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Abstract

Several cores recovered from the northern belt of the Southern Ocean were analysed to study the Pleistocene calcareous
nannofossil records. Calcareous nannofossil events previously described in medium and low latitudes were identified and
calibrated with the oxygen isotope and geomagnetic time scales. Although sedimentation rates, hiatuses and degree of calcar-
eous nannofossil preservation sometimes prevent the identification and/or accurate calibration of some of these events, a useful
stratigraphic framework was obtained. The possibility of using these calibrated events from high to low latitudes facilitates
correlations and should facilitate isotope event identification in a region with low temperature, where calcareous plankton
stratigraphies are in general restricted. In general, Pleistocene southern high latitude calcareous nannofossil events show
synchronism with those observed in warm and temperate surficial waters. Small discrepancies in the assigned ages are some-
times related to low sampling resolution due to low sedimentation rates. The first occurrence (FO) ofEmiliania huxleyiand the
last occurrence (LO) ofPseudoemiliania lacunosaare observed in Marine Isotope Stages (MIS) 8 and 12, respectively. A
reversal in abundance betweenGephyrocapsa muelleraeandE. huxleyiis observed close to the MIS 4/5 boundary. MIS 6 is
characterised by an increase inG. muelleraeand MIS 7 features a dramatic decrease in the proportion ofGephyrocapsa
caribbeanica. This latter species began to increase its proportions from the MIS 13/14 boundary to MIS13, showing diachron-
ism between the different sites. The LO ofReticulofenestra asanoiis observed at MIS 22, confirming this event as a global
synchronous reference datum. By contrast, the FO ofR. asanoioccurs at MIS 35 and is diachronous with the existing data from
other oceanic regions. A re-entry of medium sizedGephyrocapsa(3–5mm maximum diameters) can be identified in some
cores close to MIS 25; although the low abundance of this taxon prevents an accurate calibration, it may be concluded that this
event is diachronous as compared with the existing low-latitude data. The LO of large morphotypes ofGephyrocapsais well
correlated with MIS 37, showing synchronism with other oceanic regions, whereas the FO of this species is not well calibrated
due to the absence of age-control points.q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Southern Ocean; Pleistocene; calcareous nannofossils; biostratigraphy; isotope stratigraphy; geomagnetic stratigraphy

1. Introduction

Over the last decades calcareous nannofossils have
shown excellent potential in Pleistocene biostratigra-
phy. Improved isotope and magnetostratigraphic data
have permitted the calibration of the calcareous
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nannofossil data, allowing a more precise correlation
between different regions, and consequently, the
dating of paleoceanographic events. Accurate age
determination and the evaluation of synchrony of
micropaleontological data are essential in paleoceano-
graphic analyses to provide age-control points, which
then help to infer ages or to interpret isotope strati-
graphy. Such analyses are also important in paleoeco-
logical studies on the Pleistocene, a time interval of
special relevance in the understanding of climate
evolution and cyclicity. Examples of these biochrono-
logical data come from Thierstein et al. (1977), Gart-
ner (1977), Pujos-Lamy (1977), Matsuoka and Okada
(1990), Giraudeau and Pujos (1990), Wei (1993),
Raffi et al. (1993), Weaver and Thomson (1993),
Pujos and Giraudeau (1993), Wells and Okada
(1997), Hine and Weaver (1998) and Bollmann et al.
(1998) among others. However, most of the above
studies focus on middle- and low-latitude sections
and only few of them are based on material recovered
in the Southern Ocean, which plays an important role

in climatic and oceanic evolution (Kennet and Barron,
1992; Shipboard scientific Party Leg 177, 1999). The
present study focuses on the identification and calibra-
tion of calcareous nannofossil biostratigraphic data in
order to improve the stratigraphic framework for
southern high-latitude paleoceanographic studies.

The zonations of Martini (1971) and Okada and
Bukry (1980) for Quaternary nannofossil Pleistocene
biostratigraphy were improved when quantitative data
and new deep-sea material became available. Several
authors, cited previously in this section, generated
new higher-resolution schemes, in most cases cali-
brated chronologically. Worldwide events were
observed, mainly in tropical and in temperate water
masses, due to the cosmopolitan characteristics of
most of the species involved (Raffi et al., 1993;
Wei, 1993).

As mentioned above, stratigraphic studies carried
out on Pleistocene material from the Southern Ocean
in general disclose low sedimentation rates and/or
hiatuses of different stratigraphic extent (Wise and
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Fig. 1. Location of cores used in this study and main oceanographic features.



Wind, 1977; Wise, 1983; Crux, 1991; Wei and Wise,
1992). In other cases, at these latitudes the calcareous
plankton is in general diluted by siliceous organisms
or is affected by dissolution. Consequently, the
number of sections available is restricted. To these
factors should be added restrictions in ecological
calcareous nannofossil marker species. Alternative
quantitative events to the “standard” can improve stra-
tigraphic resolution in this region.

2. Material and methods

2.1. Core location and lithology

The five piston cores studied were recovered during
the RVPolarsterncruises ANT IX/4, XI/2 and XII/4
in the Atlantic and the Pacific sectors of the Southern
Ocean (Bathmann et al. 1992; Gersonde et al., 1995)
(Fig. 1, Table 1).

Core PS2487-6 was recovered on the continen-
tal slope south of the African Cape and thus repre-
sents the only core addressed in this paper that
originates from southern subtropical waters. The
core location is in the vicinity of DSDP Site
360 (Bolli et al., 1978) and consist of foraminif-
eral ooze alternating with mud and nannofossil
oozes. The isotope and nannofossil stratigraphy
obtained from the upper 9 m of PS2487-6, which
cover the pastca. 1 My,was described indetail byFlores
et al. (1999), including a study of the Pleistocene
paleoceanographic evolution of the Agulhas retro-
flection. Here we add data from the lowermost 3 m
of the core. Core PS2076-1 originates from the crest
of the northern Agulhas Fracture Zone Ridge, in the

northern Subantarctic Zone of the Antarctic Circum-
polar Current (ACC). The core location is close to
ODP Site 1088, drilled during Leg 177 (Shipboard
Scientific Party Leg 177, 1999). The isotope and
planktonic foraminifera stratigraphy of PS2076-1
from Marine Isotope Stage (MIS) 1 to 20 is reported
in Niebler (1995). Here, we interpret this stratigraphy
in the section below MIS 20.

Cores PS2703-1, PS2708-1 and PS2709-1 were
collected from the San Martin Seamounts in the
Bellingshausen Sea. This area, located in the Polar
Front Zone of the ACC, has been reported to have
been affected by the late Pliocene impact of the “Elta-
nin” asteroid (Gersonde et al., 1997). The Pleistocene
sediments of Cores PS2709-1 and PS2703-1 are
calcareous ooze consisting of well-preserved calcar-
eous nannofossil and foraminiferal assemblages,
which allows the establishment of stable isotope
records in the former (Table 2). Core PS2708-1,
recovered at greater water depths from the seamount
flank, shows evident carbonate dissolution that
prevents the establishment of a well-established
isotope record. However, the calcareous nannofossil
preservation is moderate throughout most of the Pleis-
tocene section of PS2708-1. The geomagnetic data for
PS2708-1 and PS2709-1 are from Gersonde et al.
(1997).

For the isotopic record we used the age model of
Tiedemann et al. (1994) for the last MIS 48. For
geomagnetic calibration we followed the proposal of
Cande and Kent (1992). Boundaries between well-
identified isotope events, paleomagnetic reversals,
and sometimes worldwide synchronous biostrati-
graphic data were used to estimate sedimentation
rates.
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Table 1
Core locations and name of expedition leg

Core designation Location Water depth
(m)

Polarsternexpedition

Atlantic sector
PS2487-6 35849.20 S/188 05.40E 2950 ANTARKTIS-XI/2 1993–1994 Gersonde et al. (1995)
PS2076-1 41808.120 S/13828.870 E 2086 ANTARKTIS-IX/4 1991 Bathmann et al., 1992

Pacific sector
PS2708-1 578 46.80 S/908 59.90 W 3965 ANTARKTIS-XII/4 1995 Gersonde, in press
PS2709-1 578 35.40/S 918 13.20 W 2707 ANTARKTIS-XII/4 1995 Gersonde, in press
PS2703-1 57866.10 S/918 10.80 W 2747 ANTARKTIS-XII/4 1995 Gersonde, in press
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Table 2
d 18O values ofNeogloboquadrina pachyderma(sinistral) in core PS2709-1

Depth
(cm)

d 18O PDB
Neogloboquadrina
pachyderma

Depth
(cm)

d 18O PDB
Neogloboquadrina
pachyderma

Depth
(cm)

d 18O PDB
Neogloboquadrina
pachyderma

6 3.79 576 3.36 1136 2.99
16 4.06 586 3.51 1146 2.80
26 4.01 595 3.28 1156 3.24
36 3.86 606 3.24 1166 3.53
39 3.42 616 3.63 1176 3.56
46 3.95 626 3.13 1186 3.18
56 3.7 636 2.75 1196 3.62
66 3.69 646 2.69 1206 3.31
76 2.88 656 2.89 1216 3.14
86 3.42 666 3.17 1226 2.69
96 3.53 676 3.35 1236 2.29

106 3.57 686 2.84 1246 2.97
116 3.99 696 2.88 1256 3.70
136 3.98 706 2.9 1276 3.84
146 3.74 716 2.76 1286 3.40
156 3.68 726 2.64 1296 3.37
166 3.83 736 2.99 1306 2.88
176 3.88 746 3.52 1316 3.29
186 3.88 756 3.34 1326 3.03
196 3.58 766 2.92 1336 2.81
206 3.71 786 2.87 1346 3.10
216 2.80 796 3.11 1356 2.99
226 2.86 806 3.16 1366 3.34
236 2.77 816 3.04 1376 3.24
255 2.88 826 3.00 1386 3.03
296 2.72 836 3.04 1396 2.99
316 3.09 846 2.89 1406 2.75
326 3.44 856 3.29 1416 3.15
336 3.65 866 2.93 1426 3.47
346 3.11 876 3.03 1436 3.10
356 2.89 906 3.55 1446 2.92
366 3.16 916 3.41 1456 2.87
376 3.28 936 2.46 1466 3.10
386 3.21 946 3.04 1476 2.68
396 3.16 956 3.24 1486 3.13
406 3.27 966 3.27 1496 2.69
416 3.32 976 3.46 1506 3.24
426 3.17 986 2.84 1516 3.28
436 3.20 996 3.17 1526 3.09
446 2.97 1006 3.63 1536 3.12
456 2.90 1016 3.07 1546 3.00
466 3.84 1026 3.25 1566 3.17
476 4.15 1036 3.09 1576 3.13
486 4.00 1056 2.94 1586 3.19
496 3.73 1065 3.52 1596 3.11
516 3.85 1076 3.73 1606 3.33
526 3.53 1086 3.65 1616 3.04
536 3.34 1096 3.36 1618 3.12
546 2.85 1106 3.05 1626 3.07
556 3.02 1116 3.45 1636 2.92
566 2.91 1126 3.45 1646 2.85



2.2. Calcareous nanofossil preparation technique and
estimation of abundances

Smear slides were made directly from unprocessed
samples and examined with a light microscope at
1250x. The abundance of calcareous nannofossils
was estimated following the criteria reported by
Raffi and Flores (1995), summarised as follows:
A �.50 nannoliths per field of view, C� 1–50
nannoliths per field of view. Samples with less than
one specimen per field of view were not included in
the Appendix Tables A1–A5. The ranking of preser-
vation was established as: G� good, M�moderate,
and P� poor. The relative abundance of taxa or
morphotypes were: V� very abundant (.50%); A�
abundant (.20 ,50%); C� common (.10 ,20%);
F� few (.1 ,10%); R� rare (,1%).

The slides are stored in the archives of the Micro-
paleontological Collections of the University of
Salamanca and the Alfred Wegener Institute.

2.3. Stable isotope analyses techniques

For the establishment of a stable isotope record in
Core PS2709-1 five specimens ofNeogloboquadrina
pachyderma(sinistral forms) ranging in size between
250 and 300mm, were picked from each sample at a
sample spacing of 10 cm. Isotope measurements were
performed at the Alfred Wegener Institute with a
Finnigan Modern Analogue Technique 251 mass
spectrometer coupled to an automatic preparation
device operated under the supervision of Dr A. Mack-
ensen. Standard deviations of measurements were
,0.09‰ for oxygen. Data were related to the PDB
standard through repeated analyses of National
Bureau of Standards isotopic reference material 19
(Hut, 1987).

3. Calcareous nannofossil taxonomy

The species involved in this study are mainly
included within the family Noelaerhabdaceae
(Reticulofenestrids including the generaEmiliania,
Pseudoemiliania, GephyrocapsaandReticulofenestra)
(Thierstein et al., 1977; Pujos-Lamy, 1977; Wei,
1993; Raffi et al., 1993; Weaver and Thomson,
1993). However, the taxonomy of this group is
complex and confusing, mainly due to a proliferation

of species names and morphotypes. Here we adopted
the ideas of Raffi et al. (1993) for the morphological
features of Gephyrocapsids. We introduce other
morphotype or species markers following similar
rules concerning diameter, bridge angle, etc, which
are readily identifiable under the polarised micro-
scope. The morphological features and terminology
used here are summarised in Table 3. A complete
list of the taxa studied is included in the Taxonomic
Appendix.

4. Results and analyses

For the present study, a detailed calcareous nanno-
fossil range chart for Core PS2487-6 was constructed
(see Appendix Table A1). Quantitative analyses for
the upper 500 cm (last 13 MIS) have been presented
previously by Flores et al. (1999). Here we include
analyses from the base of the core. Calcareous nanno-
fossils from core PS2487-6 are abundant, and their
preservation is good. Fig. 2 and Table 4 show the
calcareous nannofossil events and their relationship
with the isotope curve. A hiatus identified close to
500 cm discloses two intervals. The uppermost part
shows a continuous sequence of events in which
isotope stages are well defined. However, the lower
part is not well defined isotopically, and consequently
the calibration of calcareous nannofossil events is
tentative.

The calcareous nannofossil abundance of core
PS2076-1 is variable, ranging from high to low, and
the degree of preservation is moderate to good. The
range chart data can be found in the Appendix Table
A2. Fig. 3 shows the correspondence between the
calcareous nannofossil events and isotope stages. A
continuous sequence can be observed from MIS 25 to
the Holocene. Unfortunately, below the 675 cm
sample the isotope signal is difficult to interpret,
especially when compared with the nannofossil data.

Appendix Tables A3 and A4 show the results from
cores PS2709-1 and PS2703-1. A similar calcareous
nannofossil record is observed in both cores, although
some intervals from the former core are more affected
by dissolution. Fig. 4 shows a relatively good isotopic
and geomagnetic record for these cores, allowing
identification of the last 37 isotope stages and their
correlation with nannofossil events. Only below the
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Table 3
Terminology adopted and equivalences for calcareous nannofossil taxa and morphotypes

This study: G. oceanica G. muellerae G. caribbeanica Small Gephyrocapsa Medium Gephyrocapsa1
G. omega

LargeGephyrocapsa R. asanoi

Bridge angle: . 508 , 258 Closed central area – ,908 – –
Maximum diameter:

Author equivalence

. 3mm . 3 mm . 3 mm , 3 mm .3,5.5mm open central
area

.5.5mm closed central
area

.6mm

Bukry, 1973 – – – – G. omega – –
Thierstein et al., 1977 – G. caribbeanica – – – – –
Bréhéret, 1978 G. oceanica G. muellerae G. caribbeanica G. aperta,

G. ericsonii
– – –

Takayama & Sato, 1987 Reticulofenestrasp. A
Santleben, 1980 G. oceanica G. muellerae G. caribbeanica Several species – – –
Matsuoka & Okada, 1990 G. sp. D

(large)
G. sp. D Gephyrocapsasp. D

(small)
Gephyrocapsaspp.
(small)

Gephyrocapsasp. C Gephyrocapsasp. B Reticulofenestrasp. A

Sato & Takayama, 1992 – – – – G. parallela LargeGephyrocapsa R. asanoi
Raffi et al., 1993 Medium

Gephyrocapsa
Small
Gephyrocapsa

Small
Gephyrocapsa

Small
Gephyrocapsa

G. omega LargeGephyrocapsa

Jordan et al., 1996 G. oceanica G. muellerae – G. aperta, G. ericsoni – – –
Bollmann, 1997 Gephyrocapsa

large1 equatorial
Gephyrocapsa
cold

Gephyrocapsa
oligotrophic

Gephyrocapsa
minute

– – –



1200 cm sample does the isotope resolution preclude
accurate identification of the isotope stages.

The calcareous nannofossil assemblages observed
in Core PS2708-1 are less abundant than the above-
mentioned cores. Together with a poor preservation,
this hinders the identification of certain calcareous
nannofossil events. However, those nannofossil
events that could be identified are well calibrated
owing to the core’s good geomagnetic pattern (Fig. 5).

A list of the calcareous nannofossil events used in
this study, their location (depth), and a correlation
with isotope and/or geomagnetic events in each
are shown in Table 4, and plotted in Figs. 6 and 7.
The small discrepancies observed in some of the
events identified could be due to sampling resolution
and/or the precision of the age model adopted for
each site.

5. Discussion

5.1.Emiliania huxleyiAcme base

The base of theEmiliania huxleyi Acme is a
diachronous event and is difficult to recognise in
certain areas of the ocean (Jordan et al., 1996).
Gartner (1977) dated theE. huxleyiAcme bottom at
70 ky. Thierstein et al. (1977) proposed the use of
the so-called “Reversal in abundance ofGephyro-
capsa caribbeanica2 E. huxleyi” ( �Gephyrocapsa
muellerae2 E. huxleyi, dated at 73–85 ky), as a
biostratigraphic event. This event was identified by
Gard and Crux (1991) as having occurred during
the MIS 4/5 boundary in ODP Site 704, in the Sub-
antarctic from the Atlantic sector. In several areas this
event coincides with a regular increase inE. huxleyi
and is considered to be the bottom of theE. huxleyi
Acme zone (or Zone of Dominance). Other authors
have traced this event to the time whereE. huxleyi
became the dominant species. For example, in the
Arctic Ocean this occurred between 61 to 40 ky ago
(Gard, 1989; Novacyzk and Baumann, 1992). The
meaning of “Acme” or “Zone of Dominance” is
confusing because in different regions the proportion
of E. huxleyi may be altered with respect to other
species (ecologically controlled), or due to a relative
reduction arising from dissolution (Thierstein et al.,
1977).

A reversal in the abundance ofGephyrocapsa
muellerae/Emiliania huxleyican be observed in
Cores PS2487-1 and PS2076-1 at the MIS 4/5 bound-
ary (Figs. 2 and 3; Appendix Tables A1 and A2). In
Core PS2709-1, this reversal is identified at MIS 5,
corresponding to lowd 18O values. The same event is
observed in core PS2703-1 at the same relative
position as in the other cores (Fig. 4; Appendix
Table A3). Close to this event, different authors
have identified other events. Thus, Jordan et al. (1996)
observed a prominent abundance peak inGephyrocapsa
oceanicaat MIS 5e in the Tropical Atlantic. Gard and
Crux (1991) identified a weak peak inGephyrocapsa
spp. during the whole of MIS 5, together with a peak
of Calcidiscus leptoporusat ODP Site 704 (Meteor
Rise). In Core PS2487-6, an proportional increase in
G. oceanicaandC. leptoporuscan be seen observed at
around 125 cm (Flores et al., 1999), although it is not
clear in the other cores studied.
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Fig. 2. Calcareous nannofossil events identified in core PS2487-6.
Thed 18O curve is from Flores et al. (1999). The shaded area repre-
sents an interval with low isotope resolution. LO: last occurrence;
FO: first occurrence; LCO: last common occurrence; FCO: first
common occurrence. MIS: marine isotope stages.
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Table 4
Calcareous nannofossil events in the cores studied and their calibration to marine isotope stages and magnetostratigraphy

Nannofossil event PS2487-6 PS2076-1 PS2708-1 PS2709-1 PS2703-1

MIS cm MIS cm Chron cm MIS Chron cm cm

ReversalG. muellerae/E. huxleyi 4/5 90–100 4/5 67–77 – – – – – 78–88
FCOG. muellerae 6/7 150–160 6/7 137–147 Cln Dissolved 6/7 Cln 140–145 128–138
LCO Gephyrocapsa
caribbeanica

7 200–210 7 157–167 Cln Dissolved 7 Cln 145–150 128–138

FO Emiliana huxleyi 8 210–220 8 187–197 Cln 111–132 8 Cln 150–155 138–148
LO Pseudoemiliana lacunosa 12 400–410 12 297–307 Cln 170–203 12 Cln 380–390 428–438
FCOGephyrocapsa
caribbeanica

13 465–470 14/15 357–367 Cln – 14/13 Cln 416–422 448–458

LO Reticulofenestre asanoi 22 685–695 22 577–587 Clr.1r 347–363 22 Clr.1r 725–730 818–828
Re-entry mediumGephyrocapsa 25 765–785 25 647–657 363–370 25 770–780 908–918
FO R. asanoi 35? 895–905 35? 757–767 Cl1.2r.1r bottom 600–630 35 Clr.2r.1r bottom 1060–1065 1123–1173
LO LargeGephyrocapsa 37? 945–955 37? 777–787 Cl1.2r.2r top 690–711 37? Clr.2r.2r top 1090–1095 1233–1240
FO LargeGephyrocapsa ? 1073–1085 ? 907–917 Clr.2r.2r 810–820 ? Clr.2r.2r 1270–1275 1510–1520



5.2. First occurrence ofEmiliania huxleyi

The first occurrence (FO) ofEmiliania huxleyiwas
dated by Thierstein et al. (1977) at 268 ky (late in MIS
8). The relatively easily dissolved placoliths ofE.
huxleyimay hinder the identification of this FO, espe-
cially when working with the light microscope.
However, this FO can be positively identified in
Cores PS2076-1, PS2487-6, PS2709-1 and PS2703-
1. Poor nannofossil preservation and the lack of an
isotope curve preclude a good calibration of this
event in Core PS2708-1 (Figs. 2–5; Table 4; Appen-
dix Tables A1–A5).

5.3. First common occurrence of
Gephyrocapsa muelleraeand last common
occurrence ofGephyrocapsa caribbeanica

The first common occurrence (FCO; continuous

record after a significant increase in abundance) of
Gephyrocapsa muelleraeoccurs in the MIS 6 (at ca.
170 ky) and the last common occurrence (LCO;
dramatic reduction) ofGephyrocapsa caribbeanica
at the bottom of MIS 7 (Weaver, 1983; Weaver and
Thomson, 1993; Pujos and Giraudeau, 1993; Boll-
mann et al., 1998; Flores et al., 1999); for systematic
criteria see Table 2. The LCO ofG. caribbeanicais
equivalent to the increase in the so-called small
Gephyrocapsasp. D observed by Matsuoka and
Okada (1990). In our material, the FCO ofG. muel-
lerae is identified at the MIS 6/7 boundary in Cores
PS2487-6 and PS2076-1 (Figs. 2 and 3; Appendix
Tables A1 and A2) and at the base of MIS 6 in Core
PS2709-1 (Fig. 4; Appendix Table A3). Pujos and
Giraudeau (1993) defined this event as an increase
of “open Gephyrocapsa” from the top of MIS 7 or
base of MIS 6 in the North Atlantic and Southern
Ocean; this allows us to infer a global synchronism.

J.-A. Flores et al. / Marine Micropaleontology 40 (2000) 377–402 385

Fig. 3. Calcareous nannofossil events identified in core PS2076-1.d 18O is from Niebler (1995). The shaded area represents an interval with low
isotope resolution. LO: last occurrence; FO: first occurrence; LCO: last common occurrence; FCO: first common occurrence. MIS: marine
isotope stages.
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Fig. 4. Calcareous nannofossil events identified in cores PS2709-1 and PS2703. Paleomagnetic data are from Gersonde et al. (1997).d 18O data are shown in Table 2. LO: last
occurrence; FO: first occurrence; LCO: last common occurrence; FCO: first common occurrence. MIS: marine isotope stages.



The LCO of Gephyrocapsa caribbeanicais close
to the well-dated FO ofEmiliania huxleyiat MIS 8.
Here, a clear reduction in the abundance ofG.
caribbeanicaoccurs at the base of MIS 7 in Cores
PS2487-6, PS2076-1, PS2709-1 and PS2703-1,
showing good synchrony (Figs. 2–4; Table 4;
Appendix Tables A1–A4). Pujos and Giraudeau
(1993) reported a dramatic reduction in “closed
Gephyrocapsa” (which we consider equivalent toG.
caribbeanica) during MIS 8, but progressively

decreasing at the base of MIS 7, in North Atlantic,
Pacific Ocean and Southern Ocean. Consequently, the
existing data agree with the notion of a global
synchronism.

5.4. Last occurrence ofPseudoemiliania lacunosa

Thierstein et al. (1977) identified the globally
synchronous last occurrence (LO) ofPseudoemiliania
lacunosaat the middle of MIS 12. Gard and Crux
(1991) observed very low proportions of this species
in high latitudes in ODP Site 704. This event has also
been reported to occur at the same time in relatively
high latitudes by Wei (1993), in agreement with own
observations (Figs. 2–7, Table 4; Appendix Tables
A1–A5). A clear increase in the abundance of
Gephyrocapsa caribbeanicacan be identified during
MIS 13 in Core PS2487-6, and MIS 13/14 boundary at
cores PS2709-1 and PS2076-1 (Figs. 2–4; Table 4;
Appendix Tables A1–A3). Several authors have
reported events that may be equivalent to this, and
although the nomenclature may be confusing, it
seems convenient to explain the status in some detail
(see also systematic equivalencies in Table 3). At this
level, Matsuoka and Okada (1990) observed a
progressive increase inGephyrocapsasp. D as well
as a reduction inGephyrocapsasp. C. An increase in
“closed Gephyrocapsa” (equivalent event) has been
reported by Pujos and Giraudeau (1993) in the
North Atlantic during MIS 13. At ODP Site 704
Gard and Crux (1991) observed an interval of
dominance of small placoliths (,5 mm) between
MIS 9 and 13, with a reduction in glacial stages
(MIS 10 and 12). This event corresponds to the base
of theGephyrocapsadominance interval described by
Bollmann et al. (1998), and the interval of dominance
of G. caribbeanicareported by Flores et al. (1999).
According to the available data, the FCO ofG.
caribbeanica is therefore a synchronous event,
although in the cores studied here the isotope analyses
are not very accurate (Figs. 2–4).

5.5. Last occurrence ofReticulofenestra asanoi

The LO of Reticulofenestra asanoiis well-
established (Sato and Takayama, 1992) and is a
synchronous event in low and relatively high latitudes,
that occurred late in MIS 22 (Wei, 1993). This is also
apparent in relatively high latitude material. In our
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Fig. 5. Calcareous nannofossil events identified in core PS2708-1.
Paleomagnetic data are from Gersonde et al. (1997). LO: last occur-
rence; FO: first occurrence; LCO: last common occurrence; FCO:
first common occurrence. MIS: marine isotope stages.



cores, this event also correlates with MIS 22 in Core
PS2709-1. Taking into account the paleomagnetic
record, the LO ofR. asanoiis centered at subchron
C1r.1r in Cores PS2709-1 and PS2708-1 (Figs. 4–7;
Table 4; Appendix Tables A3 and A5). Peaks of
R. asanoirecorded after the LO ofPseudoemiliana
lacunosaare interpreted as being reworked.

5.6. Re-entry of mediumGephyrocapsa

Raffi et al. (1993) reported the re-entry of the

so-called MediumGephyrocapsa(mainly Gephyro-
capsa omega�Gephyrocapsa parallela�Gephy-
rocapsasp. C; see Table 3) between MIS 29 and 16,
with a marked degree of diachronism. The FO of
Gephyrocapsasp. C (Matsuoka and Okada, 1990)
was recorded by Wei (1993) in high latitudes in the
North Atlantic between MIS 25 and 26, and close to
MIS 15 and 16 in high latitudes in the South Pacific,
showing a similar degree of diachronism as that
reported by Raffi et al. (1993). In our cores the re-
entry of mediumGephyrocapsais not easy to recognise

J.-A. Flores et al. / Marine Micropaleontology 40 (2000) 377–402388

Fig. 6. Schema showing estimated sedimentation rates. Calcareous nannofossil event calibrations were performed with paleomagnetic data
(after Cande and Kent, 1992) andd 18O curve (Tiedemann et al., 1994). MIS: marine isotope stages.
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Fig. 7. Calcareous nannofossil events and their correlation with the isotopic and geomagnetic stratigraphies in the studied cores. LO� last occurrence; FO� first occurrence;
LCO� last common occurrence; FCO� first common occurrence. MG�mediumGephyrocapsa(the vertical line represent the record of this group along the core). MIS —
marine isotope stage. The dashed line represents hiatus. The boxed area in the isotopic curves represents intervals with low isotope resolution.



owing to the low proportions at which the morphotype
is recorded. A re-entry of medium sizedGephyro-
capsais observed close to MIS 25 in cores PS2487-
6, PS2076-1 and PS2709-1 (Figs. 3 and 4; Appendix
Tables A1 and A3). In Core PS2487-6, a typicalG.
parallelamorphotype can be observed, with a marked
peak close to MIS 25 (Flores et al. 1999) (Fig. 2;
Appendix Table A1). In core PS 2708-1 this
morphotype is very scarce and the identification of
its re-entry is not easy. However, as shown in Fig. 5
(Appendix Table A5), a pulse of this species can
be observed during subchron C1r.1n, close to the
assigned age for MIS 25. According to our data, the
re-entry of MediumGephyrocapsawas a synchronous
event in the Southern Ocean (Figs. 6 and 7),
although dissolution prevents good definition in high
latitudes.

5.7. First occurrence ofReticulofenestra asanoi

The FO ofReticulofenestra asanoiis not easy to
identify owing to the occurrence of intermediate
forms between this species and small Reticulo-
fenestrids (Wei, 1993). We therefore only consider
specimens with maximum diameters larger than
6 mm (Table 3), following the original description
of Sato and Takayama (1992). Taking into account
this problem, Wei (1993) observed the FO of
the species between MIS 35 and 29. Sato and
Takayama (1992) dated the event at 1.06 Ma
(around MIS 30) in the NE Atlantic (ODP Leg
94) and in the Boso Peninsula (W Pacific). In our
material, the FO ofR. asanoican be identified at
MIS 35 in Core PS2709-1. According to the paleo-
magnetic record, this FO in Cores PS2709-1 and
PS2708-1 is observed at the base of subchron
C1r.2r.1r, which correlates with the assigned MIS
35 (Figs. 4–7; Table 4; Appendix Tables A3 and
A5). Unfortunately, the low resolution of the stable
isotope record precludes calibration in cores
PS2487-6 and PS2076-1.

5.8. Last occurrence of largeGephyrocapsa

The LO of the largeGephyrocapsamorphotype
(largeGephyrocapsasp. B — Matsuoka and Okada,
1990; LG, Raffi et al., 1993) is a globally synchronous
event that has been recorded in MIS 37 (Raffi et al.,
1993; Wei, 1993). In our high latitude sections, it is

well identified in Core PS2709-1 at the same inferred
isotope stage. Regarding the paleomagnetic record,
this LO occurs in the uppermost portion of subchron
C1r.2r.2r in cores PS2709-1 and PS2708-1 (Figs. 4–7;
Table 4; Appendix Tables A3 and A5), in agreement
with the isotopic calibration. These data confirm the
global synchrony of this event.

5.9. First occurrence of largeGephyrocapsa

The FO of largeGephyrocapsais a diachronous
event. Raffi et al. (1993) placed this event between
MIS 46 and 49 and Wei (1993) observed the same
event from MIS 47 to 51. In our cores, this event is
not well calibrated due to the absence of age-control
points (Figs. 2–7; Appendix Tables A1–A5).
However, as observed in Figs. 4 and 5 (Appendix
Table A3 and A5), this event is situated between the
normal geomagnetic subchrons C1r.2r.1n and C2n
(between 1.757 and 1.212 Myr — after Cande and
Kent, 1992).

Other events used in low- and mid-latitude Pleisto-
cene stratigraphy, such as the LO ofHelicosphaera
sellii (Raffi et al., 1993; Wei, 1993), are difficult to
identify in high latitudes because this taxon only
occurs sporadically.

6. Conclusions

Ten Pleistocene calcareous nannofossil events
calibrated with oxygen isotope and paleomagnetic
stratigraphies and correlated with low and middle
latitude stratigraphies are discussed.

The events identified are based on some species of
Noelaerhabdaceae (Reticulofenestrids), which are
cosmopolitan and facilitate correlations between
high, middle, and low latitudes.

“Standard” events such as the FO ofEmiliana
huxleyi and the LO of Pseudoemiliana lacunosa,
calibrated by Thierstein et al. (1977) at MIS 8 and
12, respectively, are recorded at the same levels in
our cores, demonstrating they are globally synchro-
nous events.

Other events observed in different latitudes and
oceans identified and calibrated here include:

(a) A reversal in the abundance ofGephyrocapsa
muellerae/E. huxleyiat the MIS 4/5 boundary. This

J.-A. Flores et al. / Marine Micropaleontology 40 (2000) 377–402390



event is diachronous in comparison with the exist-
ing low-latitude and North Atlantic data.
(b) The FCO ofG. muelleraeis identified at MIS 6,
showing a good synchronism according to the
references for other oceanic areas.
(c) The LCO of Gephyrocapsa caribbeanica,
another globally synchronous event, is also
observed in our material at MIS 7.
(d) The FCO ofG. caribbeanica, although not well
documented, in our cores occurs from the MIS 13/
14 boundary to MIS 13, showing a slight diachron-
ism.
(e) We corroborate the global synchronism of
The LO of Reticulofenestra asanoiobserved at
MIS 22.
(f) The re-entry of mediumGephyrocapsa(�G.
parallela) occurs in the area studied at MIS 25, but
is clearly diachronous with existing calibrations for
other oceanic areas.
(g) The FO ofR. asanoiobserved at MIS 35 is
another diachronous event that has been reported
to occur at younger ages in low latitudes of the
Pacific and Atlantic Oceans.
(h) The LO of largeGephyrocapsais a global
synchronous event that has also been identified at
MIS 37 in the Southern Ocean.

Some of the problems arising in establishing an
accurate biostratigraphic framework for high latitudes
hinge on the ecological restriction of some marker
species, scarce in high latitudes. Calcium carbonate
dissolution is another factor that, “a priori”, may alter
the stratigraphic pattern due to the disappearance of
specimens or diagnostic features for identification.
Additionally, calcareous nannofossil dilution in an
organic siliceous matrix and reworking may also be
an important factor in the identification of nannofossil
events, especially as regards quantitative and/or semi-
quantitative data (e.g. Gard and Crux, 1991; Roth,
1994).
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Appendix A. Taxonomic appendix

Calcareous Nannofossils
Calcidiscus leptoporus(Murray and Blackman,
1898) Loeblich and Tappan, 1978
Emiliania huxleyi(Lohmann, 1902) Hay and
Mohler in Hay et al., 1967
Gephyrocapsa apertaKamptner, 1963
Gephyrocapsa caribbeanicaBoudreaux and Hay,
1967
Gephyrocapsa ericsoniiMcIntyre and Be´, 1967
Gephyrocapsa muelleraeBréhéret, 1978
Gephyrocapsa oceanicaKamptner, 1943
Gephyrocapsa omegaBukry, 1973
Gephyrocapsa parallela(Hay and Beaudry, 1973)
Helicosphaera sellii(Bukry and Bramlette, 1969)
Pseudoemiliania lacunosa(Kamptner, 1963)
Gartner, 1969
Reticulofenestra asanoiSato and Takayama, 1992

Planktonic Foraminifera
Neogloboquadrina pachyderma(Ehrenberg, 1861)

Tables A1–A5.
Abundance of marker species and morphotypes

used in the studied cores. Total abundance of the
calcareous nannofossil assemblage for each sample,
observed at a magnification of 1250× , was estimated
as follows: A�.50 nannoliths per field of view,
C� 1 2 50 nannoliths per field of view. Samples
with less than one specimen per field of view are
not included in the tables. The ranking of preservation
was established as: G� good, M�moderate, and
P� poor. The relative abundances of taxa or
morphotypes were estimated as follows: V� very
abundant (.50%); A� abundant (.20 ,50%); C�
common (.10 ,20%); F� few (.1 ,10%);
R� rare (,1%).
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Table A1
Core PS2487-6

Depth
(cm)

Abundance Preservation Emiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

3 A G A C F F
10 A G A C F C
20 A G V F F F
25 A G A A F C
35 A G A C C F
45 A G A C C C
55 A G A C A F
65 A G C C C C
75 A G A A A C
80 A G C C C C
90 A G A A A C R
100 A G C C F C
110 A G A A C C R
120 A G C C F A R
130 A G C C A A
140 A G C A A C R
150 A G C A C C R
160 A G C A F A R
170 A G F A F A R
180 A G F A F A R
190 A G C V F C F
200 A G R A F C C
210 A G R A C F A
220 A G V F R A
230 A G V C R A
240 A G A C R V
250 A G A F R V
260 A G A F V
270 A G A F R V
280 A G A F R V
300 A G A F R V
310 A G A F R V
320 A G A F R V
330 A G A F R V
340 A G V F R A
370 A G V F R V
380 A G A F R V
390 A G A F V
400 A G A F V R
410 A G A F R V R
420 A G V F V R
430 A G V R R V R
440 A G V R C F R
450 A G A R R V R
460 A G A R R A F R
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Table A1 (continued)

Depth
(cm)

Abundance Preservation Emiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

465 A G V R F A F
470 A G V R F R C R
495 A G A F R A F
505 A G A R F R A F
515 A G A F F A F
525 A G V R C C R R
535 A G V F F F R
545 A G V R F F F
555 A G V F C F
565 A G V F R C F C
575 A G V F F R C R
585 A G V R F R F
595 A G V R R R R
605 A G V R R R R
615 A G V R R R
625 A G V R R R R
635 A G V R R R R
645 A G V R R F
655 A G V R R R F R R
665 A G V R R R F F F
675 A G V R R A R
685 A G A R C A
695 A G V F R R A R F
705 A G A C F C
715 A G C F C C A
725 A G C F C F A
735 A G V F R R C C C
745 A G V F C R C
755 A G V R F C R C
765 A G V F C R F
775 A G V R R F F
785 A G V R R R C R F
795 A G V A C
805 A G V F R C
815 A G V C F
835 A G A C A
855 A G V F R
865 A G V A F
875 A G C A F
895 A G V A R
905 A G V C F
915 A G V A
935 A G A A R
955 A G V A F
974 A G V R A F
995 A G V R C F
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394Table A1 (continued)

Depth
(cm)

Abundance Preservation Emiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

1015 A G V R A F
1035 A G V R F F
1055 A G A F F A A
1073 A G A F C C A
1095 A G A F A A
1115 A G A R C A
1135 A G F A
1155 A G R A
1175 A G C
1195 A G A
1215 A G A
1235 A G A
1255 A G A

Table A2
Core PS2076-1

Depth
(cm)

Abundance PreservationGephyrocapsa
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

0 A G A F F C
7 A G A F F F
17 A G V F F F
27 A G A F F F
37 A G A F C F
46 A G A F A F
57 A G C F V C
67 A G C F A F
77 A G V F F F
87 A G A F A R
97 A G A F C F
107 A G C C C C
127 A G C F C C
137 A G F A F C R
147 A G R C A R
157 A G R V C
167 A G R V C
177 A G F C R F
187 A G F A C C
197 A G A C A
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Table A2 (continued)

Depth
(cm)

Abundance PreservationGephyrocapsa
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

207 A G C F A
217 A G C F A
227 A G C A
257 A G A A
297 A G A V
307 A G C F A R
327 A G A A C R
337 A G A F A F
347 A G C A C
357 A G C C C
367 A G A F F R C
377 A G A R C
387 A G A F C
487 A G A F C
547 A G V F C C
577 A G A F C
587 A G A C F F
599 A G A C C C
637 A G A C F C
647 A G V A C C
657 A G A A C
667 A G A A C
677 A G A C A
717 A G V C V
737 A G A C C
747 A G V A C
757 A G A C F
767 A G A V ?
777 A G C A R
789 A G C A R F
797 A G A C F C
807 A G A C F C
817 A G A C C C
827 A G A C C C
857 A G C C C A
888 A G C C V F
897 A G F C C
907 A G C C A R
917 A G C C C
927 A G C C C
937 A G C A F
947 A G C C F
957 A G F F
977 A G F C
987 A G F C
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Core PS2709-1

Depth
(cm)

Abundance Preservation Emiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

20 A G A F R
50 A G A C C
100 A G V F C
120 A G A F A
130 A G A C
140 A G R C C F
145 A G R C R C
150 C M R F F
155 A G C A
160 A G C C
169 A G C C
180 A G V A
250 A G A V
300 A G C C V
350 A G A V
370 A G A A
380 A G A A
390 A G A A R C
395 A G C A F R
400 A G C A F F
410 A G A C F C
420 A G C C C C
422 F M C R R
430 A G C F
450 A M A R F A
500 F M R F R
550 A G V F R R
600 A G F C R R
650 A G V F
700 C M C F R
710 A G V F R
720 A G A F R R
725 A G V C
730 A G V F R F
740 A G V F F
750 F M F F R R
755 F M R R
760 F M R F R R
770 A G A F F F
780 A M F F F
820 C M F R F
850 C M F F F
860 C M R R R
870 C M C F R
890 C M R R R
920 C M F R F
930 A G V F C
950 A G V F F
960 A G V R R
965 A G V C F
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Table A3 (continued)

Depth
(cm)

Abundance Preservation Emiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

970 C M R F C
1000 C M R C F
1040 F M A R
1050 C M R C F
1060 F M C R R
1065 C M C R
1070 C M C R
1080 C M F
1090 F M F ? R
1095 F M F R C
1100 F M R F R F
1105 F M F
1110 F M A F C
1115 F M C C C
1120 F M F F C
1130 C M R F F C
1140 C M F F C
1200 C M R F R C
1230 C M R F F F
1250 A G A F A A
1260 A G F R F C
1270 C G C C F
1275 A G C A F
1280 C M R R F
1290 C M A R F
1300 C M F F F
1310 C M F F F
1315 C M F R F
1320 F M F F
1340 F M F F
1400 C M F
1500 C M F
1540 C M F F
1550 C M R
1560 C M R
1570 C M F
1600 C M F
1620 C M F
1640 C M F
1650 C M F
1660 C M F
1668 C M F
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398Table A4
Core PS2703-1

Depth
(cm)

Abundance PreservationEmiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenetra
asanoi

Large
Gephyrocapsa

58 A G V F F
68 A G V R R
78 A G V F C R
88 A G A A
98 A G F V
108 A G C F R
128 A G F C C F
138 A G F A C
148 A G F C
188 A G A A
246 A G A C
348 A G A A R
408 A G F A
428 A G F F
438 A G F F F
448 A G F R
458 A G F R F
468 C G F F F
488 A G R R
528 A G R R
578 A G C F
638 A G F F
778 A G V F
788 A G C R F R
798 A G F F
808 A G A C F R
818 A G F F
828 A G C F
838 A G F F R F
888 A G C F R F
898 A G F R F
908 A G F F R
918 A G F R
928 A G F R
963 A G C F F
993 A G F F R
1053 A G V F F
1063 A G V F F
1073 A G F F R
1083 A G C F R
1093 A G F F R
1103 A G F R
1113 A G C R
1123 A G C R
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Table A4 (continued)

Depth
(cm)

Abundance PreservationEmiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenetra
asanoi

Large
Gephyrocapsa

1173 A G C
1233 A G F
1240 A G F F
1250 A G F F C
1300 A G C F C
1310 A G F F F
1320 A G F C F
1330 A G F C C
1340 A G R F C C
1410 A G R F C C
1480 A G R F F
1490 A G F F F
1500 A G F
1510 A G F F
1520 A G F
1530 A G F F
1590 A G F F F
1600 A G R F
1610 A G R F R
1620 A G F F
1630 A G F F
1640 A G F R
1650 A G R C
1660 A G F F R
1670 A G F
1680 A G F
1690 A G F F
1700 A G F F
1730 A G R F
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Table A5
Core PS2708-1

Depth
(cm)

Abundance PreservationEmiliana
huxleyi

Small
Gephyrocapsa

Gephyrocapsa
muellerae

Gephyrocapsa
oceanica

Gephyrocapsa
caribbeanica

Pseudoemiliana
lacunosa

Medium
Gephyrocapsa

Reticulofenestra
asanoi

Large
Gephyrocapsa

1 C M C F F R
7 C M A C F
20 F M C F C
46 C M V F F
80 C M F C F
111 C P R F V F
140 C M C
170 F P F F
203 C M V R
235 F M F F R
300 C M V F R
320 C M A F
330 C P A F
340 C M A F
349 F P R F
363 F P R F F
370 F M R R? F F
380 F M F F F
400 C M R R F
435 C M R F R F
463 C M R R R
498 F M F F
530 C M R F R
560 F P C F
600 F M R F F
630 F M R
656 F P F
690 F P F R
711 F M F F
740 C M R F
754 C M F
781 F M F
810 C M F R F
820 F M F
840 F M R R R
854 F M F
880 C P F
897 C M
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