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ABSTRACT 

The calcareous nannofossil assemblages recovered from Site 677A range in age from latest Miocene (NN11) to latest 
Pleistocene. The consistently high sediment-accumulation rate (mean of 48 m/m.y.) coupled with little dissolution of 
carbonate has ensured that generally rich, well-preserved coccolith assemblages occur at this site. Exceptions are the Pli
ocene/Pleistocene boundary sediments, which show evidence of dissolution, and upper Miocene basement sediments, 
which show evidence of diagenetic overgrowths. 

The apparent paradox of the occurrence of large numbers of the cool-water species Coccolithus pelagicus together 
with subtropical and tropical nannofossil species is thought to represent increased seasonality in the degree of upwelling 
in the Panama Basin. Seasonal upwelling was particularly intense during the late Miocene, when common C. pelagicus 
occurred with Thalassionema diatoms. Populations of C. pelagicus probably bloomed during a winter period of upwell
ing that was associated with a shallow thermocline and depressed surface-water temperatures. 

INTRODUCTION 

Five days were spent during Leg 111 of the Ocean Drilling 
Program (ODP) coring the sedimentary sections at Sites 677 
and 678. Site 677 (1°12.14'N, 83°44.22'W) is 2750 m south-
southwest of Hole 504B, in a water depth of 3461 m (Fig. 1). 
Two holes were cored at Site 677: Hole 677A penetrated 309.4 m 
of sediment consisting mainly of siliceous nannofossil ooze and 
chalk, with some limestone and chert in the lower section, and 
Hole 677B, 10 m north of Hole 677A, was cored only to the Pli
ocene/Pleistocene boundary. Cores 111-677A-1H through 111-
677A-15H were recovered with the advanced hydraulic piston cor
ing (APC) technique. Cores 111-677A-16X through 111-677A-34X 
were recovered using the extended core barrel (XCB) technique. 

Site 677 was chosen specifically for detailed biostratigraphic 
and paleoceanographic studies, with a location in an area of 
low local heat flow to minimize dissolution and overgrowth ef
fects. Based on nannofossil biochronological evidence, the old
est sediment recovered from Site 677 has an age between 5.2-5.6 
and 6.5 Ma. The sedimentation rate (mean of 48 m/m.y.) shows 
little variation down to the oldest datum level of 5.95 Ma, the 
last occurrence of the radiolarian Eucyrtidium sp. cf E. diphanes 
(Shipboard Scientific Party, 1988). The purpose of this prelimi
nary report is to describe the calcareous nannofossil assemblages 
and their stratigraphic changes at Site 677. Some comments on 
late Neogene paleoceanographic controls on the abundance and 
diversity of selected nannofossil groups are also presented. 

PROCEDURES 
Smear slide preparation of unprocessed sediments followed standard 

procedures: a small piece of sediment was smeared onto a glass slide 
with a drop of distilled water using a flat toothpick. The slide was dried 
and a cover-slip mounted using "Eukitt." All slides were examined un
der a Nikon binocular polarizing microscope at a magnification of 
1000 x-1200 x , with an oil-immersive objective lens. The relative fre
quency of the nannofossil species is designated by the following codes: 

A = abundant (> 10% of total assemblage) 
C = common (1.0%-10% of total assemblage) 

1 Becker, K., Sakai, H., et al., 1989. Proc. ODP, Sci. Results, 111: College 
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2 Department of Earth Sciences, The Open University, Milton Keynes, Buck
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F = few (0.1%-1.0% of total assemblage) 
R = rare (<0.1% of total assemblage). 

A qualitative description of the preservation of the nannofossil as
semblages is designated by the following codes: 

G = good (little evidence of secondary alteration via etching and/ 
or overgrowth) 

M = moderate (significant evidence of alteration via etching and/or 
overgrowth, identification of species not greatly hindered) 

P = poor (specimens typically heavily overgrown or severely etched 
and identification of species significantly hindered). 

Quantitative nannofossil counts were conducted on the Coccolithus 
pelagicus group. This technique, described by Backman and Shackleton 
(1983), is relatively simple to follow and is based on standard smear 
slide technique. The number of specimens of C. pelagicus was counted 
and expressed as the number per unit area (mm2). Approximately 200 
nannofossil specimens per 0.03-mm2 field of view has been shown to 
represent a convenient grain density. Forty fields of view, at a magnifica
tion of 1000X , were examined for the quantitative counts. 

The calcareous nannofossil zonation of Martini (1971) was used to 
identify the nannofossil zones at Site 677 (Fig. 2 and Tables 1 and 2). 

PRESERVATION 
Calcareous nannofossils were recorded in all samples exam

ined. Their preservation varies from good to poor. In upper
most Pleistocene and Pleistocene/Pliocene boundary sediments 
placoliths show signs of dissolution. Uppermost Pleistocene sedi
ments contain rare Emiliania huxleyi, with most specimens badly 
corroded. Isolated shields of Calcidiscus leptoporus commonly 
show signs of etching and breakage. Gephyrocapsa species ap
pear to be the most robust solution-resistant taxa in the Pleisto
cene assemblages; most of the specimens have their bridges in
tact, although etching of suture boundaries is apparent. Disco-
aster and coccolith specimens are well preserved throughout 
most of the Pliocene section, where high-diversity assemblages 
are preserved. Coccospheres of Coccolithus pelagicus, Calcidis
cus macintyrei, and Reticulofenestra pseudoumbilica occur spo
radically in the Pliocene and late Miocene age assemblages. Mi
ocene Discoaster specimens are consistently overgrown, particu
larly toward the base of the succession, where identification of 
Discoaster taxa is hindered because of poor preservation. Re
worked specimens are a fairly consistent, but minor, component 
of the nannofossil assemblages and are limited to Discoaster 
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Figure 1. Sites 677, 678, and 504 of ODP Leg 111 in the eastern equato
rial Pacific. 

Table 1. Species events defining calcareous nannofossil zonal 
boundaries and their assigned age estimates at Site 677. 

Species eventa 

FO Emiliania huxleyi 
LO Pseudoemiliania lacunosa 
LO Helicosphaera sellii 
LO Calcidiscus leptoporus 
Pliocene/Pleistocene boundary 
LO Discoaster brouweri 
LO Discoaster pentaradiatus 
LO Discoaster surculus 
LO Discoaster tamalis 
LO Sphenolithus spp. 
LO Reticulofenestra pseudoumbilica 
LO Amaurolithus tricorniculatus 
FO Discoaster asymmetricus 
LO Amaurolithus primus 
FO Ceratolithus rugosus 
LO Ceratolithus acutus 
FO Ceratolithus acutus 
Miocene/Pleistocene boundary 
LO Discoaster quinqueramus 
FO Amaurolithus primus 

Age 

Zone 

NN21 
NN20 

— 
— 

NN19 
NN18 
NN17 
— 

NN16 
NN15 
NN14 

NN13 

NN12 

(Ma) 

0.275 
0.475 
1.37 
1.45 
1.66 
1.89 
2.35 
2.46 
2.65 
3.45 
3.56 
3.7 
4.1 
4.4 
4.6 
4.6 
5.0 
5.3 
5.2-5.6 
6.5 

Reference 

1 
1 
2 
2 
3 
2 
2 
2 
2 
2 
3 
4 
4 
4 
2 
2 
4 
4 

4, 5 
4 

Note: All zonal assignments refer to the lower boundary. 
a FO = first occurrence; LO = last occurrence. 
b 1 = Thierstein et al. (1977); 2 = Backman and Shackleton (1983); 3 

= Rio et al. (in press); 4 = Berggren et al. (1985); 5 = Lohman 
(1986). 

Number of 
C.pelagicus 

(mm -2) 
100 150 200 

Figure 2. Zonal assignments, epoch boundaries, and the quantitative 
abundance variation of Coccolithus pelagicus in Hole 677'A. 

specimens, sphenoliths, and a few robust placolith species (e.g., 
R. pseudoumbilica and C. macintyrei). 

HOLE 677A BIOSTRATIGRAPHIC SUMMARY 

Major Boundaries 
The position of the Pliocene/Pleistocene boundary, at 1.66 

Ma (Berggren et al., 1985) can be calculated by assuming a con
stant sediment-accumulation rate in the interval spanning the 
extinction datums of Coccolithus macintyrei (1.45 Ma) and Dis
coaster brouweri (1.89 Ma). This boundary is inferred to lie 
within the middle of Core 111-677A-9H. The early/late Pliocene 
boundary, based on the extinction of Reticulofenestra pseudoum
bilica (3.56 Ma), occurs between Samples 111-677A-17X-3, 70 cm, 
and 111-677A-17X-CC. The position of the Miocene/Pliocene 
boundary (5.3 Ma) is calculated to lie within the upper part of 
Core 111-677A-24X. 
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Table 2. Distribution of late Neogene age calcareous nannofossils in Hole 677A. 
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Pleistocene 

The Pleistocene nannofossil assemblages are dominated by 
Gephyrocapsa spp., Pseudoemiliania lacunosa, and Calcidiscus 
leptoporus. Lower Pleistocene sediments contain additional spe
cies such as Calcidiscus macintyrei, small reticulofenestrids, He-
licosphaera neogranulata, Helicosphaera sellii, and Ceratolithus 
rugosus. Other species commonly noted through the Pleistocene 
include Helicosphaera carteri, Pontosphaera spp., Syracosphaera 
spp., Ceratolithus spp., and Umbilicosphaera sibogae. 

Scanning electron microscopy (SEM) confirmed the scarce 
occurrence of Emiliania huxleyi in Sample 111-677A-1H-CC, 
indicating that the core may be placed within the NN21 Emilia
nia huxleyi Zone. Although SEM was used to examine the up
permost Pleistocene sediments at Hole 677A, no dominance of 
E. huxleyi was recorded in the assemblages, which contain abun
dant Gephyrocapsa species. The latest Pleistocene E. huxleyi 
Zone of Gartner (1977) (base at 0.085 Ma) was therefore not de
lineated. The low dominance of E. huxleyi in the latest Pleisto
cene age assemblages is thought to be the result of poor preser
vation, as the rare specimens of E. huxleyi found in Core 111-
677A-1H are badly corroded, and no intact coccoliths could be 
found. Gephyrocapsa oceanica occurs without E. huxleyi in 
Sample 111-677A-2H-CC, which probably indicates that the 
NN20 Gephyrocapsa oceanica Zone is present. 

The last occurrence of/? lacunosa in Sample 111-677 A-3H-1, 
75 cm, indicates the top of the NN19 Pseudoemiliania lacunosa 
Zone and an age of about 0.475 Ma. H. sellii (last occurrence at 
1.35 Ma) has its highest occurrence in Sample 111-677A-6H-6, 
78 cm. The extinction of C. macintyrei (1.45 Ma) occurs be
tween Samples 111-677A-7H-6, 84 cm, and 111-677A-7H-3, 45 
cm. Between the extinction levels of C. macintyrei and H. sellii 
the nannofossil assemblages contain few to common C. pelagi-
cus, which continues as a consistent member of the lower Pleis
tocene assemblages. 

Pliocene 
The Pliocene nannofossil assemblages are dominated by re

ticulofenestrids, Dictyococcities productus, Calcidiscus macin
tyrei, Discoaster species, and, at certain levels in the upper Plio
cene, by Coccolithus pelagicus. Other common species include 
Calcidiscus leptoporus, Helicosphaera sellii, Helicosphaera car
teri, Pontosphaera spp., Scyphosphaera globulata, Angulolith-
ina area, and ceratoliths. 

One of the most important datums in the late Pliocene is the 
synchronous extinction datum of the Discoaster group (1.89 
Ma) represented by the last occurrence of Discoaster brouweri 
and Discoaster triradiatus (Backman and Shackleton, 1983). 
The last occurrence of D. brouweri is between Samples 111-
677A-10H-4, 75 cm, and 111-677A-10H-3, 61 cm. The precise 
location of the D. triradiatus extinction datum at Hole 677A 
cannot be delineated because of the rarity of the species in the 
upper Pliocene sediments. Backman and Shackleton (1983) showed 
that the final 0.1-0.2-m.y. range of D. brouweri is characterized 
by a high percentage (>20%) of the triradiate form, D. triradi
atus. The only examined core in which this abundance pattern 
was not observed was at Site 504, where a minor hiatus was in
ferred to cover most of this time interval (Backman and Shack
leton, 1983). Subsequently, Backman and Pestiaux (1987) re
fined the age range of the Discoaster triradiatus Acme period, 
which is estimated to begin at 2.07 Ma. The absence of the late 
Pliocene D. triradiatus abundance peak at Site 677 could sug
gest that the critical time interval (1.89-2.07 Ma) is missing 
from the cored sedimentary section. However, it is also possible 
that the D. triradiatus Acme period is not a worldwide event 
and thus cannot be recognized in some oceanic regions, perhaps 
because of localized paleogeographic and paleoceanographic 

controls. Localized upwelling events in the Panama Basin are 
unlikely to have been the main restriction on the abundance of 
the triradiate form, as the D. triradiatus Acme interval is recog
nized at Sites 662, 663, and 664 of ODP Leg 108, underlying the 
Benguela Current, a region of strong Pliocene/Pleistocene up-
welling and divergence (Ruddiman, Sarnthein, et al., 1988). 

The last occurrence of Discoaster pentaradiatus (2.35 Ma) 
occurs between Samples 111-677A-12H-3, 95 cm, and 111-677A-
12H-6, 25 cm. The highest occurrence of Discoaster surculus 
occurs in Sample 111-677A-13H-CC, whereas the highest occur
rence of both Discoaster tamalis and Discoaster decorus occurs 
between Samples 111-677A-14H-3, 25 cm, and 111-677A-14H-
CC. In the zonation of Okada and Bukry (1980) the last occur
rence of D. tamalis is used to subdivide the Discoaster surculus 
Zone into a lower Discoaster tamalis Subzone (CN12a) and an 
upper Discoaster surculus Subzone (CN12b). Backman and Pes
tiaux (1987) subsequently dated the extinctions of D. tamalis 
(2.65 Ma) and D. surculus (2.46 Ma). The first occurrence of D. 
decorus occurs in Sample 111-677A-17X-CC; therefore, the spe
cies has a short middle Pliocene range at Hole 667A that is re
stricted to the uppermost Reticulofenestra pseudoumbilica Zone 
and the D. surculus Zone. A similarly restricted middle Plio
cene range for D. decorus was also recorded by Bukry (1973) at 
Deep Sea Drilling Project (DSDP) Site 157 in the Panama Ba
sin, where the species consistently occurs in the D. tamalis Sub-
zone, with only rare occurrences in adjacent sub zones. 

The next reliable nannofossil datum in the Pliocene is the last 
occurrence of Reticulofenestra pseudoumbilica (base of NN16), 
which is dated at 3.56 Ma. This highest occurrence of the spe
cies is noted in Sample 111-677A-17X-CC. In the CN zonal 
scheme of Bukry (1980) the extinctions of R. pseudoumbilica 
and Sphenolithus species are considered synchronous, with both 
forms delineating the base of the CN12a Subzone. Boudreaux 
(1974) noted that Sphenolithus abies persisted later than R. 
pseudoumbilica in marginal seas, and he was able to recognize a 
local Sphenolithus abies Zone. Subsequently, Backman and Shack
leton (1983) showed that in tropical environments the extinc
tions datums of R. pseudoumbilica and Sphenolithus species 
are separated by about 0.1 m.y. These datums can also be distin
guished at Site 677 because sphenoliths occur without R. pseu
doumbilica in Sample 111-677A-17X-3, 70 cm. Sphenaster me-
tula, S. abies, and S, neoabies also form consistent components 
of nannofossil assemblages throughout the rest of the lower Pli
ocene. Small Gephyrocapsa species (<3.5 /an) have their first 
occurrence in the core catcher of Core 111-677A-18X. 

Zones NN14 and NN15 were not delineated in Hole 677A 
because of the scarcity of the marker species Amaurolithus tri-
corniculatus, which defines the top of the Discoaster asymmet-
ricus Zone. A similar scarcity of A. tricorniculatus was noted 
by Prell, Gardner, et al. (1982) in sediments from DSDP Site 
503, which suggests that the species is not a consistent compo
nent of lower Pliocene sediments from the Panama Basin. The 
base of Zone NN14 is placed in Core 111-677A-21X, because 
the first occurrence of D. asymmetricus is in Sample 111-677A-
20X-CC. The base of Zone NN13 is marked by the first occur
rence of Ceratolithus rugosus (4.6 Ma). This species, together 
with Ceratolithus acutus, is noted in Sample 111-677A-22X-CC. 

Lower Pliocene nannofossil assemblages are characterized by 
an increase in dominance of D. pentaradiatus. These forms are 
large (20-30 /xm), show moderate birefringence, have well-de
fined extinction lines between the arms, and commonly have 
their bifurcated tips preserved. Upper Pliocene D. pentaradiatus 
specimens are typically smaller, do not show such well-defined 
extinction lines, and are usually preserved without bifurcated 
tips. 

The first occurrence of C. acutus occurs just above the Mio
cene/Pliocene boundary, in Sample 111-677A-23X-CC; the Mi-
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ocene/Pliocene boundary is therefore assigned to the upper part 
of Core 111-677A-24X. 

Miocene 
The bottom 88 m of sediment cored from Hole 677A is as

signed to the late Miocene NN11 (Discoaster quinqueramus 
Zone). The top of this zone, defined by the last occurrence of 
the marker species, occurs between Samples 111-677A-25X-1, 
124 cm, and the core catcher of Core 111-677A-24X. D. quin
queramus is a common component of the Discoaster assem
blages right up to its last occurrence. Other consistently occur
ring Discoaster species include Discoaster brouweri, Discoaster 
berggrenii, Discoaster stellulus, Discoaster surculus, Discoaster 
intercalaris, Discoaster variabilis, large Discoaster pentaradia-
tus, and Discoaster pseudovariabilis. The late Miocene age nan-
nofossil assemblages are dominated by Reticulofenestra haqii, 
Reticulofenestra minuta, and Reticulofenestra minutula. Com
mon placolith species include Reticulofenestra pseudoumbilica, 
Coccolithus pelagicus, and Calcidiscus macintyrei. Sphenoliths 
are common and include Sphenolithus abies, Sphenolithus neo-
abies, Sphenaster metula, and rare Sphenolithus verensis. The 
nonbirefringent ceratoliths Amaurolithus primus (first occur
rence = 6.5 Ma) and Amaurolithus amplificus occur sporadi
cally in the late Miocene age assemblages, although they tend to 
be more common toward the base of the succession. Scypho-
sphaera globulata and Angulolithina area are also consistently 
recorded. The presence of A. primus in the bottommost sedi
ments in Section 111-677A-34X-CC delineates the maximum 
possible age of the sediments cored at Hole 677A (i.e., about 
6.5 Ma). 

PALEOCEANOGRAPHY OF SITE 677 A N D THE 
ADJACENT EASTERN EQUATORIAL PACIFIC 
Moore et al. (1973) showed that a latitudinal band of high 

biological productivity, between 4°S and 2°N (associated with 
the Peru Current and equatorial divergence), has existed in the 
Panama Basin for at least several hundreds of thousands of 
years. Based on the consistently high accumulation rates at Site 
504 (50 m/m.y.) and Hole 677A (48 m/m.y.), this band must 
have existed at least during the past 6.0 m.y. Beiresdorf and 
Natland (1983) noted that plate tectonic studies have shown that 
these sites could have migrated only from west to east with re
spect to the fixed Galapagos melting anomaly. Therefore, Hole 
677A (1°12.14'N) should have remained within the zone of high 
primary productivity near the equator throughout the late Neo
gene. Although sediment-accumulation rates at Site 677 have re
mained fairly constant, the relative proportions of the carbon
ate and siliceous components have varied, probably reflecting 
variations in the intensity of upwelling in the Panama Basin. 

Siliceous productivity in the Panama Basin was high in the 
late Miocene, for which the particularly high numbers of the 
Thalassionema group diatoms (Thalassionema and Thalassio-
thrix) suggest that a major upwelling of the Peru-Chile Current 
was in process (Sancetta, 1983). Thalassionema nitzschioides is 
known to be common, or the dominant diatom species, in sedi
ments underlying regions of strong oceanic upwelling and pro
ductivity (Sancetta, 1979; Hasle, 1960). At Site 677, a similar 
high abundance of the Thalassionema group diatoms occurs in 
the upper Miocene sediments. Particularly high numbers of dia
toms occur within Core 111-677A-3IX. Associated with this 
diatom flora is a low-diversity Discoaster assemblage dominated 
by Discoaster quinqueramus, which forms up to 90% of the 
Discoaster assemblage. 

The coccolith assemblages associated with the Thalassion
ema diatoms contain common Coccolithus pelagicus, Reticulo
fenestra pseudoumbilica, Reticulofenestra haqii, Reticulofenes
tra minutula, Reticulofenestra minuta, Calcidiscus macintyrei, 

and Sphenaster metula. The abundance of C. pelagicus reaches 
about 200 specimens/mm2 (which represents about 5 specimens 
per field of view at lOOOx) in samples from Core 111-677A-
3IX, which is about double the next maximum abundance of 
the form in the upper Miocene sediments (Fig. 2) The inferred 
association of high numbers of C. pelagicus with an upwelling 
event is consistent with the present ecology of the form. Milli-
man (1980) recorded blooms of C. pelagicus (I06 cells/L) in sur
face waters upwelling on shallower parts of Rockall Bank (58°N, 
14°W) in the northeastern Atlantic. The distribution of the spe
cies was concentrated in a localized upwelling area, but was ab
sent in waters from the deeper Rockall Trough area. Other re
ported occurrences of this species in the North Atlantic include 
the southern Labrador Sea, the Norwegian Sea (Geitzenauer et 
al., 1977), and the coastal waters off Newfoundland and Shet
land (Gaarder, 1954). Records of the species in the Southern 
Hemisphere are limited mainly to fossil assemblages; however, 
Hallegraeff (1984) recorded the species in the plankton in the 
western Tasman Sea (40°S) near the subtropical convergence. 

All these localities reflect the species' ecological preference 
for dynamic hydrographic regions. The common occurrence of 
C. pelagicus indicates that a significant cool-water element oc
curred in the photic zone of the late Miocene water column in 
the Panama Basin (Bukry, 1973). Haq (1980), using an abun
dance shift of C. pelagicus that invaded midlatitudes, also sug
gested a latest Miocene cold episode, which peaked at about 6 
Ma and lasted until the end of the Miocene. These paleotemper-
ature inferences using abundance variations of C. pelagicus are 
based on the species' present-day distribution in the plankton of 
the North Atlantic, which is limited to a temperature range of 
between 14° and -1 .7°C (McIntyre and Be, 1967; Braarud, 
1979). Bukry (1981) noted that the affinity of Coccolithus for 
cool water had evolved by the Pliocene, but suggested that the 
application of this same affinity to late Miocene Coccolithus 
populations must be treated with some caution. Data compiled 
from DSDP Leg 63 imply that the Coccolithus species Cocco
lithus miopelagicus and C. pelagicus tolerated warm water and 
that they cannot be employed with confidence as cool-water in
dicators. Bukry (1981) suggested that the locus of the biogeo-
graphic range of Coccolithus has migrated considerably from 
the middle Miocene to the Holocene, and therefore, it is possi
ble that cool-water upwelling events in the late Miocene were 
warmer than the present-day higher temperature limit of C. pe
lagicus (14°C). 

The apparent paradox in the occurrence of C. pelagicus with 
tropical and subtropical nannofossil species may indicate an in
creased seasonal variation in the degree of upwelling and associ
ated surface-water temperatures. Changes in the Holocene hy
drography of the Panama Basin are controlled by movements of 
the Inter-Tropical Convergence Zone (ITCZ), which migrates 
from 9°N latitude during the northern summer to 10°S during 
the northern winter and is accompanied by seasonal variations 
in surface-water temperature and salinity (Forsbergh, 1969). This 
dynamic Oceanographic regime in the Panama Basin promotes 
an unusual association of planktonic foraminiferal species for 
an equatorial region; subtropical and tropical species occur to
gether with Neogloboquadrina pachyderma, Globigerina bulloi-
des, Globigerina quinqueloba, and Globorotalia caverna, which 
are more diagnostic of subpolar and transitional seas. Thunnel 
and Reynolds (1984) showed (using sediment traps) that fluxes 
of the cool-water nonspinose species (e.g., N. pachyderma) oc
cur in February/March during the period of most intense up
welling, associated with a shallow thermocline and depressed 
surface-water temperatures. Late Miocene C. pelagicus popula
tions probably settled to the seafloor during a winter upwelling 
event. The modern oceanic temperature gradient in the photic 
zone of the region is 12° to 27°C (Beers and Stewart, 1971). An 
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increased gradient during upwelling events in the late Miocene 
would have allowed C. pelagicus to bloom in the Panama Basin. 
The tropical and subtropical floras associated with C. pelagicus 
in the sediment (e.g., the blooms of D. quinqueramus) probably 
occurred throughout the remainder of the season. The subtropi
cal coccolith species Umbilicosphaera sibogae is known to bloom 
during the summer in the Panama Basin (Honjo, 1982). 

Above the Miocene/Pliocene boundary, C. pelagicus abun
dance values are consistently reduced. Lower Pliocene sediments 
are characterized by diverse, well-preserved nannofossil assem
blages and contain higher numbers of ceratoliths and also weakly 
calcified Discoaster species (e.g., Discoaster brouweri and large 
Discoaster pentaradiatus). Thalassionema group diatoms paral
lel the abundance decline of C. pelagicus, occurring in greatly 
reduced numbers in the lower Pliocene sediments. These floral 
associations suggest a decrease in upwelling and warming oc
curred in the Panama Basin during the early Pliocene. An early 
Pliocene warm interval, when upwelling was less intense, was 
also identified by Bukry (1973) from the Panama Basin record 
of C. pelagicus at DSDP Sites 157 and 158 (Fig. 3). Sancetta 
(1983) noted a similar trend in siliceous/carbonate sedimenta
tion at Site 504 and suggested a major shift in the pattern of up-
wellings. This local change in sedimentation patterns in the 
Panama Basin fits into the global change in opal accumulation 
at this time. Near the Miocene/Pliocene boundary the accumu
lation of biogenic opal shifted its locus from the equatorial Pacific 
to the Southern Ocean (Leinen, 1979; Brewster, 1980). These 
changes were associated with the intensification of the Polar 

Front and led to the Southern Ocean becoming the dominant 
"sink" for oceanic silica. 

The upper Pliocene record from Hole 677A is characterized 
by an increase in abundance of C. pelagicus in the nannofossil 
assemblages. The dominance of C. pelagicus increases abruptly 
within D. surculus Zone sediments and reaches a peak (172 
specimens/mm2) in Core 111-677A-13H. This second major peak 
in abundance of C. pelagicus is also associated with biogenic 
silica, although diatom tests do not reach late Miocene propor
tions. These sediments also contain rich, well-preserved nanno
fossil assemblages, including common D. brouweri, ceratoliths, 
Rhabdosphaera, and rare Neosphaera coccolithomorpha. The as
sociation of mixed tropical and cool-water floras is thought to 
indicate seasonal blooms of the two groups and a seasonal up
welling period. Seasonal upwelling was probably most intense in 
the southern Panama Basin; upper Pliocene abundances of C. 
pelagicus are much greater at Carnegie Ridge (DSDP Site 157; 
1°46'N) than at Cocos Ridge (DSDP Site 158; 6°37'N) (Bukry, 
1973). Optimum growth conditions for C. pelagicus may have 
occurred at Carnegie Ridge as a result of a northward shift of 
the intense upwelling associated with the Peru Current. In
creased upwelling during the late Pliocene may have been asso
ciated with the closure of the Isthmus of Panama. Keigwin 
(1978) suggested that the surface-water connection between the 
eastern Pacific and the Atlantic was cut off at about 3.1 Ma. 
The suggested closure date of Keigwin correlates well with the 
sudden increase in the abundance of C. pelagicus within the D. 
surculus Zone sediments. The restriction on the flow of water 
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Figure 3. DSDP sites used to define the distribution pattern of Coccolithus pelagicus in the 
equatorial Pacific. 
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through the Central American Seaway may have forced Pacific 
water to flow westward, with a subsequent increase in up welling 
in the Panama Basin. 

The absence of Reticulofenestra tanga from the Site 677 sedi
ments is probably a good indication that upwelling only oc
curred for a short season. R. tanga is noted for its abundance in 
the Miocene of Portugal (Fonseca, 1976) and in the Cenozoic 
off California (Bukry, 1981), two places that are characterized 
by an almost permanent upwelling. In DSDP Leg 85 sediments, 
R. tanga was found continuously at Site 572, where permanent 
upwelling is thought to have occurred since at least 14.5 Ma 
(Pujos, 1985). At the other Leg 85 sites where upwelling was 
probably not so prolonged, R. tanga was not recorded. 

The late Pliocene age assemblages at Site 677 are of lower di
versity. Pontosphaera spp. and Scyphosphaera spp. have a spo
radic and reduced occurrence and show evidence of dissolution 
effects. The decline of nannofossil abundances in the upper
most Pliocene/lowermost Pleistocene sediments is associated 
with a general decline in carbonate in the sediments. Possible 
causes for the latest Pliocene decrease in nannofossil sedimenta
tion include shoaling of the calcite compensation depth (CCD) 
and a reduction in calcareous productivity. The CCD may shoal 
beneath regions of high calcareous productivity, particularly where 
upwelling introduces cold, corrosive, oxygen-depleted bottom wa
ters into the upper water column (e.g., Berger, 1970, 1973). The 
CCD in the Panama Basin as a whole is at about 3400 m, some 
1300 m shallower than in the adjacent equatorial Pacific (Moore 
et al., 1973). Sancetta (1983) noted that at about 2 Ma, a short 
(0.5-Ma) interval of shoaling of the CCD and decreased produc
tivity occurred at Sites 504 and 505. This interval is character
ized by an increase in clay, and the diatoms are dominated by re
sistant species. The increased clay content and poor preserva
tion of the diatoms was suggested by Sancetta to represent a 
period of reduced biological productivity, rather than as the re
sult of increased dissolution of calcite microfossils by corrosive 
bottom waters. Climatic deterioration during this interval may 
have reduced nannofossil productivity in the Panama Basin. 
Planktonic foraminiferal assemblages from Hole 504 sediments 
provide some evidence for cool-water conditions during the lat
est Pliocene. The low dominance of the Globorotalia menardii 
group and common occurrences of G bulloides, together with 
other cool-water species in the latest Pliocene age cores, are 
thought to indicate a cool interval (Beiresdorf and Natland, 
1983). This may represent the same late Pliocene (2.0-2.3 Ma) 
glacial maximum identified from l sO contents of benthic fora
minifers from the Panama Basin (Keigwin, 1979; Shackleton 
and Hall, 1983). 

C. pelagicus gradually declines in abundance throughout the 
lower Pleistocene sediments at Hole 677A. Although an isolated 
specimen of C. pelagicus is noted in the core catcher of Core 
111-677A-3H, the species is not recorded again until Sample 
111-677A-6H-CC, just above the extinction datum of C. macin-
tyrei (1.45 Ma). The decrease in abundance and disappearance 
of C. pelagicus from the nannofossil assemblages in the eastern 
equatorial Pacific is time-transgressive. Bukry (1980) noted that 
C. pelagicus disappeared at the northern Siqueiros sites (ap
proximately 10°N) earlier than at the equatorial Galapagos sites 
(DSDP Leg 54). C. pelagicus was recorded from the Cerato-
lithus cristatus Zone (= Gephyrocapsa oceanica Zone in the 
NN zonal scheme; 0.475-0.275 Ma) at Hole 424 (Galapagos 
area). At the northern Siqueiros sites, the disappearance of C. 
pelagicus was recorded by Bukry (1980) mainly within the Emi-
liania annula Subzone (1.89-1.6 Ma). 

Farther west (113° to 135°) in the central equatorial Pacific, 
Pujos (1985) found that the youngest occurrence of C. pelagicus 
in DSDP Leg 85 (except for Site 571) sediments is limited to the 
upper part of the Olduvai, close to the Pliocene/Pleistocene 

boundary. The uppermost Pleistocene sediments at Site 571 
however were found to contain very rare C. pelagicus. This site 
is near the northeastern edge of the high productivity area (4°N, 
114°W), in a zone where some upwelling occurs. The disappear
ance of C. pelagicus in sediments from Hole 677A and other 
sites in the Panama Basin therefore occurs within the Pleisto
cene, whereas the species' disappearance from more northern 
and western sites in the tropical Pacific is recorded in the latest 
Pliocene age sediments. This distribution pattern of C. pelagi
cus in the sediments suggests that during the early Pleistocene 
the focus of cool, upwelling water was largely restricted to the 
Panama Basin, at the eastern end of the equatorial Pacific high-
productivity area. 

The younger Pleistocene sediments at Hole 677A show a re
turn to a more typical tropical association and contain a rich, well-
preserved nannofossil flora, including numerous Pontosphaera, 
Helicosphaera, N. coccolithomorpha, and rare Scyphosphaera, 
Umbellosphaera, Syracosphaera, and Ceratolithus. Latest Pleis
tocene age sediments contain nannofossil assemblages that show 
moderate dissolution, as evident from the etching on placolith 
crystal sutures. Dissolution of Holocene carbonate is known to 
occur in the Panama Basin; studies of sediment traps (Thunnel 
and Reynolds, 1984) show that of the initial 110.4 g/m2/yr of 
carbonate that settles to the seafloor, only 17.6 g/m2/yr is incor
porated into the sediment. The dissolution of carbonate is probably 
reflected in the uppermost Pleistocene sediments by reduced occur
rences of E. huxleyi, Pontosphaera, and Scyphosphaera. 

CONCLUSIONS 
The 310-m sedimentary section drilled at Hole 677A, from a 

site of low local heat flow in the Panama Basin, contains di
verse, well-preserved nannofossil assemblages. The sediments 
range in age from latest Miocene (NN11 Zone) to latest Pleisto
cene. The association of large numbers of the cool-water species 
Coccolithus pelagicus and Thalassionema group diatoms to
gether with subtropical and tropical nannofossil assemblages is 
thought to represent increased seasonality in the degree of up
welling in the Panama Basin. Seasonal fluxes of C. pelagicus 
were highest during the late Miocene, when winter upwelling 
events, associated with a shallow thermocline and lower surface-
water temperatures, are thought to have been particularly intense. 
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APPENDIX 
Calcareous Nannofossil Taxa Recorded at Site 677 

Sphenolithus abies Deflandre, 1954 
Ceratolithus acutus Gartner and Bukry, 1974 
Amaurolithus amplificus (Bukry and Percival, 1971) Gartner and Bukry, 

1975 
Dictyococcities antarcticus Haq, 1976 
Angulolithina area Bukry, 1973 
Discoaster asymmetricus Gartner, 1969 
Discoaster berggrenii Bukry, 1971 
Discoaster blackstockae Bukry, 1971 
Discoaster brouweri Tan, 1927 
Helicosphaera carteri (Wallich, 1887) Kamptner, 1954 
Discoaster challenged Bramlette and Riedel, 1954 
Rhabdosphaera clavigera Murray and Blackman, 1898 
Neosphaera coccolithomorpha Lecal-Schlauder, 1950 
Ceratolithus cristatus Kamptner, 1954 
Discoaster decorus (Bukry, 1971) Bukry, 1973 
Amaurolithus delicatus Gartner and Bukry, 1975 
Pontosphaera discopora Schiller, 1925 
Oolithotus fragilis (Lohmann, 1912) Okada and McIntyre, 1977 
Scyphosphaera globulata Bukry and Percival, 1971 
Reticulofenestra haqii Backman, 1978 
Emiliania huxleyi (Lohmann, 1902) Hay and Mohler, 1967 
Discoaster intercalaris Bukry, 1971 
Pontosphaera japonica (Takayama, 1967) Nishida, 1971 
Pseudoemiliania lacunosa (Kamptner, 1963) Gartner, 1969 
Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tap-

pan, 1978 
Discoaster loeblichii Bukry, 1971 
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Cakidiscus macintyrei (Bukry and Bramlette, 1969) Loeblich and Tap-
pan, 1978 

Sphenaster metula Wilcoxon, 1970 
Reticulofenestra minuta Roth, 1970 
Retkulofenestra minutula (Gartner, 1967) Haq and Berggren, 1978 
Sphenolithus neoabies Bukry and Bramlette, 1969 
Helicosphaera neogranulata Gartner, 1977 
Gephyrocapsa oceanica Kamptner, 1943 
Discoaster pansus (Bukry and Per rival, 1971) Bukry, 1973 
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930 
Discoaster pentaradiatus Tan, 1927 
Hayaster perplexus (Bramlette and Riedel, 1954) Bukry, 1973 
Amaurolithus primus (Bukry and Percival, 1971) Gartner and Bukry, 

1975 
Dictyococcities productus (Kamptner, 1963) Backman, 1980 
Reticulofenestra pseudoumbilica (Gartner, 1967) Gartner, 1969 
Discoaster quinqueramus Gartner, 1969 

Geminilithella rotula (Kamptner, 1956) Backman, 1980 
Ceratolithus rugosus Bukry and Bramlette, 1968 
Thoracosphaera saxea Stradner, 1961 
Helicosphaera sellii Bukry and Bramlette, 1969 
Umbilicosphaera sibogae (Weber-von Bosse, 1901) Gaarder, 1970 
Pontosphaera scutellum Kamptner, 1952 
Discoaster stellulus Gartner, 1967 
Coccolithus streckeri Takayama and Saito, 1986 
Discoaster surculus Martini and Bramlette, 1963 
Pontosphaera syracusana Lohmann, 1902 
Discoaster tamalis Kamptner, 1967 
Ceratolithus telesmus Norris, 1965 
Umbellosphaera tenuis (Kamptner, 1937) Paasche, 1955 
Amaurolithus tricorniculatus (Gartner, 1967) Gartner and Bukry, 1975 
Discoaster triradiatus Tan, 1927 
Discoaster tristellifer Bukry, 1976 
Discoaster variabilis Martini and Bramlette, 1963 
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