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ABSTRACT

Selected calcareous nannofossils were investigated by means of quantitative methods in middle and upper Miocene sediments
from the tropical Indian Ocean (ODP Leg 115) and equatorial Pacific Ocean (DSDP Leg 85, ODP Legs 130 and 138). Our goal
was to test the reliability of the classic biohorizons used in the standard zonations of Martini (1971) and Bukry (1973) and, possi-
bly, to improve biostratigraphic resolution in the Miocene.

In a time interval of about 8 m.y., from the last occurrence (LO) of S. heteromorphus (= 13.6 Ma) to the LO of D. quingueramus
(=5.5Ma), atotal 37 events were investigated, using both the conventional and some additional markers proposed in the literature.
At least 17 of these events proved to be distinct biostratigraphic correlation lines between the two considered areas. This integrated
biostratigraphic framework increases the biostratigraphic resolution in the middle-upper Miocene interval (of the order of about
0.5 m.y).

All the investigated events were tied to the geomagnetic polarity time scale (GPTS) and compared to biomagnetostratigraphy
from mid-latitude North Atlantic Site 94-608 (Olafsson, 1991; Gartner, 1992), thus obtaining further information about the
biostratigraphic and biochronologic reliability of the investigated events and a significant improvement of the available nannofos-

sil biomagnetostratigraphic model for the middle and late Miocene.

INTRODUCTION

Recently, considerable efforts have been dedicated to improving,
by means of calcareous nannofossil events, the time resolution ob-
tainable for the Miocene record, which is low when compared to those
of the Pliocene and Pleistocene (Olafsson, 1989, 1991; Rio et al.,
1990a; Fornaciari et al., 1990, 1993; Gartner, 1992). Furthermore, the
purpose of these attempts was to test the nannofossil biostratigraphic
reliability in the Miocene record, in terms of isochroneity of the
bioevents and reproducibility over wide geographic areas.

Here, we expand the existing database for middle and late Mio-
cene nannofossils by showing quantitative distribution patterns of
selected species in sections from the equatorial Indian and Pacific
oceans, recovered during DSDP Leg 85 and ODP Legs 115, 130, and
138 (Fig. | and Table 1). Quantitative distribution patterns are funda-
mental for evaluating reliability of the classic first occurrence (FO)
and last occurrence (LO) events (Backman and Shackleton, 1983). In
addition, detailed quantitative distribution patterns can provide sup-
plementary events based on abundance fluctations (acme, absence—
or “paracme”—intervals). These additional events can result in bio-
stratigraphically useful data for regional and long-distance correla-
tions in so far as they reflect regional paleoceanographic events
and/or global evolutionary turnovers that do not result in extinctions.
Quantitative distribution patterns, as well, are important for gaining
insights into the paleoecology and biogeography of calcareous nan-
nofossils and for overcoming many traditional problems of biostra-
tigraphy, such as noises in the stratigraphic record (reworking, etc.)
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and inconsistencies in data-collecting methodologies (see discussion
in Backman and Shackleton, 1983; Rio et al., 1990b).

OBJECTIVES AND STRATEGY

As stated above, our main objectives were to test the reliability of
calcareous nannofossil biohorizons (biostratigraphic events) and to
improve biostratigraphic resolution. To make our objectives and con-
clusions more clear, we found it necessary to state our concept of
biostratigraphic reliability, a much discussed topic in the past (i.e.,
Gradstein, 1985; Hill and Thierstein, 1989; Rio et al., 1990b; Bralower
et al.,1989). In our concept, a biohorizon is considered to be reliable
when it is easily reproducible among the different researchers and
can be consistently correlated among distant and/or different facies/
sections, maintaining its position relative to other biohorizons. This
last property, recently named “ranking” by Gradstein (1985), is simply
the scientific paradigm of biostratigraphy (the principle of faunal
succession) on which William Smith at the end of the 18th century
founded biostratigraphy (Prothero, 1990). Reproducibility of a bio-
horizon is function of (1) the clear taxonomy of the index species; (2)
the mode of occurrence (subtle, abrupt, etc.) of the change in distribu-
tion pattern of the index species one chooses as biohorizon.

Therefore, we will rank biostratigraphic reliability of an index
species by evaluating the following:

1. Unambiguous taxonomy;

2. Mode of occurrence of the event by visual inspection of the
abundance pattern (“morphology™ of the event) of the index species;

3. Consistency of the relative position (ranking) with respect to
other bichorizons in distant sections; and

4, Position of the events vs. the available chronomagneto-
stratigraphy.

MATERIAL AND METHODS

The sections included in this study are located in Figure 1 and
listed in Table 1, where pertinent references for location and back-
ground information on the 10 sites investigated and on the sites
considered for comparison are reported. Except for DSDP Site 608,
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Table 1. Summary of cores considered in this study.
Water
Location depth General
Leg  Sitefhole (lat, long) (m) lithology Magnetics References

DSDP 82 558  Western North Atlantic Ocean 3754  Nannofossil ooze Khan et al. (1985) Bukry (1985); Miller et al. (1985);
(37°46.2'N, 37°20.61'W) Parker (1985)

DSDP 82 563 Western North Atlantic Ocean 3786 Foraminiferal nannofossil ooze  Khan et al. (1985) Bukry (1985); Miller et al, (1985);
(33°38.53'N, 43°46.04'W) and chalk Parker (1985)

DSDP94 608  Eastern North Altantic Ocean 3526 Foraminifer and nannofossil coze  Clement and Robinson (1987) Takayama and Sato (1987);
(42°50.20'N, 23°05.25'W) and chalk Olafsson (1991); Garter (1992)

QDP 108 66TA  Equatorial Atlantic Ocean 3535 Mud-bearing nannofossil ooze — Manivit (1989); Olafsson (1989)
(4°34.15'N, 21°54.68"W)

DSDP 85 574  Central equatorial Pacific Ocean 4561  Calcareous ooze chalk — Pujos (1985); Olafsson (1989)
{4°12.52'N, 133°19.81'W)

DSDP85 575  Central equatorial Pacific Ocean 4536 Siliceous and nannofossil ooze - Pujos (1985); present study
(5°5 100N, 135°02.16'W)

ODP 130 806  Western equatorial Pacific Ocean 2520.7 Foraminiferal nannofossil chalk — Fornaciari et al. (1993); present
(0°19.11°N, 159°21.68'E) study

ODP 138 844 Eastern equatorial Pacific Ocean 3425.0 Clay-rich biogenic, silica-rich Mayer, Pisias, Janecek, et al. (1992), Raffi and Flores (this volume);
(7°55.28'N, 90°28.85'W) ooze + nannofossil ooze Schneider (this volume) present study

ODFP 138 845  Eastern equatorial Pacific Ocean 37159 Diatom radiolarian, clay, and Mayer, Pisias, Janecek, et al. (1992), Raffi and Flores (this volume);
(9°34.95'N, 94°35.45'W) nannofossil coze Schneider (this volume) present study

ODP 138 848  Eastern equatorial Pacific Ocean 3867.3 Foraminiferal nannofossil ooze ~ Mayer, Pisias, Janecek, et al. (1992), Raffi and Flores (this volume);
(2°59.63'S, 110°28.79'W) Schneider et al. (this volume) present study

ODP 138 853 Eastern equatorial Pacific Ocean  3727.2  Clayey nannofossil ooze Mayer, Pisias, Janecek, et al. (1992)
(7°12.66'N, 109°45.08"W)

ODP 115 709  Western tropical Indian Ocean  3046.9 Nannofossil ooze - Fornaciari et al. (1990}
(3°54.72'S, 60°33.16°E) Rio et al. (1990); present study

ODP 115 710 Western tropical Indian Ocean  3822.5 Clay-bearing nannofossil ooze Schneider and Kent (1990) Backman et al. (1990);
(4°18.69'S, 60°48.76'E) Rio ct al. (1990); present study

ODP 115 711  Western tropical Indian Ocean 44387 Clay and clayey nannofossil ooze Schneider and Kent (1990) Rio et al. (1990); present study
(2944.46°S, 61°09,75'E)

ODP 115 714 Western tropical Indian Ocean 204200 Foraminiferal nannofossil ooze — Formaciari et al. (1990): Rio et al.

(5903.69'N, 73°46.98'E)

(1990); present study
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Figure 1. Location of DSDP and ODP Sites studied (*) and considered for
reference (o).

all are located in low-latitude areas, but represent vastly different
watermasses. The temporal extension of the various sections is sum-
marized in Figure 2, where the availability of magnetostratigraphic
records is evidenced.

Light microscope techniques were used for examining smear
slides, which were made directly from core samples, using standard
methods. Quantitative data were collected according to three methods:

I. Counting the index species relative to the total assemblage.

2. Counting the index species relative to a prefixed number of
taxonomically related forms (i.e., species of discoasterids relative to
200 discoasterids, etc.).

3. Counting the number of specimens of the index species per unit
area of the slide.
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Backman and Shackleton (1983) and Rio et al. (1990b) discussed
these three methods at length, indicating their respective advantages
as well as their limits of applicability.

Method 1 was applied for evaluating abundances of Mynilitha
convallis, and of all the index species reported at Site 806. Method 2
was applied for evaluating abundances of discoasterid species, Calci-
discus premacintyrei and C. macintyrei (211 um), Sphenolithus het-
eromorphus. Method 3 was applied for obtaining distribution patterns
of ceratolithids and triquetrorhabdulid species and Coronocyclus nite-
scens. As regards Reticulofenestra pseudoumbilicus (>7 um) and Cy-
clicargolithus floridanus, different counting methods were applied in
the different sequences. R. pseudowmbilicus was counted vs. all the
other nannofossils at Sites 575 (Fig. 3), 714 (Fig. 4), and 806 (Fig. 5),
and vs. C. floridanus at Site 845 (Fig. 6). Except in this latter site, C.
Sfloridanus was counted vs. all the nannofossils at Sites 575 (Fig. 3) and
806 (Fig. 5) and per unit area at Site 714 (Fig. 4). Note that the different
methods provide comparable biostratigraphic signals.

As regards the magnetostratigraphic records reported in the inves-
tigated sequences, data are from Schneider and Kent (1990) for ODP
Leg 115 sequences (Figs. 10 and 14), and from site chapters in Mayer,
Pisias, and Janecek, et al. (1992) and Schneider (this volume) for
ODP Leg 138 sequences (Figs. 6, 11-13, 15). We refer to the paleo-
magnetic time scale of Cande and Kent (1992), combined with the
time scale developed for Leg 138 sites (Shackleton et al., this volume)
(Fig. 17, back pocket).

REMARKS ON TAXONOMY

Calcareous nannofossil species considered in this study are listed
in the Appendix. Most of these are referenced in Perch-Nielsen (1985).
Consistency in taxonomic concepts is a key factor in biostratigraphy,
and the use of different taxonomic concepts (expecially when dealing
with intermediate morphologies of evolving lineages) explains much
of the differences in biostratigraphic ranges found in literature. We
have made clear the adopted taxonomic concepts in previous papers
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Figure 2. Position relative to integrated biomagnetostratigraphy of the investigated sections. “M" denotes sections with magnetostratigraphy.

(Rio et al., 1990a; Fornaciari et al., 1990; Raffi and Flores, this vol-
ume), to which the reader is referred. When necessary, we will reiter-
ate the adopted criteria in some of the index species determination,
commenting on a single biohorizon.

RESULTS

We established by different counting methods the distribution pat-
terns of 29 middle and late Miocene index calcareous nannofossils,
shown in Figures 3 to 16. Besides the distribution of index nannofos-
sils, in some sequences we report also the distribution patterns of
additional species, such as Discoaster musicus, D. aff. calcaris, and
Discoaster sp. 2, which characterize the assemblages at different strati-
graphic intervals. Specifically, D. aff. calcaris is a discoasterid ob-
served both in tropical Indian and equatorial Pacific oceans within
Zone CN5 (see Rio et al., 1990a, for description). Discoaster sp. 2 is
a large discoasterid similar to Discoaster brouweri, consistently re-
corded within Subzone CN9b, in both low-latitude areas (Rio et al.,
1990a; Raffi and Flores, this volume). Moreover, as regards discoaster-
ids, we did not report quantitative distributions either of long-ranging
species, which do not provide significative biostratigraphic signal
(such as D. brouweri and D. variabilis), or of index species found as
rare and scattered. Among this latter group, we included Discoaster
braarudii, which does not result in a reliable biostratigraphic marker
in the middle Miocene, as suggested by Gartner (1992). Both in tropi-
cal Indian Ocean sequences (ODP Leg 115) and equatorial Pacific
Ocean sequences (ODP Leg 138), D. braarudii is rare, discontinuously
distributed in Zones CN6 and CN7 (NN8 and NN9) and does not have
any biostratigraphic utility.

On the basis of the established distribution patterns, their long
distance correlations, and their calibration to the available magneto-
stratigraphy (Fig. 17, back pocket), we discuss in the following sec-
tions the reliability of 37 biohorizons, shown in Table 2 and numbered

Table 2. Summary of biohorizons considered in this study.

37
36
35
34
33
3z
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10

Ll BT RV - I - R -

Discoaster guingueramus LO
Amaurolithus amplificus LO
Amaurolithus amplificus FO
Amaurolithus primus FO
Discoaster surculus FCO
Discoaster berggrenii FO
Discoaster pentaradiatus FO
Discoaster neorectus FO
Discoaster loeblichii FO
Discoaster bollii LO

Mynilitha convallis FO
Discoaster hamatus LO
Discoaster neohamatus FO
Discoaster prepentaradiatus FO
Catinaster calyculus LO
Catinaster coalitus LO
Discoaster hamatus FO
Catinaster calyeulus FO
Caoccolithus miopelagicus LO
Discoaster bellus group FO
Discoaster exilis LCO
Discoaster calearis FO
Catinaster coalitus FO
Discoaster kugleri LO
Discoaster kugleri LCO
Discoaster bollii FO

Discoaster kugleri FCO
Discoaster kugleri FO
Calcidiscus macintyrei FO
Coronocyclus nitescens LO
Triguetrorhabdulus serratus L.O
Caleidiseus premacintyrei LCO
Triguetrorhabdulus rugosus FCO
Discoaster signus LO
Cyclicargolithus floridanus LCO
Reticulofenestra pseudoumbilicus FO
Sphenolithus heteromorphus LO

Notes: LO = last occurrence; FO = first ocurrance; LCO = last common occurrence.
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Figure 3. Abundance patterns of middle Miocene selected calcareous nannofossils at Hole 575B. (mbsf)
= meters below seafloor. N/mm? = number of specimens per square millimeter; FO = first occurrence;
LO = last occurrence; FCO = first common and/or continuous occurrence; LCO = last common and/or

continuous occurrence,

Table 3. Position of calcareous nannofossil events at Hole 575B.

Core, section Depth

Event (em) (mbsf)
D. hamatus FO 5H-3, 115/5H-2, 28 43.15-40.78
C. migpelagicus LO 5H-3, 115/5H-2, 28 43.15-40.78
C. nirescens LO TH-2, 49/TH-1, 95 57.39-56.35
T. serratus LO TH-2, 49/TH-1, 95 57.39-56.35
C. macintyrei FO TH-6, 52/TH-5, 5 63.42-61.45
C. premacintyrei LCO  TH-6, 52/TH-5, 5 63.42-61.45
T. rugosus FCO 8H-3, 31/8H-2, 90 68.01-67.1
C. floridans LCO 9H-2, 93/9H-1, 32 76.23-74.12
S. heteromorphus LO  9H-5, 137/9H-4, 92 81.17-79.22
R. pseudoumbilicus FO  10H-3, 108/10H-2,47  B5.48-83.87

Notes: FO = first occurrence; LO = last occurrence; FCO = first common and continuous
occurrence; LCO = last common and continuous occurrence.

in stratigraphic order. The stratigraphic position in the single sections
of these biohorizons is summarized in Tables 3 to 13.

LO of Sphenolithus heteromorphus (1)

The LO of the easily identified Sphenolithus heteromorphus (defi-
nition of the top of Zones CN4 and NN5) appears as one of the most
easily determined and correlatable event in the investigated sections
(Figs. 3, 5, and 6), as is generally acknowledged in the literature (i.e.,
Olafsson 1989, 1991). Problems with the LO of S. heteromorphus arise
with calibration to the GPTS. In fact, Berggren et al. (1985) associated
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Table 4. Position of calcareous nannofossil events at Hole 714A.

Event

a 'f:ore. section
(em)

Depth
{mbsf)

M. convallis FO

D. hamatus LO

D. pentaradiatus FO
D. bollii LO

D. prepentaradiatus FO
C. coalitus LO

D. neohamatus FO
D. hamatus FO

D. bellus group FO
C. miopelagicus LO
C. calvculus FO

D. exilis LCO

D, kugleri LO

D. calcaris FO

C. coalitus FO

D. bollii FO

D. kugleri FO

C. nitescens LO

T. serratus LO

R. pseudoumbilicus FO
8. heteromorphus LO
T. rugosus FCO

C. floridanus LCO

4H-7, 140/4H-7, 75
5H-1, 30/4H-7, 140
5H-1, 140/5H-1, 30
5H-4, 30/5H-3, 140
6H-1, 30/5H-7, 30
7TH-1, 30/6H-7-30
7H-2, 140/7H-2, 30
7H-4, 30/7TH-4, 10
7H-4, 30/7TH-4, 10
TH-4, 75/TH-6, 10
Not reliable

TH-7, 30/TH-6, 140
8H-1, 75/7H-7, 30
8H-1, 140/7H-7, 30
8H-1, 140/8H-1, 75
8H-4, 75/8H-3, 140
Not reliable

10H-1, 30/9H-5, 30
10H-1, 30/9H-5, 30
10H-6, 75/10H-5, 130
10H-6, 75/10h-5, 130
10H-6, 140/10H-6, 30
10H-6, 140/10H-6, 30

31.7-31.05
32.0-31.7
33.1-32.0
36.5-36.1
41.7-41.0
51.3-50.7
53.9-52.8
55.8-55.6
55.8-55.6
58.6-56.25

60.30-39.9

61.35-60.3
62.0-60.3
62.0-61.35
65.9-65.0

80.1-76.5
80.1-76.5
88.05-87.1
88.05-87.1
88.7-87.6
88.7-87.6

Notes: As specified in Table 3.
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Figure 4. Abundance patterns of middle Miocene selected calcareous nannofossils at Hole 714A. (mbsf) =
meters below seafloor. Notation as specified in Figure 3.
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Table 5, Position of calcareous nannofossil events at Hole 806B.

Core, section Depth
Event (em) (mbsf)
D. kugleri FO Not detected
C. nitescens LO 45X-6, 60/45X-5, 50 42504234
C. macintyrei FO Not detected
T. serratus LO 45X-6, 60/46X-1,50  427.0-425.0
C. premacintyrei LCO 46X-2, 60/46X-1,50  428.6-427.0
T. rugosus FCO 48X-3, 50/49X-2, 60  459.0-457.6
C. floridanus LCO SOX-1, T0/49X-7, 30 464.3-464.2
§. heteromorphus LO S1X-1, 70/50X-6,60  474.0-471.7
R. pseudoumbilicus FO  51X-6, 60/51X-7,30  482.6-481.4

Notes: As specified in Table 3.

this important event with Chron 5ADn, considering the results of
Miller et al. (1985) at DSDP Sites 558 and 563, whereas Backman et
al. (1990) and Olafsson (1991) associated it to Chron SABr on the
basis of results from DSDP Site 608. About | m.y. of diachroneity is
inferred when accepting these data. However, note that recently, Miller
etal. (1991) correlated, via oxygen isotope stratigraphy, Sites 563 and
608, and reinterpreted the magnetostratigraphic record of the former
succession (compare Fig. | in Miller et al., 1985, with Fig. 4 in Miller
etal,, 1991). At both sites, S. heteromorphus LO is almost coincident
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with a prominent stable oxygen isotope minimum in benthic foramin-
ifers (Mi3), which in the new interpretation of Miller et al. (1991), is
associated in both sites with Chron SABr. A similar calibration can be
inferred also at Site 521 (Hsii et al., 1984) and at Indian Ocean Site 710
(Rio et al., 1990a), where the LO of S. heteromorphus clearly post-
dates Chron 5AD time.

No reliable magnetostratigraphy is available in the sequences of
Leg 138 sediments in the interval around the LO of S. heteromorphus.
However, extrapolating sediment accumulation rates at Site 845, an
age corresponding to the top Chron 5ACn—base Chron SABr time—
is obtained (Raffi and Flores, this volume).

We consider the S. hereromorphus LO an excellent biostratigraphic
event, which has probably a high chronostratigraphic correlation po-
tential between low- and mid-latitude areas (Fig. 17, back pocket).

FO of Reticulofenestra pseudoumbilicus (2)

For distinguishing Reticulofenestra pseudoumbilicus, we consid-
ered reticulofenestrids larger than 7 pm, following the taxonomic
concepts of Raffi and Rio (1979) and Backman and Shackleton
(1983). These reticulofenestrids provide a biostratigraphically and
biochronologically reliable event in the Pliocene, when they became
extinct in the upper part of Chron 2Ar (late Gilbert) (Backman and
Shackleton, 1983; Rio et al. 1990a, 1990b; Raffi and Flores, this
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Figure 7. Abundance patterns of middle Miocene selected calcareous nannofossils at Hole 714B, (mbsf) = meters
below seafloor. Notation as specified in Figure 3.

Table 6. Position of calcareous nannofossil events at Site 845,

Table 7. Position of calcareous nannofossil events at Hole 714B.

T Core, section Depth Core, section Depth

Event {em) (med) Event (cm) (mbsf)
D. guingueramus LO 845A-8H-7, 12/8H-6, 120 80.02-79.60 D. h‘g'f"”.' LO Not detected
A. amplificus LO Not reliable D. kugleri LCO Not detected
A. amplificus FO 845A-10H-4, 13/10H-3, 120 96.71-96.28 D. kugleri FO Not reliable
A. primus FO 845A-11H-2, 120/11H-2, 32 105.56-104.68 C. macintyrei FO 8H-6, 40/8H-5,40  72.5-71.0
D. surculus FCO 845A-12H-1, 120/12H-1. 42 115.13-114.35 C. nitescens LO OH-3,409H-2,40  77.7-76.2
D. berggrenii FO 845B-12H-5, 150/845A 13H-1, 145 126.58-126.16 C. premacintyrei LCO - 9H-3,40/9H-2,40  77.7-76.2
D. pentaradiatus FO Not reliable T. serratus LO 9H-4, 40/9H-3, 40 79.2-77.2
D. loeblichii LO Not reliable C. floridanus LCO 10H-3, 40/10H-2, 40 87.3-85.8
D. loeblichii FO Not reliable T. rugosus FCO 10H-4, 40/10H-3, 40 88.8-87.3
D. bollii LO 845A 15H-5, 98/15H-5. 70 153.94-153.66 R. pseudoumbilicus FO  10H-4, 40/10H-3, 40  ¥8.8-87.3
D. hamatus LO Not reliable o o 5. heteromorphus LO 10H-4, 40/10H-3,40 88.8-87.3
D. neohamatus FO Not detected
D. exilis LCO 845B 15H-2. 100/15H-2, 60 156.9-156.54 Notes: As specified in Table 3,
D. hamatus FO 845B 15H-2, 145/15H-2, 120 57.35-157.1
C. calyculus FO 845A 16H-1,42/845B 15H-3, 130 158.75-158.7
C. miopelagicus LO 845B 15H-4, 40/15H-4, 20 159.3-159.1
D. calcaris FO 845A 16H-2, 42/845B 15H-4, 100 ; ] . s ctribts
D. bellus zmup FO R45A 16H-2. Ig’fmm_z_ 42 : :2?(1,2::2335 volume). We examined the lower distribution range of R. pseudoum-
D. kugleri LO 845A 16H-4, 11/16H-3. 143 162.94-162.76 bilicus to obtain information about its appearance event. It occurs close
C. coalitus FO 845A 16H-4, 78/16H-4, 32 163.61-163.15
D. surcutus FO 845A 16H4, 143/16H-4, 120 164.26-164.03 to the LO of . heteromorphus (the boundary between Zones CN4 and
D. kugleri LCO 845B 16H-7, 20/16H-6, 120 174.0-173.56 CN3) in the equatorial Indian Ocean Site 714 (Fig. 4, and Fornaciari et
D. bollii FO 845B 17H-2, T9/17H-1, 90 177.19-175.8 al.. 1990). and at western equatorial Pacific Site 806 (Fig. 5, and
D. kugleri FCO 845B 17H-5, 42/17H-5, 10 181.32-181 i ]“ Eq buti e obtal eda:gS'te 806
D. kugleri FO 845B 18H-5, 120/845B 18H-5,78  191.6-191.18 Fornaciari et al.,1993). The distribution patterns obtained at Si
C. nitescens LO 845B 18H-5, 78/845B 18H-5, 10 191.18-190.5 and at the other Pacific Sites 575 (Fig. 3) and 845 (Fig. 6) show that
T. serratus LO 845B 18H-5, 78/18H-4, 40 191.18-189.3 far s ; 15
C. macintyrei FO 845B 18H-5, 120/845B 18H-5,78  191.6-191.18 rare and scattered, but distinctive, large forms of R. pseudoumbilicus
C. premacintyrei LCO  845B 18H-7, 50/18-H7, 23 194.0-193.73 are present below the extinction level of S. heteromorphus. At mid-
B, ﬂfgmus]-l:)CO gﬁn 19H-7, 1’ gmzfiajzau-?. 78 203.74-203.21 latitude North Atlantic Site 608, Olafsson (1991) reported the FO of R.
C_‘}'.f;f;:;m Lco 34‘5i §§2j?; / 4‘;2,225'{_] ?23 %gg%éjg;zi pseudoumbilicus in a different position, as occurring well above the
S. heteromorphus LO_ 845A 23H-4, 86/23H-4, 46 237.69-237.29 LO of S. heteromorphus. If correlated to magnetostratigraphy, the FO
R. psendoumbilicus FO  845A 23H-6, 5/23H-5, 120 239.88-239.53 of R. pseudoumbilicus at Site 608 is associated to the top of Chron

Notes: As specified in Table 3.

5AAn. This is probably the same event, occurring in the same chrono-
stratigraphic position, as the gradual increase in abundance observed

485



I. RAFFIET AL.

Table 8. Position of calcareous nannofossil events at Hole 709C.

Core, section Depth
Event {em) (mbsf)
D. quingueramuy 1.O TH-6, 60/TH-5, 60 62.0-60).5
A, amplificus 1L.O BH-5, 6OV8H-4. 60 70.2-68.7
A, amplificns FO 10H-1, 60/9H-6, 60 #3.5-81.3
A. prinms FO 1OH-6. 60/10H-5. 60 91.0-89.5
M. convallis LO 10H-6. 60/ 10H-5, 60 91.0-89.5
D. stremlus FCO 12H-1. 3/1 1 H-5, 60 102.5-449.1
. berggrenii FO 12H-4, }¥12H-3, 60 107.0=105.8
D. pentaradiatis FO 13H-2, 60/ 13H-1. 90 113.9-112.7
M. comvallis FO I3H-3. 60/13H-1, 90 1139-112.7
D. hamatus LO 13H-2, 60/13H-1, 90 113.9-112.7
D neohamatns FO 13H-2, 90/13H-2, 60 114.2-113.9
D. prepentaradiats FO - 13H-2, %/13H-2, 60 1421139
0. hametos FO I13H-3. 60/13H-2. 90 115.4-114.2
C. miopelagicns LO I13H-3. 60/ 13H-2, 90 115.4-114.2
D. bellus group FO I3H-3, 60/13H-2. 90 115.4-114.2
C. calvenlus FO 13H-3, 60/13H-2, 90 115.4-114.2
C. coalitus FO 13H-3, 90/13H-3, 60 115.7-1154

Notes: FO = first occurrence; LO = last oceurrence; FCO = first common and continuous
occurrence,

Table 9. Position of calcareous nannofossil events at Site 844.

Core, section Depth
Event (cm) (mbsf)
D. guingueramus LO T10B-5H-6, 90/5H-6, 30 43.7-43.1
A. amplificus LO T10B- 6H-2, 130/6H-1, 130 47.7-46.2
A. amplificus FO 710B-7TH-1, 30/6H-6, 110 54.8-53.5
A. primus FO T10B-TH-5, 30/7TH-4, 130 60.8-60.3
D. surculus FCO T10B-TH-7, 15/TH-6, 130 63.65-63.3
M. convallis LO T10A-TH-4, 130/7H-3, 30 63.3-61.8
D. berggrenii FO 7T10A- BH-5, 130/8H-5, 9 74.4-74.0
D. bollii LO T10A- 9H-1, 90/9H-1, 30 77.5-76.9
D. pentaradiatus FO 710A-9H-2, 30/9H-1, 130 78.4-77.9
M. convallis FO T10A- 9H-2, 90/9H-2, 30 79.0-78.4
D. hamatus LO T10A -9H-2, 90/9H-2, 30 79.0-78.4
D. neohamatus FO T10A- 9H-4, 130/9H-4, 90  B2.4-82.0
D. prepentaradiats FO ~ 710A-9H-7, 30/9H-6, 130 85.9-854

D. hamatus FO

Notes: As specified in Table 8.

Not reliable

Table 10. Position of calcareous nannofossil events at Site 844.

Core, section Depth
Event (em) (med)

D. quingueramus LO 844D IH-3, 150/844C 4H-1,75  33.2-330
A. amplificus LO 844C 4H-2, 145/4H-2, 125 35.2-350
A. amplificus FO 844B 5H-2, 120/5H-2, 90 39.35-39.05
A. primus FO 844B 5H-5, 29/5H-4, 120 42944235
D. surculus FO Not reliable

D. surculus FCO 844C 5H-4, 25/5H-3, 100 47.6-46.85
D. berggrenii FO 844B 6H-3, 60/6H-4, 150 53.2-52.6
D. loeblichii LO 844C 6H-1, 70/844B 6HS, 60 54.45-53.2
D. pentaradiarus FO 844C 6H-3, T0/6H-3, 30 57.45-57.05
D. loeblichii FO Not reliable

D. bollii LO 844C 6H-4, 90/6H-4, 50 59.15-58.75
D. prepentaradiatus O Not reliable

D. hamatus LO 844C 6H-5, 30/844B 7H-1, 120 60.05-59.9
D. neohamatus FO 844B 7H-4, 27/7TH-3, 121 63.47-62.91
D. hamatus FO 844C TH-5, 50/7TH-5, 25 70.75-70.5
D. exilis LCO 844C TH-5, 75/7H-5, 50 71.0-70.75
C. miopelagicus LO 844C TH-6, 2/TH-5, 125 7L77-71.5
C. calyeulus FO 844C TH-6, 100/7TH-6, 25 72.75-72.0
D. bellus group FO B44C TH-7, 25/TH-6, 100 73.5-72.75
D. calearis FO 844C TH-7, 70/TH-7, 25 73.95-73.5

Notes: As specified in Table 3.

at Pacific Site 845 (Fig. 6). The data here reported confirm the ecologi-
cal control on the distribution of R. pseudoumbilicus and the regional
value of its FO as a biostratigraphic marker in tropical/equatorial areas,
as previously suggested by Fornaciari et al. (1993).

As commented below, the temporary disappearance of these large
reticulofenestrids was observed both in the tropical Indian and Pacific
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Table 11. Position of calcareous nannofossil events at Site 848.

Core, section Depth

Event (cm) (med)
D. quingueramus LO 848D 6H-6, 5(/848C 6H-7, 8 59.4-58.97
A. amplificus LO 848C TH-2, 50/7H-2, 25 62.79-62.54
A. amplificus FO 848C TH-7, 50f7TH-7, 20 70.29-69.99
A. primus FO 848C 8H-6, 14(/8H-6, 80 80.54-79.94
D. surculus FCO §48C 8H-6, 140/8H-6, 80 80.54-79.94
D. surculus FO Not reliable
D, berggrenii FO 848B 9H-3, 119/9H-3, 100 82.49-823
D. pentaradiatus FO Mot reliable
M. convallis LO Not reliable
M. convallis FO 848B 10H-2, /I0H-2, 120 91.8-91.5

D. hamatus LO R48C 10H-1, 125/848B 10H-4, 10 93.57-934

D. neohamatus FO B48C 10H-2, 145/10H-2. 100 95.27-94.82
D. hamatus FO 848C 10H-5, 50/10H-5, 30 98.82-98.62
C. mippelagicus LO 848C 10H-5, 75/10H-5, 50 99.07-98.82

D bellus group FO
D. exilis LCO
D. calcaris FO

848C 10H-6, 100/848B 11H-1, 50 100.82-100.59
Not reliable
B48B- 11H-3, 90/11H-3, 40

103.99-103.49

Notes: As specified in Table 3.

Table 12. Position of calcareous nannofossil events at Hole 711B.

Core, section Depth
Event (cm) {mbsf)

D. quingueramus LO  4H-1, 25/3H CC 21.65-21.4
A, amplificus LO 4H-1, 100/4H-1, 75 22.4-22.15
A amplificus FO 4H-5,25MH-4, 150 27.65-274
A, primus FO Not reliable

D. surculus FCO 5H-3, 50/5H-2, 125 34.5-33.75
D. berggrenii FO 5H-4, 145/5H-4, 125 36.95-36.75

Notes: As specified in Table 8.

Table 13. Position of calcareous nannofossil events at Site 853.

Core, section Depth
Event (cm) (mcd)
D. quingueramus LO 853D-4H-1, 140/4H-1, 100 33.35-33.95
A. amplificus LO B53B-5H-5, 140/5H-5, 65 37.9-37.1
A. amplificus FO B53B-6H-4, 27/6H-4, 65 46.1-45.7
R. pseudoumbilicus FO  B53B-6H-6, 65/6H-5, 65 49.147.6
A. primus FO 853D-6H-2, 100/6H-2, 140 55.8-55.4
D. surculus FCO 853D-6H-7, 90/6H-7, 70 62.7-61.1
D. berggrenii FO 853D-TH-4, 120/7TH-4, 140 69.4-69.6
D. neohamarus FO 8353D-7H-7, 30/TH-6, 140 73.0-72.6

Notes: As specified in Table 8.

oceans within a long stratigraphic interval in the late Miocene, corre-
sponding to the interval between the LO of Discoaster hamartus and
the FO of Amaurolithus amplificus.

LCO of Cyclicargolithus floridanus (3)

The LO of Cyclicargolithus floridanus has been proposed by
Bukry (1973) as an alternative event to the FO of Discoaster kugleri
for recognizing the CN5a/CN5b zonal boundary. Its final distribution
pattern was established in detail at various sites (Olafsson, 1989,
1991; Fornaciari et al., 1990, 1993).

We studied the final range of C. floridanus at Sites 575 (Fig. 3),
714 (Fig. 4), 806 (Fig. 5), and 845 (Fig. 6). Our data, as well as the
previous studies, indicate that the distribution pattern of C. floridanus
in its final range is different at each site. Specifically, in low-latitude
areas (Sites 574, 575, 714, 806, 845), we recorded what appears to be
the LO of the species shortly above the LO of S. heteromorphus. At
mid-latitude North Atlantic Site 608, Olafsson (1991) observed the
exit of C. floridanus at a much higher stratigraphic level (Fig. 17),
associated with the lower part of Chron 5r. However, Olafsson
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Figure 8. Abundance patterns of middle and late Miocene selected calcareous nannofossils at Hole 714A. (mbsf)
= meters below seafloor. Notation as specified in Figure 3. D.h. = Discoaster hamatus; C.c. = Catinaster coalitus.

showed a marked decrease in abundance occurring within Chron
SAAr, the same time interval during which the species became ex-
cluded from low-latitude areas (Figs. 3, 4, 5, and 7). It is interesting
to note that in the high-resolution sampling at Site 845 (Fig. 6), we
detected short intervals of C. floridanus up to the topmost part of
Chron 5An (i.e., at a level close to the final exit of the species at Site
608 in a mid-latitude area. On the basis of these data, it may be useful
to distinguish a LCO (last common and continuous occurrence) event
for the apparent extinction of C. floridanus at low latitudes and an
LO event for the probably true extinction of the species.

We conclude, in agreement with Fornaciari et al. (1993), that the
stratigraphic position of the C. floridanus disappearance varies latitu-
dinally and should be used with caution for long distance correlation.

LO of Discoaster signus (4)

The easily recognized Discoaster signus characterizes the nanno-
fossil assemblage in the lower part of the middle Miocene sequence,
appearing close to the LO of Helicosphaera ampliaperta (CN3/CN4
and NN4/NN35 boundaries) in both the tropical Indian Ocean (Rio et
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Figure 9. Abundance patterns of middle and late Miocene selected calcareous nannofossils at Hole 709C. (mbsf) = meters below seafloor. Notation as specified
in Figure 3. D.q. = Discoaster guingueramus: A.p. = Amaurolithus primus; D.b. = Discoaster berggrenii; D.h. = Discoaster hamatus; C.c. = Catinaster coalitus.

al., 1990a) and eastern equatorial Pacific Ocean (Raffi and Flores, this
volume). As no detailed data are available on its extinction (located
within Zone NN6 by Perch-Nielsen, 1985), we have established the
final range of the species at Site 845 (Fig. 6). In this sequence, D.
signus s well represented and becomes extinct during CN5a (NN6)
time, as previously indicated by Bukry (1973) and Perch-Nielsen
(1985), and observed at Site 844 (Raffi and Flores, this volume).

Triquetrorhabdulus rugosus FCO (5) and
Triquetrorhabdulus rugosus-Triquetrorhabdulus
rioensis/Triquetrorhabdulus serratus
Reversal in Abundance

Bukry (1973) suggested that the FO of Triguetrorhabdulus rugosus
was an additional marker for distinguishing the top of Zone CN4.
Fornaciari et al. (1990) in the tropical Indian Ocean and Olafsson
(1991) at mid-latitude North Atlantic Site 608 showed that the FO of
T rugosus is a biostratigraphically useful event. They defined this FO
as a sharp rise in abundance at the beginning of the 7. rugosus range.
Olafsson (1989) reported the quantitative distribution patterns of T.
rugosus (together with T. rioensis) and of Triguetrorhabdulus serratus
at Site 574 in the equatorial Pacific Ocean and Hole 667A in the Atlan-
tic Ocean. Atboth sites, a reversal in abundance between T, rugosus-T.
rioensis and T serratus was evidenced. Namely, 7. rugosus—T. rioensis
increased in abundance at the extinction level of 7. serratus.

Here, we report the distribution patterns of these species at Indian
Ocean Site 714 (Fig. 4) and at equatorial Pacific Site 575 (Fig. 3), 806
(Fig. 5), and 845 (Fig. 6). At these sites we recorded the same relative
abundance variations between T. serratus and T. rugosus—T. rioensis
as those observed by Olafsson (1989). Moreover, in the considered sec-
tions, the first occurrence of T. rugosus was recorded in the same posi-
tion with respect to the adjoining biohorizons (Fig. 17). Note, however,
the short spacing between the LO of S.heteromorphus and the FO of T.
rugosus at Site 714 (Figs. 4 and 17). Most probably a hiatus is present
at this site, which was not inferred by Rio et al., (1990a).
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As regards the magnetostratigraphic position of the FO of T.
rugosus, Berggren et al. (1985) associated the event to Chron SAC,
referring to data of Miller et al. (1985) at Atlantic Sites 558 and 563.
As the interpretation of magnetostratigraphy of Site 558 is difficult
(see Fig. 1 in Miller et al., 1985), we do not consider valid this suc-
cession for any calibration in the time interval of interest. In the new
interpretation of the magnetostratigraphy of Site 563 of Miller et al.
(in press), the FO of T. rugosus is associated to Chron 5AAn, as it is
at Site 608, according to the data of Gartner (1992). When compared
at the different sites considered, the magnetostratigraphic position of
the FO of T. rugosus is different. At Site 845 (Fig. 6), the beginning
of continuous distribution of T. rugosus is associated to Chron SAr
(Subchron 5Ar.1r),

Most probably this diachroneity of about 0.2 0.4 m.y. depends on
different event definitions used by the different authors. In fact,
although we found rare specimens of 7. rugosus just above Chron
5AAn (see Fig. 6), we consider the rise in abundance and the begin-
ning of continuous occurrence (FCO) a more distinct event and a
reproducible datum. From the available data, it appears that T. rugo-
sus FCO can be a good biochronostratigraphic correlation tool for
long distance correlations.

LCO of Calcidiscus premacintyrei (6)

Theodoridis (1984) and Gartner (1992) suggested the LO of the
distinctive Calcidiscus premacintyrei as a potentially useful marker for
subdividing the long interval between the LO of S. heteromorphus and
the FO of Catinaster coalitus. We have established the distribution pat-
tern of C. premacintyrei in its upper range, at Sites 575 (Fig. 3), 806
(Fig. 5), 845 (Fig. 6), and 714 (Fig. 7). In all the investigated sections,
the LCO of the species seems to occur in the same biostratigraphic posi-
tion, slightly below the LO of C. nitescens. Few specimens, discon-
tinuously occurring, are present above this LCO at Sites 806, 714, and
845 (Figs. 5, 6, and 7). We consider these discontinuous occurrences
as the genuine tail of distribution of the species, not related to rework-
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Figure 10. Abundance patterns of middle and late Miocene selected calcareous nannofossils at Site 710. (mbsf) =
meters below seafloor. Notation as specified in Figure 3. D.q. = Discoaster quinqueramus; A.p. = Amaurolithus
primus; D.b. = Discoaster berggrenii; D.h. = Discoaster hamatus.

ing. As shown in Fig. 6, at Site 845, the LCO of C. premacintyrei is asso-
ciated with the middle part of Subchron C5An.2n. At Site 608, Gartner
(1992) correlated the LO of the species with the upper part of Chron
5An (Subchron C5An.1n) (Fig. 17). Most probably, the event of Gart-
ner refers to the absolute LO of the species, which in fact is associated
with the upper part of Chron 5An at Site 845 as well (Fig. 6). As
indicated by the obtained results, there is a good chance that the final
exit of C. premacintyrei can be a useful event for long distance corre-
lations, when more data will be available in wider geographic areas.

LOs of Triguetrorhabdulus serratus (7) and Coronocyclus
nitescens (8)

In the tropical Indian Ocean (Fornaciari et al., 1990) and western
equatorial Pacific Ocean (Fornaciari et al., 1993), the LO of Corono-
eyclus nitescens is considered a good biostratigraphic event, useful
for subdividing the interval between the LO of S. heteromorphus
and the FO of C. coalitus (CNS of Bukry, 1973) and correlating low-
latitude oceanic sediments.
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New data obtained at Pacific Sites 575 (Fig. 3) and 845 (Fig. 6)
confirm the reliability of this event. The last specimens of C. nite-
scens were easily detected and occurred together with the last repre-
sentatives of T. serratus. These two extinction events together pro-
vide a clear biostratigraphic signal, which we observed even at Sites
806 (Fig. 4) and 714 (Figs. 4 and 7). At the eastern equatorial Pacific
Site 845, the LOs of T. serratus and C. nitescens were correlated to
the magnetostratigraphic record. The two events occur in the middle
part of Chron 5An, namely in the upper part of Subchron 5An.2n.
Even at mid-latitude Site 806, the distribution range of C. nitescens
seems to end within Chron 5An (see Fig. 7 in Olafsson, 1991),
although at this site, the distribution pattern of the species is not
distinct, as it shows low abundance and scattered occurrence in the
upper part of the range.

FO of Calcidiscus macintyrei (9)

The FO of Calcidiscus macinryrei was proposed by Bukry (1973)
as alternative event for recognizing the CN3/CN4 boundary. How-
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ever, highly contradictory biostratigraphic positions of this event are
reported in the literature (see Rio et al., 1990a, and Olafsson, 1991).
Certainly, these contradictions are partly related to different taxo-
nomic concepts used in detecting of the nominate species. In this
study, we ascribe to C. macintyrei specimens equal to or larger than
11 pm, namely those morphotypes whose extinction is a well-known
early Pleistocene biostratigraphic event (Backman and Shackleton,
1983 Fornaciari et al., 1990; Raffi et al., in press).

Data from tropical Indian Ocean (Site 714) and equatorial Pacific
Ocean (Sites 806, 575, and 845) indicate contradictory results about
the position of the FO of Calcidiscus =211 um. At Site 714 (Fig. 7),
as well as at other Leg 115 sites (Rio et al., 1990), this Calcidiscus
consistently occurs in upper CN5 Zone, just above the LO of
C. nitescens.

At the Pacific sites considered, the position of the event is variable
and its recognition is difficult in some sequences. At Site 845, C.
macintyrei (211 pm) was found in spotted samples in the interval
close to the LO of C. nitescens (Raffi and Flores, this volume). It was
very rare and sporadic above (Fig. 16), where it was expected to be as
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Figure 11 (continued).

common as at Site 714, so that we could not report in Figure 5 any
significative distribution pattern of C. macintyrei . A biometric analy-
sis of Calcidiscus size was conducted in the lower part of the scattered
range of C. macintyrei and is shown in Figure 16. The result confirms
what was previously suggested by Fornaciari et al. (1990) about the
absence of bimodal size distribution in the Calcidiscus population
during the middle Miocene,

Low abundance and sporadic occurrence of C. macintyrei in the
lowermost range was observed even at Site 806 (Fornaciari et al.,
1993, and unpubl. data), whereas at Site 575 (Fig. 2) this Calcidiscus
seems to appear below the C. nitescens LO and consistently occurs
upward, although with low abundance.

The obtained results indicate that the biostratigraphic position of
the FO of C. macintyrei (=11 um) probably is controlled by biogeo-
graphic factors. not only by taxonomic ambiguities, which make this
event a poor marker as regards reliability and correlation potentiality.

The FO, FCO, and LCO of Discoaster kugleri (events 10, 11, and 13).

We monitored the range of Discoaster kugleri with an attempt to
clarify the biostratigraphic value of the species, which is a well-
known “controversial” marker in the middle Miocene interval. The
FO of the species, which defines the boundary CN5a/CN5b (Bukry,
1973), is considered a weak marker by many authors (e.g., Gartner
and Chow, 1985; Fornaciari et al.. 1990). Gartner (1992) stated that
the range of D. kugleri remains uncertain because the species is gen-

erally very rare in oceanic areas. Studying the mid-latitude Site 608,
he observed a short range of D. kugleri within Chron 5r and consid-
ered those FOs and LOs as useful events.

The species, indeed, is a “sporadic, tropical species” (Bukry, 1973,
p. 692), but it seemed the only criterion for dividing Zone CN5, which
spans a time interval of about 3.0 m.y. (Fig. 17). We report the
distribution range of D. kugleri at tropical Indian Ocean Site 714 (Fig.
7) and equatorial Pacific Site 845 (Fig. 6). This last sequence turned
out to be the best available sequence for evaluating the actual range
of D. kugleri. At this site, the species showed a long interval of total
distribution. If correlated to magnetostratigraphy, it extends from the
upper part of Subchron 5An.2n to the lower part of Subchron 5n.2n
(namely an interval of more than | m.y. using the chronology of
Cande and Kent, 1992). These data confirm the weakness of D.
kugleri FO datum. D. kugleri appears with very rare specimens (less
than 2% of the total discoasterid assemblage) and is present only in
scattered samples along the lower part of its range. The lowermost
observed specimens occurred concomitantly with the LOs of C. nite-
scens and C. premacintyrei. D. kugleri became common and continu-
ously present only in a short interval, which was detected and cor-
relatable in the equatorial Pacific (Raffi and Flores, this volume). This
interval of common and continuous presence of D. kugleri is associ-
ated with the lower part of Chron 5r, and terminates in correspon-
dence with Subchron 5r.2n. This is the same magnetostratigraphic
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position of D. kugleri short range observed at mid-latitude North
Atlantic Site 608 (Gartner. 1992).

At tropical Indian Ocean Site 714, D. kugleri FO was detected with
many uncertainties (Figs. 7 and 8) owing to poor preservation of dis-
coasterids in that interval (see Fornaciari etal., 1990). However, a short
range with common D. kugleri was evidenced even in this sequence,
probably correlatable with what was observed in the Pacific and mid-
latitude North Atlantic.

Further investigations regarding the range of D. kugleri in the
different oceanic areas will be needed to test the usefulness of its FCO
and LCO as biostratigraphic markers for further subdividing Zone
CNS. Anyhow, we consider these two events potentially useful corre-
lation lines between geographic distances.
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FO of Discoaster bollii (12)

The appeaerance of Discoaster bollii was considered by Bukry
(1973) in his discussion concerning markers for defining Subzones
CNS5a and CN5b. He indicated that this event occurs above the FO of
D. kugleri, namely within Subzone CN5b, and therefore considered
it unsuitable as an auxiliary marker for defining the base of CN5b, as
suggested by Ellis (1981).

In the eastern equatorial Pacific (Leg 138 sequences), the range of
D. bollii was not completely documented owing to the presence of
dissolution intervals barren of nannofossils at Sites 844 and 845
(Figs. 11 and 12) and to bad preservation (strong overgrowth) of
discoasterids at Site 848 (Fig. 13). We determined the basal range of
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Figure 12 (continued).

D. bollii at Site 845 (Fig. 12) and at equatorial Indian Ocean Site 714
(Fig. 8). At both sites, the stratigraphic position of D. bellii FO
conforms with Bukry's statement. At Site 845, the event can be cor-
related to Chron 5r (at the base of Subchron 5r.2n). No data for the
FO of D. bollii are available from mid-latitude Site 608.

LO of Discoaster kugleri (14)

Bukry (1973) suggested as the secondary criterion of definition
of the boundary CN5b/CNG6 (Discoaster kugleri Subzone/Catinaster
coalitus Zone) the LO of the nominate species.

The distribution pattern of D. kugleri at Site 845 (Fig. 6) shows
that the highest rare specimens of D. kugleri occur together with the
lowest specimens of C. coalitus. Asimilar LO event of D. kugleri was
observed at Site 115-714 (Fig. 8), thus confirming the indication of
Bukry (1973).

However, in both Indian and Pacific sequences, the species is very
rare and discontinuous or absent in some intervals of its upper range,

as it is in its lower range. The true LO generally is detected with
difficulty (Raffi and Flores, this volume); therefore, this event does
not represent a useful auxiliary marker for defining the base of CN6,
nor is it a reliable correlation line.

FO of Catinaster coalitus (15)

The FO of Catinaster coalitus is the primary criterion suggested
by Bukry (1973) and Martini (1971) for defining the base of Zone
CNG6 (NNB8). This usage has been proved reliable for low-latitude
assemblages (Bukry, 1973), because the species is scattered to absent
at mid-high latitude sites (i.e., at Site 608, Olafsson, 1991) and in the
Mediterranean region (Theodoridis, 1984).

The distribution patterns of C. coalitus (Figs. 6, 8, 10, and 12)
indicate that the event is easily detected at low-latitude sequences and
maintains a consistent biostratigraphic position among the studied
sequences (Fig. 17). However, even at low-latitudes, the FO of C.
coalitus is sometimes undetectable, as shown in some Leg 138 se-
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quences (i.e., Site 848). Representatives of the genus Catinaster are
very rare or absent at equatorial Sites 846, 849, and 850 (see Raffi and
Flores, this volume), and this probably results from peculiar produc-
tivity conditions that controlled carbonate accumulation (nannofossil
assemblages) at those sites.

The correlation of the FO at C. coalitus to the GPTS has been
controversial and has significant bearing for correlating marine mag-
netic anomalies to the GPTS (see Berggren et al., 1985: 222).

Berggren et al. (1985) correlated the FO of C. coalitus to Sub-
chron 5r.2r at Site 563, whereas Poore et al. (1983), at the mid-latitude
South Atlantic, correlated the event to the lower part at Chron 5n.2n.

We calibrated the event at Site 845 (Fig. 12), where it occurs in
the lowermost part of Chron C5n.2n, in agreement with calibration
in the mid-latitude South Atlantic (Poore et al., 1985; Hsii et al.,
1984). A similar magnetostratigraphic position for the FO of C. coali-
tus can be inferred at mid-latitude Site 608. In fact, although seen at
that site, C. coalitus is rare and sporadic in its lower range, and the
lowermost specimens were observed at the base of Chron 5n.2n
(Olafsson, 1991).

Notwithstanding the indications of an ecologic control on Cati-
naster distribution in different areas, our data indicate that the FO of
C. coalitus can be a useful biostratigraphic marker in low-latitude
sediments, as previously suggested by Bukry (1973).

FO of Discoaster calcaris (16)

One of the additional markers indicated by Bukry (1973) for
characterizing CN6 and CN7 transition is Discoaster calcaris. Its
distribution range was obtained at Sites 714, 844, and 845 (Figs. 8,
11, and 12). Our data agree with Bukry’s indication of the FO of D.
calcaris within the C. coalitus range (Zone CN6). In the tropical
Indian Ocean (Site 714, Fig. 8), the species is particularly abundant
and reaches high percentage values at some intervals (> 20%), while
its range extends to Zone CN7. In the equatorial Pacific (Figs. 11 and
12), D. calcaris gives a similar and distinctive biostratigraphic signal,
although it is less abundant and its range is restricted to a short interval
within Zone CN6.

LO of Discoaster exilis (17)

Bukry (1973) suggested that the LO of Discoaster exilis is a use-
ful guide for monitoring the upper part of the Catinaster coalitus
Zone (CN6).

We have established the final range of D. exilis at Sites 714 (Fig.
8), 710 (Fig. 10), 845 (Fig. 12), and 848 (Fig. 13). In agreement with
Bukry's suggestion, in the tropical Indian Ocean, the species disap-
pears in the upper part of Zone CNG6 at Site 714 (Fig. 8). At Site 710
(Fig. 10), it is not observed in Zone CN7. In contrast, in equatorial
Pacific Ocean, D. exilis is present throughout Zone CN6, becoming
extinct in the lowermost part of Zone CN7 (Figs. 12and 13). Also, note
the contrast in abundance observed between the successions retrieved
at Sites 845 (Fig. 12) and 848 (Fig. 13). This indicates that local
ecological conditions and biogeography seem to control the abundance
and the final exit of the species, and D. exilis does not seem an accurate
biohorizon. However, it may be useful to note that D. exilis survives
only for a short time, in low abundance, and the appearance of Dis-
coaster hamatus and other five-rayed discoasterids. Therefore, its
exinction is a significant element of the major turnover in nannofossil
assemblages at the base of Zone CN7, as evidenced by Bukry (1975),
Rio et al. (1990a), and Raffi and Flores (this volume).

FO of Discoaster bellus Group (18)

The appearance of the distinctive Neogene discoasterids having
five symmetrical rays (Discoaster bellus group) was considered to
occur approximately together with the appearance of D. hamatus (base
of Zone CN7) by Bukry (1973) and Rio et al. (1990a). As shown by
data reported in Figures 8, 9, and 10, the two events are virtually
coincident in the tropical Indian Ocean, whereas in the equatorial
Pacific Ocean, the appearance of D. bellus occurs slightly below (Figs.
11,12,13). At mid-latitude Site 608, Gartner (1992) recorded a similar
shift between D. bellus group FO and the D. hamatus FO. It is difficult
to evaluate the reasons for the discrepancies between data from Indian
ocean and data from the equatorial Pacific and North Atlantic oceans.
These most probably result from vagaries in the stratigraphic record
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(i.e., slumping at Site 710 near the D. hamatus FO) or operational
biases in the Indian Ocean sequences, rather than to real diachroneity.
At Sites 844, 845, and 848 (Figs. 11, 12, and 13), the FO of D. bellus
group occurs in the lower part of Subchron 5n.2n. A similar chrono-
stratigraphic position for the event was recorded at North Atlantic Site
608 (Gartner, 1992), indicating biochronologically consistency for the
event between the two areas,

LO of Coccolithus miopelagicus (19)

Burky (1973) first suggested that the disappearance of Cocco-
lithus miopelagicus within the Catinaster coalitus Zone (CN6) is a
useful biostratigraphic guide. Olafsson (1991) recorded the LO of C.
miopelagicus in the same stratigraphic position at the North Atlantic
Site 608 and suggested the possibility of dividing Zone CN6 into two
subzones. We have followed in detail the final range of C. miopela-
gicus at Sites 714 (Fig. 8), 844 (Fig. 11), 845 (Fig. 12), and 848 (Fig.
13). At all these sites, the LO of C. miopelagicus occurs within the
range of C. coalitus, below the FO of D. hamatus and slightly above
the FO of D. bellus group in the Pacific sites. The event is abrupt, and
maintaining the same biostratigraphic position also at mid-latitude
sequence of Site 94-608 (Fig. 17), it is considered as a reliable bio-
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stratigraphic event. At equatorial Pacific Sites 844 (Fig. 11), 845 (Fig.
12), and 848 (Fig. 13), the LO of C. miopelagicus occurs in the lower
part of Subchron C5n. At mid-latitude Site 608, Olafsson (1991) and
Gartner (1992) detected the event at the base of Subchron C5n. This
indicates that some diachroneity may be inferred for the extinction of
C. miopelagicus between low- and mid-latitude areas.

FO of Catinaster calyculus (20)

As reported in Bukry’s zonation (1973), the upper part of Zone
CN7 (D. hamatus range) is characterized by the presence of Catinaster
calyculus, whose appearance defines the boundary between Subzones
CN7a and CN7b. This biostratigraphic marker could not be used in the
studied sequences, in both the equatorial Indian (Rio et al., 1990a) and
Pacific oceans (Raffi and Flores, this volume), because in both areas
C. calyeulus appears in a lower stratigraphic level than indicated by
Bukry (1973). The detailed distribution obtained at Sites 714 (Fig. 8),
844 (Fig. 11), and 845 (Fig. 12) show that the FO of C. calyculus occurs
below the FO of D. hamatus (basal boundary of CN7). Moreover, the
species is rare and scattered all along its range, and, therefore it is
considered unsuitable as a biostratigraphic and biochronologic tool.
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Figure 16. Distribution pattern of Calcidiscus macintyrei (211 pm) and variation of size of Calcidiscus population

within CN5b interval at ODP Site 845.

FO of Discoaster hamatus (21)

The FO of Discoaster hamatus is a zonal boundary event in both
Bukry’s (1973) and Martini’s (1971) standard zonations, respectively,
the CN6/CN7 and NN8/NN9 boundaries.

The initial distribution pattern of D. hamatus was established at
Indian Ocean Sites 714 (Fig. 8) and 710 (Fig. 10) and at Pacific Ocean
Sites 844 (Fig. 11), 845 (Fig. 12), and 848 (Fig. 13). As observed for
most of the discoasterid species, in the equatorial Indian Ocean se-
quences, we noted higher abundances of D. hamatus than in equato-
rial Pacific Ocean sediments. The species abundance reaches high
percentage values relative to the other discoasterids (= 20%) at Sites
709 and 714, whereas D. hamatus is generally less common in the
other sequences. However. the recognition of this FO event is rela-
tively easy, whatever abundance and preservation conditions may be.

A sufficiently precise magnetostratigraphic position of the FO of
D. hamatus was established at the Pacific Sites 845 and 848 (Figs. 12
and 13), where it occurs in the middle part of Subchron 5n.2n. A
similar position may be assumed from the data in Site 844 (Fig. 11),
although the base of Subchron 5n.2n was not recognized at this site
(Schneider et al., this volume).

AtlIndian Ocean Site 710 (Fig. 10), the lowermost observed speci-
mens of D. hamatus were recorded in an interval disturbed by slump-
ing, just below a normal polarity interval interpreted as Chron 5n
(Schneider and Kent, 1990). At this site, we assumed that both the true
FO of D. hamatus and the base of Chron 5n have been obscured by

slumping and displaced material, making unprecise the calibration of
the event in this sequence.

In the North Atlantic Ocean, the FO of D. hamatus was calibrated
at Sites 563 (Berggren et al., 1985; Miller et al., 1985) and 608
(Olafsson,1991; Gartner, 1992). At Site 563, the event is recorded in
the lower part of Subchron 5n.2n, apparently in a lower position from
that we observed in the equatorial Pacific. At mid-latitude Site 608,
Olafsson (1991) found that D. hamatus was very rare and sporadic in
the lower part of its range and increased in abundance at the top of
Chron 5n. The first rare occurrence of the species was detected in the
middle part of Subchron 5n.2n, therefore, in a position similar to that
observed in low-latitude sequences.

The comparison of distribution patterns of D. hamatus in se-
quences from different latitudes indicates that the FO of D. hamatus
is a good (easily detected and sufficiently isochronous) event in low-
latitude sediments. However, it does not represent a useful and reli-
able correlation line between low- and mid-latitude sequences as Site
608, where D. hamatus is very rare in the lower range and its true FO
can be detected only in high-resolution sampling.

LO of Catinaster coalitus (22) and
Catinaster calyculus (23)

Bukry (1973) reported the extinction of Catinaster coalitus and

Catinaster calyculus as occurring above the LO of D. hamatus and
below the FO of D. neorectus and D. loeblichii (Subzone CN8a).
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Data obtained at Indian Ocean Sites 714 and 710 (Figs. 8 and 10) and
Pacific Site 844 (Fig. 11) did not confirm this statement of Bukry for
the two LO events. At Site 844, the presence of barren samples in the
upper part of Zone CN7 did not allow us to obtain detailed informa-
tion about the Catinaster distibution pattern in that interval. Anyway,
we did not record any specimens of Catinaster in the overlying Zone
CN8. A similar result was obtained at Indian Ocean sites (Figs. 8 and
10), where C. coalitus and C. calyculus disappear in the lower and in
the upper part of CN7, respectively. As already noted above, the dis-
tribution patterns of Catinaster spp. seem to be controlled by paleo-
ecologic factors that can account for the discrepancies in reporting
their biostratigraphic events.

FO of Discoaster prepentaradiatus (24)

Bukry (1973) reported the FO of Discoaster prepentaradiatus in
Zone CN7. Detailed distribution patterns of this distinct species were
never reported in the literature. Data collected in in the equatorial
Pacific sequences did not provide sufficiently detailed information on
the D. prepentaradiatus range in the area. For instance, at Site 844
(Fig. 11), the species occurs sporadically within the upper part of
Zones CN7 and CNS8. Its FO event could not be detected owing to the
presence of dissolution intervals. On the contrary, in tropical Indian
Ocean sequences D. prepentaradiatus was consistently recorded. At
Sites 714 and 710 (Figs. 8 and 10), its FO was recorded above the D.
hamatus FO (within Zone CN7). In the lower range, this discoasterid
is rare and sporadic and increases in abundance just below the
D. hamatus LO. The same distribution pattern was observed in the
highly compressed Zone CN7 interval at Site 709 (Fig. 9).

Although the FO of D. prepentaradiatus is not useful for bio-
stratigraphic correlations between the Pacific and Indian oceans, the
species provides a good biostratigraphic signal for characterizing the
transition between Zones CN7 and CN8. As regards the upper range
of D. prepentaradiatus, the species’ decline occurs within Subzone
CNB8b, as already noted by Bukry (1973), and the uppermost rare
specimens are recorded just above the FO of D. berggrenii in both
Pacific and Indian oceans.

FO of Discoaster neohamatus (25)

Bukry (1973) suggested that Discoaster neohamatus appears
within the range of D. hamatus (Zone CN7). At Site 608, Gartner
(1992) found the FO of D. neohamatus within Zone CN7, but noted
that at this site the species is not an entirely reliable marker, being rare
and sporadic.

We established the distribution pattern of D. neohamatus at Sites
714 (Fig. 8), 709 (Fig. 9), 710 (Fig. 10), 844 (Fig. 11), and 848 (Fig.
13). The species is better represented in the tropical Indian Ocean than
in the equatorial Pacific Ocean. Moreover, its FO seems diachronous
between the two areas. In fact, at Indian Ocean Sites 714, 709, and
710 (Figs. 8-10), D. neohamatus appears as rare above the FO of D.
hamatus. At Site 710, the position of the event corresponds to mid-
Chron 5n. At Pacific Sites 844 and 848 (Figs. 11 and 13), the first rare
D. neohamatus specimens were observed in a higher stratigraphic
position, closer to the LO of D. hamatus and corresponding to the
upper part of Chron 5n. Note that in both the Indian and Pacific
oceans, the increase in abundance of D. neohamatus seems to occur
synchronously within Zone CNB8, in the interval corresponding to
Chrons 4Ar and 4An.

LO of Discoaster hamatus (26)

The LO of Discoaster hamatus is a zonal boundary event in both
Bukry’s and Martini's standard zonations, respectively, the CN6/CN7
and NN8/NN9 boundaries.

We quantitatively determined this event in the upper Miocene of
all the studied sequences except the Pacific Site 845, where the
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stratigraphic interval corresponding approximately to Zones CN7 and
CNB8 (upper Chrons 5n and 4A) is barren of nannofossils (Fig. 12).

D. hamatus is generally rare or scarce and exhibits high abun-
dances only at Site 714 (Fig. 8). The species is always easily recog-
nized, even in overgrown assemblages. Its LO event is associated
with Subchron 4Ar.2r as a result of correlation to magnetostrati-
graphic records of Sites 710 (Fig. 10), 844 (Fig. 11), and 848 (Fig.
13). This finding does not agree with the calibration obtained in the
North Atlantic at Sites 563 (Miller et al., 1985) and 608 (Olafsson,
1991; Gartner, 1992). At Site 94-608, Olafsson (1991) recognized the
LO of D. hamatus at the base of a normal polarity interval (Subchron
4Ar.2n), whereas Gartner (1992) indicated a lower position, close to
the C5n/C4Ar boundary. The latter finding agrees with the data of
Miller et al. (1985) at Site 563. Nevertheless, D. hamatus seems o
have an earlier extinction in the mid-latitude North Atlantic Ocean
than in the low-latitude Indian and Pacific oceans. Its LO event,
therefore, is a reliable marker for correlation only in low-latitude
oceanic sediments.

FO of Minylitha convallis (27) and Its Distribution Range

Bukry (1973) noted the appearance of Minylitha convallis within
Subzone CN8a. This nannofossil occurs up to Subzone CN9a, but it
is most typical of Zone CN8. We monitored the distribution pattern of
this distinctive species at Sites 709 (Fig. 9), 710 (Fig. 10), and 714
(Fig. 8) in the Indian Ocean and at Sites 844 (Fig. 11), 845 (Fig. 12),
and 848 (Fig. 13) in the equatorial Pacific Ocean.

At Indian Ocean sites, the FO of M. convallis approximates the
LO of D. hamatus. The species is well represented and is a useful
guide for recognizing the lower boundary of Zone CN8. Its extinction
in the tropical Indian Ocean occurs well above the FO of D. berg-
grenii, slightly below the FO of Amaurolithus primus (Figs. 9 and 10).
At Site 710, the FO of M. convallis is associated with the Subchron
C4Ar.2r, while its LO is associated with Subchron C4n.2n. At equa-
torial Pacific sites (Figs. 11-13), the species is poorly represented,
probably because of paleoecologic restrictions (Raffi and Flores, this
volume) and has a restricted range, compared with its occurrence in
the tropical Indian Ocean (Fig. 17). At Site 845 (Fig. 12), the distri-
bution pattern of M. convallis is incomplete for the presence of a
dissolution interval in the sequence. At Sites 844 (Fig. 11) and 848
(Fig. 13), M. convallis is recorded in the interval from Subchron
4Ar.1n to Subchron 4n.2n.

AtNorth Atlantic Site 608, Gartner (1992) detected the FO and the
LO of M. convallis in the upper part of Chron 5n and in the upper part
of Chron 4n, respectively, showing a somewhat expanded range with
respect to the tropical Indian Ocean. From the available data, it is evi-
dent that while the M. convallis range is a useful guide for recognizing
the time interval corresponding to CN8 and CN9b time, its FO and
LO events are unreliable markers for long distance correlations.

LO of Discoaster bollii (28)

At North Atlantic Site 608, Gartner (1992) recorded the LO of
Discoaster bollii above the LO of D. hamatus and correlated it to
GPTS as occurring in mid-Chron 4Ar. He considered this event
unreliable because the species was very rare and occurred sporadi-
cally at that mid-latitude site. Our data on D. bollii distribution from
the equatorial Indian and Pacific oceans indicate a similar strati-
graphic position for its LO event. At Indian Ocean Site 710 (Fig. 10)
and Pacific Site 844 (Fig. 11), D. bollii becomes extinct just above the
LO of D. hamatus, whereas at Site 714 it disappears just below the
LO of D. hamatus (Fig. 8). The event is easily detected because the
species is well represented in the underlying intervals and declines
abruptly before the extinction. At Site 845 (Fig. 12) and 848 (Fig. 13),
problems of preservation (severe dissolution at the former and strong
overgrowth at the latter site) hampered the definition of D. bollii
distribution and the recognition of the LO event.



Correlation to magnetostratigraphic records at Sites 844 and 710
shows that the LO of D. bollii is associated with Subchron 4Ar.2r.
This result is in agreement with the data from North Atlantic Sites 563
(Miller et al., 1985) and 608 (Gartner, 1992) (Fig. 17).

FO of Discoaster loeblichii (29) and the FO of
Discoaster neorectus (30)

These two events were used by Bukry (1973) to divide Zone CN§
into two subzones (CN8a and CN8b). In the tropical Indian Ocean
(Leg 115 sections), Discoaster loeblichii and Discoaster neorectus
do not give any biostratigraphic signal, being rare and sporadic (Rio
et al., 1990a). In the equatorial Pacific, D. neorectus is very rare as
well, whereas D. loeblichii was recorded consistently (see Raffi and
Flores, this volume). The FO of D. loeblichii was calibrated at Site
844 (Fig. 11) as occurring in the lower part of Chron 4r, below the FO
of D. berggrenii. D. loeblichii is discontinuously distributed upward
and becomes extinct within Subzone CNO9a, in an interval corre-
sponding to upper Chron 4n/lower Chron 3Bn. This is in agreement
with data from mid-latitude North Atlantic Site 608, where Gartner
(1992) recognized the FO and LO of D. loeblichii in similar magne-
tostratigraphic positions (Fig. 17).

Absence Interval of Reticulofenestra pseudoumbilicus

At Indian Ocean Leg 115 sequences, in the stratigraphic interval
encompassing most of Zones CN8 and CN9, Rio et al. (1990a) re-
corded the almost total disappearance of large specimens (> 7jum) of
Reticulofenestra pseudoumbilicus (R. pseudoumbilicus Paracme). A
similar absence interval, in the same stratigraphic position, was ob-
served at the equatorial Pacific sequences of Leg 138 (Raffi and
Flores, this volume). In both areas, the interval begins with the total
disappearance of all the representatives of the genus Reticulofenestra,
both small- and large-sized species. The smaller forms (ascribed to R.
hagi. R. minuta and R. minutula) reenter slightly above, whereas R.
pseudoumbilicus is missing, for a long stratigraphic interval. Corre-
lation to magnetostratigraphy indicates an extension from the upper
part of Chron 4An to the lower part of Chron 3Ar (Fig. 17). The data
obtained in the equatorial Pacific point to a wider geographic extent
of this stratigraphic feature, which is clearly correlatable between
tropical/equatorial regions. Note that a similar turnover in the placo-
lith assemblage was observed at North Atlantic Site 608 by Gartner
(1992) in the same stratigreaphic level (around the C4An/C4r bound-
ary) and was interpreted as a major change in productivity.

FO of Discoaster pentaradiatus (31)

Discoaster pentaradiatus is known to be a major component of
the discoasterid assemblage of the Pliocene. It enters the stratigraphic
record in the late Miocene, in the time interval corresponding to Zone
CNB8 (Bukry, 1973). Data obtained in this study partially agree with
the known distribution range. In the equatorial Pacific Site 844 (Fig.
1), D. pentaradiatus is present as rare and scattered, starting from
Zone CNB8, associated with the upper part of Chron 4Ar, whereas at
Site 848 (Fig. 13), it was found only in spot samples in the upper
Miocene interval.

Data from the tropical Indian Ocean differ slightly from results of
Site 844, At Sites 714 (Fig. 8) and 710 (Fig. 10), rare D. pentaradiatus
specimens were detected within the upper part of Zone CN7. Further-
more, the distribution pattern of D. pentaradiatus in the tropical
Indian Ocean (Figs. 9, 10, and 14) shows generally higher abun-
dances than those in the equatorial Pacific sequences (Figs. 11, 12, 13,
and 15).

A magnetostratigraphic position for the FO of D. pentaradiatus
similar to that obtained at mid-latitude Site 608 (Gartner, 1992) was
detected in the equatorial Pacific (Fig. 17). The event is not easily
detectable, since D. pentaradiatus is rare and discontinuous all along
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its lower range and is not useful as a precise biostratigraphic marker
for the late Miocene. Its distribution becomes more continuous within
Subzone CN9a, above the appearance of D. berggrenii and D. quin-
queramus, in all the studied sequences except Site 848. The gradual
increase in abundance of D. pentaradiatus occurs concomitantly
with the decline and/or disappearance of other discoasterids, such as
the D. bellus group, D. loeblichii, and the last representatives of
D. neohamatus.

FO of Discoaster berggrenii (32)

Although we have quantitatively evaluated Discoaster berggrenii
and Discoaster quinqueramus as a single taxonomic unit (see Raffi
and Flores, this volume), we considered and defined, following Bukry
(1973), the appearance event of the species D. berggrenii, which
corresponds to the biostratigraphic boundary CN8/CN9.

In both Leg 115 sequences of the tropical Indian Ocean (Figs. 9,
10, and 14) and Leg 138 sequences of the equatorial Pacific (Figs. 11,
12, 13, and 15), the FO of D. berggrenii occurs in a magnetic reversed
polarity interval interpreted as lowermost Chron 4r. D. berggrenii
enters the stratigraphic record with few specimens, and low abun-
dances characterize the lower part of its range. This feature, com-
monly observed in the distribution patterns of nannofossils, indicates
that “first occurrence” events never appear as abrupt events when
detected in a high-resolution sampling set (the “morphologies™ of
many FO events of nannofossils are similar).

D. berggrenii becomes a major element of the discoasterid assem-
blage close to the base of Chron 4N, when also the D. guingueramus-
type specimens are consistently present. Note that the spreading of the
D. berggrenii-D. quinqueramus component coincides with the de-
cline and subsequent disappearance of D. bellus group representa-
tives in the discoasterid assemblage.

Our calibration of D. berggrenii FO differs from the calibration
reported in Berggren et al. (1985) (data from Haq et al.,1980, and
Miller et al.,1985), who correlated the D. quinqueramus (= D. berg-
grenii) FO with the upper part of Chron 4An. It also differs from D.
quingueramus FO datum reported in Backman et al. (1990) as occur-
ring close to the base of Chron 4n, because they defined and calibrated
the appearance event of D. quinqueramus-type specimens.

Data from north Atlantic Site 608 (Gartner, 1992) indicate that the
FO of D. berggrenii occurs in the upper part of Chron 4n. This dia-
chroneity with our data from low-latitude sequences presumably
reflects a paleoceanographic control on distribution of D. berggrenii
and D. quingueramus at this mid-latitude site, where the two dis-
coasterids are present discontinuously in very low abundances (Gart-
ner, 1992: Fig. 1).

FCO of Discoaster surculus (33)

Bukry (1973) stated that Discoaster surculus appears as sporadic
in the upper part of Zone CN8 (below the FO of D. berggrenii),
probably developing from D. pseudovariabilis. It becomes more
commonly and continuously distributed upward, within Zone CN9,
with more typical specimens. Specifically, the appearance of typical
D. surculus provides an alternative mean for recognizing the base of
Zone CN9 besides FO of D. berggrenii. We have monitored the
distribution of D. surculus in the studied sequences (Figs. 9-15) and
partially confirmed Bukry’s observations, as regards its lowest spo-
radic and discontinuous occurrences within Zone CN8. Both in tropi-
cal Indian Ocean (Figs. 9, 10, and 14) and equatorial Pacific Sites
(Figs. 11,12, 13, and 15). D. surculus is continuously present starting
from Zone CNO, just above the appearance level of D. berggrenii. We
recognized its FCO in the lower part of Zone CN9, at an interval
corresponding to middle Chron 4n.2n (Figs. 9-15 and 17). This
calibration results in an older than previous calibration of D. surculus
FO obtained by Haq et al. (1980) in the Pacific, and Mazzei et al.
(1979) in the Atlantic in the lower part of Chron 3Br (Epoch 6). The
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discrepancy is most probably the result of the weakness of this datum
event, whose traceability depends on subjective taxonomic concept,
methodological methods, and environmental control. Anyhow, we
could consistently correlate the FCO of D. surculus between the
low-latitudes of the Indian and Pacific oceans. This FCO seems to be
slightly diachronous with the event recorded at mid-latitude North
Atlantic Site 608 (Fig. 17), where Gartner (1992) calibrated it at the
very top of Chron 4.

FO of Amaurolithus primus (34)

The appearance of the horseshoe-shaped nannofossil Amauro-
lithus primus has been used by Bukry to define the boundary of
Subzones CN9a and CN9b. Available calibrations of the FO of A.
primus, previously obtained in different areas, show some variability.
This could be the result of different analytical methods applied for
detecting the event (namely “variable” accuracy and time spent in
looking the microscope). Specimens belonging to the ceratolithid
group are generally present in low abundance in the nannofossil
assemblages. Moreover, in the earliest forms, the typical crescent-
shaped outline is not clearly evident, with these primitive cerato-
lithids being more robust and having a thickened arch. Therefore, the
precision in locating the FO event of A. primus can be affected by
variable analytical accuracy.

We compared the data obtained at tropical Indian Ocean Site 710
(Fig. 10, and Rio et al., 1990) with data from the equatorial Pacific
Sites 844, 845, 848, and 853 (Figs. 11-13 and 15). The appearance
datum of A. primus is a useful biostratigraphic event that seems
isochronous in the two areas, occurring within Chron 3Br (Fig. 17).
Note that the distribution patterns of Amaurolithus representatives are
similar in the two areas and show similar variations in abundance and
discontinuous distribution in some intervals. At Site 845, the distribu-
tion of Amaurolithus spp. is clearly affected by poor preservation
conditions (dissolution and dilution) in the interval.

As regards comparison with the aforementioned previous calibra-
tions of A. primus FO, in the equatorial Pacific Haq et al. (1980) cali-
brated the FOs of A, primus and A. delicatus as occurring in the nor-
mal polarity event of Epoch 6 (Chron 3Bn). They probably failed to
detect the carliest specimens of A. primus. as demonstrated by the co-
occurrence of A, primus and A. delicatus (the latter species appears
above the former, when the ceratolithids evolve morphologically to-
ward more delicate forms, see Raffi and Flores, this volume). Data
from Site 608 (Gartner, 1992) indicate for A. primus FO event a cali-
bration that is probably slightly diachronous to that obtained at low-
latitude Indian and Pacific ocean sediments, although the polarity rec-
ord at Site 608 is not precise in the interval corresponding to Chron 3Br.

The data obtained indicate that the FO of A. primus is a reliable
biostratigraphic event in low-latitude oceanic environments, isochro-
nous between equatorial Indian and Pacific oceans.

FO and LO of Amaurolithus amplificus (35, 36)

Amaurolithus amplificus (synonym of Ceratolithus dentatus of
Bukry, 1973) is an easily recognized, short-ranged taxon, which
appears and becomes extinct within the stratigraphic interval above
the FO of A. primus and below the LO of D. quingueramus (Sub-
zone CNOb).

The usefulness as biostratigraphic marker of A. amplificus has
been pointed out for the equatorial Indian (Rio et al., 1990a) and
Pacific (Raffi and Flores, this volume) oceans. In the two areas, the
FO and LO of A. amplificus consistently correlate with the base and
the top of Chron C3An, respectively. This was observed at Sites 710
and 711 in the Indian Ocean (Fig. 17: see also Figs. 7, 8, and 14 in Rio
et al., 1990a) and at Sites 844, 845, and 853 in the Pacific Ocean
(Figs.11, 12, 15, and 17).

Hagq et al. (1980), as well, associated the range of A. amplificus to
Chron 3An in piston cores from the Pacific Ocean, even if they
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reported a somewhat shorter range for the species. No detailed data
are available from mid-latitude areas.

Although this ceratolithid generally is present in low abundance, its
distribution range can be easily defined through sufficiently accurate
analyses. Therefore, the LO and FO of A. amplificus can be considered
reliable biostratigraphic events that provide two excellent correlation
lines within and between the equatorial Indian and Pacific oceans. The
two events can be used to increase biostratigraphic and chronostrati-
graphic resolution in the late Miocene (Raffi and Flores, this volume).

LO of Discoaster quinqueramus (37)

Discoaster quingueramus is a major component of the dis-
coasterid assemblages in both the tropical Indian (Figs. 9, 10, 14) and
Pacific oceans (Figs. 11, 12, 13, and 15). Its extinction occurs just
above the LO of A. amplificus and below the FO of C. acutus in all
the investigated sequences (Fig. 17) (see Raffi and Flores, this vol-
ume, and Rio et al., 1990a) and is an abrupt event. Therefore, it is an
excellent biohorizon and correlation tool within and between the two
equatorial regions.

The LO of D. quinqueramus can be precisely calibrated to the
GPTS at Site 710 in the Indian Ocean ( Fig. 10) and at Sites 844, 845,
and 853 in the Pacific Ocean (Figs. 11, 12, and 15). In both areas, it
occurs in the mid-part of Chron 3r, appearing as synchronous.
Berggren et al. (1985) associated this event with the upper part of
Chron 3An, referring to the questionable data of Mazzei et al. (1979)
and Gartner (1973) (see Backman et al., 1990).

Our calibration of D. quingueramus LO agrees with the calibra-
tion at mid-latitude North Pacific Site 577 (Monechi, 1985; Bleil,
1985; see also Gartner et al., 1984; Muza et al., 1987).

CONCLUSIONS

We have established the quantitative distribution patterns of 29
index calcareous nannofossils in the middle and upper Miocene sedi-
ments cored from the equatorial Pacific and tropical Indian oceans.

Our goal was to test the reliability of the classic biohorizons used
in the standard zonations of Martini (1971) and Bukry (1973) and,
possibly, to improve biostratigraphic resolution, which is low if com-
pared to Pliocene and Pleistocene. Distinctness of the event and its
correlatability among the different sections in the two low-latitude
areas have been the critical factors in evaluating biostratigraphic
reliability. The degree of synchroneity, as inferred by comparison
with available magnetostratigraphies, is another critical factor.

In a time interval of about 8 m.y., from the LO of 8. heteromorphus
(= 13.6 Ma) to the LO of D. quingqueramus (= 5.5 Ma), a total of 37
events were investigated, both the conventional and some additional
markers proposed in the literature. The standard zonations of Martini
and Bukry provide a sound biostratigraphic framework for class-
ifying and correlating sediments from the two considered areas. Spe-
cifically, the following events utilized as primary zonal definitions
appear as reliable:

. Sphenolithus heteromorphus LO,
. Catinaster coalitus FO,

. Discoaster hamatus FO,

. Discoaster hamatus LO,

. Discoaster berggrenii FO,

. Amaurolithus primus FO, and

. Discoaster quinqueramus LO.

The FO of Discoaster kugleri (CN5a/CN5b or NN6/NN7 bound-
ary) is a weak datum, with the species being very rare and discontinu-
ously distributed in its lower range. The first common and continuous
occurrence (FCO) of D. kugleri appears more reliable than its true
first occurrence.

Some events proposed by Bukry (1973) as primary definitions of
subzonal boundaries have proved difficult to recognize. Namely, the
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FO of C. calyculus occurs in both areas within Zone CN6, and not in
Zone CN7. D. loeblichii, whose FO defines the boundary CN8a/
CN8b together with D. neorectus FO, is virtually missing in the
Indian Ocean. The marker D. neorectus is found scattered in both
Indian and Pacific areas.

Other events that proved to be sound biostratigraphic correlation
lines between the two equatorial areas are the following:

. Cyclicargolithus floridanus 1.CO,
. Triguetrorhabdulus rugosus FCO,
. Calcidiscus premacintyrei LO,

. Coronocyclus nitescens LO,

. Discoaster kugleri FCO,

. D, kugleri LCO,

. Coccolithus miopelagicus LO,

. Discoaster neohamatus FO,

. Discoaster surculus FCO,

10. Amaurolithus amplificus FO, and
11. Amaurolithus amplificus LO.
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Thus, we are provided with at least 18 distinct biostratigraphic
correlation lines in the considered interval of about 8 m.y. The aver-
age resolution obtainable is on the order of about 0.5 m.y.

All the aforementioned events were tied to the GPTS, thus provid-
ing a biomagnetostratigraphic framework for low-latitude areas. This
integrated framework can be useful for evaluating diachroneity with
sediments from other latitudes, when further data will be available.
For the time being, we compared our data with biomagnetostrati-
graphic data from mid-latitude Site 608 (Olafsson, 1991; Gartner,
1992) (Fig. 17) and obtained new informations on the biostratigraphic
and biochronologic reliability of the investigated events over geo-
graphic distance.

We did not provide accurate absolute-age calibrations for the events
in this phase of our work. However, age evaluations for the events (Fig.
17), as recorded in eastern equatorial Pacific sequences of Leg 138,
are reported in Raffi and Flores (this volume) and Shackleton et al.
(this volume).
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APPENDIX

Calcareous Nannofossils Considered in this Chapter
(in alphabetic order of generic epithets)

Amaurolithus amplificus (Bukry and Percival, 1971) Gartner and Bukry, 1975

Amaurolithus delicatus Gartner and Bukry, 1975

Amaurolithus primus (Bukry and Percival, 1971) Gartner and Bukry, 1975

Amaurolithus tricorniculatus (Gartner, 1967) Gartner and Bukry, 1975

Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tappan,
1978

Calcidiscus macintyrei (Bukry and Bramlette, 1969) Loeblich and Tappan,
1978

Calcidiscus premacintyrei Theodoridis, 1984

Catinaster calyculus Martini and Bramlette, 1963

Catinaster coalitus Martini and Bramlette, 1965

Coccolithus miopelagicus Bukry,1971

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930

Coronocyclus nitescens (Kamptner, 1963) Bramlette and Wilcoxon, 1967

Cyclicargolithus floridanus (Roth and Hay in Hay et al., 1967) Bukry, 1971

Discoaster bellus Bukry and Percival, 1971

Discoaster berggrenii Bukry, 1971

Discoaster bollii Martini and Bramlette, 1963

Discoaster braarudii Bukry, 1971

Discoaster brouweri Tan (1927) emend. Bramlette and Riedel, 1954

Discoaster calcaris Gartner, 1967

Discoaster exilis Martini and Bramlette, 1963

Discoaster hamatus Martini and Bramlette, 1963

Discoaster kugleri Martini and Bramlette, 1963

Discoaster loeblichii Bukry, 1971

Discoaster misconceptus Theodoridis, 1984 = Discoaster pentaradiatus

Discoaster musicus Stradner, 1959

Discoaster neohamatus Bukry and Bramlette, 1969

Discoaster neorectus Bukry, 1971

Discoaster pentaradiatus Tan (1927) emend. Bramlette and Riedel, 1954

Discoaster prepentaradiatus Bukry and Percival, 1971

Discoaster quinqueramus Gartner, 1969

Discoaster sanmiguelensis Bukry, 1981 = Discoaster musicus

Discoaster signus Bukry, 1971

Discoaster surculus Martini and Bramlette, 1963

Discoaster variabilis Martini and Bramlette, 1963

Minvlitha convallis Bukry, 1973

Orthorhabdus serratus Bramlette and Wilcoxon, 1967 = Triguetrorabdulus
serratus

Reticulofenestra hagii Backman, 1978

Reticulofenestra minuta Roth, 1970

Reticulofenestra minutula (Gartner, 1967) Haq and Berggren, 1978

Reticulofenestra pseudoumbilicus (Gartner, 1967) Gartner, 1969

Sphenolithus abies Deflandre in Deflandre and Fert, 1954

Sphenolithus heteromorphus Deflandre, 1953

Sphenolithus moriformis (Bronnimann and Stradner, 1960) Bramlette and
Wilcoxon, 1967

Triquetrorhabdulus rioensis Olafsson, 1989

Triquetrorhabdulus rugosus Bramlette and Wilcoxon, 1967

Trigquetrorhabdulus serratus (Bramlette and Wilcoxon, 1967) Olafsson, 1989



