline as well as pseudomorphs; Fig. 2). Together
with the presence of pyrite and the preservation of silica
and abundant fish scales this suggests that the bottom-
water chemistry had changed and the bottom waters had
become increasingly dysoxic. The benthic assemblages
have lost a number of species at this level (Figs. 2 and 5)
and decreasing diversity of the planktonic taxa becomes
apparent (Fig. 2).

Since paleobathymetric variations can cause shifts in
assemblage compositions that may be confused with
other environmental signals, we first estimated the
paleobathymetry using the %P. In the lower part of the
section, until about 27 m the %P remains relatively
constant and decreases only temporarily around 40 and
34 m (Fig. 2). Applying the regression in Van der Zwaan
et al. (1990), we would arrive at a paleodepth of 800—
1000 m. Based on benthic marker species however, we
arrive at a paleodepth not exceeding ~500 m and
possibly less (e.g. Van Hinsbergen et al., 2005). Above
27 m the %P shows frequent and high-amplitude shifts,
not likely to be caused by sea level fluctuations, as they
would repeatedly indicate sea level changes exceeding
the depth of the basin, often within less than a preces-
sional cycle.

3.2. Distribution of calcareous nannofossil
assemblages

The calcareous nannofossils are moderately to poorly
preserved, the diversity is generally low to moderate and
the abundance shows a considerable decrease between
~30 and ~10 m (Fig. 2). Trends of representative taxa
are plotted in Fig. 3. In the lower part of the section the
assemblage is relatively well diversified and contains
Coccolithus pelagicus, Calcidiscus leptoporus, Syraco-
sphaera pulchra, Rhabdosphaera clavigera, Spheno-
lithus abies, Helicosphaera carteri, Umbilicosphaera
spp., “normal sized” reticulofenestrids (including Reti-
culofenestra haqii Backman, 1978, R. pseudoumbilicus
(>7 pm), R. spp. (5-7 pm), and R. spp. (3—5 pm)), and
“small sized” reticulofenestrids (<3 um). Subordinate

and in some cases spotwise occurrences are recorded for
Reticulofenestra rotaria, Helicosphaera stalis, Helico-
sphaera orientalis, H. sellii, Geminilithella rotula,
Amaurolithus delicatus, Amaurolithus primus, and the
genus Discoaster. The calcareous dinocyst Thoraco-
sphaera occurs in low numbers. These taxa show
fluctuating abundances until 34.5 m, where the normal-
sized reticulofenestrids strongly decrease. At 33.15m C.
pelagicus disappears abruptly. Around 30 m the small-
sized reticulofenestrids are extremely numerous and at
28 m C. leptoporus shows a spike in abundance. After
27 m many taxa show a strong decline and at ~20 m the
assemblage has almost completely collapsed.

Above 20 m the nannoflora is poorly preserved and
very scarce. Thoracosphaera, however, is relatively
common above 15 m, and from ~6 m upwards we
observe a re-entry of several species, such as the “normal
sized reticulofenestrae”, H. carteri, and R. clavigera.
Some samples show monospecific assemblages consist-
ing almost completely of sphenoliths (S. abies).

3.3. Distribution of foraminifera assemblages

3.3.1. Planktonic foraminifera

The planktonic foraminifera assemblages are mod-
erately well preserved and well diversified in the part of
the section below ~34 m and are dominated by
Globigerinoides spp. Trends of representative species
are plotted in Fig. 4. Low abundances of keeled and
unkeeled globorotaliids characterize the lowermost
15 m of the section. Globorotalia scitula disappears
around 40 m. Globigerina nepenthes shows a relatively
high but scattered occurrence up to 35.5 m, above which
it is discontinuously present. Globigerina bulloides and
Globoturborotalita decoraperta show a similar trend
along the major part of the section; up to 30 m these
species together form almost 30% of the association. In
the upper part their distribution is more scattered and
whereas G. decoraperta disappears in the top levels, G.
bulloides reaches very high abundances. Globigeri-
noides spp. are particularly abundant up to 34.7 m. Until
16.5 m they are discontinuously recorded, and after a
peak abundance of nearly 60% at 19 m this group almost
disappears. Globigerinoides obliquus and Globigeri-
noides trilobus/quadrilobatus form the major part of the
Globigerinoides spp. sum. Whereas the distribution of
G. obliquus is very similar to the distribution of the
Globigerinoides group, G. trilobus has a more scattered
distribution and above 28 m it is only found in two
levels, at 27 and 17 m.

The distribution of planktonic foraminifera is
discontinuous along the upper part of the section
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and in several intervals the preservation is poor. Some
samples have very scarce fauna or are altogether
barren of planktonic foraminifera. From ~34 m to the
top of the section the diversity decreases and the
dominant species, apart from Globigerinoides, are
Neogloboquadrina acostaensis, Turborotalita multi-
loba, Turborotalita quinqueloba and Orbulina spp.
The first occurrence of 7. multiloba is at 25.3 m;
subsequently it appears in a few levels with high
abundances. 7. quinqueloba shows a distribution
similar to 7. multiloba but it appears lower in the
section (34.1 m). N. acostaensis is present throughout
the section, and its abundance increases above 34 m.
A scattered abundance pattern is recorded of
Globigerinita glutinata. Just below the ‘barre jaune’
G. bulloides 1s dominant in a few samples.

3.3.2. Benthic foraminifera

Benthic foraminifera are present throughout the
section with the exception of two samples just below
the ‘barre jaune’, and are generally reasonably well
preserved. In several of the indurated levels above
34 m however, they could not be quantified.
Common taxa in the Tortonian part of the section
represent a fairly diverse open marine association of
outer neritic to upper bathyal environments. An
impoverishment (declining simple diversity and
Shannon—Weaver index: Fig. 2) sets in just after
the Tortonian—Messinian boundary and continues
throughout the early Messinian. Selected relative
frequency data are plotted in Fig. 5. A group of
benthic species commonly found in open marine
Mediterranean environments of late Miocene age
disappears at 40.3 m (7.167 Ma: Siphonina reticulata,
, Uvigerina proboscidea: referred to as ‘group 1’ in
Figs. 5 and 6; not included are scarce Cibicides
wuellerstorfi, C. bradyi, and Bolivina reticulata).
Between 37 and 34 m more taxa exit (Bolivina
scalprata miocenica, Uvigerina striatissima, Planor-
bulina mediterranensis) or show decreasing abun-
dances (Lenticulina spp., Bolivina tortuosa: ‘group 2’
in Figs. 5 and 6). Around 27 m the Cibicides
ungerianus/pseudoungerianus group disappears togeth-
er with Cassidulina laevigata and Astrononion stelli-
gerum (in benthos ‘group 3’ in Figs. 5 and 6). Above
~34 m the benthic assemblages show frequent shifts.
Alternating with high abundances of shallow benthic
taxa (e.g. Elphidium and Discorbis spp.), high
dominance is recorded of Bolivina spathulata (70—
90%). Typical late Messinian taxa such as Bolivina
dentellata and Bulimina echinata are relatively abun-
dant below the ‘barre jaune’.

4. Integrated microfossil data: successive stages of
Messinian development of the Pissouri Basin

Already during the earliest Messinian indications are
found for a development towards increasingly unfavour-
able paleoenvironments in the Pissouri Basin. Both the
planktonic and benthic microfossil taxa have responded
to this development in more or less discrete steps.
Summarized data is shown in Fig. 6. Transitions in the
compositions of microfossil assemblages occur at 40.3,
34 and 27 m and around the slumped interval, corres-
ponding to ages of 7.167, 6.73, 6.41 Ma and
approximately 6.1 Ma; these transitions are used to
define the five successive intervals described below.

4.1. Interval 1 (51.2—40.3 m; 7.65-7.167 Ma)

The lowermost 9 m of section include the Tortonian—
Messinian boundary at 41.5 m (7.24 Ma, as defined in
Krijgsman et al., 1999a; Hilgen et al., 2000; Sierro et al.,
2001). The calcareous nannofossil assemblage (Figs. 3
and 6) is dominated by Reticulofenestra spp., a
placolith-bearing nannoplankton group thriving in
high-productivity conditions (Young, 1994). C. pelagi-
cus produces the largest common, diagenetically very
robust and unmistakable coccoliths, and indicates cool
waters (Raffi and Rio, 1981). Biogeographic data from
Ziveri et al. (2004) documents a clear abundance
maximum of C. pelagicus in the northern Atlantic,
corresponding to areas with a mean annual temperature
below 10 °C and a consistently high productivity.

Planktonic foraminifer assemblages (Figs. 4 and 6)
are dominated by Globigerinoides spp., and include
among others Globorotalia spp. and neogloboquadri-
nids. G. scitula is considered to be a (sub-) polar species
(Bé, 1977; Ttou et al., 2001). It is usually present in
glacial-age sediments of the Mediterranean Sea (Thu-
nell, 1978; Rohling et al., 1997; Capotondi et al., 1999)
and rarely occurs in modern settings (Pujol and
Vergnaud-Grazzini, 1995). Its habitat ranges from the
surface to 1000 m depth (Schiebel and Hemleben,
2000). Itou et al. (2001) argued that abundance of G.
scitula corresponds to intensified vertical mixing.
Neogloboquadrinids are found in cold, stratified waters
and are linked to the formation of a deep chlorophyll
maximum, which enhances primary productivity
(DCM; Fairbanks and Wiebe, 1980; Rohling and
Gieskes, 1989; Kuroyanagi and Kawahata, 2004). The
simultaneous presence of neogloboquadrinids, as well
as surface-dwellers (Globigerinoides spp.) of oligotro-
phic stratified waters, and deep dwellers such as
Globorotalia spp. indicating mixed waters could
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indicate a high seasonal contrast (Hemleben et al., 1989;
Pujol and Vergnaud-Grazzini, 1995). The plankton taxa
in the lowermost 4 m of the section record relatively low
sea surface temperatures (SST) and moderately high sea
surface productivity (SSP).

The relatively diverse benthic foraminifer fauna is
dominated by Bolivina plicatella and contains a
subordinate number of taxa found in relatively deep
open marine environments (S. reticulata, C. italicus, C.
wuellerstorfi: Fig. 5), conform other upper bathyal
locations, for instance Faneromeni (Crete; Kouwenho-
ven et al., 2003).

Around 7.5 Ma (~47 m; Fig. 2) the colour
alternations within the marls of cycles PC I-VII are
gradually replaced by alternations of marls and
indurated, more calcareous sediments. Coinciding are
gradual shifts in the microfossil assemblages. The
planktonic taxa indicate a transition to lower SSP and
higher SST. Among the nannoflora, R. clavigera shows
an increase from <100 to some 400 specimens per mm>.
Roth and Coulbourn (1982) considered Rhabdosphaera
spp. able to survive in low nutrient conditions. Ziveri et
al. (1995a) recorded Rhabdosphaera spp. in modern
assemblages over a wide range of SST’s (14-20 °C).
The numbers of large-sized reticulofenestrids increase,
whereas those of small-sized reticulofenestrids and C.
pelagicus decrease simultaneously.

The abundances of Neogloboquadrinids and Globor-
otalia spp. decline and the interval between ~47 and
40.3 m (7.5-7.167 Ma) is dominated by Globiger-
inoides spp. that indicate subtropical surface waters. G.
obliquus is extinct but is considered from an ecological
point of view, by several authors as ancestral to G. ruber
and hence a good indicator of oligotrophic waters (e.g.
Hemleben et al., 1989; Pujol and Vergnaud-Grazzini,
1995; Blanc-Valleron et al., 2002; Peeters et al., 2002;
Sierro et al., 2003).

Minor shifts in the benthic assemblage (decrease of
S. reticulata and U. striatissima; increase of U. pro-
boscidea and B. tortuosa: Fig. 5) seem to record de-
creasing oxygenation at the sea floor. Similar changes in
benthic foraminifer assemblages were shown to coin-
cide with a shift to lighter stable oxygen isotopes around
7.5 Ma, reported from both eastern and western
Mediterranean sites (e.g. Salé (Morocco): Hodell et
al., 1989, 2001; eastern Mediterranean: Kouwenhoven
et al., 1999, 2003; Seidenkrantz et al., 2000).

The subsequent change in assemblage composition
defining the transition to interval 2 is most clearly
expressed in the benthic foraminifera. At 40.3 m the
open marine, deeper-water taxa disappear altogether
(among others S. reticulata, C. italicus, U. proboscidea;

group 1 in Fig. 5) and are not recorded again before the
Pliocene (compare Wright, 1980; Sprovieri and Hase-
gawa, 1990). This event can be correlated throughout
the central and eastern Mediterranean and occurs at
7.167 Ma (Kouwenhoven et al., 1999, 2003; Seidenk-
rantz et al., 2000).

4.2. Interval 2 (40.3-34 m; 7.167—6.73 Ma)

Some expression of environmental change at the
transition to interval 2 is reflected in the planktonic taxa.
The nannoflora (numbers/mm?; Fig. 2) shows minima in
the overall abundance, and relatively low abundance of
reticulofenestrids and C. pelagicus; which suggests that
the event recorded by the benthic foraminifera is not
primarily related to increased surface productivity.
Except for the disappearance of G. scitula, the
planktonic foraminifera do not clearly record the change
at 7.167 Ma; however, the relatively high abundance of
Globigerinoides spp., notably G. obliquus also indicates
relatively low productivity levels.

The abundances of the planktonic taxa show shifts
across interval 2. In the nannoflora, two maxima of
reticulofenestrids numbers are associated with (minor)
maxima of C. pelagicus (Fig. 3) and high overall
numbers (Fig. 2), and indicate periods of elevated
productivity. The declining abundance of reticulofenes-
trids at the top of interval 2 is associated with the
disappearance of C. pelagicus.

In the planktonic foraminifera assemblages decreas-
ing abundances are recorded for the Globigerinoides
spp. Neogloboquadrinids, included in the ‘cold-eutro-
phic’ group by Sierro et al. (2003) and flourishing in
spring when eutrophicated waters follow deep winter
mixing (Hemleben et al., 1989; Pujol and Vergnaud-
Grazzini, 1995) are more prominent around 34 m.
Together with a first relative maximum of 7. quinque-
loba (20%), this indicates cold eutrophic waters
(Tolderlund and B¢, 1971; Hemleben et al., 1989). T.
quinqueloba was also inferred to tolerate hypersaline
conditions (Kroon et al., 1988; Van de Poel, 1992). G.
glutinata (10% at 34 m) is found in subarctic and
subantarctic waters with low overall foraminiferal
abundances (Tolderlund and B¢, 1971). Sierro et al.
(1999; 2003) attribute abundance maxima of G.
glutinata to stressed conditions, possibly due to
eutrophy or high salinity, if they occur together with 7.
quinqueloba (and T. multiloba) and coincide with low
total abundance and diversity (see also Pérez-Folgado et
al., 2003).

Further impoverishment of the benthic assemblage
occurs between 37 and 34 m when “group 2” (Fig. 5)
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gradually disappears. Species showing a temporary or
continuous increase in abundance indicate limited
oxygenation and/or increased amounts of nutrients
arriving at the sea floor (bolivinids; Bulimina aculeata).
For several species salinity tolerance is inferred (B.
plicatella, B. spathulata, B. aculeata, Hanzawaia
boueana: e.g. Van der Zwaan, 1982; Jonkers, 1984;
Reiss and Hottinger, 1984; Debenay et al., 1987; Van de
Poel, 1992).

Towards the end of interval 2, the diversity of the
three fauna groups gradually declines (Fig. 2). Together
with the changes recorded at species level in both
surface-water and sea-floor dwelling taxa, this suggests
the development of more adverse conditions, of which
stagnation of bottom waters is most pronounced, but
possibly including intermittent stratification of surface
waters. Indications exist for increasing salinity in the
deep, and perhaps in the surface waters.

4.3. Interval 3 (34-27 m; 6.73-6.41 Ma)

The clayey sapropels deposited between ~34 and
32 m (l.o.r.i. in Figs. 2—7) contain bedding-parallel shear
planes which reduce the stratigraphy and were avoided
in the counts. Nannofossils are relatively scarce across
this level (Fig. 2). G. bulloides reaches >25% of the
planktonic foraminiferal assemblage. This species
indicates cool, nutrient-rich waters and is often
associated with upwelling (e.g. Pujol and Vergnaud-
Grazzini, 1995; Northcote and Neil, 2005). Of the
benthic foraminifera C. ungerianus and B. aculeata are
relatively abundant, the latter species is commonly
associated with some dysoxia and elevated organic flux
to the sea floor (e.g. Mackensen et al., 1993; Altenbach
et al., 1999).

From 32 m upwards the marls are commonly
laminated and diatomaceous. The nannoflora shows
maxima of S. pulchra, R. clavigera, small-sized reti-
culofenestrids and C. leptoporus. Rhabdosphaera spp.
can survive in low-nutrient environments (Roth and
Coulbourn, 1982) and a wide range of SST’s (Ziveri et
al., 1995a). Knappertbusch (1993) observed higher
numbers of R. clavigera and S. pulchra in the
oligotrophic Eastern, than in the western Mediterranean.
Kleijne (1992) confirmed this for R. clavigera. Accord-
ing to Brand (1994) and Young (1994), R. clavigera is
adapted to stable, extremely oligotrophic conditions and
does not increase its population size in regions of high
nutrient concentrations. Flores et al. (2005) include R.
clavigera and Syracosphaera spp. in their ‘warm-
oligotrophic’ group. At ~30 m S. pulchra and R.
clavigera coincide with high numbers of small-sized

Reticulofenestra spp., which, in contrast, indicate
elevated sea surface productivity. Reticulofenestrids
remain by far the most abundant nannofloral taxa;
moreover, the trophic level may not be the only decisive
factor. Wade and Bown (in press, referring to R. minuta)
describe small-sized Reticulofenestra from the contem-
poraneous and nearby Polemi Basin, and infer tolerance
to hypereutrophic and schizohaline conditions, and
extreme resistance to hypersalinity. C. leptoporus, a
well established diagenetically robust and widely
distributed species, shows maximum abundance near
the top of interval 3. Present studies suggest that
“intermediate” forms—according to Knappertbush et al.
(1997): those with coccolith sizes ranging from 5 to
8 pm-have an affinity for cool, nutrient poor waters
(Ziveri et al., 2004), although reports are contradictory
(see Flores et al., 2005). The abundance maximum of C.
leptoporus at 28 m coincides with 40% abundance of the
planktonic foraminifer G. trilobus/quadrilobatus, which
suggests low trophic levels.

Above the organic-rich level G. bulloides declines. A
first relative maximum of Orbulina spp. (~20%) is
associated with the small-sized reticulofenestrids around
30 m. Orbulina universa, thriving in relatively warm
and oligotrophic surface waters (e.g. Hemleben et al.,
1989) was found to tolerate deviating salinity in lab
culture (23<S<46%o: Bijma et al., 1990), and is a
common, often dominant taxon in pre-MSC assem-
blages (e.g. Sprovieri et al., 1996a,b; Blanc-Valleron et
al., 2002; Sierro et al., 2003).

Conditions at the sea floor are reflected by B.
plicatella, which dominates the benthic foraminiferal
assemblage (20—60% relative frequency). This taxon is
common to abundant in several Miocene Mediterranean
sections where it seems to avoid sapropelitic strata. It
has been associated with mild dysoxia (Van der Zwaan,
1982; Jonkers, 1984) and moderately elevated salinity
(Van der Zwaan, 1982). From its occurrence pattern in
the Carboneras—Nijar Basin (SE Spain) Van de Poel
(1992) inferred it to be schizohaline. Jonkers (1984)
found B. plicatella in low-diversity assemblages
associated with diatomitic lithotypes of Pliocene
sections on Crete. Eventually its numbers decline and
around 30 m the benthic foraminifer assemblage is
further impoverished and no longer dominated by B.
plicatella. The relative frequencies of shallow-water
benthic species (Elphidium spp.) and epiphytes (dis-
corbids; Rosalina spp.) increase. Peak abundances are
recorded of taxa indicating adverse conditions at the
seafloor, which may include elevated salinity (B.
spathulata, B. aculeata). H. boueana was inferred to
tolerate elevated salinity but not oxygen deficiency (Van
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der Zwaan, 1982). B. dentellata and B. echinata appear
more regularly: these taxa are predominantly, if not
exclusively recorded in the Messinian of the Mediter-
ranean and are commonly associated with hypersaline
environments (Van der Zwaan, 1982; Cita and Grignani,
1983; Poignant and Moissette, 1992; Violanti, 1996).

The dominance of successive taxa suggests rapid and
profound changes in sea-surface as well as sea floor
conditions. We find evidence for intermittent increase of
surface-water salinity. The benthic foraminifera indicate
stagnation and elevated salinity at the seafloor, where
the conditions have changed such that fish scales and
silica are preserved, and secondary gypsum is formed
(Fig. 2). Radiolarians start to appear regularly in the
wash residues. The transition to interval 4 is marked by a
drop in the %P and the microfossil diversities.

4.4. Interval 4 (27-10 m; 6.41—~6.1 Ma)

The nannoflora numbers are low. Collapse of the
nannoflora assemblage is evident around 20 m and
precedes the upper organic-rich level (17.5-10.5 m).
Large placoliths, which are quite resistant to dissolution,
are not preferentially preserved. There is no relative
increase in large reticulofenestrids, C. pelagicus and
other robust forms; instead of selective, the decline is
general. A sudden increase in abundance of the high-
productive calcareous dinocyst Thoracosphaera coin-
cides with the base of the organic-rich interval.
Thoracosphaera remains present until the top of the
section. It has been associated with stressful and
unstable, but ameliorating conditions following the
K/T boundary event (Melinte et al., 2003; Lamolda et
al., 2005).

Levels with oligotypic planktonic foraminifera
assemblages show 60-100% dominance of single
species. At 21 m (6.3 Ma) the assemblage is mono-
specific, consisting of 100% 7. multiloba. Several au-
thors related 7. multiloba to the progressive isolation of
the Mediterranean Sea and it may well be tolerant to
increased salinity (e.g. Violanti, 1996; Sierro et al.,
2003). Other planktonic taxa that may tolerate deviating
salinity include Orbulina spp., and G. obliquus, based on
its affinity with G. ruber (Pujol and Vergnaud-Grazzini,
1995; salinity limits of G. ruber in lab culture
22<S<49%o: Bijma et al., 1990). G. glutinata was
found at the base of sapropels in low-diversity Messinian
assemblages from the eastern and western Mediterranean
(Pérez-Folgado et al., 2003). Heavy stable oxygen
isotope values made the authors infer increased salinity
in these levels. Samples barren of planktonic foraminif-
era occur towards the top of interval 4.

The benthic foraminifera assemblages are intermit-
tently dominated up to 90% by either stress tolerant or
shallow-water taxa. B. dentellata and B. echinata occur
more regularly; together with peak abundances of B.
aculeata, B. spathulata and B. plicatella these taxa
indicate elevated organic carbon levels, oxygen stress
and deviating salinity. Throughout the upper organic-
rich interval B. plicatella shows further demise and
towards the top of interval 4 its numbers are
insignificant. It appears that preservation of silica and
phosphorus (fish scales) is favoured by stagnant bottom
waters.

4.5. Interval 5 (~6 m—base of the “barre jaune”,;
~6.1-6 Ma)

Upon re-entry the nannofloral assemblages show
alternating maxima of reticulofenestrids, S. abies, H.
carteri, and R. clavigera, all indicating rather different
environments. An increase in abundance of species as C.
leptoporus and S. abies was earlier noticed in several
Messinian sections close to the evaporites, which
suggests these taxa tolerate deviating salinity (Negri,
unpublished data; Parisi, unpublished data). The genus
Sphenolithus is long ranging, but extinct since the
Pliocene and has uncertain taxonomic affinities. More-
over, its detailed ecology is not clear. Sphenoliths were
documented as K-selected: adapted to low-latitude
warm-water, stable oligotrophic environments (Haq
and Lohmann, 1976; Haq, 1980; Lohmann and Carlson,
1981; Aubry, 1992), perhaps with a shallower water
preference (Perch-Nielsen, 1985). Gibbs et al. (2004,
2005) noticed a covariance with Pliocene glacial
cyclicity, essentially a preference for relatively oligo-
trophic, warm waters, which is in agreement with data of
Flores et al. (2005) for the Messinian. Wade and Brown
(in press), recording almost monospecific assemblages
of sphenoliths in diatom rich samples from the
Messinian of the Polemi Basin, inferred mesotrophic
marine environments with normal salinity. Also in the
Pissouri Basin sphenoliths are among the taxa succes-
sively dominating the assemblages up to nearly 100%.
We suggest that sphenoliths were capable of inhabiting a
wide range of environments, and were probably
schizohaline. High abundance of H. carteri suggests
elevated nutrient levels and marine environments. It is a
key species increasing in abundance in sapropels (Negri
etal., 1999a,b; Negri and Villa, 2000; Negri and Giunta,
2001). Flores et al. (2005) confirmed a correlation of H.
carteri with elevated productivity and possibly with
elevated salinity in the Messinian. Plankton studies
suggest that H. carteri has affinity for warmer waters
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(McIntire and Bé, 1967; Brand, 1994). Affinity for
elevated nutrient conditions is confirmed by higher
abundances in areas such as the mesotrophic parts of the
S. Pedro basin (Ziveri et al., 1995b), the Arabian Sea
(Andruleit and Rogalla, 2002) and the Australian sector
of the Southern Ocean. Ziveri et al. (2004) reported H.
carteri to be abundant in the upwelling area off NW
Africa. In support of this, the oligotrophic (P limited)
eastern Mediterranean Sea records very low abundances
of'this species (Knappertbusch, 1993; Ziveri et al., 2000;
Malinverno et al., 2003). Wade and Brown (in press)
describe H. carteri from the Polemi Basin and infer
shallow, brackish, and hypereutrophic environments,
which would suggest a tolerance to deviating salinity. R.
clavigera increases again in the topmost part of the
Pissouri section. Consequently, the nannoflora data
record extreme environmental differences, suggesting
that prior to the MSC the paleoenvironment shifted to
considerably different states within relatively short time
spans. In contrast with planktonic foraminifera however,
all dominating nannofloral taxa seem to record relatively
high sea surface temperatures. The neogloboquadrinids
show demise in this interval, but the assemblages are
dominated by 7. multiloba, T. quinqueloba and G.
bulloides, indicating mixed, nutrient rich and cold
waters (Tolderlund and Bé, 1971; Mohiuddin et al.,
2005; Northcote and Neil, 2005; see also Sierro et al.,
2003).

The benthic fauna continuously shows rapid shifts in
dominance and peaks of stress tolerant taxa as B.
spathulata and B. aculeata. Towards the ‘barre jaune’
some species persist (B. dentellata, B. echinata) and
some appear (Glabratella sp., Pararotalia aculeata: Van
der Zwaan, 1982; Merle et al., 2002; Szczechura, 2004),
which are rather typically recorded in restricted,
hypersaline Miocene environments of the Tethyan and
Paratethyan realm. Whereas elevated salinity may be
intermittent at the sea surface, it appears to be permanent
in the bottom waters some 100 ky before onset of the
MSC.

5. Discussion: early Messinian events and possible
causal mechanisms

Although local factors may have affected the basins
on Cyprus, generalized events should be invoked to
explain events that can be correlated to other parts of the
Mediterranean. The successive intervals recording basin
restriction in the Pissouri section are in agreement with
results from other Mediterranean locations (e.g. Spro-
vieri et al.,, 1999; Sierro et al., 1999, 2001, 2003;
Seidenkrantz et al., 2000; Blanc-Valleron et al., 2002;

Kouwenhoven et al., 2003), and are likewise reflected in
the biotic record and the sedimentology. In the following
sections we first discuss the paleobathymetry and then
relate the local development recorded in the Pissouri
Motorway section to regional (Mediterranean-wide)
events.

5.1. The %P, paleodepth estimates, and a-planktonic
levels

5.1.1. Paleodepth estimates in the Pissouri Basin

A first approximation of the paleodepth of the
Pissouri Basin, calculated from the %P, arrived at 800
to 1000 m. However, a more or less straightforward
relation between %P and depositional depth is found in
undisturbed, open marine environments (Van der Zwaan
et al.,, 1990), whereas in the Pissouri Basin restricted
conditions existed during most of the studied interval.
Moreover, the high %P values do not seem realistic
when compared with the benthic assemblages, which
suggest that the paleodepth of the Pissouri Basin was
rather stable at around 300—500 m. The temporary shifts
in the %P around 40 m (~7.16 Ma) and 34 m (~6.7 Ma)
are probably an early expression of variations in sea-
floor oxygenation rather than paleobathymetrical fluc-
tuations (compare Van Hinsbergen et al., 2005).
Shallowing is not commonly associated with these
events (e.g. Kouwenhoven et al., 2003; Seidenkrantz et
al., 2000).

Especially in deposits younger than ~6.4 Ma (27 m
and up) the extreme shifts in %P cannot reflect sea-level
fluctuations, as the %P would indicate sea-level move-
ments as large as 1000 m, which would surpass the
depth of the basin. By this time many depth-diagnostic
benthic species have disappeared, which complicates
attempts to arrive at a reliable depth estimate.

Merle et al. (2002) inferred shallowing of the
Pissouri sub-basin to neritic depths long before onset
of the salinity crisis. Several of the observed
phenomena, for instance the collapse of the nannoflora
around 20 m, could well be explained by shallowing.
Coccolithophores are known to occupy shallow-water,
near-shore environments (e.g. Cachao et al., 2002), but
at depths less than 100 m the preservation of
autochthonous nannoflora is rare and it essentially
disappears due to dilution by clastic influx and
dissolution in coarse-grained sediments. Arguments
against consistent shallowing of the basin are,
however, easily overlooked. The nannoflora remains
present, albeit in low numbers and there is no relative
increase in robust coccoliths, which would be a case
for dissolution. Radiolarians are recorded throughout
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the younger part of the section and indicate episodes
of upwelling in an offshore environment (Kling,
1978). Radiolarians do occur in nearshore environ-
ments (e.g. Nishimura et al., 1997), but their
preservation is rare in surface sediments at less than
200 m water depth (Chen and Tan, 1999; Itaki, 2003).
Only in the top, just below the ‘barre jaune’, do the
radiolarians disappear. The re-entry of nannoflora
above the slump interval further suggests that the
basin remained essentially marine throughout most of
the section. With the exception of isolated barren
levels planktonic foraminifera remain present through-
out the section, with G. bulloides suggesting a water

depth of 200 m at minimum just below the ‘barre
jaune’ (e.g. Sierro et al., 2003).

Superficially, the benthic assemblages seem to
indicate a shallowing trend starting around 6.5 Ma
(Figs. 5 and 7). However, at the paleodepth considered
shallow benthics are always present in comparatively
low numbers. The benthic species B. aculeata and B.
spathulata adapt to different water depths, depending on
prevailing environmental conditions but are most
common in upper bathyal environments. More impor-
tant here, however, is their stress tolerance. Fig. 7
visualizes the %P versus the abundances of shallow-
water and stress-tolerant benthic groups, and B.
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Fig. 7. Plots of the %P (= percentage of planktonic foraminifera in the foraminiferal association), the percentage of shallow-water benthic
foraminifera, the summed percentages of shallow-water and stress-tolerant benthic foraminifera and the relative frequency pattern of B. plicatella
(= B. plicatella mera+B. cf. B. pseudoplicata) against geologic time of the Pissouri section. Taxa included in the benthic foraminifera groups:
Shallow-water taxa: Discorbis spp.+ Rosalina spp.+ Elphidium spp.+ Cibicides lobatulus; stress tolerant taxa: Bolivina dilatata+ B. spathulata+B.
dentellata+ Bulimina aculeata+ B. subulata+ B. elongata+ B. echinata+ Uvigerina cylindrica+ Rectuvigerina bononiensis.
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plicatella and shows repeated sequences of dominance
of each of these groups. Rather than shallowing, the
repetitive relative increase of shallow-water benthic taxa
indicates intermittent periods of severe (oxygen and/or
salinity) stress at the sea floor, completely suppressing
autochthonous benthic assemblages.

For clarity we correlated the %P in the upper 35 m of
the section with the distributions of the benthic groups
of Fig. 7 (Fig. 8). There is no convincing correlation
between %P and shallow-water taxa: R=—.359. Corre-
lation of %P with the sum of the shallow-water and
stress-resistant groups results in R=—.692 (N=59;
p<0.01; Figs. 7 and 8). Together with the negative
correlation between shallow-water and stress-resistant
taxa (R=—.627) this suggests that stagnation rather than
sea level caused variations in %P, and shallow-water
taxa mainly dominated due to the virtual absence of
autochthonous benthic fauna. This is substantiated by
the high occurrences of B. plicatella in intervals with a
high %P and low dominance of the summed shallow-
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water and stress-resistant taxa (R=—.857; see Fig. 7).
Consequently, the shallow-water taxa are considered
allochthonous at the paleodepth we estimate for the
Pissouri section, which is still 200 m at minimum just
below the ‘barre jaune’. Hence, consistent shallowing to
neritic depths long before the onset of the MSC as
proposed by Merle et al. (2002) seems, in the light of our
data, not realistic.

5.1.2. A-planktonic (foraminifera) levels
Notwithstanding consistent shallowing being unlike-
ly, episodes of extremely low %P and a-planktonic
levels could be due to minor sea level fluctuations
operating on astronomical time scales. Assuming a
silled configuration of the Pissouri basin and evapora-
tion exceeding precipitation as is the present situation, a
minor drop of sea level could either restrict or
completely block inflow and/or outflow (depending on
the local circulation) and result in evaporative draw
down, thereby increasing the salinity. A-planktonic

0 20 40 60 80
stresstaxa35 -0m

100

B plicatella 35 -0m

Fig. 8. Bivariate graphs and correlation coefficients (R) for the upper 35 m of the Pissouri section of: (A) relative frequencies of shallow-water taxa
against the %P; (B) relative frequencies of shallow-water taxa against those of stress-tolerant taxa; (C) summed relative frequencies of shallow-water-
and stress-tolerant taxa against the %P; (D) summed relative frequencies of shallow-water and stress-tolerant taxa against the relative frequency of B.
plicatella (= B. plicatella mera+B. cf. B. pseudoplicata). For explanation see text.
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zones could be the result (compare Fenton et al., 2000
for the Red Sea during the Last Glacial Maximum). This
would necessarily be a local phenomenon of a restricted,
silled basin and most prominent on glacial time scales
(obliquity, ~41 ky). Both appear not to be the case.

Cyclical fluctuations of %P are described by Sierro
et al. (1999, 2003) in the Sorbas Basin in Spain,
occurring in the Upper Abad marls from ~6.7 Ma
onwards and a-planktonic levels occur after ~6.4 Ma.
Similar shifts in the %P have been found at Falconara
(Sicily) and Metochia (Gavdos; unpublished data). In
the Sorbas Basin these a-planktonic levels predomi-
nantly occur in the transitions from marls to sapropels
and correlate with precession, just as the majority of
planktonic foraminiferal distribution patterns; more-
over, they are not more outspoken on glacial (obliquity)
time scales.

Data coverage and preservation do not allow such
detailed time resolution in the Pissouri section, but we
tentatively assume that also in this basin a potential
correlation exists of %P with precessional cyclicity and
specific lithotypes.

5.2. Events on a regional scale and possible causal
mechanisms

Cause or causes of the MSC are commonly sought in
gateway tectonics and its possible effects on Mediter-
ranean circulation, draw down and salt budgets (e.g.
Ryan, 1973; Blanc, 2000; Meijer and Krijgsman, 2005).
In the Gibraltar arc, comprising the Rif Mountains and
the Betic Cordillera seismic tomography has indicated
active subduction (Gutscher et al., 2002) and Duggen et
al. (2003) suggested uplift of the continental margins of
southern Iberia and northwest Africa caused by slab roll-
back. Krijgsman and Garcés (2004) demonstrated that
tectonic activity in the Gibraltar region has continued in
the late Miocene.

The Betic Corridor towards the Atlantic was
essentially closed in the late Tortonian (Soria et al.,
1999; Garcés et al., 1998, 2001), rendering the Spanish
basins marginal to the Mediterranean so that vertical
movements in the Rif area, the southernmost of the
connections of the Mediterrancan with the Atlantic,
must have been instrumental in restriction of the
Mediterranean. Krijgsman et al. (1999b) inferred partial
uplift around 7.2 Ma within the Taza—Quercif area of the
Rif Corridor, which correlates with uplift in the Melilla
basin (Van Assen et al., in press). Water mass exchange
between the Mediterranecan and the Atlantic became
restricted. Assuming an anti-estuarine thermohaline
circulation and evaporation exceeding precipitation as

today, surficial inflow of Atlantic waters into the
Mediterranean will have continued, but outflow of
deeper (and more saline) waters obstructed. Conse-
quently, the Mediterranean circulation slowed down,
leading to dysoxic deep water masses and increased
preservation of organic material.

A common feature of the earliest Messinian is that
lithological changes occur throughout the Mediterra-
nean. The base of the Lower Abad marls for instance,
is dated at 7.24 Ma (Sierro et al., 2001). In the Cretan
sections Faneromeni (Hilgen et al., 1995) and Pota-
midha (Krijgsman et al., 1994) the first sapropels were
deposited during the precession minimum dated at
7.167 Ma and correlate to cycle LAl of the Lower
Abad marls (Sierro et al., 2001). In the Pissouri basin
the lithological cyclicity becomes more expressed
around this time. Deep-water benthic foraminiferal
faunas would be the first to respond to restriction, and
uplift of the sill connecting the Mediterranean with the
Atlantic would prevent deeper-water benthic faunas
with an affinity for equilibrium marine conditions from
re-entering the Mediterranean. This is essentially what
appears to have happened, as the exit of selected
benthic foraminifera recorded at 7.167 Ma in the
Pissouri basin can be correlated throughout the
Mediterranean (Kouwenhoven et al., 1999, 2003;
Seidenkrantz et al., 2000). Additionally, deep-water
locations record sediments barren of benthic forami-
nifera immediately after 7.167 Ma (Gibliscemi/Falco-
nara composite (Sicily): Sprovieri et al., 1996a,b;
Blanc-Valleron et al.,, 2002; Kouwenhoven et al.,
2003) or after a relatively short transitional period
characterized by oligotypic benthic assemblages (Meto-
chia (Gavdos): Seidenkrantz et al., 2000). Either the
deep waters were most stagnant, or continuing
evaporation had contributed to early brine formation.
Although this can as yet not be confirmed by ocean
circulation models (see for instance Meijer et al.,
2004), stagnant waters and a dysoxic brine could rise
from deeper to shallower levels and through time could
affect shallower parts of the basin. Some faunal and
isotope evidence for a salinity effect in the deep waters
as early as 7.167 Ma has been found before, although
stable isotope records are often hampered by poor
preservation (Gavdos: Seidenkrantz et al., 2000; Sicily:
unpublished data).

Basically, benthic fauna data are in line with a
scenario like this: the assemblages in the deepest parts of
the basin are most severely affected by the changing
conditions at 7.167 Ma. The planktonic foraminifera and
the nannoflora in the Pissouri section record relatively
oligotrophic environments at 7.167 Ma, suggesting that
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increased sea-surface productivity is not primary related
to this event.

The subsequent phase in the restriction of the
Mediterranean can be correlated to the emergence of
the Taza—Guercif area in the Rif Corridor around 6.7 Ma
(Krijgsman and Langereis, 2000). This is coeval with
restriction of bottom-water circulation in the Melilla
basin (Van Assen et al., in press) and the transition from
the Lower to the Upper Abad marls in the Sorbas basin
(6.699 Ma), which was attributed to increased tectonic
activity in the internal Betics (Sierro et al., 2001) and
associated with onset of sapropel formation and changes
in planktonic microfauna. Around this time diatomites
start appearing throughout the Mediterranean (e.g.
Hilgen and Krijgsman, 1999).

In sections deposited at intermediate water depths,
benthic foraminifera remain present and record the
increasingly adverse conditions towards the MSC (e.g.
Sorbas (Spain): Goubert et al., 2001; Sanchez-Almazo
et al., 2001; Faneromeni (Crete): Kouwenhoven et al.,
2003). Also the Pissouri basin reflects extra-restricted
conditions, and instability in the faunal assemblages
younger than ~ 6.7 Ma points to increasingly adverse
conditions. Benthic and planktonic foraminifera and
calcareous nannofossils record rapidly changing assem-
blages with peak occurrences of taxa, which have been
associated in literature with deviating salinity. This
would be in agreement with organic dinocyst data from
the Faneromeni section (Crete), where indications were
found for hypersaline surface-waters at 6.68 Ma (San-
tarelli et al., 1998), and with data from Sicily, where
Blanc-Valleron et al. (2002) found salinity fluctuations
of surface waters and increasingly stagnating bottom
waters from 6.71 Ma onwards.

With the current state of knowledge, no specific
tectonic event can be correlated with the increasing
restriction of the basin around 6.4 Ma. Tectonic activity
in the Gibraltar arc, however, was shown to have
continued in the late Miocene (Krijgsman and Garcés,
2004) and continuing restriction in the Rif Corridor is
reflected by sediments deposited in the Melilla basin,
which record the last marine influence at 6.07 Ma (Van
Assen et al., in press).

However, an alternative causal mechanism can be
found in the 400 ky eccentricity component of astro-
nomical forcing, which could play a role in the pre-
Messinian development of the Mediterranean (e.g.
Krijgsman et al.,, 1999a; Blanc-Valleron et al., 2002;
Kouwenhoven et al., 2003; Sierro et al., 2003). A
relation is observed between the successive time steps
in basin restriction, and the particular interference con-
figuration of astronomical cyclicity frequencies

expressed as increasing amplitude of the insolation
curve. Astronomical forcing will be expressed in cli-
mate signals—including runoff—and sea level, although
effects as extreme and disastrous as the MSC would
basically require threshold geographical conditions like
partial shut-off of the Mediterranean from oceanic
basins.

Thermohaline circulation is influenced by climatic
effects on runoff and the evaporation—precipitation
balance. Regional climatic development is subject to
discussion, as some proxy records indicate climatic
instability (e.g. Andersen et al., 2001; Ivanov et al.,
2002), whereas others infer stable climatic conditions
throughout most of the Messinian (e.g. Suc and Bessais,
1990; Bertini et al., 1998; Warny et al., 2003). Like
climate, sea level is influenced by astronomical forcing.
Increasingly accurate dating led to the observation that a
glacial sea level fall cannot be correlated with the actual
onset of the MSC (e.g. Hodell et al., 2001; Krijgsman et
al., 2004). It appears, however, that major steps in basin
restriction can be correlated both to tectonic events and
to the specific configuration of the insolation curve. It
cannot be excluded that tectonic activity and astronom-
ical cyclicity have acted in concert in affecting the
Mediterranean basin, where climatic or sea level
variations may have been highly amplified by the
increasing isolation of the basin (e.g. Krijgsman, 2002;
Sierro et al., 2003).

6. Conclusions

Integration of foraminifera and nannoflora data from
the Pissouri Basin reaffirms that restricted conditions in
the eastern Mediterranean have started just after the
Tortonian—Messinian boundary at 7.167 Ma and are
first expressed in the sedimentary cyclicity and the
benthic foraminifera assemblages. Stagnancy of bottom
waters has preceded clear effects of restricted circulation
in the surface waters, which developed later. Increas-
ingly adverse paleoenvironments developed more or
less gradual. This gradual restriction of the basin was
punctuated, however, by rather well defined transitions
to a more adverse state around 6.7 and 6.4 Ma. Evidence
for increasing surface-water salinity preceding the MSC
is apparent as early as 6.7 Ma. We infer that rapidly
changing surface-water paleoenvironments, leading to
oligotypic assemblages, scarcity of calcareous nanno-
fossils and eventually to the a-planktonic zones in the
foraminiferal record may in part be explained by
periodically enhanced salinity. Furthermore we infer
regular increases of primary productivity, induced by
periods of upwelling.
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Significant shallowing of the Pissouri Basin prior to
the Messinian salinity crisis is unlikely. An evaluation
of all available data indicates that shallowing was
minor or absent until the ‘barre jaune’, the level just
below the first evaporites, and that the paleodepth was
rather stable around 300-500 m, with a minimum of
200 m. The percentage of planktonic foraminifera (%P)
is of minor value for depth reconstructions due to basin
restriction, and controlled by factors other than paleo-
depth after ~6.4 Ma (27 m). Instead, the recorded shifts
in the %P can be explained by rapid and repeat-
ed changes of environmental conditions on a preces-
sional time scale, although no direct correlation can
be established with high-amplitude astronomical cy-
clicity in the Pissouri Basin due to limitations of data
coverage.

The development of the Pissouri Basin is not
particularly deviating from other locations described
from the Mediterranean. Restriction of the basin
proceeded with discrete steps, which can be correlated
with similar changes elsewhere in the Mediterranean.
These basin-wide changes have a different expression
at deep-water sites where benthic foraminifera dis-
appeared at 7.16 Ma or shortly afterwards, and
intermediate-water locations where benthic foraminif-
era remained present. The restricted nature of the
Mediterranean during the Messinian will have caused
an amplification of environmental changes in the
Pissouri Basin that was also described from other
Messinian sections. Causal mechanisms in the restric-
tion history of the Mediterranean were tectonic
movements in the Rif Corridor, of which the effects
were possibly enhanced by astronomically induced sea
level fluctuations concentrating around 400 ky eccen-
tricity maxima. Perhaps the transitions around 6.4 Ma
should be mostly accounted for by astronomical
cyclicity.
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Appendix A. Calcareous nannoplankton: taxa list
and notes

Taxonomy in general follows that outlined in Perch-
Nielsen (1985) and Young (1998).

Amaurolithus delicatus Gardtner and Bukry (1975)

Amaurolithus primus (Bukry and Percival, 1971) Gardtner
and Bukry (1975)

Calcidiscus leptoporus (Murray and Blackman, 1898)
Loeblich and Tappan, 1978

Coccolithus pelagicus (Wallich, 1871) Schiller, 1930

Discoaster asymmetricus Gartner (1969)

Discoaster brouweri Tan (1927) emend. Bramlette and
Riedel (1954)

Discoaster challengeri Bramlette and Riedel (1954)

Discoaster icarus Stradner (1973)

Discoaster loeblichii Bukry (1971)

Discoaster intercalaris Bukry (1971)

Discoaster pentaradiatus Tan (1927) emend. Bramlette
and Riedel (1954)

Discoaster tamalis Kamptner (1967)

Discoaster variabilis Martini and Bramlette (1963)

Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

Helicosphaera intermedia Martini (1965)

Helicosphaera orientalis Black (1971)

H. sellii (Bukry and Bramlette, 1969b) Jafar and Martini,
1975

Helicosphaera stalis Theodoridis (1984)

Helicosphaera walbersdorfensis Muller (1974)

Reticulofenestra Hay et al., 1966. These are generally
size-defined following the taxonomy outlined in
Young (1998).

R. hagii Backman, 1978/R. sp. 3—5 um

R. minuta Roth, 1970/R. sp. <3 pm (small retic.)

R. pseudoumbilicus (Gartner, 1967b) Gartner, 1969c.
>7 pm

R. sp. 5—7 pm, noted by Backman and Shackleton (1983)

Reticulofenestra rotaria Theodoridis (1984)

Rhabdosphaera clavigera Murray and Blackman (1898)

Sphenolithus abies Deflandre in Deflandre and Fert,
1954.

Syracosphaera pulchra Lohmann, 1902

Thoracosphaera Kamptner, 1927

Appendix B. Selected planktonic foraminifera

Taxonomy in general follows that outlined in Iaccarino
(1985) and Perch-Nielsen (1985).

Globigerina bulloides d’Orbigny

Globigerina obesa (Bolli)

Globigerina falconensis Blow

Globigerinita glutinata (Egger)
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Globigerinoides bollii Blow
Globigerinoides bulloideus Crescenti
Globigerinoides obliquus Bolli
Globigerinoides trilobus (Reuss)
Globigerinoides quadrilobatus (d’Orbigny)
Globorotalia menardii form 5 Tjalsma
Globorotalia menardii form 4 Tjalsma
Globorotalia nicolae Catalano and Sprovieri
Globorotalia miotumida Jenkins
Globorotalia scitula (Brady)
Globorotalia suterae Catalano and Sprovieri
Globorotalia ventriosa Ogniben
Globorotaloides falconarae Giannelli and Salvatorini,
1976
Globoturborotalita decoraperta (Takayanagi and Saito)
Globoturborotalita nepenthes (Todd)
Globoturborotalita woodii (Jenkins)
Neogloboquadrina acostaensis (Blow)
Orbulina bilobata (d’Orbigny)
Orbulina suturalis Bronnimann
Orbulina universa d’Orbigny
Turborotalita multiloba (Romeo)
Turborotalita quinqueloba Natland

Appendix C. Selected benthic foraminifera

Abundant and representative taxa are listed. Taxonomy
essentially follows concepts in van der Zwaan et al.
(1986: Uvigerinids), Loeblich and Tappan (1988),
and Jones (1994).

Astrononion stelligerum (d’Orbigny): Nonionina stelligera
d’Orbigny, 1839

Bolivina dentellata Tavani.

Bolivina plicatella Cushman, 1930c, var. mera Cushman
and Ponton, 1932.

Bolivina plicatella var. pseudoplicata: Bolivina cf. B.
pseudo-plicata Heron-Allen and Earland, 1930.
Bolivina scalprata miocenica: Bolivina scalprata Schwager

var. miocenica Macfadyen, 1930.

Bolivina dilatata Reuss, 1850.

Bolivina spathulata (Williamson): Textularia variabilis
Williamson var. spathulata Williamson, 1858.

Bolivina tortuosa Brady, 1881.

Bulimina aculeata d’Orbigny, 1826.

Bulimina echinata d’Orbigny, 1852.

Bulimina elongata d’Orbigny, 1846.

Cassidulina obtusa Williamson, 1858.

Cibicides italicus Di Napoli Alliata, 1952.

Cibicides lobatulus (Walker and Jacob): Nautilus lobatulus
Walker and Jacob, 1798.

Cibicides ungerianus (d’Orbigny): Rotalina ungeriana
d’Orbigny, 1846.

Hanzawaia boueana (d’Orbigny): Truncatulina boueana
d’Orbigny, 1846.

Pararotalia stellata (d’Orbigny), syn. Pararotalia
aculeata (d’Orbigny): Rotalina aculeata d’Orbigny,
1846.

Planorbulina mediterranensis d’Orbigny, 1826.

Rectuvigerina bononiensis (Fornasini): Uvigerina
bononiensis Fornasini, 1888.

Rosalina globularis d’Orbigny, 1826.

Siphonina reticulata (Czjzek): Rotalina reticulata
Czjzek, 1848.

Uvigerina proboscidea Schwager, 1866.

Uvigerina striatissima Perconig, 1955.
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