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Abstract  

Zachamasse, W.J,  Zljderveld, J.D A., Langerem, C.G., Hfigen, F J and Verhallen, P.J J M., 1989. Early Late Phocene 
bmchronology and surface water temperature vanatmns m the Mediterranean Mar Mmropaleontol, 14. 339-355 

A high-resolution magnetoblostratlgraphy is presented for the early Late Phocene m Sicily Paleomagnetm mea- 
surements on samples from 100 stratlgraphm levels provide an unprecedented high-quality polamty sequence whmh 
extends from the upper reversed Gilbert to the upper normal Gauss subchron. The resultant chronology for the early 
Late Phocene provides ages for the following principal Mediterranean bloevents: (1) FOD Globorotaha crassaformls 
at 3.40 Ma, (2) prolonged absence of Globorotaha punct~culata between 3.38 and 3 16 Ma, (3) LOD Uwgerma rutda 
at 3 16 Ma, (4) LOD Sphaero~dmellops~s semmuhna at 3.07 Ma, (5) LOD Globoquadrma altzsp~ra at 3 04 Ma and 
(6) LOD C~blc~des ~tahcus at 2.96 Ma. 

Summer and winter surface water temperature estimates for the period 3 50 to 2 92 Ma are based on the abundances 
of Glob~germo~des saccuhfer and Globorotaha punctwulata m 111 samples with an average resolutmn of some 5000 
years 

Short-term varmtmns m temperature of the surface water and m colour and carbonate content of the sediment are 
primarily controlled by the equmoxal precession A higher seasonahty during deposltmn of the grey-coloured, carbon- 
ate-poor facms suggests that at that time the summer solstice occurred near penhehon, whereas an reverse ahgnment 
occurred at the time of deposltmn of whlte-coloured, carbonate-inch layers Thin phase-relatmnshlp between the 
precessmn cycle and grey-coloured layers is also vahd for the sapropels whmh began to intercalate m the grey-coloured 
layers at 2 94 Ma 

Long-term changes m surface water temperatures include a warmmg between 3 38 and 3 18 Ma followed by a coohng 
from 3 18 to 3 03 Ma. The warming of Mediterranean surface waters at 3 38 Ma is beheved to be assocmted w~th the 
final closure of the Isthmus of Panama. Consequent strengthening of the Gulf Stream rejected larger volumes of warm 
surface water into the North Atlantm Drift and eastern boundary current and thin caused surface water temperatures 
m the mid to high-latitude northeast Atlantic and Mediterranean to rose. The subsequent chmatm coohng at 3 18 Ma 
is hnked to a first stage of Northern Hemmphere continental me growth. 

Introduct ion  

Despite the long tradition in Pliocene stra- 
tigraphy m the Mediterranean there is still sur- 
prisingly little paleomagnetic control. Good pa- 
leomagnetic records are presently available for 
the Early Pliocene (Zijderveld et al., 1986; Hil- 

gen and Langereis, 1988) and the Late Pliocene 
to earliest Pleistocene (Tauxe et al., 1983) and 
provide accurate age-estimates for the Mio- 
cene/Pliocene and Pliocene/Pleistocene 
boundaries. The Miocene/Pliocene boundary 
is anchored slightly below the base of the Thvera 
subchron with an age of 4.86 Ma (Hilgen and 
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Langereis, 1988), whereas the PlIocene/Plels-  
tocene boundary hes slightly above the Olduval 
subchron at approximately 1.6 Ma (Tauxe et 
a l ,  1983) Good paleomagnetic control on the 
early Late Phocene, however, is still lacking and 
current biochronologms for this t ime-span are 
based on transferring ages of extra-Mediterra- 
nean bmevents to Mediterranean equivalents 
(Rio et al ,  1984) or on the employment of pe- 
rmdlcltms of sechmentary cycles (Hflgen, 1987 ) 

The early Late Pliocene is the time when the 
climate system passed an important  threshold 
(e.g. Shackleton and Opdyke, 1977; Keigwm, 
1982a, 1987, Suc, 1984; Ruddlman et al., 1987a ) 
but many more well-dated paleoenvlronmental  
records are necessary to unravel the details of 
this chmatlc change, 

In this paper we introduce a hlgh-resolutmn 
magnetostratxgraphy for the early Late Ph- 
ocene in Sicily, which furnishes a new and de- 
tailed bmchronology for this t ime-span in the 
Mediterranean. Furthermore,  the abundance 
record of three planktomc foraminiferal species 
affords a well-dated record of early Late Ph- 
ocene surface water temperature varmtlons in 
the Mediterranean 

Stratigraphic data 

The results presented here are based on a 
combined paleomagnetm and mlcropaleonto- 
logical samphng campmgn on the early Late 
Phocene composite section of Punta  Grande 
and Punta  Piccola in Sicily (Fig. 1 ) The marly 
hthology of this sectmn (Fig 2 ) IS strongly de- 
fined by astronommally controlled variations m 
carbonate content (Hllgen, 1987) Grey to white 
colour varmtions characterize small-scale cycles 
m which the grey interbeds are relatively poor 
in carbonate Larger scale cycles are distin- 
guishable by the occasmnal occurrence of 
prominently indurated carbonate-rmh inter- 
vals. Sapropehtlc mterbeds m the higher part  
of the sectmn correspond to the grey coloured 
part of the small-scale cycles. The distract 
rhythmm layering of the sediment is extremely 

helpful m accurately tracing faults whmh oth- 
erwise m~ght upset the stratxgraphm continuity 

The stratlgraphxc positron of planktomc ibr- 
ammlferal bioevents (Fig. 2 ) is based on a qual- 
itative analysis of fractions coarser than 125 
m~cron from 145 samples. In terms of the bIo- 
stratigraphy of Spaak (1983) the composite 
sectmn ranges from the Globorotaha punct~cu- 
lata Zone (interval 4 ) into the Globorotaha eras- 
sa[orm~s Zone (interval 6). In applying the 
MPL-zonal  scheme of Clta (1975 } the section 
extends from M P L  4 into M P L  5 (Fig 2) 

Magnetostratigraphy 

Paleomagnetxc samples were taken at 77 lev- 
els in the Punta  Piccola section and at 20 levels 
in the Punta  Grande section with an average 
samphng interval of 50 cm (Fig. 2 ). At each level 
we drilled two cores of 25 mm diameter. Special 
care was taken to remove the weathered surface 
and to drill m freshly coloured (blue) sedi- 
ments. Inter-level dmtances were calculated ac- 
cording to Langerels and Meulenkamp ( 1979 ) 

The natural remanent  magnetization 
( N R M )  was measured on a 2G Enterprises cry- 
ogemc magnetometer  Total N R M  mtensitms 
of the Punta  Grande section, especially in the 
upper part, are rather low, between 0.02 and 0 20 
mA/m,  but  well above the sensitivity of the 
magnetometer  (0.002 mA/m)  Total N R M  in- 
tensities of the Punta  Piccola section are high, 
most of them between 1.0 and 20.0 mA/m.  To- 
tal N R M  directions show consistent groups of 
normal and reversed polamty, even before de- 
magnetization procedures have removed any 
wscous or secondary component. 

To determine both the characteristic rema- 
nent magnetization (ChRM) and the proper- 
ties of the carrier of this remanence from its 
decay curve (Zljderveld, 1975), generally two 
specimens per samphng level were demagne- 
tized progressively by using stepwise thermal 
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Fig 1 Location map of the Punta Grande and Punta Piccola sections. 

demagnetization with small temperature 
increments. 

Despite their low initial intensities, speci- 
mens from the Punta Grande section produce 
good results with clearly reversed polarity di- 
rections (Fig. 3a,b), even though in the upper 
part of the section some scatter is observed (Fig. 
3b). The specimens from the Punta Piccola 
section show almost invariably results of very 
good quality (Fig. 3c,d). Soft secondary com- 
ponents are generally small or absent. The 
ChRM components show very uniform direc- 
tions regardless of their polarity. The demag- 
netization diagrams show that the maximum 
unblocking temperature is close to 580 ° C, which 
indicates that the characteristic component 
most probably resides in magnetite. The pres- 
ence of magnetite suggests that the ChRM is of 
a primary origin. 

The demagnetization diagrams furthermore 
show that normal and reversed directions are 
anti-parallel. Inclinations of the ChRM (40 ° ) 
are consistently shallower than the inclina- 
tions of the geocentric axial dipole field for the 
locality (57.5 ° ) or present day field (52 ° ). This 
might point to an inclination error due to sedi- 
ment compaction and may be taken as another 

indication for the primary origin of the ChRM 
(Laj et al., 1982). ChRM directions obtained 
from progressive demagnetization are plotted 
in Fig. 4. Normal and reversed polarity levels 
are consistently grouped in distinct polarity 
zones. The Punta Grande section contains only 
reversed directions, whereas the Punta Piccola 
section yields three reversed and three normal 
polarity zones. 

The next step is to correlate the composite 
Punta Grande and Punta Piccola polarity se- 
quence to the magnetic polarity time scale based 
on sea floor anomalies (Berggren et al., 1985). 
In an earlier magnetobiostratigraphic study on 
the Early Pliocene of southern Italy, Zijderveld 
et al. (1986) have shown that the Globorotaha 
margaritae-Globorotalia punctlculata Zone 
( = MPL3 of Cita, 1975 and Interval 3 of Spaak, 
1983) extends up into the upper reversed Gil- 
bert Chron. The three normal polarity zones in 
the composite Punta Grande and Punta Pic- 
cola section, therefore, are younger than the 
normal Cochita subchron and can only be cor- 
related with the major part of the Gauss Chron 
(Fig. 5). 

Calculated correlation coefficients between 
the stratigraphic thickness of the 4 Sicilian po- 
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larity zones and the time-lengths of every pos- 
sible sequence of 4 polarity zones from the mag- 
netic polarity time scale (a method introduced 
by Langereis et al., 1984) also indicate that  the 
composite Punta  Grande and Punta  Piccola 
section is equivalent to the major part  of the 
Gauss Chron. 

Ages of  early  Late Pl iocene  bioevents  

Small-scale sedimentary cycles (Figs. 2, 5) 
between the base of the Gauss Chron and the 

top of the Kaena subchron have an average pe- 
riodicity of 19.2 kyr which is close to the figure 
of 20.5 kyr for similar cycles in the Lower Pli- 
ocene of Calabria (Zijderveld et al., 1986) and 
of 19.1 kyr in the Lower Pliocene of Sicily (Hil- 
gen and Langereis, 1988) and suggests that  also 
these early Late Pliocene small-scale cycles are 
related to the equinoxal precession. 

The upper reversed part of the Gilbert Chron 
contains 12 such cycles, which on the basis of a 
19.2 kyr periodicity, provides an age of 3.63 Ma 
for the base of the section. The upper normal 
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part of the Gauss Chron contains 11 cycles thus 
providing an age of 2.70 Ma for the top of the 
section. In the uppermost 5 cycles, sedimenta- 
tion rates increase progressively upward from 
5 4 to 12.5 cm/kyr .  Ages of bioevents between 
the base of the Gauss Chron and the top of the 
Kaena subchron are based on linear interpola- 
tion between paleomagnetic datum levels using 
the polarity time scale of Berggren et al. ( 1985 ). 
Ages of bioevents in the upper reversed part  of 
the Gilbert and upper normal part  of the Gauss 
Chron are based on the number of cycles be- 
tween bioevents and their nearest  paleomag- 
netlc datum level. The complete age-calibrated 
sequence of Mediterranean bioevents between 
3 63 and 2.70 Ma is shown in Fig. 6. 

The LOD of Sphaeroidinellopsis seminulina 
m the Mediterranean has earlier been corre- 
lated to the Kaena subchron (Cita and Ryan, 
1973 ), but appears by now to be firmly an- 
chored in the middle normal subchron of the 
Gauss Chron at an age of 3.07 Ma (Fig. 6). This 
age fits remarkably well within the reported age 
range of 3.08 to 2.98 Ma for this datum level in 
magnetobiostratigraphic records from the open 
ocean (Hays et al., 1969; Saito et al., 1975; Maz- 
zel et al., 1979; Keigwin, 1982b; Weaver and 
Clement, 1987). Such a globally narrow time- 
range for the LOD of Sphaeroidinellopsis semi- 
nuhna makes this datum level an ideal bioch- 
ronohorizon in the early Late Pliocene of trop- 
real-subtropical oceans. In contrast  to the 
mclpmntly corticated SphaeroidtneUops~s sem- 
tnuhna, fully corticate representatives of 
Sphaerotdmellopsts, viz. S subdehiscens, dis- 
appear much earlier, at 3.58 Ma, from the Med- 
i terranean record (Fig. 6). 

The LOD of Globoquadrma alttspLra appears 
to correlate with a level within the middle nor- 
mal subchron of the Gauss Chron at an age of 
3.04 Ma (Fig. 6). Also this age estimate com- 
pares well with the age-range of 3.10 to 2.85 Ma 
for the LOD of Globoquadrma alt~splra in the 
open ocean (Hays et al., 1969; Saito et al., 1975; 
Mazzei et al., 1979; Orr and Jenkins,  1980; 
Keigwm, 1982b; Weaver and Clement, 1987). 

Although this datum level is potentially a use- 
ful biochronohorizon in the tropical-subtropi- 
cal ocean, its employment m cool-subtroptcal 
regions requires high-resolution sample series 
because m these regions Globoquadnna alt~s- 
p~ra is sparse and its record discontinuous. In 
the early Late Phocene of the Mediterranean 
(for example) Globoquadrma altisp~ra is pres- 
ent  only during 4 periods of less than 20,000 
years each. 

In contrast  to the global time-significance of 
the LOD of Sphaeroidinellops~s semmuhna and 
Globoquadrma alt~spira other early Late Pli- 
ocene foraminiferal events in the Mediterra- 
nean seem to be t ime-bound on a more regional 
scale. Intra-Mediterranean time-stratlgraphm 
value probably holds for the LOD of Uwgenna 
rut~la at 3.16 Ma and for the LOD of C~bic~des 
~talicus at 2.96 Ma. Earher  age estimates of 3.00 
and 2.40 Ma for both events (Sprovieri, 1986), 
based on sediment accumulation curves of 
Mediterranean sections by employing age-cal- 
ibrated extra-Mediterranean bioevents, are too 
young. It is remarkable that  the LOD of Cib~- 
c~des itahcus coincides with an earliest diversi- 
fication in deep water miliolids (Fig. 6). 

Also an age of 3.40 Ma for the FOD of Glo- 
borotalia crassaform~s is only significant for the 
Mediterranean region. In the central North At- 
lantic this species first occurs in the Nunivak 
subchron at 4.16 Ma together with Globorotalm 
punct~culata (Weaver and Clement, 1987). In 
the Mediterranean, Globorotalia punct~culata 
also arrives in the Nunivak subchron at 4.13 Ma 
(Zijderveld et al., 1986), but without Globoro- 
taha crassaformts, which enters the Mediterra- 
nean not before 3.40 Ma. Off northwestern Af- 
rica, at DSDP site 397, Globorotalmpunct~culata 
and Globorotalia crassaform~s again arrive si- 
multaneously (Spaak, 1983 ), although we think 
that  an age-range of 4.16 to 4.13 Ma for this 
event is a better estimate than the poorly con- 
strained age of 4.32 Ma (Mazzei et al., 1979) 
All these data indicate that  the spreading of 
Globorotalia crassaformts in the Mediterranean 
lags behind its spreading in the adjacent Atlan- 
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tic by at least 730,000 years. The early Late Pli- 
ocene record of Globorotalia crassaform~s in the 
Mediterranean shows three intervals of domi- 
nantly right-coiled populations and two longer- 
term intervals in which this species is virtually 
absent (Fig. 6). This age-calibrated pat tern 
provides a useful addition to the early Late Pli- 
ocene biochronology of the Mediterranean. 

The early Late Pliocene record of Globoro- 
talia puncticulata shows that  this species is ab- 
sent in the Mediterranean from 3.38 to 3.16 Ma 
(Fig. 6) which is remarkably consistent with 
the record of the central North Atlantic DSDP 
site 609 (Raymo et al., 1987). At 3.16 Ma Med- 

iterranean populations of Globorotalia puncti- 
culata start to slightly diverge morphologically 
from their Atlantic equivalents and on that  ba- 
sis Mediterranean populations are generally 
singled out as a separate species, viz. Globoro- 
talia bononiensis. In reality, however, Globoro- 
taha bononiens~s is only an ecophenotype of 
Globorotalia puncticulata whose LOD in the 
Mediterranean has an estimated age of 2.31 Ma 
(Hilgen, 1987) and, therefore, is time-equiva- 
lent with the LOD of Globorotalm puncticulata 
in the central North Atlantic (Weaver and 
Clement, 1987). Since we wish to avoid self- 
made age discrepancies between the records of 
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Globorotaha punct~culata m the Mediterranean 
and m the open ocean, Globorotaha bonon~ens~s 
is included in Globorotaha punctLculata. 

Surface  w a t e r  t empera ture  index  

A quantitative analys~s on the early Late Pli- 
ocene planktonic foraminiferal fauna of Sicily 
includes the counting of 16 categories at 111 
levels between 3 50 and 2.92 Ma. In this paper 
we focus on the abundance distribution of only 
three species, viz. Globorotalia punct~culata, 
Glob~germo~des saccuhfer and Glob~germa 
falconens~s. 

Amongst these three species Globorotalm 
punct~culata is extinct. Its living relative Glo- 
borotaha mflata is often classified as a transi- 
tmnal species (e.g. Tolderlund and B~, 1971) 
but such a quahfication is rather meaningless 
as long as habitat  characteristics are not spec- 
ified. According to Van Leeuwen (1988) G/o- 
borotaha mflata flourishes in thermally homo- 
geneous and cool surface waters with 
mtermedmte food levels. These habitat  char- 
actenstlcs agree perfectly with high winter 
abundances of this species in the mid-latitude 
northwest Atlantic (Tolderlund and B~, 1971; 
Hemleben and Spindler, 1983 ). Winter  bloom- 
mg of Globorotalia mflata in this region coin- 
cides with cooling and stirring of the surface 
water which erodes the summer thermocline, 
deepens the mixed layer and supplies the photlc 
layer with nutrients. Also along the Iberian 
coast and in the western Mediterranean Glo- 
borotaha mflata attains highest abundances 
during winter (cf. winter plankton haul data of 
Glacon et al., 1974 and Duprat, 1983, with sum- 
mer data of B4 and Hamlin, 1967 and Cifelli, 
1974 ), when the upper layer is almost homoth- 
ermal down to 200 m (McGill, 1961) and sur- 
face water temperatures fall below 16°C (Du- 
prat, 1983). 

Summarizing, modern winter faunas in the 
mid-latitude North Atlantic and western Med- 
i terranean are characterized by high abun- 
dances of Globorotalia inflata when the photic 
layer is cool, homothermal  and relatively pro- 

ductlve. We assume that  the precursor of Glo- 
borotaha mflata, vlz. Globorotaha punct~culata, 
had similar habitat  charactenstms. 

Globigermo~des saccuhfer is an extant  specms 
which presently abounds in warm-subtropical 
to tropmal waters (e.g. B6 and Hutson, 1977). 
This species is stenothermlc with high mini- 
mum surface water temperature requirements 
(e.g. B6 and Hutson, 1977 ). This is mcely illus- 
t rated by the virtual absence of Glob~germotdes 
saccuhfer In the Gulf of Aqaba m glacial t imes 
when minimum surface water temperatures 
dropped below 18°C (Luz and Reiss, 1983). In 
the mid-latitude northwest Atlantic winter sur- 
face water temperatures are too low for this 
species and, therefore, Globlgermo~des saccuh- 
fer is an indicator of summer and early fall con- 
ditions in this region (Tolderlund and B6, 
1971). Although coastal upwelling (Wooster et 
al., 1976) dominates the summer fauna along 
the Iberian coast and the western extreme of 
the Mediterranean, Glob~germo~es saccuhfer 
again is one of the summer species m the non- 
upwelling regions of the northeast  Atlantic and 
western Mediterranean (cf summer plankton 
haul data of B4 and Hamhn,  1967 and Cifelh, 
1974 with winter data of Glacon et al., 1974 and 
Duprat, 1983 ) 

The contemporaneous blooming of Glob~ger- 
mo~des sacculifer and Globorotalia punct~culata 
at many levels in the early Late Pliocene of Sic- 
ily (Fig. 6) can only be understood if Glob~ger- 
mo~des saccuh[er represents the summer spe- 
cies and Globorotalia puncticulata the winter 
species. We, therefore, assert that  the abun- 
dance fluctuations of both species in Fig. 6 re- 
flect variations in summer and winter surface 
water temperature conditions in the early Late 
Pliocene of the Mediterranean. 

Figure 6 also shows that  both species are fre- 
quently absent over different periods of time. 
Since Glob~gerino~des sacculifer is the species 
which requires the highest surface water tem- 
peratures within this t ime-span at this location 
~t seems reasonable to assume that  whenever 
this specms is absent, summer surface water 
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temperatures were too low. Globorotaha punc- 
t~culata on the other hand is the one which in 
the early Late Pliocene of Sicily requires the 
lowest surface water temperatures indicating 
that  whenever this species is absent winter sur- 
face water temperatures were too high. 

An R-mode analysis on the percent data of 
16 categories (employing computer program 
BALANC which corrects for closed sum effects, 
Drooger, 1982) shows that  Glob~gerina falco- 
nensis is the only one amongst the abundant  
categories that  correlates negatively ( P <  0.01 ) 
with Globigerinoides sacculifer. This suggests 
that  Globigerma falconensis is a sensitive re- 
corder of summer surface wate~ temperatures 
that  are too low for Glob~gerinoides saccuhfer. 
The slightly different surface water tempera- 
ture requirements of Globigenna falconensis and 
Globigermoides sacculifer agree with their dis- 
tribution in the modern ocean where Globiger- 
ma falconensis flourishes in cool-subtropical 
waters (Malmgren and Kennett ,  1977; Van 
Leeuwen, 1988) while Globigerino~des sacculifer 
is abundant  in tropical to warm-subtropical 
waters (e.g. B~ and Hutson, 1977). 

Variat ions in Medi terranean surface  
w a t e r  temperature  2 . 9 2  to 3 . 5 0  Ma 

Abundance patterns of Glob~gerino~des sac- 
culifer, Globorotalia puncticulata and Globiger- 
ma falconens~s are dominated by short-term 
fluctuations of about 20 kyr (Fig. 6 ) and covary 
with precession-related variations in lithology. 
Peak-abundances of Globigerinoides sacculifer 
and Globorotalm punct~culata always correlate 
(P<0.01)  with the grey-coloured, carbonate- 
poor parts of the small-scale sedimentary cycles. 
This suggests that  these layers correspond with 
higher summer and/or  lower winter surface 
water temperatures than those of white layers. 
Consequently, seasonal contrasts might have 
been higher during the deposition of grey layers 
than during that  of white layers. 

The lower carbonate content  in the grey-col- 
oured parts of Early Pliocene cycles has been 

linked to non-carbonate dilution brought on by 
a periodical increase in precipitation and sub- 
sequent supply of river-born fine-grained sedi- 
ments (De Visser et al., 1989). If a similar 
mechanism holds true for the early Late Pli- 
ocene grey-coloured, carbonate-poor intervals 
then these intervals represent periods of in- 
creased seasonality and precipitation. The lin- 
kage of the small-scale sedimentary cycles to 
the equinoxal precession and of the grey layers 
to a higher seasonality, implies that  the sum- 
mer solstice occurred near perihelion during the 
deposition of grey layers. Obviously, this phase 
of the precession cycle is accompanied by an in- 
crease in regional precipitation. 

Sapropelitic interbeds in the higher part  of 
the section are intercalated in the grey-col- 
oured parts of the small-scale cycles (Fig. 2) 
indicating that  the phase-relationship with the 
precession cycle is the same for both facies 
types. Early Late Pliocene sapropelitic layers, 
therefore, were most likely deposited at times 
when the summer solstice occurred near peri- 
helion, i.e. in periods with enhanced seasonal- 
ity and precipitation. A similar relationship be- 
tween a near-perihelion summer solstice and 
increased precipitation has been proposed by 
Rossignol-Strick (1983) to explain the forma- 
tion of Late Quaternary sapropels in the East- 
ern Mediterranean. 

Since precession-related grey layers extend 
back into the earliest Pliocene (Hilgen, 1987) 
there must be some process additional to exter- 
nal forcing to initiate the formation of sapro- 
pelitic layers in Sicily 2.94 Ma. Such a process, 
which most likely is a tectonic one, would make 
the basin setting suitable for the formation of 
sapropels. 

Short-term variations in early Late Pliocene 
Mediterranean surface water temperature, thus, 
are primarily controlled by the equinoxal 
precession. Additional control by the obliquity 
cycle is evidenced by 35 kyr abundance fluctua- 
tions in Globigerino~des saccuhfer 3.50 to 3.35 
Ma (Fig. 6). 

The most conspicuous long-term faunal 
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change is recorded by the abundance pat tern of 
Globorotaha puncttculata. This species is per- 
manently present, mostly m h~gh percentages 
(Zacharmsse and Spaak, 1983), from its first 
occurrence level at 4.13 Ma (Zijderveld et al., 
1986) to 3.38 Ma (Fig. 6). At 3.38 Ma Globoro- 
taha punct~culata vanishes and does not reap- 
pear until 3.16 Ma (Fig. 6). The vamshing of 
Globorotaha punct~culata between 3.38 and 3.16 
Ma would indicate that  at 3.38 Ma winter sur- 
face water temperatures began to rise above the 
maximum temperature requirement of this 
specms and that  winter surface water condi- 
tmns remained relatively warm for the next 220 
kyr. The prolonged absence of Globorotaha 
punct~culata is coincident with a long-term m- 
crease m peak-abundances of Glob~germo~des 
saccuhfer (Fig. 6). This long-term trend over- 
hes the short-term, astronomically controlled, 
abundance varmtions of Glob~germo~des saccu- 
h[er and reflects an overall upward increase in 
maximum summer surface water temperatures 
that  culminated at 3.18 Ma when Glob~gen- 
hordes saccuhfer reached highest percentage 
values ~f the entire Pliocene (cf. Zachariasse 
and Spaak, 1983). Sparse and scattered occur- 
rences of Globorotaha menardu and Neoglobo- 
quadrma dutertret between 3.38 and 3 18 Ma 
also indicate that  summer surface water tem- 
peratures m the Mediterranean were occasion- 
ally sufficiently high to provide shelter for 
(possibly expatrmted) indiwduals of truly 
tropical species. 

The time between 3.38 and 3.18 Ma thus rep- 
resents a permd of high average winter surface 
water temperatures and of increasing maxi- 
mum summer surface water temperatures. High 
surface water temperatures in the Mediterra- 
nean from 3.38 to 3.18 Ma agree with a relative 
high abundance of discoasters and a scarcity of 
gephyrocapsids m this region (Driever, 1988) 
but conflict with a postulated coohng in the mid- 
latitude North Atlantic at that  time (Loubere 
and Moss, 1986; Raymo et al., 1987). Much of 
the ewdence for a surface water cooling in the 
mid-latitude North Atlantm is based on the 

prolonged absence of Globorotaha puncttculata 
in DSDP Sites 548 (Loubere and Moss, 1986) 
and 609 (Raymo et al., 1987), which is associ- 
ated with increased percentages of the cold-tol- 
erant Neogloboquadrma atlant~ca. The latter 
specms is a Late Miocene to Late Phocene spe- 
cies indigenous to the mid to high-latitude 
North Atlantic (Poore and Berggren, 1975a) 
The habitat of Neogloboquadnna atlant~ca most 
likely is in cool water and the areal extent of 
this species, therefore, might be controlled by 
cool surface water conditions. However, abun- 
dances of Neogloboquadrma atlantlca within the 
area of distribution are not necessarily related 
to surface water temperatures, but - - j u s t  as has 
been proposed for other neogloboquadnmds 
(Van Leeuwen, 1988) - -  they may be con- 
trolled by the total production in the photlc 
layer. Therefore, we do not have to accept the 
postulated surface water coohng m the mid-lat- 
itude North Atlantic 3.4 to 3.2 Ma. Our data 
from the Mediterranean point to a warmmg be- 
tween 3.38 and 3.18 Ma rather than to a cool- 
rag. Obviously, warm (winter) surface waters 
in the North Atlantic and Mediterranean ex- 
panded at 3.38 Ma and reduced the distribution 
of Globorotaha punct~culata to an area north of 
Site 609 for the next 220 kyr. This interpreta- 
tion agrees w~th the persistent occurrence of 
Globorotaha punct~culata m the Late Phocene 
at Rockall Bank (Poore and Berggren, 1975b; 
Spaak, 1981 ). 

From 3.18 to 3.15 Ma abundances of Globt- 
germo~des saccuhfer drop to (near) zero values 
and remain that  low until 3.03 Ma (Fig. 6) Glo- 
borotahapuncticulata reappears at 3.16 Ma and 
shows modest precession-related abundance 
variations until 3.02 Ma (Fig. 6). Obviously, 
summer and winter surface waters in the Med- 
iterranean rapidly cooled from 3.18 to 3.15 Ma 
and remained cool until about 3.03 Ma (Fig. 6 ). 

Cooling of Mediterranean surface waters at 
3.18 Ma is consistent with an increase m ge- 
phyrocapslds and a concomitant  decrease in 
discoasters in the Mediterranean (Driever, 
1988), also with a change from warm to cool 



planktonic foraminiferal faunas (Ehrmann and 
Keigwin, 1987), and with an enrichment in ~180 
(Keigwin, 1987) within the lower part of the 
Mammoth subchron in the North Atlantic 
DSDP Site 606. In the Caribbean, 3.2 Ma cool- 
ing conditions are marked by the arrival of Glo- 
borotaha punct~culata (Keigwin, 1982b), while 
Prell (1984) recognized a brief increase in ~180 
values in all three major oceans at about 3.2 Ma. 
Climatic cooling conditions at 3.18 Ma thus 
seem to be ubiquitous. However, since first une- 
quivocal evidence for ice-rafting in the North 
Atlantic does not occur before 2.55 Ma (Rud- 
diman et al., 1987b) there is considerable un- 
certainty to what extent these cooling condi- 
tions are associated with Northern Hemisphere 
continental ice growth (Shackleton and Op- 
dyke, 1977; Keigwin and Thunell, 1979; Keig- 
win, 1982a) or with cooling of high-latitude 
surface water and production of colder bottom 
water (Backman, 1979; Thunell and Williams, 
1983; Prell, 1984). 

Recently, Keigwm (1987) attributed the ex- 
cess enrichment in ~ 180 values of benthic for- 
aminifers over those of planktonic foramini- 
feral carbonate to a cooling of NADW in 
addition to a small glacial advance. Evidence 
for Northern Hemisphere continental ice 
growth at that time is furnished by a recalcu- 
lated age of 3.18 Ma (Mankinen and Dalrym- 
ple, 1979) for the oldest tills in Iceland (Mc- 
Dougall and Wensink, 1966) and suggests that 
climatic cooling at 3.18 Ma most likely is re- 
lated to the initiation of Northern Hemisphere 
ice growth. 

The onset of Northern Hemisphere ice 
growth has long been associated with the 
emergence of the Panama Isthmus (e.g. Berg- 
gren and Hollister, 1977; Keigwin, 1978). The 
reason is that a closure of the Pacific connec- 
tion would strengthen the Gulf Stream (Berg- 
gren and Hollister, 1977) causing warm surface 
waters to penetrate into higher latitudes and 
supply momture necessary for initiating conti- 
nental ice accumulation (Keigwin and Thu- 
nell, 1979 ). 
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Prolonged high winter surface water temper- 
atures in the Mediterranean from 3.38 to 3.16 
Ma coupled with a prolonged increase in max- 
imum summer surface water temperatures cul- 
minating at 3.18 Ma could indeed reflect a pro- 
gressive strengthening of the Gulf Stream. A 
more vigorous Gulf Stream would inject larger 
volumes of warm surface water into the North 
Atlantic Drift and eastern boundary current, 
thus warming surface waters in the mid to high- 
latitude northeast Atlantic and Mediterranean. 
Strengthening of the Gulf Stream at 3.38 Ma 
suggests that the closure of the Isthmus of Pan- 
ama was not completed before that time and 
this agrees rather well with the severed faunal 
interchange between the Atlantic and Pacific 
oceans 3.3 to 3.0 Ma (Keigwin, 1982b). The 
transport of larger volumes of warm surface 
water via the North Atlantic Drift into high lat- 
itudes might have subsequently stimulated 
high-latitude snow-fall, but whether snow-fall 
alone is sufficient to initiate Northern Hemi- 
sphere continental ice seems doubtful. As long 
as the snow cover melts off during summer, no 
net accumulation of snow will take place and 
thus no continental ice-sheet will form. Critical 
for a net accumulation of snow is a minimum 
summer insolation (Milankovitch, 1930; 
Weertman, 1976). Minimum summer insola- 
tion at Northern Hemisphere high-latitudes is 
attained during periods in which the summer 
solstice shows a maximum sun-earth distance 
with obliquity values at a minimum and we sug- 
gest that these conditions prevailed at 3.18 Ma. 
Once the net accumulation of snow changed to 
positive, continental ice could grow rapidly by 
the ice-albedo feedback. 

The short-term enrichment in ~180 of plank- 
tonic and benthic foraminiferal carbonate in the 
mid-latitude North Atlantic indicates that the 
glacial advance at 3.18 Ma is temporary (Keig- 
win, 1987) suggesting a waning of continental 
ice shortly after initial growth. 

Also in the Mediterranean summer and win- 
ter surface waters remained cool for a short pe- 
riod between 3.18 and 3.03 Ma (Fig. 6). In- 
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creased abundances of Glob~germo~des saccuhfer 
at 3.03 Ma suggest that summer surface water 
conditions in the Mediterranean ameliorated at 
that time, whereas winter surface water tem- 
peratures kept falling as is evidenced by the in- 
creasing percentages of Globorotalia punct~cu- 
lata (Fig. 6). Thus at about 3.03 Ma seasonal 
contrasts steepened and this increase m sea- 
sonality might be attributable to an increase in 
orbital eccentricity. Increased eccentricity val- 
ues and associated higher summer insolation at 
Northern Hemisphere high-latitudes at 3.03 Ma 
could possibly explain why continental ice 
growth diminished shortly after its initiation at 
3.18 Ma. 

Conclusions 

Paleomagnetlc measurements on samples 
from 100 stratigraphic levels in the early Late 
Pliocene of Sicily provides an unprecedented 
high-quality polarity sequence which extends 
from the upper reversed Gilbert to the upper 
normal Gauss subchron. The resultant chro- 
nology for the early Late Pliocene provides ages 
for the following principal Mediterranean 
bioevents: 

1 FOD Globorotaha crassa[orm~s 3 40 Ma 
2 prolonged absence of Globorotaha 3 38-3 16 Ma 

punctwulata 
3 LOD Uv~germa rut~la 3 16 Ma 
4 LOD Sphaero~dmellops~s semmuhna 3.07 Ma 
5 LOD Globoquadrma alt~sp~ra 3 04 Ma 
6 LOD C~bw~des ttahcus 2 96 Ma 

Short-term variations in temperature of the 
surface water and m colour and carbonate con- 
tent of the sediment are primarily controlled by 
the equinoxal precessmn. Higher summer and/ 
or lower winter surface water temperatures are 
always associated with grey-coloured, carbon- 
ate-poor layers suggesting that the seasonality 
is higher during the deposition of the grey-col- 
oured layers than during that of the white-col- 
oured facies. A higher seasonality during the 
grey-coloured facies suggests that at that time 
the summer solstice was near perihelion, 

whereas an inverse alignment occurred at the 
time of deposition of the white layers. This 
phase-relationship between the precession cycle 
and grey-coloured layers also applies for the 
sapropels which began to intercalate in the grey- 
coloured facies at 2.94 Ma. 

Long-term changes in surface water temper- 
atures include a warming between 3.38 and 3.18 
Ma followed by a cooling from 3.18 to 3.03 Ma. 
At 3.03 Ma summer and winter surface water 
temperatures started to diverge which suggests 
an increase in seasonality, possibly as a conse- 
quence of an increase in orbital eccentricity. The 
warming of Mediterranean surface waters at 
3.38 Ma is believed to be associated with the 
final elevation of the Isthmus of Panama. Con- 
sequent strengthening of the Gulf Stream in- 
jected larger volumes of warm surface water into 
the North Atlantic Drift and eastern boundary 
current. Thus surface waters warmed in the mid 
to high-latitude northeast Atlantic and Medi- 
terranean. Surface water warming in the high 
latitude northeast Atlantic could have stimu- 
lated high-latitude snow-fall but to build-up 
continental ice requires a net accumulation of 
snow which can be achmved by lowering the 
summer insolation. We believe that minimum 
values of summer insolation at 3.18 Ma trig- 
gered the net accumulation of snow. The m- 
creased ice-albedo feedback enabled a first and 
rapid expansion of Northern Hemisphere con- 
tinental ice thus cooling surface waters in the 
northeast Atlantic and Mediterranean. 
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