
Kastens, K. A., Mascle, J., et al., 1990 
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 107 

31. NANNOPLANKTON BIOSTRATIGRAPHY AND PALEOENVIRONMENTAL 
INTERPRETATIONS FROM THE TYRRHENIAN SEA, ODP LEG 107 

(WESTERN MEDITERRANEAN)1 

C. Muller2 

ABSTRACT 

This paper summarizes the nannoplankton biostratigraphy and the paleoenvironmental interpretations obtained 
from Leg 107 in the Tyrrhenian Sea. Marine sediments are ranging in age from late Tortonian to Recent. 

The Mediterranean as a semiclosed adjacent sea of the Atlantic is strongly controlled by paleoceanographic changes 
in the Atlantic which are related to the global climatic evolution. This influence of the Atlantic is more pronounced in 
the western than in the eastern Mediterranean. The occurrence of sapropels and sapropelic layers also in the western 
Mediterranean was shown for the first time. 

INTRODUCTION 

Age determinations given in this paper are based on the stan­
dard nannoplankton zonation (Martini, 1971) which can be ap­
plied with minor changes in the Mediterranean (Muller, 1978). A 
more detailed subdivision of the lower Pleistocene (zone NN19) 
was possible by using the zonal scheme for the Quaternary by 
Gartner (1977). More details are given in Kastens, Mascle, et al. 
(1987). 

Some more recent biostratigraphic studies based on nanno­
plankton and paleoenvironmental interpretations from the Medi­
terranean area were published by Bizon and Muller (1977, 1978), 
Muller (1978, 1985), Ellis (1979), Driever (1981), Backman et al. 
(1983), and Rio et al., (1984). 

Nine holes were drilled at seven sites shown in Figure 1. The 
biostratigraphy based on nannoplankton studies is summarized 
in Figures 2 and 3. Distribution and abundance of the species 
from selected samples are given in the range charts (Tables 1-5). 
No range charts were established for Sites 650 and 656 because 
of the abundance of turbidites and slumps within these se­
quences. 

BIOSTRATIGRAPHIC REMARKS 
Oldest marine sediments recovered during Leg 107 in the 

Tyrrhenian Sea are of late Tortonian age (zone NNlla) . They 
are underlain at Hole 654A, drilled on the upper margin of Sar­
dinia, by shallow water glauconitic sands of probably late Mio­
cene age and continental red clays including conglomerates. 

The Tortonian sediments are rich in slightly overgrown nan­
nofossils of zone NN1 la (Martini and Muller, 1986) with Disco­
aster calcaris and Discoaster quinqueramus. These sediments 
were deposited in an outer shelf to upper slope environment. 
The Tortonian/Messinian boundary at Hole 654A was deter­
mined by the first occurrence of Amaurolithus delicatus, A. pri­
mus, and A. tricorniculatus at about 6.5 m.y. (Mazzei et al., 
1979). The appearance of these species predates slightly the first 
occurrence of Globorotalia conomiozea. The Miocene/Pliocene 
boundary in the Mediterranean region is characterized by the 
reestablishment of continuous open-marine conditions (Cita, 

1 Kastens, K. A., Mascle, J., et al., 1990. Proc. ODP, Sci. Results, 107: Col­
lege Station, TX (Ocean Drilling Program). 

2 Geologisch-Palaontologisches Institut der Universitat Frankfurt/Main, Fed­
eral Republic of Germany 

1975). However, this boundary is not necessarily time-equivalent 
with the Miocene/Pliocene boundary determined in the open 
ocean. Complete Pliocene sequences were recovered at Site 652 
and Holes 653A and 654A. Nannofossils are common to abun­
dant. They are slightly overgrown within the lower Pliocene due 
to the higher carbonate content, whereas they are well preserved 
in the upper Pliocene sediments characterized by an increase in 
clay and fine-grained detrital material. A slight decrease in nan­
nofossil abundance and the occurrence of tiny carbonate frag­
ments were observed at all sites within the latest Pliocene (up­
permost part of zone NN18). The Pliocene zonal boundaries 
were determined by using the standard nannoplankton zona­
tion. The determination of the Amaurolithus tricorniculatus/ 
Ceratolithus rugosus zone boundary (NN12/NN13) is sometimes 
difficult due to the scarcity of Ceratolithus rugosus (Muller, 
1978). Amaurolithus delicatus seems to become more common 
near the top of zone NN14 just before its extinction. According 
to Backman and Shackleton (1983) this species has its last oc­
currence at about 3.7 m.y. 

Some difficulties turned out with the determination of the Re­
ticulofenestra pseudoumbilica/Discoaster surculus zone bound­
ary (NN15/NN16). This boundary is defined by the last occur­
rence of Reticulofenestra pseudoumbilica and Sphenolithus abies. 
The latter generally becomes very rare near the top of zone 
NN15. Muller (1978) mentioned that small specimens of Reticu­
lofenestra pseudoumbilica are characteristic of the uppermost 
part of zone NN15 in the Mediterranean together with Spheno­
lithus abies. Backman and Shackleton (1983) used the extinc­
tion of only the large variety of Reticulofenestra pseudoumbil­
ica dated at about 3.6 m.y. which is followed by the presence of 
smaller species of this genus. Rio et al. (1984) gave an age of 
3.5 m.y. for this event and Gartner (1973) 3.2 m.y. It seems very 
difficult to distinguish different species of the genus Reticulofe­
nestra in the light microscope by using only the size which is 
strongly controlled by ecological factors. Recent observations in 
the Aegean Sea have shown that Reticulofenestra pseudoumbil­
ica is only represented by the small variety throughout the lower 
Pliocene (Miiller, unpubl. data) Only small Reticulofenestra pseu­
doumbilica are known from almost all land sections of shallow-
water deposits or series characterized by a high input of detrital 
material. Changes in size of Reticulofenestra pseudoumbilica 
can be observed throughout the Miocene and Pliocene. In pis­
ton cores taken south of Crete, a first disappearance of the large 
variety of Reticulofenestra pseudoumbilica has been observed, 
followed by a second one higher up in the stratigraphic column 
(Muller, unpubl. data). 
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Figure 1. Location map of the sites drilled in the Tyrrhenian Sea. 

A discontinuous record of the large Reticulofenestra pseudo­
umbilica was also reported by Driever (1981) from land sections 
on Crete and Sicily. Often there is a distinct disappearance of 
the large variety whereas the smaller ones continue to be pres­
ent. However, among them there are also differences in size. No 
studies of these forms were carried out by using the scanning 
microscope to confirm if they belong to Reticulofenestra pseu­
doumbilica or if they are really another species of this genus. By 
no means is the smaller size only a sufficient criterion to attrib­
ute them to another species. The extinction of Reticulofenestra 
pseudoumbilica and Sphenolithus abies falls almost together 
with the extinction of the planktonic foraminifera Sphaeroidinel­
lopsis seminulina (Kastens, Mascle, et al., 1987; Blechschmidt et 
al., 1982) at about 3.2 m.y. Rio et al. (1984) reported that the 
extinction of S. seminulina falls together with a significant turn­
over of planktonic and benthic foraminiferal assemblages at 3 
m.y. 

The first occurrence of Globorotalia truncatulinoides at 2.0-
2.1 m.y. (Sprovieri et al., 1980) occurs just above the extinction 
level of Discoaster surculus. 

The recognition of nannoplankton zone NN17 in the western 
Mediterranean is not possible (Muller, 1978) due to the scarcity 
or absence of discoasters. Therefore zone NN17 is combined 
with zone NN18. It can be difficult to determine the last occur­

rence of the discoasters because they are rare and restricted to 
certain levels within the upper Pliocene. It is also not possible to 
exclude in all cases the possibility of reworking. 

The distribution of the different discoaster species through­
out the Pliocene shows a distinct pattern which seems to be of 
stratigraphic value. Results obtained from Leg 107 are compara­
ble with those given by Driever (1981) from land sections on 
Crete and Sicily as well as with results described by Backman 
and Shackleton (1983) from the Atlantic, Indian, and Pacific 
Oceans. Discoasters are rare or absent within the upper Plio­
cene (upper part of zone NN16 to NN18, about 2.5-1.6 m.y.) of 
the western Mediterranean due to the onset of glaciation in the 
northern hemisphere (Bizon and Muller, 1977, 1978). Between 
2.5 and 2.0 m.y. discoasters are restricted to certain levels which 
are characterized by the presence of warm water planktonic for­
aminifers (Bizon and Muller, 1978). Between 2.0 and 1.6 m.y., 
they are absent from the western Mediterranean. Discoasters 
only become abundant within the lower part of zone NN16 
where the assemblages are dominated by Discoaster surculus 
and Discoaster brouweri. Discoaster pentaradiatus shows a very 
short peak within this stratigraphic interval. Discoasters are 
abundant and often of large size around the zonal boundary 
NN15/NN16 at about 3.2-3.0 m.y. The acme of Discoaster 
asymmetricus and Discoaster tamalis lies within this interval. 
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NN 19 

NN 17/18 

NN 16 

NN15 

NN 14 

NN 13 

NN 12 

NN 11b 

NN 11a 

Hole 650A 

1 Top to 
16-5.18-20 cm 

16CC to 
37CC.25 cm 

38-1 to 61CC 

62-1.47 cm to 
65CC 

Hole 651 

1 Top to 8CC 

9-1.69 cm to 
25-5.49 cm 

25CC.30 cm to 
37-2.112 cm 

37-2.139 cm to 
38-1.100 cm 

Hole 652A 

1 Top to 
2-1.25 cm 

2-1.70 cm to 
2CC.4 cm 

3-1.17 cm to 
8-2.70 cm 

9-1,90 cm to 
9CC 

10-2.107 cm to 
13-2.130 cm 

13-3.40 cm to 
14-4.39 cm 

15-1.80 cm to 
15-4.130 cm 

15-5.98 cm to 
17-1.120 cm 

17-2.120 cm to 
20-6.90 cm 

Hole 653A 

1 Top to 
2-6.14 cm 

3-1.22 cm to 
4-6.20 cm 

4CC to 
10-1.40 cm 

10-1,70 cm to 
11-3,130 cm 

11-4.20 cm to 
14-2.80 cm 

14-2.130 cm IO 
17-6.60 cm 

18-1.60 cm to 
19-5.80 cm 

19-6.20 cm to 
22-2.130 cm 

22-3.110 cm to 
24-5.100 cm 

25-1.25 cm to 
26-1.155 cm 

Hole 654A 

1 Top to 
2-2.110 cm 

2-3.20 cm to 
4-1.50 cm 

4-2.50 cm to 
9-3.30 cm 

9-3.100 cm to 
12-1.40 cm 

12-2.30 cm to 
15-6.110 cm 

15CC to 
19-3.30 cm 

19-4.50 cm to 
20-2.120 cm 

20-3.120 cm to 
21-5,120 cm 

21CC to 26CC 

27CC to 
43-5.92 cm 

43CC to 45CC 

Hole 655 

1 Top to 
1-2.113 cm 

1-2.120 cm to 
3-2.40 cm 

3-3.60 cm to 
3-6.52 cm 

4-1.50 cm to 
7-5.50 cm 

7-6.4 cm to 
9-5.100 cm 

Hole 656A 

1 Top to 
6-5.30 cm 

6-5.83 cm to 
6-7.12 cm 

7-1.96 cm to 

7-4.60 cm 

7-4.90 cm to 
7-5.8 cm 

Hole 656B 

1 Top to 3CC 

5-1 to 5-2 

4CC slump 

6-1.122 cm to 
6 -1.133 cm 

Figure 2. Nannoplankton biostratigraphy of holes drilled on Leg 107. 

The co-occurrence of these two species within this interval is 
also described by Driever (1981) and Backman and Shackleton 
(1983). Discoaster surculus and Discoaster brouweri are com­
mon whereas Discoaster pentaradiatus is almost absent from nan­
noplankton zone NN15 as also mentioned by Driever (1981). In 
the material recovered from the Tyrrhenian Sea, the presence of 
Discoaster variabilis is almost restricted to nannoplankton zone 
NN13 and the lower part of zone NN14 (about 4.3-3.9 m.y.) as 
also observed from other areas of the Mediterranean. Above 
this level Discoaster variabilis is absent. Within this interval 
other discoasters are only rare with exception of Discoaster pen­
taradiatus which can become common in zone NN13. Compa­
rable observations were given by Driever (1981) from land sec­
tions. Backman and Shackleton (1983) show also an important 
increase of Discoaster variabilis within the upper Gilbert paleo­
magnetic event. Above this species is practically absent. 

According to Bizon and Muller (1977, 1978), the Pliocene/ 
Pleistocene boundary is determined by the extinction of Cyclo­
coccolithus macintyrei at about 1.6 m.y. near the top of the Ol­
duvai paleomagnetic event. Comparable data (1.59 m.y.) were 
recently published by Monechi et al. (1985) from the Pacific. 
Backman et al. (1983) considered also the extinction of Cyclo­
coccolithus macintyrei as the most reliable event for the deter­
mination of the Pliocene/Pleistocene boundary in the Vrica sec­
tion (southern Italy). The last occurrence of Cyclococcolithus 
macintyrei falls together with the last occurrence of Globigeri­
noides obliquus (Bizon and Muller, 1978), the appearance of 
Globigerina cariacoensis and the first occurrence of Gephyro­
capsa oceanica. According to results from the northeast Atlan­
tic and from Leg 107, the extinction of Cyclococcolithus macin­
tyrei lies slightly above an important increase in left-coiled Glo­
bigerina pachyderma which is situated within the Olduvai event 

(Pujol and Duprat, 1985). A very distinct decrease of Cocco­
lithus pelagicus upsection is time-equivalent with the disappear­
ance of Cyclococcolithus macintyrei at the Pliocene/Pleistocene 
boundary as also observed from other areas of the Mediterra­
nean (Muller, 1978,1985). The rather long stratigraphic interval 
represented by nannoplankton zone NN19 can be subdivided by 
several events described by Gartner (1977). More details are given 
in Kastens, Mascle, et al. (1987). The last occurrence of Helico­
sphaera sellii lies slightly below the acme of the small Gephyro­
capsa sp. and was dated 1.2 m.y. (Gartner, 1977). Helicosphaera 
sellii is common throughout the lowermost part of zone NN19 
and the upper Pliocene. The zone of the small Gephyrocapsa 
sp. is characterized by the acme of this tiny species ranging from 
1.2 to 0.9 m.y. (Gartner, 1977), whereas other species are rare 
to few. The Jaramillo paleomagnetic event (0.97-0.9 m.y.) lies 
within the upper part of this zone. Below the acme zone, com­
mon large specimens of Gephyrocapsa oceanica are present. 
However, the abundance of the small Gephyrocapsa sp. is not 
restricted to this stratigraphic interval, but it can be present also 
in certain levels within nannoplankton zones NN20 and NN21 
as observed at Hole 65 3 A and in the northeast Atlantic (Muller, 
unpubl. data). This indicates that the distribution of this species 
is strongly controlled by ecological factors. The same observa­
tions were reported recently by Gartner (1988). Pontosphaera 
pacifica and Discolithina japonica become common within nan­
noplankton zone NN19 in the western Mediterranean as well as 
in the northeast Atlantic (Muller, 1979). At the same time an in­
crease of Holodiscolithus macroporus can be observed. Within 
the lowermost part of zone NN20, Helicosphaera inversa is pres­
ent for a short time. This species seems to be restricted to this 
interval in the western Mediterranean. It was described by Gart­
ner (1977) from late Pleistocene sediments in the Caribbean and 
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Figure 3. Distribution pattern of biostratigraphic markers in the Tyrrhenian Sea, with indication of sapropel and Braarudosphaera bigelowi layers. 
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Table 1. Distribution of calcareous nannofossils from selected samples, Hole 651A. 
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Table 2. Distribution of calcareous nannofossils from selected samples, Hole 652A. 



Early 
Pliocene 

NN 14 

NN 13 

NN 12 
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3. Amaurolithus tricorniculatus 
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5. Ceratolithus cristatus 
6. Ceratolithus rugosus 
7. Coccolithus pelagicus 
8. Cyclococcolithus leptoporus 
9. Cyclococcolithus macintyrei 

10. Cyclococcolithus rotula 
11. Discoaster asymmetricus 
12. Discoaster brouweri 
13. Discoaster calcaris 

14. Discoaster pen taradiatus 
15. Discoaster quinqueramus 
16. Discoaster surculus 
17. Discoaster tamalis 
18. Discoaster triradiatus 
19. Discoaster variabilis 
20. Discolithina japonica 
21. Emiliania huxleyi 
22. Gephyrocapsa aperta 
23. Gephyrocapsa caribbeanica 
24. Gephyrocapsa ericsonii 
25. Gephyrocapsa sp. 

26. Gephyrocapsa sp. (very small) 
27. Gephyrocapsa oceanica 
28. Helicosphaera carteri 
29. Helicosphaera intermedia 
30. Helicosphaera inversa 
31. Helicosphaera sellii 
32. Holodiscolithus macroporus 
33. Oolithotus fragilis 
34. Pontosphaera pacifica 
35. Pontosphaera syracusana 
36. Pseudoemiliania lacunosa 
37. Reticulofenestra pseudoumbilica 

38. R. cf. pseudoumbilica (small) 
39. Rhabdosphaera claviger 
40. Rhabdosphaera stylifer 
41. Scapholithus fossilis 
42. Scyphospheres 
43. Sphenolithus abies 
44. Syracosphaera mediterranea 
45. Syracosphaera pulchra 
46. Thoracosphaera heimi 
47. Triquetrorhabdulus rugosus 
48. Umbellosphaera tenuis 
49. Umbilicosphaera mirabilis 
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Table 3. Distribution of calcareous nannofossils from selected samples, Hole 653A. See list following Table 2 for identification of species. 

Age 

Pleistocene 

Nannofossil 
zones 

NN 21 

N N 2 0 

NN 19 

Samples, 
interval (cm) 

1H-TOP 
1H-1-130 
1H-2-90 
1H-3-50 
2H-1-30 
2H-2-83 
2H-2-120 
2H-3-130 
2H-4-125 
2H-5-105 
2H-6-14 

3 H-1-22 
3H-2-77 
3H-3-104 
3H-4-24 
3H-5-26 
3H-6-113 
3H-CC 
4H-1-140 
4H-2-50 
4H-3-10 
4H-3-130 
4H-5-40 
4H-6-20 

4H-CC 
5H-1-38 
5H-2-100 
5H-3-70 
5H-4-71 
5H-5-70 
5H-6-60 
6H-1-30 
6H-2-130 
6H-3-80 
6H-5-30 
7H-1-30 
7H-2-25 
7H-3-130 
7H-4-142 
7H-5-130 
7H-6-90 
8H-1-69 
8H-2-23 
8H-3-130 
8H-4-80 
8H-5-101 
8H-6-110 
9X-1-30 
9X-3-83 
9X-4-80 
9X-5-40 
9X-5-123 
9X-CC 
1 OX-1-40 
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Late 
Pliocene 

Early 
Pliocene 

NN 17/18 

NN16 

NN 15 

NN 14 

10X-1-130 
10X-2-96 
10X-3-80 
10X-4-140 
10X-5-110 
10X-6-50 
11X-1-30 
11X-2-72 
11X-3-30 

11X-4-20 
11X-4-120 
11X-5-20 
11X-6-60 
12X-1-80 
12X-2-100 
12X-4-30 
12X-5-20 
12X-6-50 
13X-1-50 
13X-2-60 
13X-3-130 
13X-4-40 
13X-5-10 
13X-6-20 
14X-1-80 
14X-2-80 

14X-2-130 
14X-3-70 
14X-4-120 
14X-5-130 
14X-6-123 
15X-1-33 
15X-2-70 
15X-CC 
16X-1-30 
16X-2-20 
16X-3-70 
16X-4-130 
16X-5-110 
16X-6-50 
17X-1-80 
17X-2-70 
17X-3-120 
17X-4-70 
17X-5-70 
17X-6-60 

18X-1-60 
18X-2-60 
18X-3-60 
18X-4-140 
18X-5-30 
18X-6-20 
19X-1-20 
19X-2-80 
19X-3-30 
19X-4-100 
19X-5-80 
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Table 3 (continued). 



NANNOPLANKTON BIOSTRATIGRAPHY AND PALEOENVIRONMENTAL INTERPRETATIONS 

Tasman Seas. It was also observed from the same stratigraphic 
interval in the southwest Pacific (Muller, unpubl. data). 

PALEOENVIRONMENTAL INTERPRETATIONS 

Miocene 
The Messinian sediments encountered in the Tyrrhenian Sea 

are of quite varying facies deposited under continental to re­
stricted marine conditions. The evolution from open-marine en­
vironment during the upper Tortonian and lower Messinian (Hole 
654A) to restricted conditions in the upper part of the Messi­
nian is the result of the almost complete isolation of the Medi­
terranean from the Atlantic due to a general trend of climatic 
deterioration and tectonic events. The Messinian sediments at 
Site 652 drilled on the lowermost eastern continental margin of 
Sardinia are barren of autochthonous nannofossils, whereas re­
worked Cretaceous and Paleogene species are common through­
out the sequence. These sediments were most probably deposited 
in an early-rift lacustrine environment. Interbedded conglomer­
ates at about 335 mbsf may correlate with the intra-Messinian 
unconformity which was well recognized on seismic profiles 
(Montadert et al., 1978). At Hole 653A the Messinian strata are 
interrupted by red clays in Core 653A-25X barren of nannofos­
sils. They are considered as paleosoil formed during a period of 
emergence and subaerial alteration. Above and below this level 
nannofossils are few. They are sometimes of somewhat smaller 
size and the assemblages are of low diversity reflecting restricted 
marine conditions. They mainly consist of Coccolithus pelagi­
cus, Sphenolithus abies, Reticulofenestra pseudoumbilica, Cy­
clococcolithus rotula, Cyclococcolithus leptoporus, Cyclococ­
colithus macintyrei, and Discolithina multipora. Discoasters and 
Amaurolithus delicatus are rare and occur mainly within the up­
permost part. These autochthonous species are present together 
with reworked Cretaceous to middle Miocene nannofossils. How­
ever, they can be rather easily distinguished from each other by 
their different preservation. Comparable assemblages were found 
within the upper part of the Messinian at Hole 654A. At both 
sites nannofossils occur together with common very small plank­
tonic foraminifers. The same observation was described from 
the upper evaporitic Messinian sequence at Site 124 and Site 372 
drilled in the western Mediterranean (Cita, 1978). 

The lowermost Messinian sediments encountered at Hole 
654A are rich in nannofossils. They were deposited in an open-
marine environment. They are overlain by dark gray mudstones 
with fine laminations (Cores 654A-37R to 654A-39R) rich in py­
rite, dolomite, and gypsum. There are also some plant frag­
ments and debris of pyritized siliceous microfossils, but no nan­
noplankton. Accumulation of these sediments took place under 
marine conditions with possibly high productivity. Siliceous and 
calcareous microfossils are considered to be destroyed by dia­
genesis. This sequence might be the equivalent of the lower 
Messinian Tripoli facies described from Sicily. As at Hole 653A 
the uppermost Messinian consists of an alternation of gypsum-
dominated intervals (predominantly "balatino type" gypsum) 
and gypsum-poor intervals. Parts of the gypsum were formed 
secondarily within the sediments by diagenetic processes. These 
alternations may indicate climatic fluctuations and sea level os­
cillations during latest Miocene time (Adams et al., 1977; Cham-
ley et al., 1978; Hodell et al., 1986). According to Hsu et al. 
(1978) the uppermost Messinian series might have been depos­
ited during the initial infilling phase preceding the important 
early Pliocene transgression related to a global warming and sea 
level rise. It might be possible that marine waters have been 
spilled over into the western basin during latest Messinian time 
before they reached the eastern Mediterranean. The typical lat­
est Miocene "Lago Mare" facies known from the eastern Med­
iterranean and from several land sections in the western Medi­

terranean, characterized by brackish to limnic deposits with 
abundant Ammonia beccari and Cyprideis pannonica was not 
observed in the deep-sea boreholes drilled in the western region. 
This might show that the marine conditions during the upper­
most Messinian were less restricted than in the eastern Mediter­
ranean due to a more important influence from the Atlantic. 

Pliocene 
Climatic conditions seem to be rather stable within the low­

ermost Pliocene (NN12). A decrease of surface-water tempera­
ture is expected within nannoplankton zone NN13 and lower 
NN14 (about 4.2-3.8 m.y.) based on the scarcity of discoasters. 
This interval is characterized by the presence of Discoaster vari­
abilis. Other discoasters are generally rare or absent. It is as­
sumed that Discoaster variabilis is less sensitive against lower wa­
ter temperatures like, for example, Discoaster deflandrei. Thunell 
et al. (this volume) reported variable climatic conditions for this 
time interval based on isotope analysis. The first occurrence of 
the cool-water species Globorotalia puncticulata at 4.1 m.y. in the 
Mediterranean was explained by an extension of the cool eastern 
Atlantic boundary current (Zachariasse and Spaak, 1983). A sig­
nificant change in surface- as well as deep-water masses must be 
accepted at about 3.2 m.y. (boundary NN15/NN16). This inter­
val is characterized by the acme of Discoaster asymmetricus and 
Discoaster tamalis as well as by the abundance of very small 
coccoliths and scyphospheres. It is also marked by a change in 
planktonic foraminiferal assemblages and a significant turnover 
in benthic associations (Meulenkamp et al., 1979; Rio et al., 
1984). These observations indicate an important paleoenviron­
mental change around the lower/upper Pliocene boundary as 
also described from the Atlantic (Sarnthein et al., 1982). Hodell 
et al. (1983) interpreted a significant faunal and isotopic change 
at 3.2 m.y. in the Vema Channel as vertical displacement of cir-
cumpolar water masses by Antarctic Bottom Water and North 
Atlantic Deep Water. This might be related to a global cooling 
event and/or to the final closure of the Central American sea­
way at 3.2 m.y. A strong drop of surface-water temperature 
within nannoplankton zone NN16 of the upper Pliocene at about 
2.5 m.y. is inferred from the significant decrease in discoasters 
(Bizon and Muller, 1977, 1978) due to the onset of glaciation in 
the northern hemisphere. It is followed by a time of distinct cli­
matic fluctuations (2.5-1.8 m.y.) characterized by the restriction 
of discoasters to certain levels which fall together with the oc­
currence of warm-water planktonic foraminifera (Bizon and Miil­
ler, 1978). From 2.0 to 1.6 m.y. discoasters are absent from the 
western Mediterranean. Comparable observations have been de­
scribed from the northeast Atlantic (Muller, 1979). Alternating 
periods of cold arid climate with stronger winds and warmer 
more humid climate within the interval from 2.5 to 1.8 m.y. 
might explain the increase of upwelling observed in the western 
and eastern Mediterranean land sections during this time (Meu­
lenkamp et al., 1979; Ghidalia, 1987). Periods of upwelling are 
reflected by deposition of fine laminated diatomites. They show 
an increase in wind-transported pollen (Strick-Rossignol, 1973; 
Combourieu-Nebout, 1987. Off northwest Africa it is inferred 
from the onset of coastal upwelling and deposition of eolian-
sand turbidites since 2.5 m.y. to the beginning of numerous pe­
riods of accentuated glacial-style meridional trade winds (Sarnt­
hein, 1977; Sarnthein et al., 1982). 

Quaternary 
The Pleistocene nannofossil assemblages of the western 

Mediterranean show a more important influence of Atlantic wa­
ter masses (Muller, 1978, 1985). The general aspect of the late 
Pleistocene assemblages in the western Mediterranean indicates 
slightly lower surface-water temperatures compared with those 
from the eastern part. Typical warm-water species like Disco-
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Table 4. Distribution of calcareous nannofossils from selected samples, Hole 654A. See list following Table 2 for identification of species. 



Late 
Pliocene 

Early 
Pliocene 

NN 16 

NN 15 

NN 14 

NN 13 

12R-2-30 
13R-CC 
14R-2-50 
14R-3-100 
14R-4-100 
14R-CC 
15R-1-50 
15R-2-30 
15R-2-100 
15R-3-30 
15R-3-100 
15R-4-30 
15R-5-30 
15R-6-30 
15R-6-110 

15R-CC 
16R-1-50 
16R-2-30 
16R-3-40 
16R-4-40 
16R-CC 
17R-1-100 
17R-2-50 
17R-4-20 
18R-1-50 
18R-3-50 
18R-4-50 
18R-5-120 
18R-7-40 
19R-1-30 
19R-2-30 
19R-3-30 

19R-4-50 
19R-5-30 
20R-1-30 
20R-2-30 
20R-2-120 

20R-3-120 
20R-4-120 
20R-5-100 
21R-1-30 
21R-2-30 
21R-3-30 
21R-4-30 
21R-5-30 

R 

R 

R 

R 
R 

R 
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R 

R 
R 
F 

R 

C F C 
C F C 
C F C 
C F C 
C F F 
C F C 
C F C 
F C F 
C F C 
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C F C F 

C F C 
C F C 
C F C 

C F C 
R C 
R C 

C 
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Table 4 (continued). 

Age 

Early 
Pliocene 

Late 
Miocene 

Nannofossil 
zones 

NN 12 

NN l i b 

NN 11a 

Samples, 
interval (cm) 

21R-CC 
23R-1-30 
23R-2-30 
23R-3-30 
23R-4-30 
24R-1-60 
24R-2-30 
24R-3-30 
24R-4-30 
24R-5-30 
24R-6-40 
25R-1-30 
25R-2-50 
25R-3-80 
25R-4-30 
25R-5-30 
26R-1-110 
26R-2-30 
26R-3-30 
26R-4-30 
26R-CC 

27R-CC 
28R-1-119 
28R-3-18 
28R-3-65 
28R-3-94 
29R-1-14 
29R-1-103 
29R-2-146 
29R-3-17 
30R-1-6 
33R-1-45 
35R-1-35 
40R-2-86 
40R-3-86 
40R-4-86 
41R-1-93 
41R-2-93 
41R-3-93 
41R-4-93 
42R-2-92 
42R-4-90 
42R-5-90 
42R-6-36 
43 R-1-92 
43R-3-92 
43R-5-92 

44R-1-92 
44R-3-92 
44R-5-92 
44R-6-32 
45 R-1-90 
45R-2-90 
45R-4-90 
45R-6-90 

1 2 3 4 5 

F 

R 

R R 
C C 

R 

R R 

R R 
F R 
C R 
F F 
C 
R 

F 
R 
R 
F 

R R 

R 

R R 
R 
R 

R 

R 

F 

R R 
R 
R R 
R 

R 

6 7 8 9 10 

C F C F 
C F F F 
C F C C 
C F C F 
C F C F 
C C F F 
C C C C 
C C R C 
C C F C 
C R R C 
C R R C 
C F C C 
C F C C 
C F F C 
C F F C 
C F C C 
C F C C 
C F C C 
A F C F 
A F C C 
A F C C 

A F C C 
R R R R 
F R R F 
F F F F 
F F F F 
C F F F 
C F F F 
C F F F 
C F F F 
C F F C 
F F F 

F F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
C F C F 
F F C F 
F C C F 

C F C F 
F F F F 
F F F F 
C F C F 
C F C C 
F F F F 
F R R F 
F R R F 

11 12 13 14 15 

R C 
C F 
C C 
R F 
C C 
F R 
F R 
F F 
F 
C 
F C 
F F 
C C 
C C 
F 
R F 
R R 

R R 
F C 
R 

R R 

R R 
R 
R R 
F R 
R R 
F R 
R 
R R 

C C F 
F F 
C F 
C 
C C F F 
C C F 
R R R 
F F R 
F F F R 
F F R 
F F R 
C R C R 
C F F R 
C F F R 

F 
F 

R R 
F R F 
C F 
F F F 

16 17 18 19 20 

F F 
C 
R R 
R R 

R 

R 
R R 
F R 
R R 
F 
F R 
F 
F R 
C R 
F R R 
R R 

R 
C 
R 

R 

R R 
R 
R R 

R R 

R 

F F 

F R 
F 

F F 
F F 

R 
R C 

C 

F 
F 
F 
C 
C 
C 

21 22 23 24 25 26 27 28 29 30 

F 

C 
F 
F 
C 
C 
C 
F 
C 
C 
F 
F 
F 
C 
F 
F 
F 
F 
F 
F 

F 
R 
F 
F 
F 
F 
C 
F 
F 
F 
F 
F 
F 
C 
C 
C 
F 
F 
C 
F 
F 
C F 
F 

F 
F 
F 

C 
F 
F 
F 
F 
F 
R 
R 

31 32 33 34 35 

F 
R 

R R 

R 

R 
C 

R 

F 

R R 
R R 
R R 
R 

R 

R 

36 37 38 39 40 

C 
C F 
C F 
A F 
A R 
A 
A 
A 
A 
A F 
A 
C 
C 
C F 
C 
A R 
A R 
A 
A 
A R 
A R 

A 
R 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C R 
C 
C 
c 
c 
c 
A 
A 
A 
A R 
A 
C 
C 
C 

C 
F 
F 
C 
C 
C 
F 
F 

41 42 43 44 45 

C 
F F 

C 
R C 
R C 
F R F 
F C F 

C F 
F C F 
F C 

C 
F C F 

C 
F C R R 
R C 
F C R 

C R 
F C 
R C 
R C 

C 

C 
R 
F 
C 
F 
C 
C 
c 
c 
c 
c 
A 
C 
C 
c 
c 
c 
c 
c 
c 
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A 
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C 
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C 
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C 
F 
F 

46 47 48 49 
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Table 5. Distribution of calcareous nannofossils from selected samples, Hole 655A. See list following Table 2 for identification of species. 

Age 

Pleistocene 

Late 
Pliocene 

Early 
Pliocene 

Nannofossil 
zones 

N N 2 1 

NN 19 

NN 17/18 

NN 16 

NN 15 

Samples, 
interval (cm) 

1H-1-20 
1H-2-20 

1H-2-120 
2H-1-50 
2H-2-60 
2H-2-120 
2H-3-43 
2H-4-30 
2H-4-140 
2H-5-120 
2H-6-73 
2H-6-93 
2H-CC 
3H-1-30 
3H-2-40 

3H-3-60 
3H-4-66 
3H-5-60 
3H-6-52 

4H-1-50 
4H-2-100 
4H-3-140 
4H-4-140 
4H-5-50 
4H-5-140 
4H-6-50 
4H-7-30 
5H-1-120 
5H-2-80 
5H-3-130 
5H-4-120 
5H-5-10 
5H-7-30 
6H-1-50 
6H-2-110 
6H-3-120 
6H-4-120 
6H-5-120 
6H-6-40 
7H-1-50 
7H-2-50 
7H-3-50 
7H-4-50 
7H-5-50 

7H-6-4 
8H-1-50 
8H-2-50 
8H-3-50 
8H-4-50 
8H-CC 
9H-1-60 
9H-2-50 
9H-3-50 
9H-4-100 

1 2 3 4 5 

R 

R 

R 

C 

F 

R 

F 

R 

6 7 8 9 10 

C F 

F 
R 
F 

R F 
C 
R 
C 

F 
F F 

F 
C F 
R 
C F 

C C 
C F C 
R F 
C F C 

C F A 
C F C 
C R C 
C F C 
F F C 
A F C 

R A F C 
C F C 
C F C 
A F C 
C F C 
C F C 
C F C 
C F C 
C F C 
C F C 
C F C 
C F C 
C F C 
C C C 
C F C 
C F C 
C F C 

R C F C 
R C C C F 

C F C 
C F C F 
C F 
C F C F 
C F C 
C F C 
C F C 
C F C 
C F C 
C F C 

11 12 13 14 15 

R 

R 

F 
R 

R R 
R 
C 
C 

R 
F 
F 
R 
C 
R 
F 
F 

R 
C C 

C 
C R 
R F 
R 
F 

R C 
F 
F R 

C C R 
R F 
C F 
C F 
F R 
F F 
F C 

16 17 18 19 20 

R 

C 
C 
F 
F 
C 
C 
C 
C 
C 
C 
C 
R 

C 

C 
C 

R A 
F 

R R A 
C 

R C 
R F 

R R C 
R R C 
R C 
R C 

C 
F C 

R R C 
R R C 

C 
C 

C 
F 
C 

C C 
R C 
C 
C F C 
C C 
C R F 

C F F 
C F 
A F 
C C F 
A R C 
A C C 
C C 
C C F 

C 
C C 

21 22 23 24 25 

C C 
C C 

c 
c 
c 
c 

c 
C F 

C 
C 

c 
F 

F 

F 
F 
C 

C 
R 
F 

F 
C 
F 
F 
R 
F 
F 
R 
F 
C 
C 
F 
F 
C 
C 
C 

F 
F 
F 
F 
F 
F 
F 
F 

R 

26 27 28 29 30 

F F 
A 

A C 
C C 
C F 
A R C 
C R F 
C C C 

C F 
C C 

C C 
C 

C C 
A C F 
A C C 

C 
F 
F 
C 

F 
C 
F 
C 
F 
F 
C 
C 
F 
C 
C 
F 
C 
F 
C 
C 
C 
C 
F 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

31 32 33 34 35 

C R 
R 

F F 
R R 

C 
R R 
F F 
F C R 
C F C 

C C 
C C R 
C F 
C F A 
C R C 
F R 

C C 
C C 
F C 
C F C 

C A 
F 

C F A 
C F C R 
C F C 

F 
F C 
C C R 
F F C 
F C R 
F F C 
C C 
C C 
F C 
C F C 

C 
R F R R 
F F F 
F R 
C C 
C R 
C F C 
F R C 
C F C 

F F 

R F 
F F 

F F 
C C 
C C 

A 
C C 
F C 

C 
C 

36 37 38 39 40 

R 

F F 
C F 
A R 
A F 
C R 
C F 
C 

F 
C F 
C F 
C F 
C R 
R R 

R 
F 

A F 
C C 

C F 

C 
C F 

F 

C 
F 

C 

F 

F 

R 

F 
F 

F 
R 
F 

C 
C F 
C 
F F 

C 
C 

41 42 43 44 45 

C 
c c 

R F 

F 
F 

F 
F 

R R 
C 
F 

F 

F F 
C 

C 
R 

F 
R F 

C 
F F 

R C 
C 

R C F F 
R F F 

F 
R 

F 
R 

F C 
R F R F 
R C 

C 
R F 

F 
C F 

R F R C 
F R R C 

R F 

R R F 
F 

R F R F 
F 
F R 

F 

C 
F 

46 47 48 49 

R 

R 
R 
R 

R 

R 
R 
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sphaera tubifera, Oolithotus fragilis, Umbilicosphaera mirabi­
lis, and Umbellosphaera tenuis are only rare or absent in the 
Tyrrhenian Sea. Coccolithus pelagicus, a cold-water species, is 
present in the western Mediterranean with varying abundance 
throughout the Quaternary. Its distribution pattern is strongly 
controlled by the Atlantic surface currents. This species is gen­
erally absent from the eastern Mediterranean except for very 
short incursions related to stronger influx of Atlantic water 
masses (Muller, 1972, 1973). Nannofossil assemblages within 
the lower Pleistocene (NN19) are rather homogenous indicating 
more constant conditions up to the interval with the small Ge­
phyrocapsa sp. acme which is characterized by numerous short-
period cycles. The end of this interval represents the boundary 
between the "preglacial" and "glacial" Pleistocene at about 0.8 
m.y. A significant difference exists in the sedimentary record be­
tween the lower Pleistocene (NN19) and the upper Pleistocene 
(NN20-NN21). This change took place at about 0.5-0.45 m.y. 
and is most probably related to more important climatic fluctu­
ations as also indicated by isotope analysis (Grazzini et al., this 
volume; Thunell et al., this volume). The sediments deposited 
during the younger time interval consist predominantly of distal 
turbidites (Hieke et al., this volume) with reworking of nanno­
plankton from older strata and tunicate spines from the shelf. 
This difference is also clearly reflected in the accumulation rates 
which are strongly decreasing below 0.5 m.y. The high sedimen­
tation rates within the upper Pleistocene are locally reinforced 
by the input of volcanic ashes. 

Previously, sapropels were almost exclusively described from 
the eastern Mediterranean (Kidd et al., 1978). They were ex­
plained by most of the authors by the high influx of less-saline 
water from the Black Sea and fresh water from the rivers during 
interglacial periods. Muller (1972, 1973) assumed that the in­
flux of less-saline Atlantic water masses linked with the sea-level 
rise during interglacial periods was of greater importance for 
density stratification in the water column. However, there are 
probably various factors causing stagnant conditions in the bot­
tom water and formation of organic-matter-rich layers. The in­
terval with the small Gephyrocapsa sp. acme is characterized in 
the western Mediterranean by the occurrence of several sapropel 
layers. These sapropels as well as those within the upper Pleisto­
cene are considered to be related to glacial-interglacial cycles. 

Micropaleontological studies and isotope analysis have shown 
that almost all of the sapropels and sapropelitic layers were de­
posited during the onset of interglacial periods. However, not 
each climatic change was strong enough to cause stratification 
within the water column and anoxic conditions with formation 
of organic-matter-rich layers. Some stratifications were only in­
ferred from a very high pyrite content in the sediments or from 
an atypical nannoplankton assemblage. The dominance of Braa­
rudosphaera bigelowi, a species which indicates less-saline sur­
face water, within few sapropels around the Pliocene/Pleistocene 
boundary (Fig. 3) and some thin white layers within the lower­
most part of zone NN19 might be related to climatic changes 
with heavy rainfalls and influx of fresh water. The Braarudo­
sphaera bigelowi layers are restricted to this stratigraphic inter­
val, and they were also described from the eastern Mediterra­
nean (Stradner, 1973; Muller, 1978, 1985) where they are, how­
ever, less pronounced. The fact that these Braarudosphaera 
bigelowi layers are more distinct in the western than in the east­
ern Mediterranean might show that the climate was more humid 
within the western area. 

SUMMARY 
Investigation of about 1500 samples collected during Leg 

107 in the Tyrrhenian Sea have shown that, besides some minor 
difficulties, the established nannoplankton zonal scheme and 
the correlation with biostratigraphic events based on planktonic 

foraminifera can be used in the western Mediterranean. The cli­
matic evolution and the distribution pattern of water masses in 
the western Mediterranean are closely related to the paleoceano­
graphic evolution of the Atlantic which is controlled by global 
climatic events as demonstrated by previous observations (Bizon 
and Muller, 1977). Oldest marine sediments recovered during 
Leg 107 are of late Tortonian age. The Messinian sediments 
were deposited under various environmental conditions ranging 
from continental to restricted marine following the paleomor-
phology. The uppermost Messinian faunal and floral assem­
blages from Hole 653A and Hole 654A are comparable with 
those described from other boreholes in the western Mediterra­
nean. The rather stable climate characterizing the earliest Plio­
cene is followed by a distinct cooling with several fluctuations 
within nannoplankton zones NN13 and lower NN14 (about 4.3-
3.8 m.y). An important paleoenvironmental change at about 
3.2-3.0 m.y. (NN15/NN16) linked with an important turnover 
of faunal and floral assemblages is generally considered to cor­
relate with a cooling. This change affected the planktonic as 
well as the benthic assemblages, and it is also reported from the 
Atlantic. A strong drop of surface-water temperature caused by 
the onset of the northern hemisphere glaciation at about 2.5 
m.y. (within zone NN16) can easily be recognized by a distinct 
decrease in discoasters. Between 2.5 and 2.0 m.y., discoasters 
are rare to few and restricted to certain levels which at the same 
time are characterized by the presence of warm-water plank­
tonic foraminifera. This indicates a number of climatic fluctua­
tions from cold arid to warmer more humid climate. They might 
explain the increase of upwelling within the upper Pliocene de­
scribed from the western and eastern Mediterranean land sec­
tions. Discoasters are absent in the Tyrrhenian Sea during latest 
Pliocene time (about 2.0-1.6 m.y.). The Pliocene/Pleistocene 
boundary is determined by the extinction of Cyclococcolithus 
macintyrei at about 1.6 m.y. at the top of the Olduvai paleo­
magnetic event. Sapropels are concentrated around this bound­
ary. The occurrence of abundant Braarudosphaera bigelowi 
within certain levels around the Pliocene/Pleistocene boundary 
and within the lowermost NN19 might indicate periods of heavy 
rainfall and inflow of fresh water. Warmer and more stable con­
ditions during the lowermost Pleistocene (about 1.6-1.2 m.y.) 
were replaced by numerous smaller climatic oscillations within 
the interval of the small Gephyrocapsa sp. acme (1.2-0.9 m.y.). 
This interval is also marked by several sapropel layers. The 
upper Pleistocene (from about 0.5 m.y.) is characterized by a 
change in the sedimentary record. The climatic fluctuations dur­
ing this time are of higher amplitude. 

Sapropels formed during the upper Pleistocene are related to 
density stratification in the water column due to higher influx 
of less-saline Atlantic water masses during interglacial periods. 

ACKNOWLEDGMENT 
Thanks to K. Kastens, M. B. Cita, and K. Perch-Nielsen for review­

ing the manuscript as well as the Institut Francais du Petrole and J. P. 
Caulet for their help. 

REFERENCES 
Adams, C. G., Benson, R. H., Kidd, R. B., Ryan, W. B., and Wright, 

R., 1977. The Messinian salinity crisis and evidence of late Miocene 
eustatic changes in the world ocean. Nature, 269:383-386. 

Backman, J., and Shackleton, N. J., 1983. Quantitative biochronology 
and Pliocene and early Pleistocene calcareous nannofossils from the 
Atlantic, Indian and Pacific Oceans. Mar. Micropaleontol., 8:141-
170. 

Backman, J., Shackleton, N. J., and Tauxe, L., 1983. Quantitative nan­
nofossil correlation to open ocean deep-sea sections from Plio-Pleis­
tocene boundary at Vrica, Italy. Nature, 304:156-158. 

Bizon, G., and Muller, C , 1977. Remarks on some biostratigraphic 
problems in the Mediterranean Neogene. In Biju-Duval, B., and 

510 



NANNOPLANKTON BIOSTRATIGRAPHY AND PALEOENVIRONMENTAL INTERPRETATIONS 

Montadert, L. (Eds.), Structural History of the Mediterranean Ba­
sins. Split, Yugoslavia (Tecnoprint), 381-390. 

, 1978. Remarks on the determination of the Pliocene/Pleisto­
cene boundary in the Mediterranean. In Hsu, K. J., Montadert, L. 
et al., Init. Repts. DSDP, 42 (Pt. 1): Washington (U.S. Govt. Print­
ing Office), 847-853. 

Blechschmidt, G , Cita, M. B., Mazzei, R., and Salvatorini, G , 1982. 
Stratigraphy of the western Mediterranean and southern Calabrian 
Ridges, eastern Mediterranean. Mar. Micropaleontol., 17:101-134. 

Chamley, H., Dunoyer de Segonzac, G , and Melieres, F., 1978. Clay 
minerals in Messinian sediments of the Mediterranean area. In Hsu, 
K. J., Montadert, L., et al., Init. Repts. DSDP, 42 (Pt. 1): Washing­
ton (U.S. Govt. Printing Office), 389-397. 

Cita, M. B., 1975. The Miocene/Pliocene boundary. History and defi­
nition. In Saito, T , and Burckle, H., (Eds.). Late Neogene Epoch 
Boundaries. Micropaleontol. Spec. Publ., 1:1-30. 

Combourieu-Nebout, N., 1987. Les premiers cycles glaciaire-intergla-
ciaire en region mediterraneenne d'apres l'analyse palynologique de 
la serie plio-pleistocene de Crotone (Italie meridionale). [Thesis]. 
Montpellier Univ. 

Driever, B.W.W., 1981. A quantitative study of Pliocene associations of 
Discoasters from the Mediterranean. Proc. Nederl. Akad. Wetensch., 
B, 84:437-455. 

Ellis, C. H., 1977. Neogene nannoplankton zonation in eastern Medi­
terranean. Ann. Geol. Pays. Hellen., 1:391-401. 

Gartner, S., 1973. Absolute chronology of the late Neogene calcareous 
nannofossil succession in the Equatorial Pacific. Geol. Soc. Am. 
Bull., 84:2021-2034. 

, 1977. Calcareous nannofossil biostratigraphy and revised zo­
nation of the Pleistocene. Mar. Micropaleontol., 2:1-25. 

, 1988. Paleoceanography of the Mid-Pleistocene. Mar. Micro­
paleontol., 13:23-46. 

Gartner, S., Chen, M. P., and Stanton, R. J., 1980. Paleoceanographic 
implication of the dominance of small Gephyrocapsa in the mid-
Pleistocene nannoflora. Geol. Soc. Am. Ann. meeting, Atlanta [Ab­
stract], 432. 

Ghidalia, M. J., 1987. Contribution a Petude du stratotype de la limite 
Plio-Pleistocene; apports de Petude des nannofossiles calcaires des 
coupes de Stuni et de Vrica-Calabre-Italie, (systematique biostrati-
graphie-paleoenvironment.). [Thesis]. Univ. Paris. 

Hodell, D. A., Elmstrom, K. M., and Kennett, J. P., 1986. Latest Mio­
cene benthic 5180 changes, global ice volume, sea level and the "Mes­
sinian salinity crisis." Nature, 320:411-414. 

Kennett, J., and Leonard, K. A., 1983. Climatically induced changes in 
vertical water mass structure of the Vema Channel during the Plio­
cene: Evidence from Deep Sea Drilling Project Holes 516A, 517, 
and 518. In, Barker, P. E, Carlson, R. L. et al., Init. Repts. DSDP, 
72: Washington (U.S. Govt. Printing Office), 907-919. 

Hsu, K. J., Montadert, L., Bernoulli, D., Cita, M. B., Erickson, A., 
Garrison, R. E., Kidd, R. B., Melieres, E , Muller, C , and Wright, 
R., 1978. History of the Mediterranean salinity crisis. In Hsu, K. J., 
Montadert, L., et al., Init. Repts. DSDP, 42 (Pt. 1): Washington 
(U.S. Govt. Printing Office), 1053-1078. 

Kastens, K. A., Mascle, J., et al., 1987. Proc. ODP, Init. Repts., 107: 
College Station, TX (Ocean Drilling Program). 

Kidd, R. B., Cita, M. B., and Ryan, W.B.F., 1978. Stratigraphy of east­
ern Mediterranean sapropel sequences recovered during Leg 42A and 
their paleoenvironmental significance. In Hsu. K. J., Montadert, L., 
et al., Init. Repts, DSDP, 42 (Pt. 1): Washington (U.S. Govt. Print­
ing Office), 421-443. 

Martini, E., 1971. Standard Tertiary and Quaternary calcareous nanno­
plankton zonation. Proc. II Planktonic Conf., Roma 1970: Rome 
(Ed. Technoscienza), 739-785. 

Martini, E., and Muller, C , 1986. Current Tertiary and Quaternary cal­
careous nannoplankton stratigraphy and correlations. Newsl. Stratigr., 
16:99-112. 

Mazzei, R., Raffi, J., Rio, D., Hamilton, N., and Cita, M. B., 1979. 
Calibration of late Neogene calcareous nannoplankton datum planes 
with the paleomagnetic record of Site 397 and correlation with Mo­
roccan and Mediterranean sections. In von Rad, U , Ryan, W.B.F, 
et al., Init. Repts. DSDP, 47: Washington (U.S. Govt. Printing Of­
fice), 375-390. 

Meulenkamp, J. E., Driever, B.W.M., Jonkers, H. A., Spaak, P., Groot-
jans, P., Kok, C. P., De Man, G , Theodoridis, S., and Zachariasse, 
W. J., 1979. An empirical approach to paleoenvironmental analysis. 
2. Changes in water mass properties and the distribution of some 
Pliocene index species. Ann. Geol. Pays Hellen., 2:817-830. 

Meulenkamp, J. E., Driever, B.W.M., Jonkers, H. A., Spaak, P., Za­
chariasse, W J., and van des Zwaan, G. J., 1979. Late Miocene-Plio­
cene climatic fluctuations and marine "cyclic" sedimentation pat­
terns. Ann. Geol. Pays Hellen., 2:831-842. 

Monechi, S., Bleil, K., and Backman, J., 1985. Magnetobiochronology 
of late Cenozoic pelagic sedimentary sequences from the Northwest 
Pacific (Deep Sea Drilling Project, Leg 86, Site 577). In Heath, G. R., 
Burckle, L. H., et al., Init. Repts. DSDP, 86: Washington (U.S. 
Govt. Printing Office), 787-797. 

Montadert, L., Letouzey, J., and Mauffret, A., 1978. Messinian event: 
seismic evidence. In Hsu, K. J., Montadert, L., et al., Init. Repts. 
DSDP, 42 (Pt. 1): Washington (U.S. Govt. Printing Office), 1037-
1050. 

Muller, C , 1972. Kalkiges Nannoplankton aus Tiefseekernen des Ion-
ischen Meers. "Meteor" Forschungsergebnisse, Reihe C, 10:75-95. 

, 1973. Calcareous nannoplankton assemblages of Pleistocene-
Recent sediments of the Mediterranean Sea. Bull. Geol. Soc. Greece, 
10:133-144. 

, 1978. Neogene calcareous nannofossils from the Mediterra­
nean—Leg 42A of the Deep Sea Drilling Project. In Hsu, K. J., 
Montadert, L, et al., Init. Repts. DSDP, 42 (Pt. 1): Washington 
(U.S. Govt. Printing Office), 727-751. 

, 1979. Calcareous nannofossils from the North Atlantic (Leg 
48). In Montadert, L., Roberts, D. G , et al., Init. Repts. DSDP, 48: 
Washington (U.S. Govt. Printing Office), 589-639. 

, 1985. Late Miocene to Recent Mediterranean biostratigraphy 
and paleoenvironments based on calcareous nannoplankton. In Stan­
ley, D. J., and Wezel, F C , (Eds.), Geological evolution of the Med­
iterranean Basin. Berlin (Springer-Verlag): 471-485. 

Pujol, C , and Duprat, J., 1985. Quaternary and Pliocene planktonic 
foraminifers of the North-eastern Atlantic (Goban Spur), Deep Sea 
Drilling Project Leg 80. In Graciansky, P. C. de, Poag, C. W., et al., 
Init. Repts. DSDP, 80: Washington (U.S. Govt. Printing Office), 
683-723. 

Rio, D., Sprovieri, R., and Raffi, I., 1984. Calcareous plankton bio­
stratigraphy and biochronology of the Pliocene-Lower Pleistocene 
succession of the Capo Rosello area, Sicily. Mar. Micropaleontol., 9: 
135-180. 

Sarnthein, M., 1977. Neogene sand layers off NW Africa: composition 
and source environment. In Lancelot, Y , Seibold, E., et al., Init. 
Repts. DSDP, 41: Washington (U.S. Govt. Printing Office), 497. 

Sarnthein, M., Thiede, J., Pflaumann, U , Erlenkeuser, H., Futterer, 
D., Koopmann, B., Lange, H., and Seibold, E., 1982. Atmospheric 
and oceanic circulation pattern off Northwest Africa during the past 
25 million years. In von Rad, U.,.Hinz, K., Sarnthein, M., and Sei­
bold, E., (Eds.), Geology of the Northwest African continental mar­
gin. Berlin (Springer-Verlag): 545-604. 

Sprovieri, R., Ruggieri, G , and Unti, M., 1980. Globorotalia truncatu­
linoides excelsa n. subsp., foraminifera planctonico guida per il Pleis­
tocene inferiore. Boll. Soc. Geol. Itai., 99:3-11. 

Stradner, H., 1973. Catalogue of calcareous nannoplankton of Neogene 
age in the eastern North Atlantic and Mediterranean Sea. In Ryan, 
W.B.F, Hsu, K.J., et al., Init. Repts. DSDP, 13 (Pt. 2): Washington 
(U.S. Govt. Printing Office), 1137-1199. 

Strick-Rossignol M., 1973. Pollen analysis of some sapropel layers from 
the deep sea floor of the eastern Mediterranean. In Ryan, W.B.F, 
Hsu, K. J., et al., Init. Repts., DSDP, 13 (Pt. 2): Washington (U.S. 
Govt. Printing Office), 631-643. 

Zachariasse, W. J., and Spaak, P., 1983. Middle Miocene to Pliocene 
paleoenvironmental reconstruction of the Mediterranean and adja­
cent Atlantic Ocean: planktonic foraminiferal record of southern It­
aly. In Meulenkamp, J. E. (Ed.): Reconstruction of marine paleoen­
vironments. Utrecht Micropaleontol., Bull., 30:91-110. 

Date of initial receipt: 9 November 1988 
Date of acceptance: 19 January 1989 
Ms 107B-146 

511 


