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37. UPPER CENOZOIC CALCAREOUSNANNOFOSSIL BIOSTRATIGRAPHY,
COTE D'IVOIRE-GHANA MARGIN, EASTERN EQUATORIAL ATLANTIC ¢
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ABSTRACT

The distribution of calcareous nannofossils in the upper Cenozoic sections sampled at four sites in the eastern equatorial
Atlantic Ocean during Ocean Drilling Program (ODP) Leg 159 is documented here. A virtually complete upper Cenozoic
sequence of nannofossil (sub)zones is identified at Site 959 on the shoulder of the Céte d’'lvoire-Ghana marginal ridge, with
proxies for the rare marker species being employed. Hiatuses within the middle and upper Miocene are detected at two other
sites on the same ridge, being more clearly defined at Site 960 on the crest of the ridge. Two of these hiatuses ate of regiona
significance. A middle Miocene hiatus, based on a truncated Zone CN4, absent Zone CN5, and reduced Zone CN6, could prob-
ably be related to a major change in the depositional regime at Site 959, when a mid-Cenozoic series of short episodes of depo-
sition of non-calcareous sediments ended. A late Miocene hiatus, based on the absence of Subzone CN8a in all sites on the
ridge, is seemingly coeval with another one previously documented in oceanic sections elsewhere. Two other late Miocene hia-
tuses, based on the absence of Subzones CN7a and CN9a, coupled with a very thin Zone CNS6, indicate a sediment starvation of
the ridge during much of the middle and late Miocene. The timing of the hiatuses suggests a correspondence with major falls in
sea level.

INTRODUCTION finer for the Pleistocene; see Berggren et al., 1995b). However, fine
stratigraphic resolution may not be achievable where marker species

The aim of this study is to document the distribution of cal careous are unable to be used.eﬁectlvely (e.g., the species is rare or.sporadlc
nannofossilsin the upper Cenozoic sections of four sitescoredduring 1N occurrence). Choosing an appropriate, consistently occurring, eas-
Ocean Drilling Program Leg 159, all located in the eastern equatorial ily |dent|f|able species as a proxy for an unsuitable ma_lrke_r,_whlle
Atlantic Ocean, to determine their biostratigraphy and help interpret (:jocumentlr)g occurrences of phe latter, is one way of maintaining the
their geologica history. Three relatively shallow sites (Sites 950, fine resolution. This practice is followed in this study.

960, and 961) are located on the Cdte d’lvoire-Ghana marginal ridge,
?'23 al)fourth deeper site (Site 962) is on an associated minor ridge METHODS

One of the main objectives of Leg 159 was to improve the conti- ) .
nuity and resolution of tropical Atlantic microfossil biostratigraphy. . Asseémblages were analyzed from smear slides prepared using
Site 959, being on the sheltered shoulder of the ridge where sedimefither raw sediment samples (core-catcher samples) or sediment sus-
tation rates were relatively high (see Mascle, Lohmann, Clift, et alPensions in distilled water (other samples). For each sample, two
1996), provided an almost complete upper Cenozoic section. Twg}ides were prepared, one with double the number of suspension
holes at this site were studied: Hole 959A, which penetrated the entif0Ps used for the other. Slides were examined with an optical micro-
upper Cenozoic including the Oligocene/Miocene transition; an§COPe at 1250magnification. At least one sample from every second
Hole 959B, which provided additional information from the middle COre section was examined. The relative abundance of species was
Miocene/Pliocene part. estimated for all assemblages except those in Hole 959B.

Upper Cenozoic sections at other Leg 159 sites are significant| E_stlmates for the total na_nnofossn abundance in a slide were de-
thinner than the one at Site 959 and were found to contain more ufgrmined as follows: D (dominant) = >60% of all particles; A (abun-
conformities. In oceanic sections, recognition of a hiatus (i.e., théant) = 30%-60% of all particles; C (common) = 10%-30% of all
geological time that an unconformity represents) is largely a functioRarticles; F (few) = 5%-10% of all particles; R (rare) = 1%-5% of all
of the available stratigraphic resolution, which is very much depenParticles; T (trace) = <1% of all particles. Estimates of nannofossil
dent on the tools used (e.g., biostratigraphic, magnetostratigraphi@/€servation are coded as follows: E (excellent) = pristine preserva-
etc., either singularly or combined), their reliability, and the densityion with no overgrowth or dissolution; G (good) = slight dissolution
of sampling. Calcareous nannofossils have long been acknowledg@fd overgrowth, but all taxa are easily identifiable; M (moderate) =
as a powerful biostratigraphic tool, with a fine resolution in most of0PVious signs of dissolution and overgrowth, but most specimens are

the Cenozoic (averaging 1 m.y. per subzone for the Neogene, affdily identifiable; P (poor) = strong overgrowth and dissolution,
and most specimens are fragmented and difficult to identify. Esti-

mates of the relative abundances of nannofossil species were deter-

Mascle, J, Lohmann, GP, and Moullade, M. (Eds), 1998. Proc. ODP, . mined as follows: D (dominant) = >_60% of all nannofossils; A (abun-
Results, 159: College Station, TX (Ocean Drilling Program). dant) = 30%-60% of all nannofossils; C (common) = 10%-30% of all
A ;§93f$?_fg'%'w Survey Organization, GPO Box 378, Canberra ACT 2601, nannofossils; F (few) = 5%-10% of all nannofossils; R (rare) = 1%-

ustralia. ik@agso.gov.au 0 la- - 0 ;
3Department of Geology, University of Nebraska-Lincoln, Lincoln, NE 69588-0340 5% of all nannofossns, VR (very rare) . <1% of all nan_nofos_sns.
USA. Where these estimates were not determined the letter X is indicated
“K orea Ocean Research I nstitute, Ansan, PO. Box 29, Seoul, 325-600 K orea. instead.
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Figure 1. Location of Leg 159 sites.
NANNOFOSSIL DISTRIBUTION
AND BIOSTRATIGRAPHY

The distribution of calcareous nannofossilsin the upper Cenozoic
sections off the Cote d’lvoire and Ghana is givehdbles 1-§back-

3°00'W 2°00"

A. primus are rare or sporadic in occurrence, whereas the acbhe of
asymmetricus and the HO oR. pseudoumbilicus are difficult to lo-
cate precisely.

Hole 959A (Water Depth 2090.7 m)

pocket foldout, this volume). A biostratigraphic summary is pre-
sented in Figure 2 and is discussed below. We have used primarily the An almost complete succession of upper Cenozoic calcareous
CN (sub)zones of Okada and Bukry (1980) because of their greateannofossil (sub)zones was identified in this hole. Several barren in-
resolution, particularly in the upper Miocene. This zonation is largelftervals interrupt the otherwise continuous succession of upper Oli-
based on biozones originally described by other authors (e.g. Brargecene and lower Miocene nannofossil assemblages; and a hiatus is
lette and Wilcoxon, 1967; Gartner, 1969; Martini, 1971; Bukry,detected within the upper Miocene.
1973, 1975), and is mostly applicable for low-latitude oceanic areas. The Uppermost Oligocene assemblages of Subzone CN1la are
Zonal boundaries tended to be more confidently identified thafiound in the interval comprising Samples from 159-959A-37X-CC
subzonal boundaries at Site 959, the most complete upper Cenoztlicough 32X-5, 129-130 cm; however, several samples within this
record we have on the Céte d’'lvoire-Ghana marginal ridge (see b@terval are barren of calcareous nannofossils, in keeping with the
low). The uncertainty usually was a result of the marker species beirdgposition pattern of alternating barren and nannofossil-bearing beds
rare or sporadic in occurrence. This led us to either rank (sub)zonal both the underlying upper Oligocene (Shafik et al., Chap. 32, this
indicators differently than originally intended by their authors or tovolume) and overlying lower Miocene. These assemblages include
adopt proxies for the original index species (see “Biostratigraphi@abundantCyclicargolithus abisectus, C. floridanus, Discoaster de-
Summary and Remarks,” below). As shown in Figure 2, we hav@landrei, and Triquetrorhabdulus carinatus, and lackSphenolithus

used the lowest occurrence (LO)@fthorhabdus serratus to mark
the base of Subzone CN1c instead of the LOisfoaster druggii;
the highest occurrence (HO) Discoaster bollii to mark the top of
Subzone CN8a instead of the LODifcoaster neorectus, which was
originally proposed for the base of CN8b; the HOMbifylitha con-
valis to mark the top of Subzone CN9a instead of the L@ndu-

ciperoensis, Dictyococcites bisectus, Zygrhablithus bijugatus, which
are present in underlying assemblaga&licargolithus abisectus is
frequent, rare or even absent in similar assemblages from Samples
159-959A-31X-CC through 29X-7, 44-45 cm. These are assigned to
the earliest Miocene Subzone CN1b.

Assemblages of Subzones CNla and CN1b, in Samples 159-

rolithus primus, which was originally intended for the base of CN9b; 959A-32X-5, 129-130 cm, and 31X-CC, respectively, are separated

the LO of (circular, >84M) Pseudoemiliania lacunosa to mark the
base of Subzone CN11b instead of the advent of the acies-of
coaster asymmetricus; and the HO ofphenolithus spp. to mark the
top of Subzone CN11b in preference to the H@Refcul ofenestra
pseudoumbilicus. The specieBiscoaster druggii, D. neorectus, and
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by an impoverished/barren interval where the Oligocene/Miocene
boundary lies. This interval comprises Samples 159-959A-32X-3,
120-121 cm, through 32X-1, 120-121 cm (mostly diatomite with

clay and minor nannofossil chalk); the lowermost sample (159-
959A-32X-3, 120-121 cm), is almost barren of calcareous nannofos-
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Martini Bukry and - i i i :
2 é (1agr;|1n)| Okaday(lgso) Core-section, interval (cm) in hole: Events defining
& [ & | modified (sub) Zones 959A 959B 960A 960C 961A 962B (sub) zonal boundaries
1H-1, 1-2
NN21 [ CN15 1H-1, 50-51 1H-1, 17-19 1R1,35 1H-3, 50-52
o 1H-CC VT TS 1 1 | Emiliania huxleyi
g S| NN20 b 1H-2, 100-101 1H-3, 30-31 v BCE
[ CN14 2H-4, 50-52 v Pseudoemilinia lacunosa
8 a 1H-4, 100-101 1R-1, 25-26 1H-5, 29-30 " %"I"I5yl5|0'|5|2 .
- 2H-1, 100-101 1R-CC 2H-1,10-11 2H-6, 50-52 A .
0 A ———+ Gephyrocapsa oceanica
o> 2H-2, 100-101 2H-3,10-11
= [<| NN19 b [ 217, 100-101 2H-cC 2H-5,10-11 2ree
a 8 CN13 . . A\ Gephyrocapsa caribbeanica
a 3H-1, 100-101 3.6, 55.57 2H-6, 35-37 1R-CC
3H-2, 100-101 ! v Discoaster brouweri
NN18 d 3H-3, 100-101 3H-7, 55-57 2H-CC
3H-5, 100-101 4H-2, 59-61 3H-1, 34 Di )
-~ Discoaster pentaradiatus
° NN17 c 3H;;' é.gO-lOl j:':' ::'gi 3R-1,7-8 3H-3,13-14 (poor )
= CN12 _ = o core recovery Discoaster surculus
= p | 41 100101 ar-7, 60-62 3R-1, 95-96 813, 130131 3H-1, 53-55 M
NN16 4H-2, 100-101 5H-2, 59-61 sH-cC v Discoaster tamalis
o o | 4h3. 100-101 4H-CC 3R 100401 | 4H-l 129130 JR-CC
8 5H-4, 100-101 5H-5, 59-61 ’ 4H-3, 130-131 Sphenolithus spp. *
o b 5H-6, 100-101 5H-6, 59-61 3R-CC 4H-5, 130-131 3R-1, 34-35 3H-2 50-52 R. pseudoumbilicus
o NN15 [cN11 6H-1, 100-101 7H-2, 59-61 4R-1, 50-52 5H-3, 129-130 3R-CC ' _A Pseudoemiliania lacunosa *
- a 6H-2, 100-101 7H-3, 59-61 4R-1, 105-106 5H-5, 130-131 ] '%?%'%%'552'2' ] Acme D. asymmetricus
= 8H-1, 100-101 8H-4, 59-61 5R-CC éH’ CC: )
[ -~ Amaurolithus spp.
o | NN14/ ¢ | 8H-2 100-101 8H-5, 59-61 6R-1, 10-11 4R-1, 89-91
NN13 8H-CC 8H-6, 59-61 6R-1, 104-105 1 130131 Y A Ceratolithus rugosus
CN10 | b 9H-1, 100-101 8H-7, 59-61 6R-CC 7H-3, 130-131 JR-1 117-118
NN12 9H-3, 100-101 9H-7, 59-61 7H-CC ' Ceratolithus armatus
a oH5 100101 10H-1, 59-61 7R-2, 29-30 8H-1, 130-131 b aRCC Triquetrorhabdulus rugosus
it 10H-2, 59-61 7R-2,106-108 | 8H-3,130-131 c Di i
-~y Discoaster quinqueramus
b 9H-6, 100-101 10H-3, 59-61 7R-3, 30-31 8H-4, 34-46 5R-1, 64-66
NN11 | cN9 13H-5, 100-101 14H-3, 59-61 9R-1,3-4 9H-6, 34-36 6R-CC Amaurolithus spp.
a 13H-7, 100-101 14H-4, 59-61 7R.CC Minylitha convalis *
14H-3, 100-101 15H-4, 59-61 A\ Discoaster berggrenii
b 14H-4, 100-101 15H-5, 59-61 9R-1, 19-20 9H-7, 64-65 8R-1, 90-92
) 15H-5, 100-101 16H-3, 59-61 9R-1, 29-30 10H-3, 34-36 8R-CC Discoaster neorectus
T NN10 CN8 a Discoaster bollii *
ha Discoaster hamatus
b 15H-6, 100-101 16H-4, 59-61 9R-1, 130-131 10H-4, 34-36 9R-1, 100-102
- 17H-2, 59-61 - - - - 9R-CC .
NN9 | CN7 16H-CC 9R-2, 60-61 10H-5, 34-46 A Catinaster calyculus
a | 17H-1,100-101 Z:i 23'21
il TR A Discoaster hamatus
17H-2, 100-101 17H-5, 59-61 -2,
NN8 CNG 17H-3, 100-101 17H-6, 59-61 9R-2, 110 10H-6, 34-36
il 0% i (no data) A Catinaster coalitus
NN7 b 17H-4, 100-101 17H-7, 59-61
oo CN5 18H-3, 100-101 19H-2, 59-61 A\ Discoaster kugleri
o 5 NN6 a 18H-5, 100-101 19H-3, 59-61
8 kel 19H-1, 100-101 19H-5, 59-61 )
ole A -v-SphenoIlthus heteromorphus
Q|E NN5 CN4 19H-5, 100-101 20H-2, 59-61 9R-2,140-141 | 10H-7,34-36 11R-CC
= 20X-7, 35-36 20H-CC 9R-CC 11H-4, 34-36 ) . ;
v Helicosphaera ampliaperta
— 21X-1, 100-101 10R-1, 30-31 11H-5, 140-141 12R-1, 39-40
NN4 CN3 '
- - 10R-5, 32-33 - - - - .
25);56)’( %:Og 101 12H-6, 34-36 15R-1, 36-37 A\ Sphenolithus heteromorphus
NN3 CN2 | 10R-CC o sse | dnsufficient data)
28X-6, 99-100 11R-1, 47-48 S A\ Sphenolithus belemnos
% NN2 C [ |2|8)|(-|C|C| [l 11R-3, 57-58 13H-5, 130-131 15R-CC
8 31X-6, 50-51 (no data) ' 13H-7, 34-36 Orthorhabus serratus *
A+ LI e e o Discoaster druggii
CN1 | b 31X-CC 12%2‘ 3(3:7 4 14H-2, 34-36
NN1 A+ - ha Acme C. abisectus
||r’:1te a | 3.2.X3.'j 135130,
Oligo - . ) )
9 NN25 CP19b 38X-1, 107-109 12R-2, 94-95 14H-3, 34-36 -~y Sphenolithus ciperoensis

A st appearance datum/ lowest occurrence in cores. [ Hiatus: no sediments or very condensed section.

- Last appearance datum/highest occurrence in cores. [2I2]] Questionable stratigraphic breaks.
* Primary event for recognition of (sub) zonal

boundary, where paired events are indicated.

[ 1] Barren interval: sediments devoid of calcareous nannofossils;

vertical extent is inherently uncertain.

159c.cvs

Figure 2. Calcareous nannofossil biostratigraphic summary of the upper Cenozoic on the Céte d’'lvoire-Ghana Marginal R&fye, Leg
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sils, with only traces of Coccolithus pelagicus, Cyclicargolithus abi- speciedDiscoaster kugleri, Catinaster coalitus, Discoaster hamatus,
sectus and Discoaster deflandrei, whereas the two higher samples andCatinaster calyculus upsection in the interval comprising Sam-
(159-959A-32X-2, 119-120 cm, and 32X-1, 120-121 cm), are totallples 159-959A-18H-3, 100-101 cm, through 15H-6, 100-101 cm,
barren of calcareous nannofossils. enabled recognition of Subzone CN5b, Zone CN6, and Subzones
Similarly, the boundary between Subzones CN1b and CN1c is i€N7a and CN7b (Table 1Riscoaster ballii has its HO in Sample
an impoverished/barren interval. Sample 159-959A-29X-6, 100—10159-959A-15H-6, 100-101 cm. Most assemblages in the interval of
cm, is almost barren of calcareous nannofossils, with only traces @nes CN5-CN7 contain abundant unidentified nannofossil debris,
Coccoalithus eopelagicus and nondescript discoasters, while Samplesand show evidence of mild dissolution.
159-959A-29X-5, 99-100 cm, and 29X-4, 97-98 cm, are totally bar- Assemblages from Samples 159-959A-15H-5, 100-101 cm,
ren of calcareous nannofossils. Core 159-959A-29X is principally ¢hrough 14H-4, 100-101 cm, contaitinylitha convalis, Discoaster
nannofossil chalk with clay, diatomite, and radiolarians. Assemblaggsentaradiatus, D. calcaris, D. variabilis, and Triquetrorhabdulus
of Subzone CN1c were identified in the interval from Samples 159rugosus. Both Discoaster berggrenii and D. quinqueramus, which
959A-29X-3, 52-53 cm, through 28X-CC, based on the presence otcur aboveare absent, as abéscoaster hamatus, D. ballii andCat-
Orthorhabdus serratus. An intervening sample (159-959A-29X-1, inaster spp. which are present below. This indicates the upper Mi-
88-89 cm) is virtually barren of calcareous nannofossils, with onlypcene Subzone CN8An unconformity is detected between Samples
traces of discoasterB (deflandrel ‘group’). 159-959A-15H-6, 100-101 cm (Subzone CN7b), and 15H-5, 100—
Assemblages in Samples 159-959A-28X-6, 99-100 cm, through01 cm (Subzone CN8b): Subzone CN8a is missing. In Sample 159-
25X-CC, contain the marker species for the Miocene Zone CN259A-15H-5, 100-101 cm, a few specimensQuiiciplacolithus
Shenolithus belemnos, in association wittOrthorhabdus serratus, tenuis and Gartnerago obliquum were found, suggesting reworking
Helicosphaera ampliaperta, H. scissura, H. obliqua, Triquetrorhab- from Paleocene and Cretaceous sources.
dulus carinatus, Discoaster deflandrei, D. nephados, Cyclicar- The interval of Samples 159-959A-14H-3, 100-101 cm, through
golithus floridanus, andReticul ofenestra lockeri. Sample 159-959A-  9H-6, 100-101 cm, contains assemblages assignable to the upper Mi-
28X-3, 101-102 cm, in the lower part of this zone, is barren obcene Zone CN9. Abundaftiscoaster berggrenii and Minylitha
calcareous nannofossils, and Sample 28X-4, 100-101 cm, contaiognvalis occur consistently in Samples 159-959A-14H-3, 100-101
traces only oD. serratus, ?H. ampliaperta, C. floridanus, Coronocy- cm, through 159-959A-13H-3, 100-101 cm, indicating Subzone
clus nitescens, andD. deflandrei. CN9a. Amaurolithus spp. occur sporadically with consistebis-
Lower Miocene Zone CN3, characterized by the co-occurrence afoaster quinqueramus, affirming assignment to Subzone CN9b of
Sphenolithus heteromor phus andHelicosphaera ampliaperta, occurs ~ Samples 159-959A-13H-1, 100-101 cm, through 9H-6, 100-101 cm.
in Samples 159-959A-25X-6, 100-101 cm, through 21X-1, 100-10Amaurolithus delicatus occurs in more samples than any of the other
cm. Assemblages are poorly to moderately preserved, with abundafatnaurolithus spp.; each oA. primus, A. amplificus, andA. tricornic-
unidentifiable nannofossil debris occurring in some; evidence ofilatusoccurs only once within Subzone CN9b. A gap of about 13 m
strong dissolution was observed in a few samples. Several speciesogicurs between the HO bf. convalis and the LO of\. delicatus.
Helicosphaera (includingH. scissura, H. obliqua, H. mediterranae, Assemblages from Samples 159-959A-9H-5, 100-101 cm,
H. intermedia, andH. euphratis) occur sporadically within this zone. through 8H-2, 100-101 cm, are assigned to Zone CN10, primarily
Discoaster petaliformis has its lowest occurrence in the upper part ofbecause (a) they occur immediately above the H®isfoaster
the zone. quinqueramus, which is in Sample 159-959A-9H-6, 100-101 cm; (b)
Zone CN4 assemblages from Samples 159-959A-20X-7, 35—3@mauralithus tricorniculatus is present in the highest sample (Sam-
cm, through 19H-5, 100-101 cm, are generally moderately preple 159-959A-8H-2, 100-101 cm); and (@ratolithus spp. are oc-
served, but signs of dissolution were observed in several of these assionally present in the interval. Species of both the gemaa-
semblages, often accompanied by abundant unidentifiable nannofaslithus and Ceratolithus are sparse, and our determination of the
sil debris. Key species present inclu@itnenolithus heteromor phus, CN10c/CN11la boundary and subdivision of Zone CN10 (Fig. 2) are
Discoaster petaliformis, Cyclicargolithus floridanus, Discoaster tentative.
sanmiguelensis, and Triquetrorhabdulus milowii; both Héli- The top of lower Pliocene Zone CN11 is usually drawn at the ex-
cosphaera ampliaperta andTriquetror habdulus rugosus are absent.  tinction of Reticul ofenestra pseudoumbilicus and Sphenolithus spp.
Samples 159-959A-19H-4, 100-101 cm, and 19H-3, 100-10{S neoabies andS abies). These two events are well separated in
cm, above good assemblages of Zone CN4, are barren of calcaredise 959A; assemblages in Samples 159-959A-6H-1, 100-101 cm,
nannofossils. Sample 159-959A-19H-2, 100-101 cm, below good athrough 5H-6, 100-101 cm, laék pseudoumbilicus, but includeS
semblages of Zone CN5, contains an impoverished assemblage comoabies andS abies. Recognition of the base of Subzone CN11b
sisting of a few corroded specimensH#icosphaera carteri, Retic- was based on the LO of typidaeudoemiliania lacunosa in Sample
ulofenestra pseudoumbilicus, Coccolithus miopelagicus, C. pelagi- 159-959A-6H-2, 100-101 cm, where the lowest common occurrence
cus, fragments of Riscoaster sanmiguelensis, andDiscoaster sp. cf.  of D. asymmetricus is also determined. This justifies the use of the
D. variabilis. Immediately below this largely barren/impoverished former event as a proxy for the latter in sections where the acme of
interval (glauconitic clay beds within a clayey nannofossil chalkD. asymmetricusis difficult to determine.
unit), Discoaster petaliformis, Cyclicargolithus floridanus, and cir- Upper Pliocene Zone CN12 in Samples 159-959A-5H-4, 100—
cularCoronocyclus nitescens, together withSphenolithus heteromor - 101 cm, through 3H-3, 100-101 cm, is based on the association of
phus, had their highest occurrences, probably suggesting a truncaté& scoaster brouweri, Helicosphaera sellii and Pseudoemiliania la-
CN4 and/or a reduced Zone CN5 above the barren interval. Elseunosa, in the absence @henolithus neoabies, S abies, andRetic-
where, botlC. floridanus andD. petaliformisare known to disappear ulofenestra pseudoumbilicus. Subdivision of this zone was made pos-
within Zone CN5the HO ofC. floridanus being well above the HO  sible by successive HOs Diiscoaster tamalis, D. surculus, andD.
of D. petaliformis (see, for example, Perch-Nielsen, 1985; de Kaenepentaradiatus.
and Villa, 1996) Assemblages in Samples 159-959A-3H-2, 100-101 cm, through
Subzone CNb5a is indicated by assemblages contdisngaster 2H-CC, containPseudoemiliania lacunosa, Helicosphaera sdllii,
sanmiguelensis, D. exilis, andTriquetrorhabdulusrugosus, and lack-  Calcidiscus macintyrei, and Gephyrocapsa aperta. These indicate
ing Discoaster kugleri, in Samples 159-959A-19H-1, 100-101 cm, the lower Pleistocene Subzone CN1Gaphyrocapsa caribbeanica
through 18H-5, 100-101 cm. The successive appearances of the kaydP. lacunosa co-occur in Samples 159-959A-2H-7, 100-101 cm,
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through 1H-4, 100-101 cm, without the associatioBephyrocapsa proved, averaging 4 sections per core. Most of the Miocene and

oceanica, indicating Subzone CN13b. Pliocene (sub)zones were recognized (Fig. 2; Table 3). A succession
Assemblages in Samples 159-959A-2H-2, 100-101 cm, througbf subzones indicating middle to early late Miocene ages were iden-
2H-1, 100-101 cm, contai@ephyrocapsa oceanica, G. caribbeani- tified in a single core, indicating a very condensed middle upper Mi-
ca, a small species ddephyrocapsa (including G. aperta), Pseudo- ocene section. Four hiatuses are recognized within this section.
emiliania lacunosa, andFlorisphaera profunda. This association in- Nannofossils assignable to upper Oligocene Subzone CP19b,
dicates lower Pleistocene Subzone CN14a. with Sphenolithus ciperoensis, are in Sample 159-960A-12R-2, 94—

Nannofossils indicative of upper Pleistocene Zone CN15, includ95 cm. Basal Miocene Subzone CN1b occurs immediately above, in
ing Emiliania huxleyii, medium size@ephyrocapsa species@. car- Sample 159-960A-12R-2, 73—-74 cm, indicating an unconformity at
ibbeanica and G. oceanica), Calcidiscus leptoporus, and Umbili- the top of the Oligocene in this hole. Subzone CN1b is based on the
cosphaera sibogae, were found in Sample 159-959A-1H-1, 50-51 association o€yclicargolithus floridanus, Discoaster saundersii, D.
cm. This zone could not be consistently identified because of difficulnephados, D. druggii (small form) andTriquetrorhabdulus carina-
ty in identifying the very smakl. huxleyii using optical microscopy tus, in the absence @rthorhabdus serratus. The latter species oc-
where the species is not dominant. Sample 159-959A-1H-2, 100-1@Llrs in Sample 159-960A-11R-3, 57-58 cm, indicating Subzone
cm, with questionabl&. huxleyii, is assigned to the combined zonal CN1c.Helicosphaera ampliaperta has its LO in Sample 159-960A-
interval of CN15 and CN14b. 12R-1, 120-121 cm (in Subzone CN1b).

Sohenolithus belemnos in Samples 159-960A-11R-1, 47—48 cm,
and 10R-CC, indicates Zone CNghhenolithus heteromorphus, to-
Hole 959B (Water Depth 2090.2 m) gether withHelicosphaera ampliaperta, in Samples 159-960A-10R-
5, 32—33 cm, through 10R-1, 30-31 cm, indicate Zone CN3. The HO

Only part of the section sampled in Hole 959A was cored in Hol®f S. belemnos is in Sample 159-960A-10R-CC, below the LOSof
959B, with coring extending only down to the middle Miocene inheteromorphus. The top of Zone CN3 is indicated at the LOH# -

Core 159-959B-20H. cosphaera ampliaperta in Sample 159-960A-10R-1, 30-31 cm.

The distribution of nannofossil species in Hole 959B is indicatedsphenalithus heteromorphus ranges upward through Samples 159-
in Table 2, without estimates of their relative abundances. Itis similé®60A-9R-CC and 9R-2, 140-141 cm, indicating lower middle Mi-
to that in Hole 959A (see above) and need not be discussed in detaitene Zone CN4. Assemblages in Core 159-960A-9R are not con-
except to affirm some important points: (1) a barren interval lies befined to Zone CN4, but include upper Miocene Subzone CN9a (see
tween the assemblages of Zones CN4 and CN5 (dark glauconitic clagble 3).
beds within a clayey nannofossil chalk unit; Samples 159-959B-20H- Samples 159-960A-9R-2, 110 cm, and 9R-2, 90 cm, contain com-
1,59-61 cm, and 19H-6, 59-61 cm, are without calcareous nannofasonCatinaster coalitus, C. mexicana, andDiscoaster bollii. This as-
sils, and Sample 159-959B-19H-CC contains only tracBésobast- sociation, in the absencebiscoaster hamatus, characterizes middle
er spp.); (2) the base of this barren interval coincides with the tops dfliocene Zone CN6. An unconformity is evident between Samples
the stratigraphic ranges §phenolithus heteromorphus, Discoaster 159-960A-9R-2, 140-141 cm (Zone CN4), and 159-960A-9R-2, 110
petaliformis, andCyclicargolithusfloridanus; (3) immediately above cm (Zone CNG6): the top of Zone CN4 is probably truncated, Zone
the barren interval, a change in the populationafonocyclus CNS5 is missing, and Zone CN6 is very thin (less than 1 m in thick-
nitescens occurs (circular variety has its Hind oval variety has its ness). Truncation of the top of Zone CN4 (Sample 159-960A-9R-2,
LO in Sample 159-959B-19H-5, 59-61 cm); (4) the LO of Gaxb- 140-141 cm) is suggested because the sp@&uesnocyclus nite-
nocyclus nitescensis at about the same level as the H@xthor hab- scens, Cyclicargolithus floridanus, Discoaster deflandrei, and Tri-
dus serratus, in Subzone CN5b; (5Fatinaster calyculus is scarce, quetrorhabdulus milowii all have their HOs simultaneously at the
with concomitant uncertainty in locating the base of Subzone CN7Hevel of the unconformity. Consistent with the absence of Zone CN5
(6) assemblages assignable to Subzone CN8a are missing, and thedag a thin Zone CN6 is the absenceCo€colithus miopelagicus at
of Subzone CN7b is probably truncated, as suggested by the disghe unconformity. The base of Zone CN6 contains evidence of mix-
pearance of botBiscoaster hamatus andD. bollii at the same level, ing and/or reworking; several older species (sudReisul ofenestra
immediately below the LO dMinylitha convalis; (7) most of the lockeri, Sohenolithus heteromorphus, and Triquetrorhabdulus cari-
middle Miocene sediments and the lower part of the upper Mioceneatus, derived from Zone CN4 and older sediments) are present in
section are condensed, being relatively thin; (8) I&aeul ofenes- Sample 159-960A-9R-2, 110 cm. A reduced Zone CNB6 is also indi-
tra pseudoumbilicus disappears in the interval from mid-Subzone cated by the LOs of bothiscoaster sanmiguelensisandD. exilis be-
CN8b to within Subzone CN9b; (9) specied\ofaurolithus andCer- ing at its base.
atolithus are sparse in Zone CN10, making it difficult to subdivide  Subzone CN7a was not identified, and the assemblage in a sample
this zone and to precisely locate the CN10/CN11 boundary; (113 few centimeters above the top of Zone CN6 (i.e., Sample 159-
small gephyrocapsids (includir@ephyrocapsa aperta) are present 960A-9R-2, 60—61 cm) contairiiscoaster hamatus, D. ballii, and
below the Pleistocene, notably as a “bloom” within Zone CN11, irD. pseudovariabilis, in association witlCatinaster calyculus, C. co-
association with abundant smdseudoemiliania lacunosa; (12) alitus and C. mexicana, indicating Subzone CN7b. Similarly, Sub-
Sphenolithus neoabies and S abies range higher than the HO of zone CN8a was not identified, and the assemblage in a sample a few
Reticul ofenestra pseudoumbilicus, at the CN11/CN12 boundary; and centimeters above the top of Subzone CN7b (i.e., Sample 159-960A-
(13)Florisphaera profunda, present at the top of the Pleistocene sec9R-1, 29-30 cm), contaildinylitha convalis, Discoaster neorectus,
tion, ranges intermittently down to within the upper Miocene Sub-D. calcaris, D. surculus, andD. pentaradiatus, indicating Subzone
zone CN9b. CNB8b. Once more the pattern is being repeated, Subzone CN9a was

not identified, and the assemblage in a sample, a few centimeters

above Subzone CN8b (i.e., Sample 159-960A-9R-1, 3—4 cm), con-
Hole 960A (Water Depth 2048.3 m) tains abundariiscoaster quinqueramus and very rarémaurolithus

delicatus, but lacksMinylitha convalis, indicating Subzone CN9b.

Rotary drilling in this hole severely disturbed the Pleistocene an@he virtual absence dbiscoaster berggrenii from Subzone CN9b,
Pliocene parts of the sequence, where core recovery rates never particularly from its basal part (Table 3), is consistent with the ab-
ceeded one section per core. In the Miocene part, recovery rates isence of Subzone CN9Riscoaster quingueramus ranges through-
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out Subzone CN9b, and its HO (at the top of the subzone) isin Sam- Triquetrorhabdulus carinatus, Reticulofenestra lockeri, and rareCy-

ple 159-960A-7R-3, 130-131 cm. This indicates that Subzone CN9dicargolithus abisectus. Neither Orthorhabdus serratus nor Dis-

is about 16 m thick, which contrasts sharply with the underlying thircoaster druggii (15 pm or more) are present. Nannofossils from im-
upper Miocene divisions (the combined Subzone CN7b and CN6 isiediately below in Sample 159-960C-14H-3, 34-36 cm, are indica-
less than 2.5 m thick). tive of the upper Oligocene Subzone CP19b, v@phenolithus

Species oAmauroalithus are rare and sporadic in Subzone CN9b. ciperoensis, Helicosphaera truempyi, and commorCyclicargolithus
An isolated occurrence of commafinylitha convalis in Subzone  abisectus being present. Subzone CN1a is missing, and an unconfor-
CN9b (Sample 159-960A-8R-CC), is difficult to explain. mity at the top of the Oligocene is deduced.

Recognition of Subzone CN10b was based on Caratolithus Samples 159-960C-14H-1, 34-36 cm, and 13H-CC, are barren of
armatus andC. acutusin Sample 159-960A-6R-CC, above the HO of calcareous nannofossils. This barren interval separates the impover-
both Triquetrorhabdulus rugosus and T. farnsworthii. Species of ished assemblage in Sample 159-960C-14H-2, 34-36 cm (Subzone
Amaurolithus co-occur withCeratolithus rugosus in the short inter-  CN1b), from abundant, moderately well preserved assemblage in
val of Samples 159-960A-6R-1, 104—105 cm, through 6R-1, 10-1$ample 159-960C-13H-7, 34—36 cm (Subzone CN1c).
cm, indicating lower Pliocene Subzone CN10c. This is unlike the Helicosphaera ampliaperta occurs in conjunction with several
record in Hole 960C, wherdmaurolithus spp. were not found with  other species in Samples 159-960C-13H-7, 34-36 cm, through 11H-
C. rugosus, and separation of Subzones CN11a and CN10c was nét, 140-141 cm: (1) witfOrthorhabdus serratus in Samples 159-
possible. Consistent occurrences of lirgoaster asymmetricus in 960C-13H-7, 34-36 cm, through 13H-5, 130-131 cm, indicating
Samples 159-960A-6R-1, 34-35 cm, and 6R-1, 10-11 cm, malewer Miocene Subzone CN1c; (2) with Zone CN2 matfgeno-
identification of the rarely used Subzone CN10d (Bukry, 1981) seertithus belemnos in Samples 159-960C-13H-4, 34-36 cm, through

possible. 12H-7, 34-36 cm; and (3) witB heteromorphus in Sample 159-
Lower Pliocene Zone CN11 assemblages were identified in Core360C-12H-6, 34-36 cm, through 11H-5, 140-141 cm, indicating
159-960A-5R and 4R. In these assemblabéscoaster asymmetri- lower Miocene Zone CNXhiasmolithus solitus was found in Sam-

cus is rare or even absent, but becomes common in Samples 158%e 159-960C-12H-3, 130-131 cm, indicating minor reworking.
960A-4R-1, 50-52 cm, and 159-960A-3R-CC, above the HO ofRbundantSphenolithus heteromorphus, Cyclicargolithusfloridanus,
Reticulofenestra pseudoumbilicus. Typical (>5um, circular) Pseu- Reticul ofenestra pseudoumbilicus, Discoaster sanmiguelensis, D. ex-
doemiliania lacunosa has its LO in Sample 159-960A-4R-1, 50-52 ilis, andHelicosphaera carteri/kamptneri in Sample 159-960C-11H-
cm, indicating Subzone CN11b. Bdghhenolithus neoabies andS 4, 34-36 cm, through 10H-7, 34-36 cm, indicate middle Miocene
abies have their HO in Sample 159-960A-3R-CC. The assemblageZone CN4.

in Section 159-960A-4R-1 contain abundant sn@dphyrocapsa The stratigraphic ranges of several spec&xqolithus miope-
spp (including G. aperta). This is about the same level as the lagicus, Discoaster petaliformis, Discoaster sanmiguelensis, Cycli-
Pliocene ‘bloom’ of smalGephyrocapsa spp at Site 959. cargolithus floridanus, circular Coronocyclus nitescens, together

Assemblages of Zone CN12 were identified in Core 159-960Awith Sphenolithus heteromorphus) appear truncated at the top of
3R. Subzone CN12a, in Sample 159-960A-3R-1, 100-101 cm, coZone CN4 in Sample 159-960C-10H-7, 34—-36 cm. In the same sam-
tains Discoaster asymmetricus, D. brouweri, D. pentaradiatus, D. ple, reworking is evident in the presence of the undeniable (rare
surculus, D. tamalis, Helicosphaera sellii, and smalPseudoemilian- Eocene)Chiasmolithus solitus. The overlying assemblage, in Sample
ia lacunosa. A similar association, minus bofd. tamalis and D. 159-960C-10H-6, 34—36 cm, is assigned to Zone CNG6, based on the
asymmetricus, was identified a few centimeters above (Sample 159occurrence of freque@atinaster coalitus, rareC. mexicana, togeth-
960A-3R-1, 95-96 cm), indicating Subzone CN12b. Bxittoaster er with commorDiscoaster bollii, D. exilis, andD. variabilis, and the
brouweri andD. pentaradiatus occur in Sample 159-960A-3R-1, 7— absence ob. hamatus. A substantial hiatus is indicated: Zone CN 4
8 cm, together with normal size® lacunosa, H. sdllii, and Flo- is truncated, Zone CN5 is missing, and Zone CNG6 is reduced.
risphaera profunda, indicating Subzone CN12c. The apparent ab- Both Discoaster hamatus andD. bollii are present, along with
sence of Subzone CN12d (Fig. 2) is probably an artifact of inadequatery rareCatinaster calyculus, in Samples 159-960C-10H-5, 34-36
sampling and very poor core recovery. Sample 159-960A-2R-C€m, and 10H-4, 34-36 cm, indicating upper Miocene Subzone CN7b.
lacks the large to medium-siz€aphyrocapsa spp. G. caribbeanica Subzone CN7a is missing.
andG. oceanica) as well a®iscoaster spp., and contairGalcidiscus Samples 159-960C-10H-3, 34-36 cm, through 9H-7, 64-65 cm,
macintyrei, Helicosphaera sellii, P. lacunosa, andFlorisphaera pro- contain consisteri¥linylitha convalis, Discoaster pentaradiatus, D.
funda, suggesting lower Pleistocene CN13a. Assemblages from th@eohamatus, D. calcaris, andD. variabilis, as well as sporadiD.
top of the hole in Core 159-960A-1R are assigned to lower Pleisieorectus, D. loeblichii, andTriquetrorhabdulus rugosus, indicating
tocene Subzone CN14a. This is based on the preseplofro- upper Miocene Subzone CN8b. Subzone CN8a is missing.

capsa oceanica, G. caribbeanica, Helicosphaera inversa, Umbili- Assemblages in Samples 159-960C-9H-6, 34-36 cm, through 8H-
cosphaera sibogae, Pseudoemiliania lacunosa, and smallGephyro- 5, 130-131 cm, are assignable to upper Miocene Subzone CN9b;
capsa spp Subzone CN9a is missing. In these assembl&gsmaster quin-
gueramusis common and consistent in distribution, Buberggrenii
Hole 960C (Water Depth 2034.9 m) and species oimaurolithus are rare, occurring sporadically. There

is virtually no gap between the HO Minylitha convalis in Sample
Core recovery in this hole contrasted sharply with that from Holel59-960C-9H-7, 64—65 cm, and the LQAmhaurolithus spp. (in this
960A, being 100% in the upper Cenozoic sequence. The distributiaraseA. bizzarus) in Sample 9H-6, 34—36 cm.
of nannofossil species in this hole (Table 4) is generally similar to Subzone CN10a, in Samples 159-960C-8H-3, 130-131 cm, and
that in Hole 960A. Differences are minor, largely attributable to sam8H-1, 130-131 cm, was recognized by the presencelrof
pling and the general rarity of several key species, particularly thgquetrorhabdulus rugosus and/orT. farnsworthii in the absence of
amaurolithids and ceratolithids. The middle Miocene and lower upbiscoaster quinqueramus. Subzone CN10b was identified in Sam-
per Miocene section is thick and broken by four unconformities.  ples 159-960C-7H-CC through 159-960C-7H-5, 130-131 cm; the as-
An assemblage assignable to the basal Miocene Subzone CN4émblage in the upper sample is particularly noteworthy because of
was recovered from Sample 159-960C-14H-2, 34-36 cm. This ithe presence of rai@eratolithus armatus, Amaurolithus bizzarus,
strongly etched and impoverished and contains common to frequeahdDiscoaster asymmetricus. Assemblages in the overlying interval,
Cyclicargolithusfloridanus, smallDiscoaster druggii, D. saundersii, comprising Samples 159-960C-7H-1, 130-131 cm, through 5H-5,
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130-131 cm, are broadly assigned to the combined Subzones CN18ahmiguelensis, D. exilis, and Helicosphaera kamptneri. Core 159-

CN11la. These assemblages con@eratolithus rugosus, Discoaster 961A-10R had no recovery.

brouweri, D. pentaradiatus, D. surculus, R. pseudoumbilicus, S. neo- Main elements of the assemblages in Core 159-961A-9R include

abies, andS. abies, without any species dfmaurolithus. Discoaster Discoaster hamatus, D. ballii, D. calcaris, D. variabilis, Catinaster

asymmetricusis virtually absent, being present only in the lowermostcoalitus, C. mexicana, Triquetrorhabdulus rugosus, andCalcidiscus
sample of the interval, Sample 159-960C-7H-1, 130-131 cm. Anacintyrei, together with rar€atinaster calyculus, indicating upper
small oval form ofP. lacunosa and smallGephyrocapsa spp. occur  Miocene Subzone CN7b.

in the uppermost sample of this interval (i.e., Sample 159-960C-5H- Core 159-961A-8R contains abundant, well-preserved nannofos-

5, 130-131 cm). Subzone CN11b is indicated by the presence sils includingMinylitha convalis, Discoaster pentaradiatus, D. neo-

common Discoaster asymmetricus, Pseudoemiliania lacunosa, hamatus, D. calcaris, D. variabilis, andTriquetrorhabdul us rugosus,

Sphenolithus neoabies, S. abies, and frequenD. tamalis in Samples  but lacksDiscoaster hamatus, D. bollii, D. berggrenii, and species of

159-960C-5H-3, 129-130 cm, through 4H-5, 130-131 Reticu- Catinaster. This association indicates upper Miocene Subzone

lofenestra pseudoumbilicus is absent from Samples 159-960C-4H- CN8b. The longer Subzone CN8a is not represented in this hole; a

CC and 4H-5, 130-131 cm, but occurs in Core 159-960C-5H and bkkely hiatus separates Cores 159-961A-9R and 8R.

low. SmallGephyrocapsa species (includings. aperta) occur abun- Well-preserved assemblages of upper Miocene Zone CN9 were

dantly in the assemblages of Subzone CN11b. identified in Cores 159-961A-7R through 5R. Those in Samples 159-

Upper Pliocene Zone CN12 was identified in the interval com961A-5R-CC through 6R-CC contain several extremely rare but un-
prising Samples 159-960C-4H-3, 130-131 cm, through 2H-CC, witldeniable species ddmaurolithus (mainly represented by eithéx

all its subzones being represented. Assemblages readily assignabletomus or A. delicatus), and are assigned to Subzone CN9b. Species

Subzone CN12a occur in samples from Core 159-960C-4H. Thesd# Amaurolithus are absent in Sample 159-961A-7R-CC, blit

containDiscoaster tamalis, D. brouweri, D. pentaradiatus, Calcidis- nylitha convalis is present instead, in association with abunBast

cus macintyrei, C. leptoporus, Helicosphaera sellii, Pseudoemiliania coaster berggrenii andD. quinqueramus, indicating Subzone CN9a.

lacunosa, and Florisphaera profunda, without Reticulofenestra Discoaster asymmetricus was found in Sample 159-961A-6R-CC.

pseudoumbilicus, Sphenolithus neoabies, or S. abies. Core 159-961A-4R contains assemblages indicative of Zone
Lower Pleistocene Zone CN13 occurs in Samples 159-960C-2H=N10. RareAmaurolithus delicatus in Sample 159-961A-4R-1, 89—

6, 35-37 cm, through 2H-3, 10-11 cm, and could easily be subd®l cm, together with rai€eratolithus rugosus, Discoaster asymme-

vided. The assemblage in Sample 159-960C-2H-6, 35-37 cm, cotricus, andHelicosphaera sellii suggests Subzone CN1@c:delica-

tains Calcidiscus macintyrei, Helicosphaera sellii, Pseudoemiliania tusis the only species @dmaurolithus found in Core 159-961A-4R,

lacunosa, and Florisphaera profunda, and is assigned to Subzone and only in one sampl®. asymmetricus occurs at lower levels, in

CN13a. Assemblages in Samples 159-960C-2H-5, 10-11 cm, artbne CN9, and could not be used to indicate Subzone CN10d.

2H-3, 10-11 cm, contaifsephyrocapsa caribbeanica, without G. Well-preserved assemblages, assignable to the lower Pliocene

oceanica, indicating Subzone CN13b. The Samples 159-960C-2H-1Subzone CN11b, occur in Core 159-961A-3R. These coRétiicu-

10-11 cm, through 1H-5, 29-30 cm, cont&ireptoporus, G. oce- lofenestra pseudoumbilicus, Sphenolithus neoabies, S. abies, and

anica, G. caribbeanica, F. profunda, Umbilicosphaera sibogae, and ~ Pseudoemiliania lacunosa: R. pseudoumbilicus andS neoabies are

P. lacunosa, which indicate Subzone CN14a. A similar association ofpresent up to Sample 159-961A-3R-2, 34—35Srabies persists up

species, but minuB. lacunosa and with the addition of botHE®il- to Sample 3R-1, 34-35 criscoaster asymmetricus occurs in most

iania huxleyii andU. irregularis, occurs in Samples 159-960C-1H-3, of the core, buP. lacunosa is more common, appearing first (up-

30-31 cm, through 1H-1, 17-19 cm. IdentificatiorEohuxleyii is section) in the core-catcher sample. The seeming absence of Subzone

somewhat uncertain, but suggests the interval of Subzone CN14b a@tl11a is probably an artifact of inadequate sampling.

Zone CN15. Core 159-961A-2R recovered only a 4-cm section (in the core-
catcher). This yielded an assemblage vidilscoaster tamalis, D.
pentaradiatus, andD. brouweri, indicative of mid-Pliocene Subzone

Hole 961A (Water Depth 3292 m) CN12a The assemblage in Sample 159-961A-1R-CC lacks discoast-
ers, and contains an association indicative of lower Pleistocene Sub-
Core recovery from the upper Cenozoic section in this hole, pazone CN13aPseudoemiliania lacunosa, Helicosphaera sdllii, Flo-
ticularly the Miocene part, was very poor, hence the apparent stratiisphaera profunda, Calcidiscus macintyrei, andC. leptoporus. The
graphic breaks in Figure 2. In most of the Miocene section, each coessemblage in Sample 159-961A-1R-1, 3-5 cm, is dominated by
is confined to a single zone (or even subzone). Emiliania huxleyii, Gephyrocapsa oceanica, G. caribbeanica, and
Sample 159-961A-15R-CC contains an assemblage indicative &florisphaera profunda, indicating Zone CN15. The Pleistocene sec-

Subzone CNlc. In this assembla@ethorhabdus serratus, small  tion is condensed, being about 3.4 m thick (Core 159-961A-1R), and

Discoaster druggii, Sphenolithus compactus, S dissimilis, D. deflan- probably contains a hiatus.

drei, D. adamanteus, Coronocyclus nitescens, and several species of

the genusHelicosphaera are present. Sample 159-961A-16R-CC

lacks calcareous nannofossils, but contains a lower Miocene radiolar- Hole 962B (Water Depth 4637 m)

ian fauna. The first downhole sample with calcareous nannofossils

(Sample 159-961A-17R-CC) contains an association of species in- Site 962 is on a minor ridge associated with the Cote d'lvoire-

dicative of the early Eocene age (Shafik et al., Chap. 32, this volumeghana marginal ridge. Upper Cenozoic calcareous nannofossil-bear-

The interval comprising Samples 159-961A-15R-1, 36—-37 cming sediments in Hole 962B are restricted to a thin, predominantly
through 11R-CC, contains assemblages characterized by the présiren, Pliocene and upper Pleistocene section (the upper three
ence of the key speciephenolithus heteromorphus, (Zones CN3  cores), which overlies a much thicker section entirely barren of cal-
and CN4); Zone CN2 was not identified. Assemblages in the lowetareous nannofossils (the underlying six cores). This section recalls
samples (Samples 159-961A-15R-1, 36—-47 cm, through 12R-1, 39hke general pattern of deposition on the main ridge during the Paleo-

40 cm) includeH. ampliaperta, indicating Zone CN3. The Zone CN4 gene: a nannofossil-bearing sequence interrupted by episodes of non-

assemblage in Sample 159-961A-11R-CC is impoverished and atalcareous deposition, condensed sedimentation or stratigraphic

most barren of nannofossils, having a few specimerGydicar- gaps, overlying a thick section barren of calcareous nannofossils
golithus floridanus, Reticulofenestra pseudoumbilicus, Discoaster (Shafik et al., Chap. 32, this volume).
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Thereisasignificant lithol ogic change between Cores 159-962B- discus macintyrei. Most specimens are severely etched, and only the
3H and 4H, separating zeolitic clay (below) from nannofossil clay gephyrocapsids arfél profunda are relatively abundant.
(above). A few specimens of Discoaster pentaradiatus, Sphenolithus
abies, Reticul ofenestra pseudoumbilicus, and R. minutula were found
in Sample 159-962B-4H-1, 50-52 cm. Except for this, samples from BIOSTRATIGRAPHIC SUMMARY AND REMARKS
Cores 159-962B-4H through 159-962B-9H are barren of calcareous
nannofossils. Albian nannofossils were found in Core 159-962B- Sediment accumulation rates for the Neogene sequences on the
10H. Céte d’lvoire-Ghana marginal ridge (Mascle, Lohmann, Clift, et al.,
The interval comprising Samples 159-962B-3H-CC and 15941996) suggest a relatively more expanded sequence at Site 959, on
962B-3H-3, 50-52 cm, contains assemblages indicative of lowehe shoulder of the ridge, compared with that at Site 960, on the crest
Pliocene Subzone CN1la. These inclidscoaster asymmetricus, of the ridge. Sites 960 and 961 were sediment-starved during much
D. brouweri, D. penraradiatus, Ceratolithus rugosus, Reticulofenes- of the Neogene, receiving much less sediment and having more hia-
tra pseudoumbilicus, Sphenolithus necabies, andS. abies. Interven-  tuses than was the case at Site 959. Species ranges at Site 959 are
ing Samples 159-962B-3H-6, 51-53 cm, and 3H-5, 50-52 cm, afenger than at the other two sites, with the attendant result that a gap
barren of calcareous nannofossils. Sample 159-962B-3H-2, 50-3&tween a pair of HO and LO events at Site 959 may not exist at the
cm, contains abundant, moderately well-preserved nannofossilether two sites. The relationship between the HGbinolithus
These includePseudoemiliania lacunosa, Sphenolithus neoabies, belemnos and the LO ofSphenolithus heteromorphus discussed be-
andsS. abies, but notR. pseudoumbilicus, indicating the upper part of low is a case in point.
Subzone CN11b. Sample 159-962B-3H-1, 130-131 cm, lacks calcar-

eous nannofossils, and Sample 3H-1, 53-55 cm, contains abundant, Oligocene/Miocene Transition
moderately well-preserved nannofossils indicative of upper Pliocene
Subzone 12b. These incluBéscoaster brouweri, D. pentaradiatus, The Oligocene/Miocene boundary occurs at a disconformity at

D. surculus, Calcidiscus macintyrei, C. leptoporus, Helicosphaera Site 960, and within a barren interval at Site 959: the uppermost Oli-
sellii, andPseudoemiliania lacunosa. Sample 159-962B-2H-CC con- gocene Subzone CN1la is missing at Site 960; while the end of acme
tains rare, poorly preserved nannofossils lacKirgoaster spp and  of Cyclicargolithus abisectus (top of Oligocene/Subzone CN1a), was
including insteadGephyrocapsa caribbeanica, G. aperta, and G. reasonably distinct, being immediately below a barren interval in
margerellii, indicating lower Pleistocene Subzone CN13b. Hole 959A.

In the barren interval between Subzones CN11b and CN12b, con-
centrations of glauconite were identified as hardgrounds, based on Lower Miocene
lithologic criteria (see Mascle, Lohmann, Clift et al., 1996). A long
hiatus is identified between Samples 159-962B-3H-1, 53-55 cm, and We use the LO oOrthorhabdus serratus as the primary deter-
2H-CC because of the absence of Subzones CN12c, CN12d, amdnant of the base of Subzone CN1c, rather than the LO of the poor
CN13a. stratigraphic indicatobiscoaster druggii. Originally, bothD. drug-

Sample 159-962B-2H-7, 50-52 cm, is barren of calcareous namii andO. serratus were included in the definition of the CN1b/CN1c
nofossils. Samples 159-962B-2H-6, 50-52 cm, and 2H-5, 50-52 crspbzonal boundary (see Bukry, 1978yt the former species was
contain assemblages of variable preservation. Main elements of thesmked as the primary criterion, being perceived as more cosmopoli-
assemblages includephyrocapsa oceanica and G. caribbeanica, tan. Problems in determination of the LCDofdruggii (e.g., because
with Pseudoemiliania lacunosa indicating lower Pleistocene Sub- the species is overgrown with calcite or rare) have necessitated com-
zone CN14a. In Sample 159-962B-2H-5, 50-52 cm, trace amounts bining Subzones CN1b with CN1c, but occasionally a substitute was
reworked Eocene taxa (e.@hiasmolithus solitus) were found. No  used (see, for example, Olafsson, 1989, who also used the @O of
calcareous Eocene sediments of Eocene age were cored at the sitesatkatus in nearby Hole 667A). On the Céte d’lvoire-Ghana marginal
though they are known from the shallower Sites 959 and 960. ridge, a small form ob. druggii occurs well below the LO @. ser-

The interval comprising Samples 159-962B-2H-3, 130-131 cmratusand the normal sized (>15 ud)druggii is very rare. It is wor-
through 2H-1, 50-52 cm, is barren of calcareous nannofossils. lilmy of note that in Berggren et al. (1995b) the numerical age of the
contrast, Sample 159-962B-1H-CC contains abundant, moderatelyOs of O. serratus andD. druggii is the same, based on both events
well preserved nannofossils includig aperta, G. oceanica, G. occurring at the same level in Hole 516F.
caribbeanica and Helicosphaera inversa, indicating upper Pleis- In our material, the LO dDrthorhabdus serratus is close to the
tocene Subzone CN14b. Sample 159-962B-1H-5, 78-80 cm, is baggually distinct LO ofseminilithellarotula. In the Mediterranean re-
ren, but abundant, moderately well preserved nannofossils occur gion, where the LO 06. rotula was first used in biostratigraphy, it
Sample 1H-4, 133-134 cm. These are dominatddl. bgeanicaand  was recognized above the LO Of serratus—between the LO of
G. caribbeanica. Samples 159-962B-1H-4, 50-52 cm, through 1H-3,Helicosphaera ampliapertg@oel ow), and the LO of Sphenolithus het-
130-131 cm, are barren of calcareous nannofossils, and only a resetemorphugabove) (see Theodoridis, 1984).
ual assemblage was found in Sample 159-962B-1H-3, 96-97 cm. The LO of Sphenolithus belemn@sase of Zone CN2) isasharp,

This consists mainly of. omega, G. caribbeanica, C. |leptoporus, easily identifiable event in sections on the Céte d'lvoire-Ghana mar-
and Helicosphaera carteri, indicating upper Pleistocene Subzone ginal ridge. Evidence from elsewhere is emerging to suggest that this
CN14b. Rare, strongly etched nannofossils mosti§.afmega and  event is very useful in correlation, and probably is synchronous over
F. profunda occur in Sample 159-962B-1H-2, 25-26 cm. The assemlow- and mid-latitude areas (see Fornaciari et al., 1990, 1993; Olafs-
blage in Sample 159-962B-1H-1, 1-2 cm, is strongly affected by disson, 1991; Fornaciari and Rio, 1996).

solution, but is assignable to Zone CN15. It cont&amdiania hux- Sphenolithus heteromor phus occurs consistently over its range on
leyii, Calcidiscus leptoporus, Ceratolithus sp., Umbilicosphaera si- the Cobte d’lvoire-Ghana marginal ridge, and its LO (base of Zone
bogae, Florisphaera profunda, and several species @éphyrocapsa, CN3) is easily detectable. In Hole 959A, there is a gap between the
including G. omega andG. oceanica, in addition to reworkealci- HO of Shenoalithus belemnos and the LO ofSphenolithus hetero-
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morphus. But in Hole 960A, there is virtually no gap between these
two levels. The HO of Helicosphaera ampliaperta (top of Zone CN3)
isaneat, easily identifiable event. Most of the assemblages of Zone
CN3 are characterized by common H. ampliaperta, and abundant S
heteromorphus.

Middle and Upper Miocene

The HO of Sohenolithus heteromorphus (top of Zone CN4) is a
sharp event, and is probably truncated at Sites 959 and 960. This
event isimmediately below an unconformity at Site 960. At Site 959,
itisimmediately below the base of abarren interval where other spe-
cies have their highest occurrences as well. At Site 961, Zone CN4
was identified in almost barren sediments.

The LO of Discoaster kugleri is used to identify the base of Sub-
zone CN5b, although the speciesin Hole 959B is very rare and spo-
radicinitslower range, because of alack of any other, clearer, event
intheinterval of Zone CN5. The HO of Cyclicargolithus floridanus,
which was suggested originally by Bukry (1973) as a possible alter-
native event to the LO of D. kugleri, is probably only ashort distance
above the top of Zone CN4 at low latitudes (see Raffi et d., 1995) or
above the LO of D. kugleri at middle latitudes (Site 139: Roth and
Thierstein, 1972). In any case, at Site 959, the HO of C. floridanus
coincideswith the base of abarreninterval, which isimmediately be-
low Zone CN5 assemblages. The HO of Coronocyclus nitescens,
aong with the HO of Orthorhabdus serratus, are considered to be
good hiostratigraphic events, useful for subdividing the Zone CN5
interval (see Raffi et a., 1995). This is partially supported in this
study. At Site 959, two varieties of C. nitescens were distinguished,
acircular variety (the typical form), and an oval one. Both varieties
were found together in one sample only, at the base of Zone CN5,
with the oval variety disappearing higher within Subzone CN5b. The
HO of oval C. nitescensisvery closeto theHO of O. serratusin both
Holes 959A and 959B, but the range of O. serratus is disiunct. In
Hole 959A, this species is virtually absent in Zones CN3 and CN4,
and its upper rangeis short. Such a distribution pattern, although not
unknown for other species (e.g., Isthmolithus recurvus in southern
Australia; Shafik, 1996) may lend itself to interpretation of rework-
ing (i.e., the upper range of the species may be considered displaced
occurrences). However, the distribution pattern of O. serratus in
equatoria eastern Pacific Holes 575B, 806B, 845B, and 846D and at
tropica Indian ocean Site 714 (as shown in Raffi et al., 1995; Raffi
and Flores, 1995) is not dissimilar to that at Site 959, in that the spe-
ciesis absent in the interval of Zones CN4 and CN3. At Site 289 in
equatorial western Pacific, the reappearance of O. serratusin the sec-
tionisin Zone CN5, and after ashort, continuousrange, it disappears
abruptly in the upper part of Zone CN5 (datain Shafik, 1975). More
documentation of the stratigraphic range of O. serratusis needed to
ascertain its biostratigraphic potential, including the species LO at
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cies in Holes 959A and 959B is in agreement with Bukry's (1973,
1975) results, indicating that the LO ©f calyculus is younger than

the LO ofD. hamatus. This is very important because detection of the
hiatus immediately above Zone CN6 at Site 960 (Fig. 2) hinges on the
LO of C. calyculus being above the LO d. hamatus.

The upper Miocene Subzone CN8a is missing in all sections cored
on the Céte d’'lvoire-Ghana marginal ridge, and recognition of Sub-
zone CN8b was based primarily on consistent occurrencki-of
nylitha convalis without the association d@iscoaster bollii, or D.
berggrenii. Bukry (1973) used the LO’s &f. neorectus andD. |oeb-
lichii to indicate the base of Subzone CN8b. Both species are rare,
only intermittently occurring in the upper Miocene of the Coéte d’lvo-
ire-Ghana marginal ridge. Als®. bellus was not found, but this is
not inconsistent with the absence of its name-bearing subzor (the
bellus Subzone of Bukry, 1973), and probably suggests a reduced
Subzone CN8b.

The LO ofDiscoaster quinqueramus is well above the LO db.
berggrenii at Site 959, but at Site 96D, quinqueramus occurs at the
base of Zone CN9, withold. berggrenii. This is consistent with
Subzone CN9a being missing at Site 960.

Amaurolithids are rare in the upper Miocene and Pliocene on the
Céte d’'lvoire-Ghana marginal ridge, occurring mostly intermittently.
This is true in Zone CN9Ve use the HO dflinylitha convalis as a
proxy for the LO ofAmaurolithus primus, which defines the base of
Subzone CN9b, to determine the top of Subzone CN9a at Site 959.
At nearby Site 667, on the Sierra Leone Rise, amaurolithids are also
rare, as indicated by Manivit (1989), who estimated the amaurolithid/
total assemblage ratio there to be <1:10,000; with this low abun-
dance, the LO oA. primus may easily escape detectidvinylitha
convalis is usually common to abundant throughout its stratigraphic
range, making its HO easy to determine. Howeemprimus (or
Amauralithus spp. in general) may be rare and sporadic near the base
of its stratigraphic range. Relying on the LOAsfaurolithus spp.,
without regard to the HO &fl. convalis, can lead to discrepancies in
age determination and uncertainties in correlation. Gartner (1992) as-
signhed an age of about 6.4 Ma to the LO of specidsrafirolithus
at mid-latitude North Atlantic Site 608, while acknowledging that it
has a significantly older age at lower latitudes. In its lower range at
Site 608,Amaurolithus spp. are rare. In contradt, convalis has a
good top at the same site, to which Gartner (1992) assigned an age of
6.7 Ma.

One argument against the biostratigraphic usdiaflitha con-
valisis that it is often overlooked or confused wrllorisphaera pro-
funda, which ranges down into the upper Miocene. Raffi et al. (1995)
questioned the reliability of the HO bf. convalis for long-distance
correlations, while conceding some of the problems in precisely lo-
cating the LO ofAmaurolithus primus.

The HO ofDiscoaster quinqueramus (top Zone CN9) may be dif-
ficult to determine. Near this level the species develops spurs at its

the base of Subzone CN1c, the zonal CN3-CN4 gap in its range, afips, and becomes somewhat similar to a variey. gentaradiatus,
its HO in upper Zone CN5 (or as a possible approximation of the toghich has very small bifurcations at the tips and is common at about

of Subzone CN5a).

the same level. Under crossed nicols, however, the two can be sepa-

Catinaster coalitusis consistent throughout its range at Sites 95%ated, withD. pentaradiatus being partially birefringent, showing a
and 960. Its LO (the base of Subzone CNG6) is a sharp, easily identiharacteristic figure.

fiable event. Similarly, the LO dDiscoaster hamatus (the base of

Subzone CN7) is an easily detectable event, but the IGatofaster

Upper Miocene I nterval Without Reticulofenestra pseudoumbilicus

calyculus (the base of Subzone CN7b) was determined only tenta-
tively because the species is scarce. This is generally true for all The upper Miocene record on the Céte d’lvoire-Ghana marginal

events based on rare species at Site 959.

Evidence is mounting to suggest that the L@ ofalyculus is at
or below the LO oDiscoaster hamatus (Peleo-Alampay and Wei,

ridge shows large (>7 prReticul ofenestra pseudoumbilicus tempo-
rarily disappearing during the interval from (?mid) Subzone CN8b to
within Subzone CN9b. Concomitant with this disappearance is a no-

1995; Raffi et al., 1995). Nevertheless, the distribution of both speable increase in the abundance of small placoliths, which probably
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include small Gephyrocapsa spp.: the smaller species of Reticu- The top of Zone CN11 is usually drawn at the HOSRefcu-
lofenestra, particularly R. minuta, dominate the reticul of enestrids af - lofenestra pseudoumbilicus and Sphenolithus spp. & abies and S.
ter a seemingly initial sharp decline in its abundance. This distribu- neoabies), the former event being the primary criterion (see Bukry,

tion pattern of reticulofenestrids is particularly evident at Site 959, 1973). These two events are well separated in all Pliocene sections on
but is also discernible, though less clearly, in the condensed sections the Cote d’lvoire-Ghana marginal ridge. A similar sequence was re-
at Site 960. corded to the west of the ridge, in the eastern equatorial Atlantic, at
Only in recent studies has the upper Miocene interval without Sites 659, 660, 661 and 662 (Manivit, 1989) and elsewhere (see, for
Reticul ofenestra pseudoumbilicus been given prominence (Rio et al ., example, Gartner et al., 1987; Rio et al., 1990b). A period of 150 k.y.
19904, Gartner, 1992; Raffi and Flores, 1995), even though it can be separated the two events (Berggren et al., 1995a). We use the HO of
discerned in distribution charts of earlier studies (e.g., Shafik, 1975). S abies andS neoabiesin preference to the HO & pseudoumbili-
Thereason for itsrecently acquired prominenceisthe realization that cusfor recognition of the top of Zone CN11. In its upper stratigraphic
it occupies the same stratigraphic position (Zone CN8-CN9) acrosange,R. pseudoumbilicus reaches its minimum size, and often be-
the three principal oceans (Raffi et al., 1988s study), obviously = comes difficult to differentiate from a large minutula; some re-
with important oceanographic and biostratigraphic implications. Theearchers choose 5 pm as the species minimum length (e.g., Young,
interval has been identified mainly in low-latitude sections. Rio et al1990; Gartner, 1992), while others choose a longer minimum length
(1990a) described the interval (th&r pseudoumbilicus paracme)  (e.g., >5-6 um, Backman and Shackleton, 1983; >7 um, Raffi and
from four eastern tropical Indian Ocean sites, and Raffi and FloreRio, 1979; Fornaciari et al., 1990). Size variation in [®#bies and
(1995) recorded it (their absence intervaRofpseudoumbilicus) at S neoabiestoward the end of their ranges is not a cause of confusion;
eight sites in the eastern equatorial Pacific. Based on distributiothese species are the only representatives of their genus in the mid-
charts in Shafik (1975), the interval is also detectable in the westeliocene.
equatorial Pacific, at the Ontong Java Plateau Site 289, the same The beginning of the acme Dfscoaster asymmetricus was iden-
stratigraphic position (mid-Zone CN8 to within Subzone CN8b) agified in between the HOs ofmaurolithus spp. (below) and oR.
Site 959. pseudoumbilicus (above), when it was first used by Bukry (1973) to
In the mid-latitude North Atlantic Site 608, Gartner (1992) iden-subdivide Zone CN11. At Sites 959 and 960, the lowest coninon
tified the base of the interval at an abrupt size decrease in the reticasymmetricus is very close to the HO d&. pseudoumbilicus, below
lofenestrids, and interpreted it as a major change in productivity. Wihe HO of Sphenolithus spp. & neoabies andS. abies), suggesting
accept that the interval was a high-productivity event. that the beginning of the acme@fasymmetricusis diachronous. In
Correlation of the interval withotR. pseudoumbilicus to magne-  the areaimmediately to the west of the Cote d’lvoire-Ghana marginal
tostratigraphy (Raffi et al., 1995) indicates that it extends from theidge, Manivit (1989) reported a similar distribution patternDor
upper part of Chron 4An to the lower part of Chron 3Ar, which, inasymmetricus at Sites 665 and 666. The LOs of small (>5 um, oval)
terms of the timescale of Berggren et al. (1995b), spans about 2 mRseudoemiliania lacunosa, Discoaster tamalis, typical P. lacunosa

(from about 8.8 Ma to about 6.8 Ma). (circular, <5 pm)and commorD. asymmetricus are very close in
Zone CN11 at Sites 959 and 960. The LO of typrcdhcunosa was
Pliocene easier to determine than the lowest commoasymmetricus at Site

961, suggesting the former is a more useful biostratigraphic marker.

Ceratolithids are rare in the Pliocene and Pleistocene on the Céte A normal succession of Pliocene discoasters permitted easy rec-
d’lvoire-Ghana marginal ridge, occurring mostly intermittently. In ognition of the subzones of Zone CN12 at Sites 959 and 960, al-
the lowermost Pliocene assemblages, they are dominat€drby  though botDiscoaster pentaradiatus andD. surculus were particu-
tolithus armatus rather tharC. acutus. The base of Subzone CN10b, larly rare towards the end of their indicated ranges.
approximating the Miocene/Pliocene boundary, is relatively easy to
determine, but only by using the combination of the LCCeafa- Mid-Pliocene Interval of Small Gephyrocapsa
tolithus armatus/acutus and the HO offriquetrorhabdulus rugosus.
In Hole 959A Ceratolithus rugosusiis virtually absent above the HO An interval with abundant small placoliths, characteristically in-
of R. pseudoumbilicus, and its presence below the HOAsfauroli- cluding <3.5-um gephyrocapsids, is recognizable within mid-
thus spp. allowed determination of Subzone CN10c. Manivit (1989)Pliocene Zone CN11 at Sites 959, 960, 961, and elsewhere. At nearby
indicated thaC. rugosus is rare at the nearby Sites 658-659, makingSite 366, on the Sierra Leone Rise, small gephyrocapsids have been
it difficult to determine the base of Zone NN13 (Subzone CN10c). recorded in Zone CN11 (Samtleben, 1980). At low-latitude sites in

The HO of amaurolithids, marking the top of Subzone CN10cthe western Indian Ocean, abundant gephyrocapsids have been rec-
could not always be identified with confidence in this study. In Holeognized as confined to a distinct short interval within Zone CN11
960C, Subzones CN10c and CN11la could not be differentiated bé¥oung, 1990). At middle latitudes, however, more than one acme in-
causeAmaurolithus spp. were not detected above the LCOCefa- terval of Pliocene small gephyrocapsids has been described (Driever,
tolithusrugosus. At ODP Leg 108 sites to the west of the C6te d’'Ivoire- 1988). Our Zone CN11 interval of small gephyrocapsids probably
Ghana marginal ridge, amaurolithids are never common, and are eveorrelates with Subzone NN14-15B of Driever (1988) in the Mediter-
less numerous toward the end of their ranges; it is therefore difficult t@nean region, which corresponds to the middle of his lower long in-
recognize the zonal boundary CN10/CN11 (Manivit, 1989). terval of dominance of gephyrocapsids (this subzone corfsahes

Discoaster asymmetricus occurs in the upper Miocene on the Coéte nolithus spp. andReticulofenestra pseudoumbilicus, without Amau-
d’lvoire-Ghana marginal ridge, and its occurrences in the Plioceneolithus spp., the latter being present in the underlying Subzone
below the HO ofAmaurolithus spp. are intermittent and could not be NN14—15A; Driever, 1988).
used for identification of Subzone CN10d of Bukry (1986). In Hole = Concentrations of small gephyrocapsids have also been recorded
960C, this species is virtually absent from the combined Subzones other parts of the upper Cenozoic. Upper Miocene gephyrocapsids
CN10c/CN11a interval, although it is common above, in Subzonéave been recorded in association with abundant small placoliths, at
CN11b, and occurs sporadically below, in Subzones CN8b througimid-latitude sites in the North Atlantic Ocean (Gartner, 1992; de
CN10b. At Sites 665 and 66B, asymmetricus is rare or even absent Kaenel and Villa, 1996); these are confined to a short interval within
below the HO oR. pseudoumbilicus (Manivit, 1989) and, similarly, Zone CN9. A possible low-latitude correlative with this middle-lati-
could not be used reliably to mark the base of Zone NN14 (or Suliude acme of small placoliths is the upper Miocene interval without
zone CN10d). large Reticulofenestra pseudoumbilicus recognized at Sites 959 and
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960. As discussed above, this interval contains abundant small pla-
coliths, which may include small Gephyrocapsa spp. In the Pleis-
tocene, dominance of small gephyrocapsids (the so-called small Ge-
phyrocapsa Zone of Gartner, 1977) occurs within a short interval in
Subzone CN14a. This is the best-known interval of dominance of
small gephyrocapsids; it has been recorded morewidely than the ol der
ones.

Gartner (1992) suggested that the upper Miocene acme of small
placoliths at middle latitude signal an important change in surface-
water properties that enhance productivity. Earlier, Driever (1988)
showed that acmes of small gephyrocapsids in Pliocene sections in
the Mediterranean coincide with intervals when surface water tem-
peratures were relatively low. The geographic scale of these changes
in surface waters must have been wide to account for the numerous
occurrences of abundant small gephyrocapsids. Small gephyro-
capsids (and associated small placoliths) are easily overlooked, and
more work is needed to determine properly their geographic distribu-
tion in pre-Pleistocene sections, especially at low latitudes. This
would ultimately help in determining whether these low-latitude oc-
currences are synchronous.

Pleistocene

The HO of typical Pseudoemiliania lacunosa is a distinct, easily
identified event compared with the LO of Emiliania huxleyii, and it
was necessary to combine Zone CN15 with Subzone CN14b, where
gephyrocapsids and not E. huxleyii dominate the assemblage. Small-
and medium-sized gephyrocapsids are abundant in the Pleistocene on

the Cote d’lvoire-Ghana marginal ridge, and the populations o
Gephyrocapsa oceanica andG. caribbeanica are easily separated.

In the absence of bofbiscoaster brouweri andG. caribbeanica

sociation ofHelicosphaera sellii, and Calcidiscus macintyrei was

used as evidence for recognition of Subzone CN13a.

Common to abundanElorisphaera profunda occurs in most

Pleistocene samples of Site 959 and 98@risphaera profunda

ranges down into the upper Miocene at Sites 959 and 960, similar to

its range in equatorial Pacific Site 289 (see Okada, 1983).

MIOCENE HIATUSES

UPPER CENOZOIC CALCAREOUS NANNOFOSSIL BIOSTRATIGRAPHY

The Miocene Record on the Céte d’lvoire-Ghana
Marginal Ridge

The Miocene section (about 210 m thick) at Site 959, on the
shoulder of the Céte d’lvoire-Ghana marginal ridge, is more than
three times the thickness of its counterpart (less than 60 m thick) at
Site 960 on the crest of the ridge; the latter is largely condensed. Pres-
ervation of calcareous microfossils in the lower Miocene units (dia-
tomite interbedded with nannofossil chalk, clayey chalk, and clays)
at Site 959 is highly variable, with barren and nannofossil-bearing
beds alternating. The youngest barren interval lies between nannofos-
sil assemblages of Zones CN4 and CN5. This suggests repeated epi-
sodes of severe carbonate dissolution during much of the early and
middle Miocene. Earlier, during the late Paleogene, a similar sedi-
mentation history at the site also resulted in the formation of alternat-
ing non-calcareous (biosiliceous) and calcareous (nannofossil-bear-
ing) sediments (Shafik et al., Chap. 32, this volume). In most of the
middle and upper Miocene units (nannofossil ooze/chalk) at Site 959,
preservation of calcareous microfossils is generally poor, with abun-
dant unidentifiable nannofossil debris, as well as evidence of partial
dissolution of recognizable nannofossil specimens. This part of the
section contains a hiatus which corresponds to the upper Miocene
Subzone CN8a. Sediments marking the end of this hiatus were found
to contain evidence of minor reworking from Cretaceous and Pale-
ocene sources.

The largely condensed Miocene contains four hiatuses in its mid-
dle and upper parts and one barren interval in its lowermost part (Fig.
2). The temporal extent of these hiatuses are shown in Figure 3. The
only Miocene hiatus present at Site 959 (CN8a hiatus), is present also
at Site 960, and probably in Hole 961A as well. Evidence of very mi-
nor reworking from Eocene sources was found at the erosional sur-
face marking the start (probably late Zone CN4) and the end (proba-

dly within Zone CN6) of the CN5 hiatus. This hiatus partly corre-

sponds with the barren interval between Zones CN4 and CN5 at Site
959.

The Sierra Leone Rise and Nearby Sites

Data combined from Olafsson (1989) and Manivit (1989) suggest
that the middle Miocene CN5 hiatus, which was identified on the
crest of the Cote d’lvoire-Ghana marginal ridge (Sites 960), is detect-
able at nearby Site 667 on the Sierra Leone Rise. There, Olafsson
(1989) recorded the LO @& heteromorphus (top of Zone CN4) in
Sample 108-667A-18H-1, 135-136 cm, and Manivit (1989) showed

In oceanic sections, a hiatus may not only be recognized by a dihat the LO ofCatinaster coalitus (base of Zone CN6) is immediately
continuity in ages, but also by an abrupt decrease in average sedimabbve, in Sample 108-667A-17H-CC. This suggests a regional extent
accumulation rates below that typical for the sediment type recoverddr this middle Miocene hiatus.
in the interval (Rona, 1973). In this study, hiatuses were detected at The interval corresponding to the late Miocene CN7a hiatus
breaks in the nannofossil biostratigraphic sequence, and condengbdough the late Miocene CN8a hiatus at Site 960 has no diagnostic
sections were identified where average sediment accumulation rategecies (except perhaps fiscoaster pentaradiatus), and contains
are relatively low. A break or a hiatus in the nannostratigraphic seevidence of reworkingQoronocyclus nitescens, Cyclicargolithus
quence is most likely to be easily recognized where a whol8oridanus, andHelicosphaera granulata) at Site 667 (based on data
(sub)zone or a number of (sub)zones are missing, but not necessaiityManivit, 1989). In nearby Hole 366A, also on the Sierra Leone
where only parts of (sub)zones are missing. In studies employing twRise, Bukry (1977) recorded Subzone CN7b immediately above
or more integrated stratigraphic systems (see, for example, Keller a@dne CN6 and immediately below Zone CN9. Although this may be

Barron, 1983; Aubry, 1995), the cumulative stratigraphic resolutiora good indication of a condensed section, it cannot be taken as clear
may allow detection of short hiatuses, equivalent to a part of a sulevidence for the absence of Subzone CN7a and Zone CN8 because
zone. Bukry (1977) based his study largely on one sample per core. Inter-
In Figure 2, most stratigraphic breaks, which fall between coressstingly, data in Manivit (1989) present more compelling evidence
are considered questionable, because such breaks are likely to be doethe absence of Subzone CN7a in Hole 659A to the north of Site
sult of incomplete core recovery rather than hiatuses (see also Mod3é6.
et al., 1978). This is exemplified by the two breaks in the Pliocene— It appears from the above discussion that the middle and upper
Pleistocene section in Hole 960A (see Fig. 2), where core recoveifiocene section on the Sierra Leone Rise is largely condensed; Zone
was exceedingly poor (1.2 m of sediment recovered from a cored ilGN5 is absent at Site 667 and Subzones CN7a and CN8a were not re-
terval of 18.7 m). These two breaks have no counterparts in Holeorded at either Sites 336 or 667, while at the latter site, evidence for
960C, where core recovery was almost complete. a reworking episode was identified.
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At Site 661, to the north of the Sierra L eone Rise, Manivit (1989) Correlation with Deep-Sea Hiatuses
recorded a succession of biohorizons in a single core (Core 108-
661A-10H) indicative of upper Miocene Subzones CN7b through As shown in Figure 3, the middle and late Miocene hiatuses, de-

CNO9a, above abarren interval in the same core: top of barren interval tected on the Coéte d’lvoire-Ghana marginal ridge, correspond with
in Sample 108-661A-10H-4, 140 cm; Subzone CN7b in Samples four described by Keller and Barron (1983, 1987; see also Keller et
108-661A-10H-4, 45-46 cm, and 108-661A-10H-3, 150-151 cmal., 1987). According to Keller and Barron (1983), these Neogene hi-
Subzone CN8a in Sample 108-661A-10H-3, 130-131 cm; Subzorsuses coincided with climatic cooling, sea level falls, and increased
CNB8b in Sample 108-661A-10H-1, 110-111 cm; and Subzone CN9zarbonate dissolution. Evidence of pronounced carbonate dissolution
in Sample 108-661A-10H-1, 70-71 cm. In contrast, all of the overin the middle and lower upper Miocene section on the ridge have al-
lying core (Core 108-661A-9H) is assigned to Subzone CNBb. ready been noted above, and Figure 3 seems to support a correlation
nylitha convaliswas not recorded by Manivit (1989), but it is still rea- between the hiatuses and falls in sea level. The CN5 hiatus on the
sonable to suggest that the ~5-m-thick upper Miocene section (reprerest of the ridge (Site 960) is longer than NH3, but seems to coincide
senting Subzones CN7b through to CN9a) is condensed. Subzowéh a period of progressively lowering global sea level, with two
CNO9a is particularly thin, and the rate of accumulation for the commajor sea level falls (a 55-m drop followed by a 60-m drop). The
bined Zone CN8 and Subzone CN9a, is <0.8 per 1 m.y. (using tH@N5 hiatus probably began as an erosional event which left rare
timescale of Berggren et al., 1995b), suggesting a possible hiatus. Eocene nannofossils at Site 960 and terminated with the deposition

520



UPPER CENOZOIC CALCAREOUS NANNOFOSSIL BIOSTRATIGRAPHY

of reworked nannofossils from Zone CN4 and older sediments at the nology: new perspectives in high-resolution stratigragenl. Soc. Am.
same site. Modern deep-current circulation probably was established Bull., 107:1272-1287. ,
by the time of this hiatus. The CN7a hiatus at Site 960, which corre-  Berggren, W.A., Kent, D.V,, Swisher, C.C., lll, and Aubry, M.-P., 1995b. A
sponds well with NH4 of Keller and Barron (1983, 1987), was prob- revised Cenozoic gebochronology gnd cgroEoTtratl(g]rzphh%er:ggreln,

: y ’ W.A., Kent, D.V., Aubry, M.-P., and Hardenbol, J. (Ed&kochronol-
ably aconsequence of thedrastic sealevel fall (a125-m drop) that oc- ogy, Time Scales and Global Stratigraphic Correlation. Spec. Publ—Soc.

curred late in Zor_'e CN6 t'me_' R - Econ. Paleontol. Mineral., 54:129-212.

The CNB8a hiatus, on different parts of the Cote d'lvoire-Ghanasramiette, M.N., and Wilcoxon, J.A., 1967. Middle Tertiary calcareous nan-
marginal ridge, neatly fits with the well-documented, widespread noplankton of the Cipero Section, Trinidad, WILlane Stud. Geol.,
NH5 of Keller and Barron (1983, 1987). The erosional intensity of  5:93-132.
this event, which was probably greater than any other hiatus duririukry, D., 1973. Low-latitude coccolith biostratigraphic zonationEdgar,
the middle and late Miocene (Keller and Barron, 1983), is evident at N.T., Saunders, J.B., et alnit. Repts. DSDP, 15: Washington (U.S.
Site 959 where reworked Cretaceous and Paleocene nannofossils GOVt Printing Office), 685-703. _
were found in the sediments marking its termination. The CN9a hia=— 2~ logzeS;;mCOSZZghsigdDsr'ilffr?gﬂagfgjiﬁ itézt'%gpt‘gr’sgr?”g’vl_es'ter”
tus at Site 960 may have started earlier than the NH6 of Keller and Moberly, R., et al.nit. Repts. DSDP. 32: Washington (U.S. Govt. Print-
Barron (1983, 1987), but both probably terminated at about the same ing Office), 677—701.
time. Coincidently with this hiatus is the high-productivity eventthat____—__ 1978, Cenozoic coccolith and silicoflagellate stratigraphy, off-
temporarily eliminated largReticul ofenestra pseudoumbilicus from shore northwest Africa, Deep Sea Drilling Project Leg l#1Lancelot,
low-latitude areas. Y., Seibold, E., et al.lnit. Repts. DSDP, 41: Washington (U.S. Govt.

Interestingly, Figure 3 shows that both the CN5 hiatus and CN8a Printing Office), 689-707.
hiatus began at the highs on the sea-level curve and ended at the lows;—— 1981. Pacific coast coccolith stratigraphy between Point Concep-
whereas the CN7a hiatus began at a low on the curve, and ended at d/°n and Cabo Corrientes, Deep Sea Drilling Project Leg6¥eats,

high and the CN9a hiatus began and ended at lows on the sea-levelR-S- Had, B.U., et allnit. Repts. DSDP, 63: Washington (U.S. Govt
curve Printing Office), 445-471.

de Kaenel, E., and Villa, G., 1996. Oligocene-Miocene calcareous nannofos-
sils biostratigraphy and paleoecology from the Iberia Abyssal Riain.
Whitmarsh, R.B., Sawyer, D.S., Klaus, A., and Masson, D.G. (Eds.),
CONCLUSIONS Proc. ODP, Sci. Results, 149: College Station, TX (Ocean Drilling Pro-
gram), 79-145.
An almost complete upper Cenozoic sequence of nannofosdilriever, B.W.M., 1988. Calcareous nannofossil biostratigraphy and paleoen-
(sub)zones was identified in Hole 959A, with proxies for the rare vironmental interpretation of the Mediterranean Pliocéheecht Micro-

marker species being employed. Only Subzone CN8a was missing, Palaeontol. Bull., 26:1-245. S
but this subzone was also missing from other holes on the ridg ornaciari, E., Backman, J., and Rio, D., 1993. Quantitative distribution pat-
" terns of selected lower to middle Miocene calcareous nannofossils from

indicating a Wldesmead hiatus Off thg Cote d'lvoire and Ghanq. the Ontong Java Platedm Berger, W.H., Kroenke, L.W., Mayer, L.A.,
Three other hiatuses were recognized in the largely condensed mid- ¢ 4| proc. ODP, . Resuts, 130: College Station, TX (Ocean Drilling
dle and upper Miocene section at Site 960. During the oldest of these program), 245-256.
hiatuse§ a serigs of short.episodes.clnf increaseql disso!ution of calcBfrnaciari, E., Raffi, I., Rio, D., Villa, G., Backman, J., and Olafsson, G.,
eous microfossils and an influx of siliceous fossils at Site 959 ended. 1990. Quantitative distribution patterns of Oligocene and Miocene cal-
The four hiatuses correlate well with other oceanic hiatuses known in careous nannofossils from the western equatorial Indian Olre®un-
three principal oceans, and coincide roughly with major falls in glo- can, R.A., Backman, J., Peterson, L.C., etRioc. ODP, i. Results,
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Emiliania huxleyi (Lohmann, 1902) Hay and Mohler in Hay et al., 1967 Reticul ofenestra astoni Sato and Takayama, 1992

Florisphaera profunda Okada and Honjo, 1973 Reticul ofenestra haqii Backman, 1978

Geminilithella rotula (Kamptner, 1956) Backman, 1980 Reticul ofenestra lockeri Miller, 1970

Gephyrocapsa aperta Kamptner, 1963 Reticul ofenestra minuta Roth, 1970

Gephyrocapsa caribbeanica Boudreau and Hay, 1969 Reticul ofenestra minutula (Gartner, 1967) Haq and Berggren, 1978
Gephyrocapsa oceanica Kamptner, 1943 Reticul ofenestra pseudoumbilicus (Gartner, 1967) Gartner, 1969
Gephyrocapsa margerellii Breheret, 1978 Reticul ofenestra rotalia Theodordis, 1984

Gephyrocapsa omega Bukry, 1973 Rhabdosphaera clavigera Murray and Blackman, 1898

Hayaster perplexus (Bramlette and Riedel, 1954) Bukry, 1973 Scaphalithus fossilis Deflandrein Deflandre and Fert, 1954
Helicosphaera acuta Theodordis, 1984 Solidopons petrae Theodordis, 1984

Helicosphaera ampliaperta Bramlette and Wilcoxon, 1967 Sphenoalithus abies Deflandrein Deflandre and Fert, 1954
Helicosphaera burkei Black, 1971 Sphenoalithus belemnos Bramlette and Wilcoxon, 1967
Helicosphaera carteri (Wallich, 1977) Kamptner, 1953 Sphenoalithus capricornutus Bukry and Percival, 1971

Helicosphaera elongata Theodordis, 1984 Sphenolithus ciperoensis Bramlette and Wilcoxon, 1967
Helicosphaera euphratis Hag, 1966 Sphenolithus compactus Backman, 1980

Helicosphaera granulata (Bukry and Percival, 1971) Jafar and Martini, 1975 Sphenolithus conicus Bukry, 1971

Helicosphaera hyalina Gaarder, 1970 Sphenalithus dissimilis Bukry and Percival, 1971

Helicosphaera intermedia Martini, 1965 Sphenoalithus elongatus Perch-Nielsen, 1980

Helicosphaera inversa (Gartner, 1977) Gartner, 1980 Sphenalithus heteromorphus Deflandre, 1953

Helicosphaera kamptneri Hay and Mohler in Hay et a., 1967 Shenolithus moriformis (Brénnimann and Stradner, 1960) Bramlette and
Helicosphaera mediterranea Muller, 1981 Wilcoxon, 1967

Helicosphaera obliqua Bramlette and Wilcoxon, 1967 Sphenolithus neoabies Bukry and Bramlette, 1969

Helicosphaera orientalis Black, 1971 Syracosphaera pulchra Lohmann, 1902

Helicosphaera recta Hag, 1966 Tetralithoides symeonidesii Theodordis, 1984

Helicosphaera rhomba (Bukry, 1971) Haq and Berggren, 1978 Triquetrorhabdulus auritus Stradner and Allram, 1982
Helicosphaera scissura Miller, 1981 Triquetrorhabdulus milowii Bukry, 1971

Helicosphaera sellii (Bukry and Bramlette, 1969) Jafar and Martini, 1975  Triquetrorhabdulus carinatus Martini, 1965

Helicosphaera stalis Theodordis, 1984 Triquetrorhabdulus farnsworthii Gartner, 1967

Helicosphaera truempyi Biolzi and Perch-Nielsen, 1982 Triquetrorhabdulus rugosus Bramlette and Wilcoxon, 1967
Minylitha convallis Bukry, 1973 Umbilicosphaera irregularis Paasche, 1955

Orthorhabdus serratus Bramlette and Wilcoxon, 1967 Umbilicosphaera sibogae (Weber-van Bosse, 1901) Gaarder, 1970
Pontosphaera indooceanica Cepek, 1973

Pontosphaera japonica (Takayama, 1967) Nishida, 1971 Older species

Pontosphaera multipora (Kamptner, 1948) Roth, 1970 Chiasmolithus solitus (Bramlette and Sullivan, 1961) Locker, 1968
Pontosphaera plana (Bramlette and Sullivan, 1961) Hag, 1971 Cruciplacolithus tenuis (Stradner, 1961) Hay and MohlerHay et al., 1967
Pseudoemiliania lacunosa (Kamptner, 1963) Gartner, 1969 Gartnerago obliquum (Stradner, 1963) Noel, 1970

Reticul ofenestra ampliumbilicus Theodordis, 1984 Isthmolithus recurvus Deflandre, 1954
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