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ABSTRACT

Using calcareous nannofossils, a biostratigraphic analysis of sedimentary sequences drilled during Leg 81 reveals
continuous upper Neogene deposition at all sites, except at Site 555 where the Pliocene is missing. The series of Pliocene
discoaster disappearances are practically synchronous with their low latitude extinctions. An exception is Discoaster
surculus which disappears at the initiation of ice-rafted deposition, 0.1 m.y. prior to its extinction age; D. pentaradiatus
disappears at the beginning of the second lowest cycle of ice rafting, very close to its extinction age. The onset of ice
rafting is an abrupt event, which reflects the initiation of major northern European glaciation at 2.4 m.y. ago.

The lower and middle Miocene sequences are poorly represented, except at Site 555 which shows an expanded and
continuous middle Miocene sequence. Site 554 shows the longest Oligocene sequence, but it is condensed (11.5 m) and
probably marred by hiatuses. Manganese formation took place during the early Oligocene (Hole 552A) and during the
Eocene at Site 554 (overlain by upper Eocene). The upper and middle Eocene intervals are poorly represented; for exam-
ple, the Chiasmolithus gigas subzone (Subzone CP13b or Zone NPl5) is only present in a single 2-cm thick horizon
(Hole 552A). Site 552 shows the most complete record of the Eocene Zones NPl 1 through NP14, whereas Zone NP10 is
considerably expanded at Sites 553 and 555. Definite upper Paleocene (Zone NP9) is only recovered at Site 555, where
this sequence is interbedded between two basalt piles.

INTRODUCTION

Eight holes at four sites were drilled at the southwest
margin of the Rockall Plateau in the northeast Atlantic
Ocean during Leg 81 of the Deep Sea Drilling Project.
Site locations are shown in Figure 1. The sediments re-
covered yielded Pleistocene through upper Paleocene
calcareous nannofossils, and their distribution is pre-
sented from selected samples in Tables 1-8. Approxi-
mately 1200 samples were investigated. The upper Neo-
gene and lower Eocene reflect virtually continuous de-
position, whereas only fragments of the intervening
intervals are preserved. Therefore the Neogene and Pale-
ogene sequences are presented and discussed separately.
The distribution of taxa is presented through qualita-
tively estimated relative abundances. The Neogene ta-
bles show three levels of relative abundance: filled cir-
cles represent an abundance in excess of 10% of the to-
tal assemblage; open circles represent an abundance
between 1 and 10%; crosses represent an abundance less
than 1% of the total assemblage.

Smear slides made from the lower Eocene and upper
Paleocene shelf sediments contain, as a rule, very low
abundances of coccoliths. In many samples considera-
ble difficulties were met in finding enough specimens to
estimate relative abundances, and in many other sam-
ples this estimate turned out to be completely meaning-
less. Because consistent estimates of relative abundances
could not be successfully achieved, Paleogene abun-
dances are shown either as "rare" (open squares) or
"more commonly occurring" (filled squares). Oligocene
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Figure 1. Locations of sites drilled during Leg 81 (Sites 552-555), Leg
48 (Sites 403-404), and Leg 12 (Site 117).

and upper-middle Eocene assemblages are incorporated
in this system for internal consistency in the tables, al-
though the way of representing abundances in the Neo-
gene samples could have been applied at several sample
levels.

ZONATION

Previous studies of calcareous nannofossil biostratig-
raphy from the Rockall area include those of Perch-
Nielsen (1972) and Müller (1979). These authors, as well
as the present one, have predominantly relied on bio-
stratigraphic zonations suggested by Martini (1971), Bu-
kry (1973, 1975), and Okada and Bukry (1980). Their
zonal schemes primarily reflect stratigraphic relation-
ships of exits and entries of species in tropical and sub-
tropical areas. As a consequence some stratigraphic in-

403



J. BACKMAN

tervals at the Rockall sites, hosting temperate surface
waters, are characterized by a reduced biostratigraphic
resolution or by an absence of marker fossils. The Pa-
leocene/Eocene boundary and the lowest Eocene, the
upper Oligocene, the middle Miocene, and the lower
Pliocene represent such intervals.

Fasciculiths in co-occurrence with Discoaster multi-
radiatus are used to denote Zone NP9 of the upper Pa-
leocene (Lowrie et al., 1982; Shackleton et al., 1984a),
and the boundary between Zones NP10 and NP11 is
drawn at the entry of Tribrachiatus orthostylus (Lowrie
et al., 1982). Triquetrorhabdulus carinatus and Cycli-
cargolithus abisectus are used to mark the base of Zones
NP25 and NP24, respectively (Müller, 1979). The Neo-
gene/Paleogene boundary (Zones NN1/NP25) is placed
at the extinction of Dictyococcites bisectus, in accord
with Bukry's (1973) suggestion. Distinction is made be-
tween Zones NN6 and NN7 based on the extinctions of
C. abisectus and C. floridanus (Müller, 1981). Zones
NN8 and NN9 are separated on the basis of the extinc-
tion of Coccolithus miopelagicus (Bukry, 1973). To date
there are no obvious auxiliary markers that can be used
for reliable subdivisions of the lower Pliocene in the
Rockall area.

PRESERVATION

All sites were drilled in moderately deep waters. As a
rule the Neogene assemblages show varying degrees of
overgrowth of secondary calcite. Dissolution has affect-
ed the Neogene assemblages at some levels within the
Pleistocene and upper Pliocene sequences in conjunc-
tion with intense ice-rafted deposition. Samples taken
within a few centimeters of the upper and middle Mio-
cene hiatuses commonly show dissolved assemblages.
The condensed Paleogene chalk sequences generally show
dissolution, together with some diagenetic overgrowth of
calcite. For example, whereas the chiasmoliths were dis-
solved (central area crosses missing), specimens of Isthmo-
lithus recurvus generally appeared as more or less solid
bars. The lower Eocene and upper Paleocene assemblages
are primarily affected by dissolution, although diagenetic
calcite also played a role in destroying primary morpholog-
ical features.

SITE SUMMARIES

Site 552

Two holes (Holes 552 and 552A) were drilled at Site
552 (56°02.56'N, 23° 13.88'W, water depth: 2301 m).
Hole 552A was hydraulically piston cored, whereas Hole
552 was drilled with the conventional rotary drill equip-
ment. The first three cores of Hole 552 were spot cored at
0, 51, and 108 m respectively, whereafter the hole was con-
tinuously cored. Despite being drilled at the same locality,
there is a depth discrepancy between the two holes. Corre-
latable bio- and lithostratigraphic horizons are located
deeper in Hole 552A. The difference ranges between ap-
proximately 8.4 and 12.4 m. Taking into consideration that
the individual drilling pipe length is 9.0 m (9.5 m with the
core catcher), it is possible that a single pipe was unac-

counted for during the spot coring of the upper part of
Hole 552.

The overlapping sequences of the two holes show
practically identical nannofossil assemblages, so the dis-
tribution of the Pleistocene through Miocene taxa are
shown from Hole 552A (Table 2) because that sequence
has a better recovery and shows less drilling disturbance
than Hole 552. The Neogene-Paleogene transition is
discussed below and presented in Figure 2. Table 1 sum-
marizes the distribution of Eocene taxa from Hole 552.

Hole 552
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Figure 2. Biostratigraphic correlation across the Neogene/Paleogene
boundary between Holes 552 and 552A. The depth discrepancy is
probably artificial (see text).

404



CENOZOIC CALCAREOUS NANNOFOSSIL BIOSTRATIGRAPHY

The Neogene of Hole 552

Core 1 of Hole 552 shows an upper Pleistocene as-
semblage, lacking Pseudoemiliania lacunosa but with
abundant small (<3 µm) placoliths, which are inter-
preted as Emiliania huxleyi. The boundary between
Zones NN15 and NN16 is present between 48 and 100
cm in Section 552-2-1, with common Reticulofenestra
pseudoumbilica at the deeper level. Typical Pliocene dis-
coasters occur throughout Core 552-2, including Disco-
aster brouweri, D. pentaradiatus, and D. surculus; D.
asymmetricus is present in Sample 552-2,CC but not in
Sample 552-2-1, 100 cm. The reverse relationship is true
for P. lacunosa, which is present in Sample 552-2-1, 100
cm but not in the core catcher. Comparison with Hole
552A (see below and Figure 5) suggests that the depth
discrepancy between Holes 552 and 552A is above the
extinction level of R. pseudoumbilica.

The range of D. quinqueramus defines Zone NN11,
and this species was observed in very low numbers in
Samples 552-3-1, 11 cm and 552-3,CC. Zone NN11 con-
tinues down to Sample 552-7-1, 143 cm. Ceratoliths
were observed at one level in this interval, namely in
Sample 552-4,CC where Amaurolithus primus and A.
tricorniculatus co-occur. Sample 552-7-1, 37 cm con-
tains Pliocene contaminants; both Ceratolithus rugosus
and D. tamalis are present, although the assemblage has
a predominantly Miocene character. Zone NN9 can sel-
dom be identified with accuracy at high latitudes in the
North Atlantic because D. hamatus is exceedingly rare
or absent. Consequently the base of Zone NN10 is diffi-
cult to identify with precision. However, Bukry's (1973
and subsequent) zonal and subzonal marker species in
this part of the stratigraphic column do appear with
some regularity in the Rockall area. One of these mark-
ers is D. loeblichii, which is present from Sample 552-7-
1, 143 cm to Sample 552-7-4, 19 cm. The species indi-
cates the Discoaster neorectus subzone, which compares
with the upper part of Zone NN10. Discoaster bellus is
present in Sample 552-7.CC, suggesting a Zone NN9-
NN10 assignment for this level. The disappearance of
Coccolithus miopelagicus is a consistent and compara-
tively distinct datum event in the Rockall area. Accord-
ing to Bukry (1973) it occurs within Zone NN8. In Hole
552 this event occurs at Sample 552-8-1, 110 cm, where
Cyclicargolithus abisectus is also present in low num-
bers, possibly indicating Zone NN6 (Müller, 1981). Re-
working of C. abisectus into the upper part of Core 552-
8 cannot be excluded, because it is not accompanied by
C. ßoridanus.

Zone NN5 with its diagnostic species Sphenolithus
heteromorphus can be observed from Sample 552-8-3,
20 cm to the Neogene-Paleogene transition at Sample
552-8-4, 45 cm, which is marked by a lithologic change
and a hiatus. The occurrence of glauconite in the Mio-
cene part of Core 552-8 may indicate that this interval is
condensed, but it has not been possible to determine
whether, above Zone NN5, the NN6-NN8 interval is re-
duced or condensed. The nannofossils in the zeolitic
nannofossil chalk underlying the indigenous Miocene
sediments in Core 552-8 (Sample 552-8-4, 45-85 cm)

represent a mixture of Miocene, Eocene, and probably
Oligocene forms. This stratigraphic transition is de-
scribed in detail below (see Hole 552A).

The Paleogene of Hole 552
The Miocene element between 45 and 85 cm in Sec-

tion 552-8-4 originates from the overlying Zone NN5,
whereas the Paleogene element represents a mixture of
primarily Eocene forms, which are derived from differ-
ent stratigraphic levels within the Eocene. The preserva-
tion is generally bad in this interval, showing both severe
dissolution and secondary overgrowth of calcite.

A major part of the lower Eocene and the lowest part
of the middle Eocene is represented between the sedi-
ment/basalt contact and the Neogene-Paleogene transi-
tion in Hole 552 (Table 1). This part of the sequence is
more complete at Site 552 as compared to the corre-
sponding sequences at the adjacent Site 403 of Leg 48
and Sites 553, 554, and 555 of Leg 81, although it is
conceivable that the sequence at Site 552 may also be in-
complete.

Zone NP14 is represented from Sample 552-8,CC to
Sample 552-10,CC (Core 552-11 and its core catcher
were empty). Chiasmoliths and the ubiquitous Coccoli-
thus pelagicus dominate the assemblages, together with
Reticulofenestra dictyoda at some levels. Discoaster
sublodoensis occurs in all samples in this interval. The
presence of Nannotetrina cristata throughout the inter-
val indicates that only the upper part of Zone NP14 is
represented between Samples 552-8,CC and 552-10,CC
(see Bramlette and Sullivan, 1961; Romein, 1979). This
is supported by the absence of D. lodoensis in the up-
permost sample (Sample 552-8,CC). It is not clear
whether the lower part of Zone NP14 is missing at Site
552 or whether it is represented by the underlying inter-
val of no recovery.

The assemblage in Zone NP13 differs from that in
Zone NP14 by showing a comparatively higher abun-
dance and a greater diversity of pontosphaerids. This
feature also characterizes Zones NP12 and NP11 (see al-
so Sites 553 and 555). Similar abundance and diversity
patterns of the pontosphaerids, particularly as concern
Zone NP12, have been documented by Bramlette and
Sullivan (1961) from the Lodo Formation in California,
by Okada and Thierstein (1979) from Deep Sea Drilling
Project (DSDP) Site 386 (western North Atlantic), and
by Romein (1979) from the Nahal Advat sequence in Is-
rael.

Only one section in Core 552-13 was filled with sedi-
ment, and samples from this section were barren of nan-
nofossils. Samples from Core 552-14 show poorly pre-
served assemblages, affected both by dissolution and di-
agenetic overgrowth of calcite. Arguments can be raised
for placement of the lower boundary of Zone NP13 at
two levels: within Section 552-14-2 or between Sections
552-15-1 and 552-16-1.

The guide species, Tribrachiatus orthostylus, is present
as a very rare component of the assemblage at Sample
552-14-2, 56-58 cm. This level represents the uppermost
occurrence of T. orthostylus and thus should be consid-
ered as the top of Zone NP12, an assignment not dis-
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Table 1. Distribution of Paleogene calcareous nannofossils at Hole 552.
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agreeing with the magnetostratigraphy. Core 552-14 is
characterized by normal polarity (Krumsiek, this vol-
ume), which probably represents magnetic Anomaly 23.
T. orthostylus disappears within Anomaly 23 according
to Lowrie et al. (1982), which justifies a top Zone NP12
assignment at Sample 552-14-2, 56-68 cm, but it should
be kept in mind that Cores 552-15 and 552-16 have a re-
covery of 14 and 11% respectively, and do not preserve
any known magnetic polarity direction. These cores conse-
quently also may fit the correlation between Anomaly 23
and the T. orthostylus extinction. Unfortunately, the iso-
lated occurrence of T. orthostylus in Section 552-14-2 can-
not, at least with any degree of certainty, be disregarded as
due to reworking since (1) one may assume that ecological
gradients have been strong in the shallow-water environ-
ment in which these sediments were deposited, thus pro-
viding conditions that could favor sporadic occurrences of
many taxa; (2) isolated, apparently indigenous, occur-
rences of taxa are not uncommon (see, for example, the
lowest and next to lowest occurrence of D. lodoensis in Ta-
ble 1); (3) reworking appears not to be significant in the se-
quence. The occurrence of T. orthostylus at Section 552-
14-2 thus may represent an indigenous presence.

Another line of reasoning suggests that placing the top
of Zone NP12 within Section 552-14-2 would be errone-
ous. The first appearance of R. dictyoda was observed in
Sample 552-14-4, 25-26 cm. Based on material from the
very adjacent Site 404, which shows a sequence and a nan-
nofossil assemblage highly comparable to that of Hole
552, Müller (1979) observed that R. dictyoda (referred to
as R. umbilicá) has its first appearance close to the base,
but within, Zone NP13. Her result is in perfect agreement
with that of Romein (1979). Placing the Zone NP12/Zone
NP13 boundary within Section 552-14-2 thus implies that
R. dictyoda appears within Zone NP12, which is inconsis-
tent relative to Müller's and Romein's results. The upper-
most continuous presence of T. orthostylus is in Section
552-16-1, which could justify a placement of the Zone
NP12/Zone NP13 boundary between Sections 552-15-1
and 552-16-1 and which would cause a consistent first ap-
pearance of R. dictyoda close to the base of Zone NP13.
The two possible positions of the Zone NP12/Zone NP13
boundary at Site 552 are indicated in Table 1. Interestingly,
the base of Bukry's (1973) Zone CPU (first appearance of
C. crassus) coincides with the base of Martini's Zone
NP13 if placed between Sections 552-15-1 and 552-16-1.

Several changes occur in the assemblage between Zone
NP13 and Zone NP12. The latter zone shows the follow-
ing characteristics: a downward increase in braarudosphae-
rids; a decrease in the diversity of chiasmoliths; C. eo-
grandis becoming the most frequently occurring chiasmo-
lith taxon; C. cribellum is common at some levels and is
one of the dominant taxa in one sample; micrantholiths,
fragments mostly, start to occur; sphenoliths begin to occur
consistently, including Sphenolithus anarrhopus which
has its highest occurrence in this zone (at this site); Zy-
godiscus plectopons is restricted to this zone at Site 552;
Zygrhablithus bijugatus becomes one of the major ele-
ments of the assemblages; Toweius occultatus disap-
pears at the top part of the zone; Prinsius bisulcus de-
creases significantly in abundance, and last, a few speci-

mens of the distinct species D. robustus were noted for
the first time, going downwards, toward the base of
Zone NP12.

An unchanged assemblage character of Zone NP12,
as compared to that of Zone NP13, is that D. kuepperi
remains the most abundant discoaster.

Zone NP11 is not used in the sense of Martini's origi-
nal definition since its base here is defined by the first
appearance of Tribrachiatus orthostylus, following the
suggestion by Lowrie et al. (1982). T. orthostylus is
present in Sample 552-21-3, 39 cm but was not ob-
served, even after long search, in a sample taken 5 cm
above the sediment/basalt contact in Sample 552-21-3,
65 cm. The last occurrences of Toweius magnicrassus
and Ellipsolithus macellus coincide with the first ap-
pearance of Tribrachiatus orthostylus in Sample 552-21-
3, 39 cm. The implication of this in relation to the rela-
tive age of the sediment/basalt contact is discussed be-
low, where it is concluded that it seems likely that the
contact occurs within, but close to the base of, Zone
NP11 as defined here, despite the absence of T. orthos-
tylus at the 60-cm level in Section 552-21-3. However,
two possible interpretations are indicated in Table 1.

The Neogene of Hole 552A

The greater part of the sequence from Hole 552A is
unique in that it preserves the most complete and least
disturbed upper Neogene sedimentary record ever re-
trieved from a high-latitude North Atlantic DSDP site.
This sequence consequently provides the best material
premises from that region for studies of late Neogene
paleoceanography and paleoclimatology. Only two cores
are severely disturbed (Cores 552A-6 and 552A-13). No
hiatuses were discovered above Core 552A-35 (lowest
lower Miocene), but the resolution decreases below Core
552A-29 owing to low sedimentation rates. A remark-
able character of the sequence is its long record of
northern European glacials-interglacials, including the
transition from preglacial to glacial conditions. The re-
cord of ice-rafted material of the Rockall area represents
a direct evidence of past ice ages in northern Europe.
Studies of this sequence therefore will improve our un-
derstanding of how, more or less, indirect indications of
paleoclimatic and paleoceanographic changes—like sta-
ble isotopes, faunal and floral paleobiogeographic pat-
terns, and sedimentary processes such as winnowing,
erosion, and dissolution—are related to the glacial-in-
terglacial climatic system in northern Europe. This is
particularly true for the Pliocene part of the Hole 5 52A
sequence since there exists a controversy, or confusion,
about the timing of the initial phase of the glacial evolu-
tion in the northern hemisphere. Moreover, at present
there is little consensus about which paleoceanographic
changes represent responses to the northern hemisphere
glacial-interglacial system and which changes represent
responses to other phenomena; the time interval be-
tween 2.5 and 3.2 m.y. ago is of particular interest in
this respect (see, for example, Berggren, 1972; Poore
and Berggren, 1974; 1975; Shackleton and Kennett,
1975a; Shackleton and Opdyke, 1977; Ledbetter et al.,
1978; Backman, 1979; Keigwin and Thunell, 1979; Shor
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and Poore, 1979; Hodell et al., 1983). This chapter is fo-
cused on the biostratigraphy of Leg 81, and the Hole
552A sequence thus is discussed primarily from a bio-
stratigraphic and chronologic point of view.

The samples from Hole 552A shown in Table 2 repre-
sent only a fraction of the number of samples investi-
gated from that sequence. However, those shown illus-
trate time-related changes in the assemblages. It appears
immediately from Table 2 that the qualitatively esti-
mated abundances in each sample are characterized by a
few dominant taxa, which are accompanied by a num-
ber of rare taxa (<1%). Individual discoaster species
consistently occupy less than 1% of the total assem-
blage, but on the generic level discoasters may reach 1-
2% of the assemblage in the occasional sample.

The oxygen isotope stratigraphy of Hole 552A (Shack-
leton and Hall, this volume) presents a very refined chro-
nostratigraphy for the Pleistocene sequence. Two reli-
able nannofossil events in the Pleistocene can be deter-
mined using light-microscope techniques: the last occur-
rences of Pseudoemiliania lacunosa and Calcidiscus mac-
intyrei. Both events have been quantified using the
methodology of Backman and Shackleton (1983).

The extinction of P. lacunosa is shown in Figure 3,
together with the calcium carbonate percentages. It is
evident that the abundance pattern of P. lacunosa varies
independently of the calcium carbonate record. The ex-
tinction at Sample 552A-2-3, 60 cm occurs in the middle
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Figure 3. Abundance of P. lacunosa at the time of extinction. Note
that there is no correlation between calcium carbonate percentage
(Zimmerman, this volume) and P. lacunosa's abundance. Oxygen
isotope stages are from Shackleton and Hall (this volume).

part of oxygen isotope Stage 12, which is in excellent
agreement with the results of Thierstein et al. (1977). It
is notable, however, that although these authors docu-
mented a relative abundance of approximately 0.5% of
P. lacunosa in K708-7 immediately prior to its extinc-
tion, the figure is much lower in the Hole 552A se-
quence. Hole 552A is only about two degrees latitude
north of K708-7. Percentages of P. lacunosa have not
been determined from Hole 552A, but it can be esti-
mated that 10 specimens of P. lacunosa in Figure 3
grossly represent a few per thousand of the total assem-
blage; the content of 20 view fields was counted in each
sample and approximately 200 nannofossil specimens
were present in each view field. Thus, for reasons un-
known, P. lacunosa is considerably less abundant at
Hole 552A than at K708-7 near its extinction level.

The last occurrence of Helicosphaera sellii is in Sam-
ple 552A-5,CC. Backman and Shackleton (1983) dem-
onstrated that this species has a diachronous disappear-
ance with latitude. Its last occurrence is not examined in
detail in Hole 552A, but nevertheless, it is later in Hole
552A than in the equatorial Pacific. There appears to be
a difference of several hundred thousand years between
the Pacific date (1.37 m.y. ago in V28-239) and the one
from Hole 552A (0.93-1.17 m.y. ago; Samples 552A-4,CC
to 552A-5,CC).

The last occurrence of C. macintyrei is shown in Fig-
ure 4, where the calcium carbonate record is also pre-
sented. The species disappears within an interval char-
acterized by high calcium carbonate values, that is,
within an interglacial. This suggests that the disappear-
ance of C. macintyrei in Section 552A-7-1 is the true ex-
tinction. The rise in abundance at the bottom of Section
552A-7-1 coincides with an increased percentage of cal-
cium carbonate. From the bottom of Section 552A-7-2
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Figure 4. Abundance of C. macintyrei at the time of extinction. See
text for discussion of co-variation between calcium carbonate per-
centage (Zimmerman, this volume) and abundance of C. macinty-
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upwards, the abundance of C. macintyrei and the calci-
um carbonate values decrease significantly although the
high carbonate percentage persists up to one sample in-
terval (10 cm) above the high abundance interval of C.
macintyrei. The lag may be due either to a sample posi-
tion bias or to an ecologically governed behavior of C.
macintyrei at the transition from interglacial to glacial
(cooling of surface waters precedes the short glacial
starting at Sample 552A-7-2, 120 cm?). The high calci-
um carbonate values between approximately 60 and 80/
90 cm in Section 552A-7-2 are not accompanied by an
increase in abundance of C. macintyrei. However, the
60-, 70-, and 80-cm levels in Section 552A-7-2 are char-
acterized by a virtually monospecific assemblage of C.
pelagicus. This very characteristic monospecific compo-
sition was also observed at the outskirts of other glacial
intervals. The phenomenon has not been systematically
investigated.

Little attention has been paid to the series of first ap-
pearances of gephyrocapsids (Gephyrocapsa aperta, G.
caribbeanica, and G. oceanica) during late Pliocene and
early Pleistocene times. Samtleben (1980) demonstrated
convincingly that a thorough morphometrical investiga-
tion of gephyrocapsids from many oceanic regions is
needed before the group can provide any reliable bio-
stratigraphic information.

The series of disappearances of Pliocene discoasters,
a warm(er)-water-preferring group, has been investigated
in detail, partly because it is not fully understood whether
these disappearances reflect migratory events or genuine
extinctions in the high-latitude North Atlantic. The fol-
lowing taxa are involved: Discoaster brouweri, and its
triradiate variety, D. pentaradiatus, D. surculus, D.
asymmetricus, D. tamalis, and D. variabilis.

The relative abundances of these discoasters are very
low in the investigated interval (from the lower half of
Core 552A-7 through Core 552A-10). Two reasons argue
against reworking as being the mechanism that explains
the presence of discoasters in the late Pliocene interval.

First, discoasters are rare throughout the Neogene
which implies that a considerable amount of pre-late
Pliocene sediment has to be reworked into the late Plio-
cene interval in order to get reworked discoasters. Only
negligible amounts of pre-late Pliocene contaminants
are present in the late Pliocene interval; for example Re-
ticulofenestra pseudoumbilica, which has a late early
Pliocene extinction datum and is very abundant through
much of the Neogene, is very rare in the late Pliocene
(Fig. 5). On this basis, little reworking of pre-late Plio-
cene material into the late Pliocene is considered to have
occurred. Second, Backman and Shackleton (1983) doc-
umented a rise in abundance of the triradiate variety of
D. brouweri relative to D. brouweri', a peak abundance
lasting approximately 0.1-0.15 m.y. before their simul-
taneous extinction. This increase was found to occur con-
sistently whenever the appropriate stratigraphic interval
was investigated in detail. Moreover, the triradiate varie-
ty was observed to be rare during the entire part of its
range that precedes the last period of peak abundance,
despite very high abundances of discoasters. Therefore,
the peak abundances of the triradiate variety relative to
D. brouweri are considered to be indigenous, because
reworking cannot produce peak abundances of this
form relative to D. brouweri (Backman and Shackleton,
1983). This characteristic increase of the triradiate varie-
ty also exists in the Hole 552A sequence.

It is estimated that, in the late Pliocene interval of
Hole 552A, a discoaster/coccolith ratio of 1/10,000 or
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Figure 5. Abundance of R. pseudoumbilica in Cores 552A-11 through 552A-14. Three samples analyzed
from Core 552A-13 revealed an abundance not exceeding that of Cores 552A-11 and 552A-12. The dis-
tinct decrease in abundance at the very top of Core 552A-14 is considered to represent the extinction of
R. pseudoumbilica. Notice low level of reworking in Cores 552A-11 and 552A-12.
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1/20,000 is the rule rather than the exception. Because
of their very low abundance, discoasters are of course
easily overlooked or neglected as being reworked, al-
though they are not, according to the above observa-
tions.

Samples were investigated every 10 cm, with the fol-
lowing results: D. brouweri disappears at Sample 552A-
8-1, 40 cm and the triradiate variety 10 cm higher up.
The peak abundance of the triradiate variety begins in
the middle part or lower half of Core 552A-8. The last
occurrence of D. pentaradiatus is at Sample 552A-9-3,
20 cm. At Sample 552A-9-4, 10 cm D. surculus disap-
pears; D. asymmetricus disappears at Sample 552A-
9,CC (1 cm), and D. tamalis disappears at Sample
552A-10-1, 20 cm. The highest occurrence of D. variabi-
lis is probably situated in the lower part of Core 552A-
10, but sporadic occurrences make this difficult to as-
certain.

The disappearance of R. pseudoumbilica is the low-
ermost event that has been quantified in the Hole 552A
sequence (Fig. 5). The profound decrease in abundance
at the top of Core 552A-14 is interpreted as the extinc-
tion level of R. pseudoumbilica. Core 552A-13 is se-
verely disturbed and the sediment is homogenized; a
sample from a particular level may represent any level
within Core 552A-13. Three samples analyzed from
Core 552A-13 did not show an abundance ofR. pseudo-
umbilica exceeding that in Core 552A-12.

Pliocene paleomagnetic reversals of Hole 552A
(Shackleton et al., 1984b) and the nannofossil extinction
events from C. macintyrei to R. pseudoumbilica are
plotted versus time in Figure 6. The age assignments of
the extinctions are derived from low and middle lati-

tudes of the Pacific Ocean (Backman and Shackleton,
1983). The disappearance of D. brouweri in Hole 552A
correlates well with its extinction date from low lati-
tudes; the same is true for C. macintyrei. Both D. pen-
taradiatus and D. surculus have disappearance levels in
Hole 5 52A coinciding with transitions from oozes to
ice-rafted marls; D. surculus at the beginning of the
lowest cycle of ice-rafted debris, and D. pentaradiatus at
the beginning of the second cycle. It appears from Fig-
ure 6 that the disappearance of D. surculus in Hole
552A clearly occurs close to 0.1 m.y. before its Pacific
extinction age. Depending on how the sedimentation
rate curve is drawn in Figure 6, D. pentaradiatus either
disappears 0.05 m.y. prior to its Pacific date or coin-
cides, approximately, with that date. Backman and
Shackleton (1983) did not provide any extinction age for
D. asymmetricus, but they suggested that this datum
event occurs between the top of Gauss and the base of
Olduvai. In Hole 5 52A, D. asymmetricus disappears be-
tween 43.8 and 44.5 m, which is well within the upper
Gauss. D. tamalis appears to have a slightly younger
disappearance age in Hole 552A than in the low-latitude
Pacific. However, the last relatively substantial abun-
dance of D. tamalis is 0.7 m further down in Core 552A-
10, and one cannot exclude the possibility that a few
stray specimens were reworked up to the last occurrence
level shown in Figure 6. If this is the case no difference
would exist between the Hole 552A and the Pacific ages.
D. variabilis has an indistinct disappearance in the
lower part of Core 552A-10.

Surprisingly, one may conclude that the series of late
Pliocene discoaster disappearances at this high-latitude
locality agrees well with their low- and midlatitude ex-

30 35
Magnetics, cores, and depth (m) in Hole 552A

40 45 50 55

1.6

C. macintyrei

Matuyama/Olduvai

Olduvai/Matuyama

D. pentaradiatus

" JJ nD. surculus

60

Gauss/Kaena

Kaena/Gauss\
Gauss/Gilbert

R. pseudoumbilica
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Figure 6. Sedimentation rate plot of the early Pleistocene and late Pliocene of Hole 552A. The timescale of
Ness et al. (1980) is used. The magnetostratigraphy of Hole 552A is from Shackleton et al. (1984b). The plot
indicates a significant change in sedimentation rate at 3.25 m.y. ago, where the rate decreases by a factor of
approximately 3.5 going upwards. See text for further discussion of the data shown.
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tinction ages, although it is far more tedious to deter-
mine the extinctions at high latitudes due to low relative
abundances.

The last occurrence of nonbirefringent ceratoliths,
which defines the top of Zone NN14, cannot be deter-
mined accurately at high latitudes because of their dis-
continuous, extremely rare occurrences. The same prob-
lem hampers determination of the top of Zone NN12
(first appearance of C. rugosus). The top of Zone NN13
(first appearance of D. asymmetricus) cannot be deter-
mined accurately at any latitude (Backman and Shackle-
ton, 1983). The rare findings of these taxa in Hole 552A
are shown in Table 2. The first continuous presence of
D. asymmetricus begins at Sample 552A-14-2, 20 cm
(note proximity to R. pseudoumbilica extinction), where
also the lowest occurrence of D. tamalis was observed.
The latter species begins to occur continuously from
Sample 552A-14-1, 50 cm, thus shortly overlapping the
extinction level of R. pseudoumbilica. This pattern is
consistent with that documented from low latitudes
(Backman and Shackleton, 1983).

Specimens of C. rugosus were observed at the bottom
of Section 552A-19-2, and Ceratolithus acutus is present
in Sample 552A-22,CC. Zone NN11 ranges from Core
552A-27 to Core 552A-33. It has not been possible to
subdivide this zone in Hole 552A since nonbirefringent
ceratoliths were not recorded, in contrast to observa-
tions in Hole 552. The lowermost presence of D. quin-
queramus is in Sample 552A-33-3, 100 cm, and D.
loeblichii and D. neohamatus are present in Sample
552A-33,CC, suggesting that the latter level belongs to
Zone NN10. The high abundance of large Dictyococci-
tes perplexus is conspicuous in the Zone NN9-Zone
NN10 interval. Previously this species has been reported
from high latitudes in the southern hemisphere (Burns,
1975; Haq, 1976—who referred to the species as D. an-
tarcticus) and from the Rockall area (Site 116; Back-
man, 1980).

Müller (1981) suggested that C. abisectus and C. flo-
ridanus disappear within Zone NN6. The absence of
these taxa in Sample 552A-35,CC and the presence of C.
miopelagicus (see Bukry, 1973) indicate that this level
can be referred to Zones NN7 or NN8.

At high latitudes the calcareous nannofossil biostrati-
graphic resolution is low from the middle Miocene
through the lower Pliocene, due to the scarcity of mark-
er fossils. In order to increase the resolution, it appears
that one has to make the laborious detour via counts of
relative abundances and determination of acme hori-
zons, as outlined by Haq and Lohmann (1976). This re-
quires distinct changes in dominance of assemblage ele-
ments over time and well-dated sequences. The most
promising assemblage elements in this respect are con-
sidered to be C. pelagicus, D. productus (Pliocene), D.
perplexus (Miocene), and the reticulofenestrids.

The Paleogene of Hole 552A
The Paleogene of Hole 552A is represented from

Sample 552A-36-3, 140 cm down to Sample 552A-
38,CC (172.9-183.5 m). The Neogene is separated from
the Paleogene by a hiatus encompassing the lower Mio-

cene and uppermost Oligocene. Sediment of Oligocene
age characterizes lower Core 552A-36 and upper Core
552A-37. Most of Section 552A-37-1 is severely dis-
turbed, partly due to intense burrowing; consequently it
is difficult to assign this interval to specific biostrati-
graphic zones based on primary markers. However, the
interval from Section 552A-37-2 to Sample 552A-38,CC
contains sediments that belong to Zone NP14 of the
middle Eocene. Reworking is common particularly in
Section 552A-37-1, in which the stratigraphic order is il-
logical at some levels, with a sample providing a certain
biostratigraphic zonal assignment having a stratigraphi-
cally higher position than a sample giving a younger
zonal assignment. Thus, detailed stratigraphic analysis
is not meaningful in Section 552A-37-1. The stratigra-
phy of the short Paleogene sequence in Hole 552A is
based on 35 samples, but the samples discussed below
are those which can be arranged in a logical stratigraph-
ic order (see Fig. 2, where the correlation to Hole 552 is
shown).

Sample 552A-36-3, 141 cm and several others down
to Sample 552A-36,CC (15 cm) show a virtually uniform
composition, in which Cyclicargolithus floridanus, Cocco-
lithus pelagicus, Chiasmolithus altus, Dictyococcites bisec-
tus, D. hesslandii, Reticulofenestra daviesi, and Zygrhabli-
thus bijugatus are dominating elements. Sphenolithus dis-
tentus occurs occasionally and in very low numbers. More-
over, Triquetrorhabdulus carinatus is absent and Cyclicar-
golithus abisectus is common in this sequence except in the
lowest sample, in which it is rare. A Zone NP24 assign-
ment therefore appears reasonable for the lowermost part
of Core 552A-36 (see Poore et al., 1982; Müller, 1979).

Sample 552A-37-1, 15 cm is taken immediately above
a big manganese nodule. Although this level lacks Isth-
molithus recurvus, it is otherwise similar in composition
to the 55- and 70-cm levels in Section 552A-37-1.
Among the most abundant taxa are Chiasmolithus al-
tus, Coccolithus pelagicus, Cyclicargolithus floridanus,
D. bisectus, D. hesslandii, Ericsonia fenestrata, R. dic-
tyoda, R. hillae, R. umbilica, and Z. bijugatus. Other
taxa occur sporadically {Chiasmolithus oamaruensis,
Coccolithus eopelagicus, D. deflandrei, E. subdisticha,
Helicosphaera bramlettei, and S. moriformis). One speci-
men of C. formosus (extinction defines Zone NP21/Zone
NP22 boundary) was observed in both the 15- and 70-
cm levels, but not at the 55-cm level, in Sample 552A-
37-1. This exceedingly rare presence is likely to represent
reworking and is therefore neglected. The late Eocene
discoasters were not observed.

Bukry (1975) demonstrated that /. recurvus shows a
preference for mid to high latitudes, suggesting that its
presence in Samples 552A-37-1, 55 cm and 552A-37-1,
70 cm is indigenous. There exists some uncertainty as to
the upper stratigraphic range of /. recurvus, but studies
from high latitudes in the North Atlantic region (Marti-
ni, 1971; Perch-Nielsen, 1972; Müller, 1979) indicate
that /. recurvus disappears within Zone NP22. Taking
this into account, it appears reasonable to suggest that
(1) Sample 552A-37-1, 15 cm belongs to the upper part
of Zone NP22 (R. umbilica is present, /. recurvus is ab-
sent), (2) the 55- and 70-cm levels in Section 552A-37-1
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Table 2. Distribution of Neogene calcareous nannofossils at Hole 552A.
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represent the lower part of this zone (/. recurvus is
present), and (3) the manganese formation took place
during the lower part of Zone NP22. A second possibili-
ty is provided by the information presented by Poore et
al. (1982). Their data—derived from 26°S—suggest that
/. recurvus disappears within the upper part of Zone
NP21, at the top of magnetic Anomaly 13. This would
place the Sample 552A-37-1, 15 cm in Zone NP22 and
the samples at the 55- and 70-cm levels in Zone NP21.
However, the first possibility, based on data derived
from 45-55°N, which is supported by data from Site
554 (see below), indicates that the observation of Poore
et al. (1982) is not valid for the high-latitude North At-
lantic region. Nevertheless, it follows that Zone NP23,
which represents a substantial part of the Oligocene,
is missing between Samples 552A-36,CC (15 cm) and
552A-37-1, 15 cm. It is also noteworthy that the manga-
nese nodule was formed at a time characterized by one
of the most pronounced reorganizations of deep waters
that has occurred in the Cenozoic world ocean (see, for
example, Shackleton and Kennett, 1975b).

A downhole change in lithology occurs at approxi-
mately Sample 552A-37-1, 75 cm, from foraminifer-
nannofossil chalk to zeolitic mudstone. Two samples
from the zeolitic mudstone, Samples 552A-37-1, 86 cm
and 552A-37-1, 117 cm, are barren of nannofossils, but
a 2-cm-thin band of the foraminifer-nannofossil chalk,
Sample 552A-37-1, 137-138 cm, contains nannofossils
clearly indicating Zone NP15 of Martini (1971) or sub-
zone CB 13b (C. gigas subzone) of Okada and Bukry
(1980). This thin band is the only sediment recovered
during Leg 81 that represents the middle Eocene Zone
NP15. Typical forms include: Chiasmolithus expansus,
C. gigas, Chiasmolithus grandis, C. solitus, Coccolithus
pelagicus, C. formosus, D. barbadiensis, Markalius spp.,
Nannotetrina fulgens, R. dictyoda, R. reticulata, and
Rhabdosphaera tenuis.

Zones NP16 through NP19 and NP20, or CP13c
through CP15, are missing (through a hiatus) in Hole
552A.

The nannofossils in the sediments from Samples
552A-37-2, 20 cm to 552A-38,CC indicate Zone NP14.
Consequently the lowest part of Zone NP15 (CP13a) is
also missing in this sequence. Probably only the upper
part of Zone NP14 (CP12b, Rhabdosphaera inflata
subzone of Okada and Bukry, 1980) is represented, since
R. inflata and N. cristata occur sporadically in the se-
quence, the latter including Sample 552A-38,CC. The
assemblage within the Zone NP14 interval of Hole 552A is
very similar to the one that is presented in Table 1 from
Hole 552.

Site 553
Three holes were drilled at Site 553 (56°05.32'N;

23°20.61' W; water depth: 2329 m): Hole 553 consists of
a single core cut at the mudline; 59 cores were taken at
Hole 553A, the upper 37 of which are sedimentary and
the remainder of which are basaltic; the four cores of
Hole 553B were hydraulically piston cored using the 9-
meter core barrel, which unfortunately caused severe dis-
turbance.

The Neogene of Holes 553, 553A, and 553B

The Neogene cores of Site 553 have two characteris-
tics making them less attractive for study. First, the
cores are severely disturbed by drilling processes, includ-
ing those cored using the hydraulic piston core (HPC) at
Hole 553B. Second, a major part of the Neogene se-
quence was spot cored. The Miocene/Oligocene bound-
ary is determined at 231.5 m, but continuous coring
started at a depth of 179.5 m (Core 553A-4). Hole 553B
was continuously cored to the terminal depth of 28.5 m,
and Cores 553A-1 to 553A-3 begin at depths of 65.5,
103.5, and 151.0 m respectively. The only hiatus detect-
ed is in the lower Miocene, where Zones NN2-NN4 are
missing. The nannofossil distribution down to Zone
NN5 is summarized in Table 3.

Samples 553-1,CC, 553B-1,CC, and 553B-2,CC are
referred to the upper Pleistocene (Zones NN20-NN21)
owing to the absence of Pseudoemiliania lacunosa. The
remaining part of Hole 553B belongs to Zone NN19.
Cores 553A-1 and 553A-2 contain an upper Pliocene as-
semblage, Core 553A-3 a lower Pliocene assemblage,
and Cores 553A-4 and 553A-5 are referred to the upper
Miocene. Coccolithus miopelagicus has its highest oc-
currence in Sample 553A-6,CC and co-occurs with C.
abisectus in Samples 553A-7,CC and 553A-8-1, 75 cm.
In the absence of Sphenolithus heteromorphus, the lat-
ter two levels are referred to Zone NN6 (see Bukry, 1973;
Müller, 1981). Zone NN5 ranges from Sample 553A-8-2,
75 cm to Sample 553A-8-3, 125 cm. The biostratigraphy
of the lowest Miocene (Zone NNl) and the Paleogene is
shown in Table 4.

The Neogene-Paleogene Transition in Hole 553A
Sample 553A-8,CC is the highest sample showing

abundant Cyclicargolithus abisectus. Bukry (1973) used
this characteristic to subdivide the lowest Miocene. How-
ever, C. abisectus shows low frequencies in several sam-
ples below its highest peak occurrence, and thus the
somewhat vague expression of the C. abisectus acme at
Hole 553A must be considered with caution; the possi-
bility is nevertheless indicated in Table 4. The Zone
NP25/Zone NNl (Oligocene/Miocene) boundary is
placed at the extinction level of Dictyococcites bisectus.
This species decreases in abundance by about 90% from
Sample 553A-9-4, 10 cm to Sample 553A-9-4, 5 cm, but
continues above as a rare component throughout Core
553A-9. This is compatible with the core's low abun-
dance of some obviously reworked Eocene taxa. Un-
doubtedly, the extinction of D. bisectus is the most dis-
tinct datum event, in terms of abundance prior to ex-
tinction, that can be used for consistent recognition of
the Oligocene/Miocene boundary in the Rockall area.
The rare and sporadic occurrences of Helicosphaera re-
cta (extinction defines top Zone NP25 according to
Martini, 1971) within the lowest Miocene may or may
not be indigenous. In the light of the reworking ob-
served, the few specimens recorded, and the distinctly
expressed D. bisectus' extinction, it is reasonable to ne-
glect these H. recta specimens from a biostratigraphic
point of view.
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Table 3. Distribution of Neogene calcareous nannofossils at Holes 553, 553A, and 553B.
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Müller (1979) suggested that the first appearance of
Triquetrorhabdulus carinatus can be used to approxi-
mately determine the base of Zone NP25 in the North
Atlantic when lacking Sphenolithus distentus. In Hole
553A, however, the first appearance of T. carinatus oc-
curs immediately above (5 cm) the extinction level of D.
bisectus, which is used to mark the top of Zone NP25.
Taking into account the restricted knowledge we have
about how the above-mentioned markers exactly relate
to each other stratigraphically in the Rockall area, it is
not impossible that the interval from Sample 553A-9A-
4, 10 cm to Sample 553A-9A-6, 25 cm represents Zone
NP24. This uncertainty is indicated in Table 4.

The Paleogene of Hole 553A
A hiatus lasting some 10 to 15 m.y. separates the up-

per Oligocene nannofossil-foraminifer chalk in Sample
553A-9-4, 25 cm from the underlying middle Eocene
biosiliceous foraminifer chalk in Sample 553A-9-4, 35
cm. Chiasmoliths are abundant in the underlying mid-
dle Eocene interval, notably Chiasmolithus nitidus and
C. solitus. Discoaster bifax was observed at two levels
within Core 553A-10, and Reticulofenestra umbilica is
present from Sample 553A-9-6, 35 cm to Sample 553A-
10-3, 100 cm. This interval consequently is referred to
Zone NP16 or the Discoaster bifax subzone (CP14a).
Markalius spp. (M. astroporus in this case) occurs
throughout the interval. According to Okada and Thier-
stein (1979), M. astroporus disappears in the lowest part
of the Discoaster bifax subzone, possibly suggesting
that only the lower part of the subzone is represented in
this interval. This idea is supported by the fact that the
interval is bracketed by hiatuses.

Zone NP15 is missing at Hole 553A, and the entire
interval from Zones NP11-NP14 is represented by less
than two cores. Nondeposition and/or erosion have
probably influenced the sedimentation process in the
Zone NP11 -Zone NP14 interval, thus preserving only
parts of each zone. Discoaster lodoensis occurs through-
out Zone NP14 and Nannotetrina cristata is present at
the base of the zone, which may suggest that both the up-
permost and the lowest parts of this zone are missing (see
Site 552). The pontosphaerids begin to increase in abun-
dance and diversity in Zone NP13, although the acme of
these fossils occurs in Zone NP12. Prinsius bisulcus de-
creases in abundance at the top of Zone NP12, and the
last occurrence of Toweius occultatus is at the very top of
Zone NP12. The first appearance of R. dictyoda occurs
in the uppermost sample belonging to Zone NP12. This
could imply that reworking has displaced the last occur-
rence level of Tribrachiatus orthostylus in the Hole 553A
sequence. Okada and Thierstein (1979) noticed that the
last occurrence of T. orthostylus and the first appearance
of/?, dictyoda (referred to as R. samodurovii by these au-
thors) coincide at Site 386. Obviously these two datum
events virtually coincide over huge geographic distances
(Müller, 1979; Okada and Thierstein, 1979; Romein,
1979; this chapter). Presence of T. orthostylus far above
the first appearance level of R. dictyoda thus strongly
suggests that the former species is reworked. On the other
hand, their simultaneous disappearance and appearance

may be regarded as a reliable biostratigraphic indication.
Bukry (1973) avoided using the last occurrence of T.
orthostylus in his zonation since he had observed the spe-
cies as high as Zone NP15 from the Arroy El Bulito se-
quence in California. This unusually high stratigraphic
position of T. orthostylus probably can be disregarded as
being due to reworking. Unfortunately, this led Bukry to
choose the first appearance of Coccolithus crassus, which
is difficult to identify accurately and thus consistently
(the opposite is true regarding both T. orthostylus and
R. dictyoda), to subdivide the interval between the first
appearances of D. lodoensis (base Zone NP12) and D.
sublodoensis (base Zone NP14).

It is on the fringe of an understatement to say that T.
contortus and T. nunnii are rare in the Hole 553A (and
Hole 555) sequence(s). The upper limit of the former
and the lower limit of the latter species define the top
and the base of Zone NP10 respectively. The data of
Lowrie et al. (1982), Okada and Thierstein (1979), and
Romein (1979) indicate that the first appearance of T.
orthostylus closely approximates the last occurrence of
T. contortus. The base of Zone NP11 is therefore drawn
at the first appearance level of T. orthostylus (see Table
4). The short length of Zone NP11 and the many exits
and entrances of taxa in the proximity of the base of the
zone is conspicuous {Chiasmolithus bidens, D. kuep-
peri, Ellipsolithus macellus, Imperiaster obscurus, Lan-
ternithus spp., Rhabdosphaera scabrosa, and T. magni-
crassus). The base of the glauconitic unit also occurs at
this level in Core 553A-12, indicating a transgression
over the area (Morton et al., this volume). It seems rea-
sonable to suggest that the base of Zone NP11 at Hole
553A is slightly younger than the chronostratigraphic
age of the Zone NPlO/Zone NP11 boundary.

Zone NP10 is represented in approximately 25 cores
overlying the basalt but roughly 19 of these cores are
barren, and the remaining cores are characterized by low
diversity and low abundances of nannofossils. Regard-
less of the poor control of the exact sedimentation rate
in this interval, the rate was clearly very high, compati-
ble with the tectonically active situation and the shallow
water depositional environment over this part of the se-
quence. It is noteworthy that fasciculiths are absent in
Core 553A-37. This genus has its last occurrence in the
upper part of Zone NP9 of the upper Paleocene (Shack-
leton, in press). The occurrence of Rhomboaster calci-
trapa in Sample 553A-37-4, 50 cm may imply that this
level belongs to the very top of Zone NP9, very close to
the Zone NP9/Zone NP10 boundary (Paleocene/Eo-
cene boundary).

Site 554
There were two holes drilled at Site 554 (56° 17.41'N;

23°31.69'W; water depth: 2576 m). Drilling commenced
at Hole 554A at the level where Hole 554 terminated (76
m). The sequence contains calcareous nannofossils
down to a depth of 123.5 m (Sample 554A-5.CC). The
underlying cores of Hole 554A (Cores 6-14) consist pri-
marily of coarse volcanigenic sediment interbedded with
basalt flows. The uppermost 106 m (Pleistocene-middle
Miocene) probably reflect an unbroken record. The
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Table 4. Distribution of Paleogene calcareous nannofossils at Hole 553A.
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lower half of the Miocene and most of the Eocene are
missing. In contrast to all other sites drilled during Leg
81 the Oligocene is well represented at Site 554, albeit
condensed into 11.5 m.

The Neogene of Holes 554 and 554A
The distribution of Neogene nannofossils is shown in

Table 5. Most Neogene cores are severely disturbed by
drilling processes. Core 554-4 was empty. Assemblages
are similar to those observed at Sites 552 and 553: A few
taxa occur in great abundances, and these are accompa-
nied by a number of comparatively rare taxa.

In the Pleistocene, gephyrocapsids tend to be the
most prominent assemblage elements, although Cocco-
lithus pelagicus and Dictyococcites productus occasion-
ally may be abundant. Diagenetic overgrowth of calcite
may blur the morphologic characters used to distinguish
between gephyrocapsids and D. productus. Reticulo-
fenestrids, C. pelagicus, and D. productus dominate the
Pliocene assemblages. Abundant large D. perplexus char-
acterize the assemblages during earliest late and late
middle Miocene times, together with C. pelagicus and
reticulofenestrids.

The last occurrence of Pseudoemiliania lacunosa is
in Sample 554-2,CC, that of Calcidiscus macintyrei is in
Sample 554-3-5, 35 cm, and that of Discoaster brouweri
is in Sample 554-3.CC. Zones NN16 and NN17 appar-
ently lie within the empty Core 554-4, because the up-
permost part of Core 554-5 belongs to Zone NN15. Ce-
tatolithus acutus is present in Sample 554-6-5, 46 cm
and C. rugosus in Sample 554-5,CC suggesting that the
Zone NN12/Zone NN13 boundary should be placed be-
tween these two levels. Two samples taken at the bottom
of Core 554-5 (see Table 5) contain Amaurolithus delica-
tus, C. rugosus (one sample), and D. asymmetricus. As
the lower range of the last taxon is uncertain these two
samples are referred to Zones NN13-NN14, even though
the first appearance of D. asymmetricus was used by
Martini (1971) to define the base of Zone NN14. Zone
NN11 is represented from 554-6,CC to 554-1,CC. Samples
554A-2,CC and 554A-3, 90 cm are referred to Zones
NN9-NN10 since both Coccolithus miopelagicus and
D. quinqueramus are absent. Presence of the former
species and the absence of Cyclicargolithus abisectus
and C. ßoridanus suggest an assignment to Zones NN7
and NN8 for Samples 554A-3-3, 145 cm and 554A-4-4,
145 cm.

A 25-cm thick unit of glauconitic nannofossil-fora-
minifer chalk at the top of Section 554A-4-2 is bounded
by hiatuses; the upper one being distinct, encompassing
the interval from Zones NN3 or NN4 to NN6, whereas
the duration of the lower hiatus is shorter (Zone NN1).
Bukry (1973) and Martini (1971) give different ranges
for Sphenolithus belemnos and D. druggii. Bukry uses
the first appearances of D. druggii and S. belemnos to
define the base and top of Subzone CNlc respectively,
whereas Martini claims that these two events coincide at
the base of Zone NN2. Both these taxa are present at
the 10- and 21-cm levels in Section 554A-4-2, together
with Helicosphaera aff. H. ampliaperta which has a
short range in Zone NN2 (see Müller, 1981). The present

material does not allow determination of the exact strati-
graphic relationships of the ranges of D. druggii, H. aff.
ampliaperta, and S. belemnos. Thus it seems fair to sug-
gest a Zone NN2-Zone NN3 (or CNlc-CN2) assign-
ment for this 25-cm-thick interval (Sample 554A-4-2, 0-
25 cm). Subzones CNla-b are missing.

The Paleogene of Hole 554A
Dictyococcites bisectus and Triquetrorhabdulus carina-

tus co-occur immediately below the above-discussed 25-
cm (lower Miocene) interval. The latter taxon is present
continuously to Sample 554A-4-2, 145 cm, suggesting a
Zone NP25 assignment (Müller, 1979). Since diagnostic
sphenoliths are rare at mid and high latitudes Müller al-
so suggested that the first appearance of Cyclicargolith-
us abisectus could be used to approximately determine
the base of Zone NP24, a suggestion supported by the
data of Poore et al. (1982). The first appearance of C.
abisectus is distinct at Hole 554A, occurring between 80
and 145 cm in Section 554A-4-3. In practically all sam-
ples containing C. abisectus and C. floridanus there are
specimens intermediate between these two taxa. There is
no problem in distinguishing between end members of
these morphologically similar taxa. But, since size is the
character that provides the most efficient means to sepa-
rate C. abisectus from C. floridanus, it is recommended
to measure the overall size (e.g., placolith diameter) in
order to apply consistent species concepts. This work
ought to be done on a better sequence than that provid-
ed at Site 554.

Reticulofenestra umbilica has its last occurrence be-
tween Samples 554A-4,CC (10 cm) and 554A-4-4, 25.
Isthmolithus recurvus also disappears at the latter level
(the range of /. recurvus above the highest occurrence of
C. formosus is noteworthy). This would imply the pres-
ence of a hiatus at the bottom of Core 554A-4, covering
the upper part of Zone NP22 and a substantial part of
Zone NP23. The zonal assignments of the Oligocene at
Hole 554A (Table 6) should be regarded as tentative be-
cause of the condensed nature of the sequence and the
absence of some of the primary zonal markers.

Discoaster saipanensis and R. reticulata disappear in
Sample 554A-5-3, 104 cm. These taxa co-occur with /.
recurvus down to the manganese crust in Sample 554A-
5-4, 20 cm. The assemblage immediately above the man-
ganese crust can thus be referred to the uppermost Eo-
cene (Zone NP19/20 or CP15b). If the biostratigraphy
of Hole 552A is correctly interpreted, this implies that
the manganese formation took place earlier at Hole
554A than at Hole 552A.

The sediment below the manganese crust at Hole
554A is intensively burrowed, and upper Eocene assem-
blage contaminants are mixed into the lower Eocene
(Zone NP11). It is estimated that inmixing decreases by
approximately 85-90% within 8 cm from beneath the
manganese crust, but the upper Eocene contaminants
continue to be present in low numbers for roughly 35 cm
below the manganese thus indicating the depth penetra-
tion of the burrowing organisms.

The interval between 39 and 104 cm in Section 554A-
5-4 shows a dull assemblage referable to Zone NP11.
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Table 5. Distribution of Neogene calcareous nannofossils at Holes 554 and 554A.
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Table 6. Distribution of Paleogene calcareous nannofossils at Hole 554A.

E
p

o
c

h
E

A
R

L
Y 

/
 

L
A

T
E

O
L

IG
O

C
E

N
E

 
/O

L
IG

O
C

E
N

E
E

A
R

L
Y 

S 
L

A
T

E
E

O
C

E
N

E
 

!> 
E

O
C

E
N

E

Z
o

n
e

 
(O

kα
d

α
 

&
 

B
u

k
ry

, 
19

80
)

CPi9b

CP19α

CP17-
18

CP17

CP16

CP15b

CP9b

CP9α

Z
o

n
e

 (
M

a
rt

in
i,

 
19

71
)

NP25

NP24

NP23

NP22

NP21

NP19-
20

NP11

NP10

S
a

m
p

le

(5
5

4
A

 
c

o
re

-s
e

c
ti

o
n

 
c

m
)

4-2, 35
4-2, 80
4-2,145

4-3, 80

4-3,145

4-4^25
4-CC. 10
5-1, 58
5-2, 58
5-2,145
5-3, 48

5-3, 84
5-3,104

5-3,115

5-3. 135

5-4 20

5-4, 39
5-4, 50

5-4, 92
5-4,104

5, CC
6

A
b

u
n

d
a

n
c

e

P
re

s
e

rv
a

ti
o

n

A M
A M
A P

u A M

A M
A M
A M
A M
A M
A M
A P

A M

A M

A P

A P

A P

BARREN

R P

R P
R P

R P
BARREN

C
h

ia
sm

o
lif

h
u

s 
a

lt
u

s
C•

 b
id

e
n

s
C.

 e
o

g
ra

n
d

is
C•

 o
a

m
a

ru
e

n
si

s
C•

 s
o

lit
u

s

a
p

p

•
• P

• P

• P

• P

•
P

P

P P

P

P P

P

P

P

• P
a
• P

C
oc

co
tit

hu
s 

e
o

p
e

la
g

ic
u

s

C.
 

fo
rm

o
su

s

C
. p

e
la

g
ic

u
s

C•
 s

u
b

d
is

ti
c

h
u

s

C
o

ro
n

o
cy

cl
u

s 
n

if
e

sc
e

n
s

m

u a
m

m

m

P P

•
•
•
• P

G • P

P P • P

P P •

G P P

P • P

P P P

P

P P

P

p a

C
yc

lic
a

rg
o

lit
h

u
s 

a
b

is
e

c
fu

s

C
. 

fl
o

ri
d

a
n

u
s

D
ic

ty
o

c
o

c
c

it
e

s 
b

is
e

c
tu

s

D•
 

h
e

ss
la

n
d

ii

D
is

c
o

a
st

e
r 

a
d

a
m

a
n

te
u

s

m • P P P

• • P P
• • a P

• • a
• • P
• •
• • a
• • P
P • P

• P
P • P

• • p

• • P
• P

•
• P

D•
 b

a
rb

a
d

ie
n

si
s

D•
 b

in
o

d
u

su
s

D•
 

d
e

fl
a

n
d

re
i

D•
 d

ia
st

yp
u

s
D•

 k
e

u
p

p
e

ri

P

p
p

p

a

P

P P

P P

0
. 

m
u

lt
ir

a
d

ia
tu

s
D•

 n
o

d
if

e
r

D•
 s

a
ip

a
n

e
n

si
s

D
. 

ta
n

i
E

lli
p

so
lit

h
u

s 
m

a
c

e
llu

s

a a p

P P

P P

P P D

P

P

E
ri

cs
o

n
ia

 
fe

n
e

st
ra

ta
H

e
lic

o
sp

h
a

e
ra

 
b

ra
m

le
tt

e
i

H
. 

c
o

m
p

a
c

ta
H

. 
e

u
p

h
ra

ti
s

H
. 

re
fi

c
u

la
ta

a
a
a

π

p

P

•
•
•
•
• a
u a

u
m a

•
•

Im
p

e
ri

a
st

e
r 

o
b

sc
u

ru
s

Is
th

m
o

lit
h

u
s 

re
c

u
rv

u
s

M
a

rk
a

liu
s 

sp
p

.
M

ic
ra

n
th

o
lit

h
u

s 
sp

p
.

N
e

o
c

o
c

c
o

lit
h

e
s 

d
u

b
iu

s

π

p

p

•
•
p

• P
•
• P

•
•

a

a

P

P
o

n
fo

sp
h

a
e

ra
 

fi
m

b
ri

a
fa

P•
 

p
u

lc
h

ra

P•
 

ri
m

o
sa

P.
 

ve
rs

a

P
ri

n
si

u
s 

b
is

u
lc

u
s

m

m

m

a p P p •

P
yr

o
c

yc
lu

s 
h

e
rm

o
su

s
P.

 
in

ve
rs

u
s

P
 

o
ra

n
g

e
n

si
s

R
e

ti
c

u
lo

fe
n

e
st

ra
 

d
a

vi
e

si
R

. 
d

ic
ty

o
d

a

a

p •

p π a

a a

p

P P

p a a
a

a
P P
a P P

P

p

P P

P P P

P

R
. 

h
ill

a
e

R
. 

re
ti

c
u

la
ta

R
. 

u
m

b
ili

c
a

S
p

h
e

n
o

lit
h

u
s 

c
ip

e
ro

e
n

is
S

. 
m

o
ri

fo
rm

is

π
a G

p

p

a

p

a P

p • p

P •
p • p
P • P

G • P
P P • P
P P •

P P •

a • p

p

To
w

ei
us

 
m

ag
n

ic
ra

ss
u

s

T.
 

o
c

c
u

lf
a

tu
s

T
n

b
ra

c
h

ia
tu

s 
o

rt
h

o
st

yl
u

s

Tr
iq

u
e

tr
o

rh
ab

d
u

lu
s 

c
a

ri
n

a
fu

s

Z
yg

rh
a

b
lit

h
u

s 
b

iju
g

a
fu

s

P P

p •
P •

p

•
•

P

P
P
P

G

P

•
P

•

P G P

P P G

G P P P

• • P

Note: Open squares = rare, filled squares = more commonly occurring.



J. BACKMAN

Tribrachiatus orthostylus is not present in the lowest
sample containing nannofossils, possibly indicating Zone
NP10 at that level. Several samples were investigated in
Core 554A-6, but all calcite proved to be diagenetic.

Site 555
The depositional environment of the sequence at Site

555 (56°33.70'N; 20°46.93'W; water depth: 1659 m)
differs from those at the other Leg 81 sites in being con-
siderably shallower. The Pliocene is missing at Site 555.
A hiatus separates the lower Miocene from the lower
Eocene, and not even fragmentary occurrences of sedi-
ment representing the Oligocene or the middle-upper
Eocene are preserved. Both these characters make the
Site 555 sequence different from those at Sites 552, 553,
and 554. Two 19-m intervals, between Cores 555-8 and
555-9, and between Cores 555-10 and 555-11, were not
cored. The remaining parts of the sequence were contin-
uously cored. The Neogene is represented to a depth of
281 m (Sample 555-26,CC). The Paleogene, which is
represented by the lower Eocene and the upper Paleo-
cene (the only definite Paleocene recovered during Leg
81), is very expanded: It begins at 281 m and continues
to 870 m (terminal depth: 964 m). The six lowest sedi-
mentary cores are barren of nannofossils; the sediments
are mainly comprised of vitric micaceous sandstone and
lapilli tuff. Two intervals do not contain sediment, the
first between Cores 555-68 (Sample 555-68-2, 35 cm)
and 555-83 (Sample 555-83-3, 30 cm), and the second
between Cores 555-95 (95-1, 35 cm) and 555-98 (termi-
nal depth). The former consists of basalt and hyaloclas-
tite, the latter wholly basalt.

The Neogene of Site 555
Ice-rafted sediment and oozes characterize the Pleis-

tocene to the bottom of Section 555-3-3. The assem-
blage undergoes a distinct change between Samples 555-
3-4, 80 cm and 555-3-5, 80 cm. The former level can be
assigned an age of between 1.45 and 1.88 m.y. (bottom
Zone NN19) owing to presence of Calcidiscus macinty-
rei and absence of Discoaster brouweri (see Backman
and Shackleton, 1983). Samples 555-3-5, 80 cm and
555-3,CC are referable to the lower Pliocene. Exactly
where in the lower Pliocene is more difficult to say. A
tentative assignment to Zone NN12 (CNlOa) is suggest-
ed, based on presence of Triquetrorhabdulus rugosus
Sample 555-3,CC. In turn, this implies that Zones NN13
through NN18 are not represented.

The interval between Samples 555-3-5, 80 cm and
555-24-4, 135 cm represents continuous deposition with
an average sedimentation rate of approximately 2.5 cm/
1000 years. It is the most complete middle Miocene se-
quence recovered during Leg 81. Changes in assem-
blages through time are compatible with those docu-
mented from Sites 552, 553, and 554. Reworking may
have affected the nannofossil biostratigraphic resolution
around the upper/middle Miocene boundary. Sporadic
and rare specimens of Coccolithus miopelagicus were
noted above Sample 555-15.CC but this species becomes
a more regular member of the assemblages below Sam-
ple 555-15,CC possibly implying that Zone NN8 begins

between Samples 555-14,CC and 555-15,CC (see Bukry,
1973). The possibility cannot be excluded, however, that
C. miopelagicus is reworked between Samples 555-
18,CC and 555-15,CC, since it is still comparatively rare
in that interval. This uncertainty is indicated in Table 7.
The Zone NN6/Zone NN7 boundary is placed at the
last occurrence level of Cyclicgargolithus abisectus (Sam-
ple 555-22,CC). Presence of Sphenolithus heteromor-
phus and absence of Helicosphaera ampliaperta in two
samples in Core 555-24 (Table 7) indicate Zone NN5.
Zone NN4 is not represented in this sequence, but Zone
NN3 is present between Samples 555-24-5, 100 cm and
555-26.CC, as indicated by the presence of both H. am-
pliaperta and S. belemnos.

The Paleogene of Site 555
The lower Eocene is represented by Zones NP10-

NP12 (Table 8). Two long intervals comprising 18 cores
altogether are barren of nannofossils (Samples 555
31,CC to 555-41,CC; Section 555-46-1 to Sample 555-
55,CC), and the interval between Sample 555-55.CC
and the uppermost sediment/basalt contact in Core
555-68 contains impoverished assemblages, character-
ized by highly sporadic occurrences of nannofossils, which
are biostratigraphically undiagnostic with respect to the
Zone NP9/Zone NP10 boundary (Paleocene/Eocene
boundary). The sediments interbedded between the ba-
salt piles are richer in nannofossils and provide a dis-
tinct Zone NP9 signal.

A drilling breccia consisting of a mixture of lower
Eocene zeolitic clays and chalks from the overlying
lower Miocene is present in the uppermost 15 cm of
Core 555-27. A sample was taken at Section 555-27-1, 5
cm from the center of a brownish lump clearly belong-
ing to the Eocene lithology. No Miocene contaminants
were observed in this sample, in contrast to other sam-
ples taken from the breccia. The sample shows a few
lower Eocene taxa, including Discoaster lodoensis and
Tribrachiatus orthostylus, and no Reticulofenestra dic-
tyoda. This composition indicates Zone NP12. Toweius
occultatus is abundant up to Sample 555-27-2, 132 cm.
At Site 552 this species disappears in the middle part of
Zone NP12, implying that the Sample 555-27-1, 5 cm
probably represents the upper part of Zone NP12. D.
lodoensis was not observed below the drilling breccia in
Sample 555-27-1, but T. orthostylus continues to Sam-
ple 555-3l.CC. The latter level hence is used to mark the
boundary between Zones NP10 and NP11 (see above).
A single observation of Tribrachiatus contortus in Sam-
ple 555-33-2, 88 cm supports the tentative assignment of
the Zone NPlO/Zone NP11 boundary at Sample 555-
31,CC. As at Sites 552 and 553, the disappearance level
of Ellipsolithus macellus coincides with the first appear-
ance level of T. orthostylus at Site 555.

The barren intervals are separated by four cores
(Cores 555-42 to 555-45) containing nannofossils. Pres-
ence of D. diastypus in two samples in Core 555-45
places this interval within Zone NP10. A species that
has previously only been reported from Zone NP9 of
the upper Paleocene (Edwards and Perch-Nielsen, 1975),
Hornibrookina australis, was observed within this Zone
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Table 7. Distribution of Neogene calcareous nannofossils at Site 555.
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Table 8. Distribution of Paleogene calcareous nannofossils at Site 555.
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CENOZOIC CALCAREOUS NANNOFOSSIL BIOSTRATIGRAPHY

NP10 interval. However, the range of H. australis, as
shown by Edwards and Perch-Nielsen from Site 277,
partly overlaps with that of D. diastypus, and the spe-
cies disappears shortly before E. macellus; it possibly
also overlaps in range with T. orthostylus. The range of
H. australis at Site 555 thus cannot be regarded as
anomalous.

It is noteworthy that Rhomboaster cuspis also is
present in Cores 555-42 through 555-45.

There is no evidence available that can be used to re-
fer the interval between Cores 555-56 and 555-68 (below
the lower barren interval and above the basalt/hyalo-
clastite pile) to any biostratigraphic zone. The assem-
blage in this interval is nevertheless considered to be in-
digenous because of its distinct character from the un-
derlying nannofossil bearing sediment; see, for example,
micrantholiths. Unfortunately, depositional rates do not
provide any clues as to the placement of this interval. Per-
haps the best biostratigraphic indication available is the
absence of fasciculiths, which disappear close to the
Zone NP9/Zone NP10 boundary, but within Zone NP9
(Shackleton, in press). However, the adverse depositonal
environment of this interval, with a water depth repre-
senting a shallow shelf environment (Murray, this vol-
ume), suggests that absence of certain taxa may be due
to environmental causes rather than reflecting biostrati-
graphic relationships.

Fasciculiths are "common" from the top of Core
555-85 to Sample 555-88-4, 111 cm. Well-developed
specimens of D. multiradiatus indicate that this interval
may be confidently referred to Zone NP9. One speci-
men of D. mohleri was observed in Sample 555-88-4, 85
cm. The interval also shows a co-occurrence of Toweius
eminens and T. occultatus, together with transitional
forms between the two. The former species is not present
in any other Leg 81 material.

CORRELATION OF THE PALEOGENE:
SW ROCKALL AREA (LEG 48 AND LEG 81)

One of the principal objectives of Leg 81 was to gath-
er evidence and create a conceptual framework of the
rifting history between Greenland and the Rockall Pla-
teau and of the early phases of seafloor spreading be-
tween these blocks of continental crust. A first step to-
ward the achievement of these objectives is to establish
biostratigraphic correlations between the retrieved se-
quences. The next step involves the interpretation of
these correlations in terms of chronology (see Backman
and others, this volume).

It may be pertinent in this context to explain why
such correlations are not presented for the Neogene se-
quences. Hole 552A provides the best material premises
for study of late Cenozoic paleoenvironments in the
Rockall area. The other Neogene sequences drilled dur-
ing Leg 48 and Leg 81, many of which are spot cored
and severely disturbed during drilling, add less crucial
insights about the evolution of Neogene paleoceanogra-
phy and paleoclimatology. In contrast to this, all Paleo-
gene sequences are of critical importance in order to es-
tablish a comprehensive understanding of the Green-
land-Rockall syn-rift and post-rift development.

Sites 552, 553, and 555 are investigated by a single
worker. Consistent taxonomic concepts thus are applied
in the study of these sequences. The correlations be-
tween these sites therefore are presented alone (Fig. 7).
The sites in Figure 7 are not arranged in accord with
their locations on a west-east transect (see Figure 1). In-
stead, the correlations between Sites 553 and 555 are
emphasized. Apart from biostratigraphic indications,
three magnetic normals (RA, RB, and RC; see Krum-
siek, this volume) are shown in Figure 7, together with
the base of the glauconitic horizon (Morton et al., this
volume). Figure 8 is constructed from Müller's (1979)
and the present data. The sites are arranged according
to their positions on a west-east transect.

It appears from Figures 7 and 8 that no lines of cor-
relation cross each other, indicating that reworking has
not affected the biostratigraphic order. Sites 404 and 552
show a good representation of Zones NP11 through
NP13. This biostratigraphic interval is short and marred
by hiatuses at Sites 403, 553, 554, and 555.

The base of the glauconitic unit represents a major
transgression over the area. The first appearance of Tri-
brachiatus orthostylus and the last occurrence of Ellip-
solithus macellus occur at or slightly above this level at
all sites, indicating that sedimentation commenced vir-
tually synchronously after the transgressive event at all
drilled locations.

E. macellus survives T. orthostylus at Site 404. The
data of Okada and Theirstein (1979) from Site 386 sug-
gest that E. macellus survives T. orthostylus, but not to
what extent, since there is a 10-m unsampled interval in
their material between the last occurrence level of E.
macellus and the first appearance level of Discoaster lo-
doensis. Nevertheless, Okada and Thierstein's observa-
tions imply that Sites 403, 553, and 555 represent dis-
continuous records at the exit/entrance level of E. ma-
cellus and T. orthostylus. It follows that the first appear-
ance levels of T. orthostylus at Sites 403, 553, and 555
must represent a younger age than the age of its first
evolutionary appearance. This conclusion is supported
by magnetostratigraphic evidence. At Sites 553 and 555
T. orthostylus has its first appearance within a normal
period interpreted as Anomaly 24B (Krumsiek, this vol-
ume). Lowrie et al. (1982) suggested that T. orthostylus
has its first appearance immediately below Anomaly
24B, thus supporting the idea of a late arrival of T.
orthostylus at Sites 553 and 555. At Site 403 the entire
interval, less one sample, from Core 403-25 to Core 403-
41 is reversed (Hailwood, 1979), thus preventing any
bio- and magnetostratigraphic conclusions. Site 404 is
the only site where the stratigraphic relationship be-
tween E. macellus and T. orthostylus agrees with that
derived by Okada and Thierstein from Site 386. Not sur-
prisingly, Site 404 also agrees with Lowrie and other's
data. That is, T. orthostylus appears immediately below
Anomaly 24B.

Site 552 shows normal polarity at Core 552-21 (sedi-
ment/basalt contact). The base of the glauconitic unit is
not present at this site. Moreover, the last occurrence
level of Toweius magnicrassus and the first appearance
level of Tribrachiatus orthostylus coincide at Site 552,
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Figure 7. Stratigraphic correlations between Paleogene sequences of Hole 552, Hole 553A, and Hole 555. The data are discussed in the
text. Notice that the Hole 555 sequence is divided into two columns.
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but not at Sites 553 and 555 where there is a short over-
lap in ranges of the two species. Since the disappearance
level of Toweius magnicrassus obviously occurs above
the base of the glauconitic unit (Sites 553 and 555), one
cannot expect to find the base of this unit in the 26-cm
interval separating the sediment/basalt contact and the
disappearance level of T. magnicrassus at Site 552. It ap-
pears likely that indigenous deposition began at the low-
ermost level containing Tribrachiatus orthostylus, which
would explain the absence of this species in a sample 5
cm above the sediment/basalt contact.

Abundant Cyclolithella spp. characterize two sam-
ples in Core 552-21. Sample 404-14,CC shows a peak
abundance of a species that Müller (1979) referred to as
Ericsonia subpertusa. It is not unlikely that these peak
abundances of E. subpertusa and Cyclolithella spp.
may represent a single event, which thus provides a pos-
sible correlation. If so, this indicates that the D. lodoen-
sis correlation between Samples 552-18-3 and 404-16-1
is erroneous. Müller observed only a "trace" of D. lo-
doensis in Sample 404-16-1. The species becomes a reg-
ular member of the assemblages in Sample 404-11,CC,
and was not recorded between Sample 404-11,CC and
Section 404-16-1. The correlation between E. subpertu-
sa (Sample 404-14,CC) and Cyclolithella spp. (Section
552-21-1) appears correct assuming that D. lodoensis
has its first appearance in Sample 404-11,CC and that
the "trace" of this species at Section 404-16-1 is due to
contamination. This alternative has the advantage that
the lines of correlation between the very closely located
Sites 404 and 552 become approximately parallel, as-
suming that the two sequences should exhibit similar
depositional histories. Sample 404-11,CC shows normal
polarity (Hailwood, 1979) and may represent Anomaly
24A, which would agree with the data of Lowrie et al.
(1982). Unfortunately, the minimal recovery in the criti-
cal intervals at both sites neutralizes any serious attempt
to estimate how much of the lower part of Zone NP11
may be missing in the sedimentary record at Site 552.
But with reference to the Site 404 sequence, placing D.
lodoensis in Sample 404-11,CC and using T. orthostylus
(at Site 404) and the E. subpertusa/Cyclolithella spp.
correlation, as much as 45% of the lower part of Zone
NP11 at Site 552 may be missing.

In conclusion, Site 555 exhibits the most expanded
sedimentary Zone NP10 interval of all sites drilled dur-
ing Leg 48 and Leg 81. Good Zone NP10 intervals also
are preserved at Sites 403 and 553. These three sites
show short and discontinuous lower Eocene records above
Zone NP10. Zones NP11 through NP13 (and Zone
NP14 at Site 552) are well represented at Sites 404 and
552, although the recovery is poor at both sites. Site 554
shows a very short lower Eocene sequence.

From a biostratigraphic point of view, the lower ex-
tension of Zone NP10 is vaguely determined at Sites
403, 404, 553, and 555. The dinoflagellate stratigraphy
is possibly even more ambiguous concerning the place-
ment of the Paleocene/Eocene boundary (see Brown
and Downie, this volume). On the other hand, the nan-
nofossil biostratigraphic control in the lower Eocene
and upper Paleocene is surprisingly good, considering

the paleoecological and depositional environments—the
extremely shallow or even brackish waters, the high ter-
restrial sedimentary input, and the substantial deposi-
tion of volcanic ash and lapilli.

Finally, it may be of interest to give some attention to
Hole 117A of Leg 12 which was drilled on the eastern
flank of the Hatton-Rockall Basin. Laughton, Berg-
gren, et al. (1972) suggest that sediment of late Paleo-
cene age was recovered in that sequence. However, Mor-
ton et al. (1983) demonstrate that the lowermost nanno-
fossil-bearing sediment belongs to Zone NP10 of the
lower Eocene. The short Hole 117A sequence correlates
well with a part of the neighboring Site 555 sequence.
Hornibrookina australis and Rhomboaster cuspis have
limited and virtually identical ranges in both sequences,
where the former reaches slightly higher than R. cuspis.
Furthermore, a barren interval begins shortly (2 m) be-
low the mutual first appearance level of H. australis and
R. cuspis at Hole 117A, which probably compares with
the lower barren interval at Site 555. This barren inter-
val encompasses two cores at Hole 117A. The core be-
low contains basalt. Comparing the two sequences, it is
clear that the upper part of Zone NP10 is shorter at Site
117 than at Site 555.

NOTES ON TAXONOMIC USAGE

The reader who is interested in taxonomic nomencla-
ture used in this chapter is referred to Loeblich and Tap-
pan^ "Annotated index and bibliography of the calcar-
eous nannoplankton, I-VII," and to the INA Newslet-
ter, Proceedings of the International Nannoplankton
Association, Vol. 1-4 (S.E. van Heck, ed.). Nevertheless,
a few points need explanation.

Braarudosphaera spp. incorporates specimens that
are too poorly preserved to make determinations at the
species level. Such groupings are established for the
same reason in the following cases: Cyclolithella spp.,
Fasciculithus spp., Micrantholithus spp., Neochiastozy-
gus spp., and Syracosphaera spp.

The forms referred to as "Chiasmolithus spp.
(small)" at Site 555 have a morphology similar to Chias-
molithus sp. 1 of Okada and Thierstein (1979).

Dictyococcites perplexus was described by Burns
(1975), and occurs in great numbers around the middle/
upper Miocene boundary in the Rockall area.

As explained in the text, gephyrocapsid specimens
observed need extensive morphometric studies before
consistent species concepts can be applied.

Two forms are incorporated in the group Markalius
spp.: M. astroporus and M. apertus. Intermediate forms
between the two were observed. Typical specimens of M
apertus were not observed above Zone NP11 of the
lower Eocene. Perch-Nielsen (1979) observed this spe-
cies in lower Paleocene strata from Denmark, whereas
Okada and Thierstein (1979) recorded it from the upper
Paleocene (northwestern Atlantic Ocean). The latter au-
thors referred to M. apertus as Markalius sp. 1.

Bramlette and Sullivan's (1961) concept of Pontos-
phaera aff. P. pulchra is applied.

Distinction has not been made between Sphenolithus
primus and 5. moriformis.
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The scyphosphaerids are not separated at the species
level because, at present, the group offers little strati-
graphic information, and intermediate forms of several
species are common.
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