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MEDITERRANEAN SAPROPELS, SITES 974 TO 977 AND 9791
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ABSTRACT

During Ocean Drilling Program Leg 161, six sites were drilled in the western Mediterranean. Pleistocene sediments were
cored at Sites 974, 975, 976, 977, and 979. Occurrences of generally very abundant and well-preserved calcareous nannofossils
provide a new Pleistocene biostratigraphic framework based on a succession of twenty biohorizons. Calibration of these
datums with the orbital time scale, based on the average of June and July (summer) insolation time series at 65°N of the astro-
nomical solution La90(1,1), gives the following ages in Ma: (FO, first occurrence) Emiliania huxleyi >Gephyrocapsa spp.
(0.070); (FcO, first consistent occurrence) E. huxleyi (0.218); (FO) E. huxleyi (0.270); (LO, last occurrence) Pseudoemiliania
lacunosa (0.406); (LO) P. lacunosa lacunosa (>7 µm) (0.439); (LO acme) P. lacunosa (0.739); (LO) Crenalithus asanoi (cir.;
>6.5 µm) (0.781); (FO) Gephyrocapsa omega (>4) (0.962); (FO) C. asanoi (circular; >6.5 µm) (1.122); (LO) Gephyrocapsa
spp. (>6.5 µm) (1.235); (LO) Helicosphaera sellii (1.246); (LcO, last consistent occurrence) H. sellii (1.276); (FO acme) P.
lacunosa (1.361); (FO) Gephyrocapsa oceanica (>6.5 µm) (1.494); (FO) Gephyrocapsa caribbeanica (>6.5 µm)-G. oceanica
(>6.3 µm) (1.525); (FO) G. oceanica (>5.5 µm) (1.566); (FO) Gephyrocapsa spp. (>5 µm) (1.615); (LO) Calcidiscus macintyrei
(cir.; >11 µm) (1.619); (FO) G. oceanica (>4) (1.719); FO G. caribbeanica (>4) (1.726).

Sapropels (organic-rich layers) interlayered in pelagic and hemipelagic Pleistocene sediments recorded at each
Mediterranean site are calibrated with the orbital time scale and numbered following the codification of the insolation 
Sixty-eight insolation cycles were recognized in these Pleistocene sediments from a total of 88 insolation cycles for th-
tocene (= 176 insolation minima and maxima). The western Mediterranean Sites 974–979 represent sections with co
sapropel records that span the entire Pleistocene and indicate that the temporal sapropel pattern is not evenly distribe
calibration of the western Mediterranean sapropels to the orbital time scale and to the oxygen isotope stratigraphy prove-
cise stratigraphic correspondence that will be used to compare the timing of eastern and western Mediterranean saprop
ity.

Four new combinations are also introduced: Crenalithus asanoi, Crenalithus japonicus, Pseudoemiliania pacifica, and
Pseudoemiliania lacunosa ovata.
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INTRODUCTION

The present work is based on the study of five Ocean Drilling Pro-
gram (ODP) sites drilled in the western Mediterranean from the Tyr-
rhenian Sea (Site 974), the South Balearic Sea (Site 975), to the Alb-
oran Sea (Sites 976, 977, and 979). Based on characteristics of the
sediments recorded by visual core descriptions (principally color cri-
teria), photographs, and total organic carbon (TOC), a number of
sapropels were described and coded for each site (Comas, Zahn,
Klaus, et al., 1996; Murat, Chap. 41, this volume). TOC content
found in sapropels at Leg 161 sites displays a wide range of values,
from 0.7% to more than 6% (Comas, Zahn, Klaus, et al., 1996; Murat,
Chap. 41, this volume).

Recent works from Hilgen (1991) and Lourens et al. (1994,
1996a, 1996b) have demonstrated that the occurrences of sapropels
correlate with minima in the Earth’s orbital precession cycle. This
clicity occurs with an average of 20,700 yr. During the periods
minima in the Earth’s orbital precession, the northern hemispher
ceives stronger summer insolation and weaker winter insolation
it receives at present. This implies that the insolation variation a
Earth’s surface may be derived from its precession cycles. Gene
the phase lags between precession cycles, and their induced cl

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, Sci. Results, 161:
College Station, TX (Ocean Drilling Program).

2Florida State University, Department of Geology, B-160, Tallahassee, FL 32306,
U.S.A. (Present address: Institut de Géologie, Université de Neuchâtel, Rue E
Argand 11, 2000 Neuchâtel, Switzerland.) edekaenel@bluewin.ch

3Department of Geology, Box 46-B, Vanderbilt University, Nashville, TN 372
U.S.A.

4 INTECHMER, BP 324, Cherbourg Cedex, France.
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variations are assumed constant (Lourens et al., 1996a). A time la
3 k.y. is used in this study, following Lourens et al. (1996a), betwe
the age of the insolation peak and the age of the climatic respo
The astronomical calibration of the insolation parameters used in 
study is from the astronomical solution, La90(1,1), corrected for dy-
namical ellipticity and tidal dissipation, calculated by Laskar et 
(1993). Astronomical calibration of individual sapropels are deriv
from the insolation parameter with a time lag of 3 k.y. and minim
and maxima of cycles are coded (i = insolation) from the present. O
numbers correspond to maxima and even numbers to minima in
insolation curve. Astronomical calibration of the sapropels was 
tablished at Sites 975, 976, and 977 based on biochronology an
correlations to the oxygen isotope records. A high-resolution b
chronological framework established at these sites, together w
sapropel distribution patterns, were used to calibrate the sapro
described at Sites 974 and 979.

Based on shipboard analyses during Leg 161 and on deta
sapropel study, a coding with Key Bed Number of sapropels is p
sented by Murat (Chap. 41, this volume). The number of cycles, id
tified in late Pliocene–Pleistocene sediments, varies from site to s
33 at Site 974, 32 at Site 975, 28 at Site 976, 42 at Site 977, and 
Site 979. Based on the stratigraphic analyses of the five sites, the 
Pleistocene sapropels recorded represent 68 insolation cycles (
88 cycles). Eighteen “missing cycles” (i = 14, 28, 32, 34, 36, 42, 7
78, 106, 114, 120, 146, 150, 154, 158, 162, 164, and 174) corresp
to periods with low maxima peaks in the insolation curve. Durin
these periods of weak insolation variations, no sapropels were de
oped in the sediments. The other two “missing sapropels” are the
solation peaks i = 26 and 118. Five insolation cycles (i = 178, 1
182, 188, and 208) were described in the uppermost Pliocene in
vals recorded at Sites 974 and 979. The Pliocene/Pleistocene bo
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ary has been correlated with the top of i-cycle 176 at the type section
from Vrica (Italy) by Hilgen (1991) and an age of 1.806 Ma deter-
mined. The Pleistocene contains 176 maxima and minima, or 88 cy-
cles. Most of the peaks in the insolation curve correspond with the oc-
currence of sapropels. However, most of the cycles are represented in
the sediments in the Mediterranean by the development of redox cy-
cles (Murat, 1991; Murat, Chap. 41, this volume).

Derived from the astronomical calibration of sedimentary cycles,
a Pleistocene astronomical time scale has been constructed by Hilgen
(1991) and Lourens et al. (1996a), based on the correlation of
sapropel and carbonate cycle patterns to the precession cycles. Up-
permost Pleistocene sapropels (i-cycles 2 to 46) found in the eastern
Mediterranean were first numbered by Cita et al. (1977) and later cal-
ibrated to the insolation peak (Hilgen, 1991). Lower Pleistocene
sapropels (i-cycles 124 to 176) from outcrop sections in Italy were
used to develop the astronomical time scale (Hilgen, 1991; Lourens,
1994). At the same time, seven calcareous nannofossil datums were
calibrated to the insolation peaks and ages derived from their strati-
graphic positions (Hilgen, 1991; Lourens et al., 1996a). Additionally,
Castradori (1993), studying a set of eastern Mediterranean deep-sea
cores, calibrated five calcareous nannofossil datums based on
sapropel layers, isotopic records, and magnetostratigraphy. The west-
ern Mediterranean Sites 974 to 979 contain Pleistocene sections with
sapropel records from the lowermost to the uppermost Pleistocene.
By calibration of the sapropels with the insolation peaks, we calculat-
ed more precise ages for 20 calcareous nannofossil events. Of the 20
datums, four are new events: the beginning of the acme of Pseudo-
emiliania lacunosa (1.361 Ma), the end of the acme of Pseudoemil-
iania lacunosa (0.739 Ma), the LO of Pseudoemiliania lacunosa la-
cunosa (>7 µm) (0.439 Ma), and the first consistent occurrence
Emiliania huxleyi (0.218 Ma). Among the other calcareous nannof
sil events, some datums, such as the LO of Pseudoemiliania lacunosa
(0.406), differ from the generally accepted ages.

METHODS 

In order to obtain good-quality slides, all samples used in 
study were prepared using a settling technique. Approximately 2
samples were processed and at least three samples were exa
from each core section. The published literature describes diffe
settling techniques, mainly for preparing samples for scanning e
tron microscope (SEM) studies. These settling techniques are us
eliminate particles with a size range <2 µm and >30 µm. In this st
the settling technique used to prepare slides for the light micros
follows the procedure described by de Kaenel and Villa (1996). 

Semiquantitative measurements were used to place first and
occurrences, as well as changes in abundances of taxa. For 
acme events, the number of specimens per field of view was als
corded.

As in many morphometric studies, detailed observations in 
microscope are necessary to determine accurately FOs based o
Our work, based on five different holes with Pleistocene records 
umented the stratigraphic position of several morphometric chan
The results at one hole will either corroborate or modify the interp
tations in all the other holes. If a new biostratigraphic position w
obtained in one hole, all other holes were re-examined to verify
position of the datums. This was done many times during this st
especially to locate the Gephyrocapsa events based on size change
As for many morphologic changes, only very rare specimens in
Gephyrocapsa populations have the new character. Thus, the str
graphic position of the FO of a particular Gephyrocapsa morphotype
is often based on the observation of one or two specimens, but is
dependent on the sampling resolution. Without frequent samp
the precise positioning of a datum is not possible.
160
 of
s-

his
000

ined
ent

lec-
d to
dy,
ope

 last
ome
 re-

the
 size.
oc-
es.

re-
as
the
dy,
s.
the
ti-

 also
ng,

Using these datums as reference points, the age-depth relati
ships were plotted. Additionally, the sapropel layers were plotte
with the nannofossil datums according to their depth and with an e
timated astronomical age (Table 1) according to sapropel patter
and characteristics: 

1. Distinct sapropels with high TOC content are assumed to b
directly related to high-amplitude insolation maxima and les
distinct sapropels with low TOC content are assumed to be r
lated to low-amplitude insolation maxima (Lourens et al.
1996a). 

2. As important are the thick-thin-thick alternation of sapropel
in a short time interval (small-scale sapropel clusters). In lan
sections, they correspond to an alternation of high-low-hig
amplitude precession minima (Lourens et al., 1996a).

3. Intervals containing more and thicker sapropels correspond 
the large-scale sapropel clusters described in land sections
Hilgen (1991). 

In a second step, the new nannofossil datums were introduced
the age-depth plot, and precise ages for the 20 datums were es
lished by their depth position between the two closest sapropels. T
ultimate chronological precision of a datum depends on the samp
resolution and on the precise determination of the position of tops a
bottoms of the sapropels. Based on these criteria, a best estimate
the datum age was selected from the five sites studied. They are p
posed as new standards for Pleistocene biostratigraphic framewor

Table 1. Insolation cycle (i-cycle) ages.

Note: Ages correspond to the midpoints of the sapropels and are based on the astronomi-
cal solution La90(1,1) of Laskar et al. (1993) with a time lag of 3 k.y. 

Insolation 
cycles

(i-cycle)
Age
(ka)

Insolation 
cycles

(i-cycle)
Age
(ka)

Isolation
cycles

(i-cycle)
Age
(ka)

2 8 88 934 174 1779 
4 35 90 955 176 1808
6 55 92 976 178 1829
8 81 94 997 180 1851

10 102 96 1027 182 1872
12 124 98 1048 184 1900
14 148 100 1070 186 1923
16 172 102 1091 188 1944
18 195 104 1111 190 1965
20 217 106 1126 192 1982
22 240 108 1144 194 2000
24 262 110 1164 196 2020
26 288 112 1185 198 2040
28 310 114 1203 200 2059
30 331 116 1222 202 2071
32 353 118 1240 204 2094
34 369 120 1261 206 2115
36 385 122 1280 208 2137
38 405 124 1298 210 2160
40 425 126 1315
42 444 128 1335
44 461 130 1356
46 483 132 1376
48 503 134 1398
50 528 136 1411
52 553 138 1429
54 575 140 1449
56 597 142 1471
58 618 144 1490
60 647 146 1511
62 668 148 1524
64 690 150 1544
66 710 152 1564
68 732 154 1584
70 747 156 1603
72 765 158 1622
74 785 160 1642
76 804 162 1661
78 822 164 1679
80 841 166 1694
82 862 168 1715
84 882 170 1736
86 908 172 1757
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Magnetostratigraphy records established on board are indicated
for Sites 974 and 975 (see below, summary of sites), but were not
used to calculate any datum ages. Many problems in determining the
magnetic reversal boundaries were encountered on board ship be-
cause of uncertainties in the magnetic measurements. 

Oxygen isotope records at Sites 975, 976, and 977 are not intro-
duced in the age-depth plots, but the position of the nannofossil
events within the δ18O stages is indicated for each datum (see bioho-
rizon descriptions below). Oxygen isotope records were also used to
resolve discrepancies in sapropel stratigraphy. In few intervals,
sapropels are not related to insolation maxima, but occur during inso-
lation minima (see summary of Site 977 below).

RESULTS

Summary of Sites

Site 974

This site is located in the central Tyrrhenian Sea (Fig. 1), along the
lower slope of the Sardinian continental margin in a small sub-basin
more than 3400 m deep. At Site 974, four holes were drilled at about
3454 m water depth. This site lies about 300 m west-northwest of Site
652 (Leg 107). At Site 974, a complete Pleistocene sedimentary se-
quence was cored and 33 sapropels were identified, which were cod-
ed 401 to 433 (Fig. 2). The TOC maximal (TOC MAX) contents of
these sapropels ranged from 0.9% to >6% (Comas, Zahn, Klaus, et
al., 1996; Murat, Chap. 41, this volume). Calcareous nannofossils are
very abundant at this site, and one interval contains a Braaru-
dosphaera bigelowii (Br.) ooze (Fig. 2). High-resolution sampling
and magnetostratigraphy provide a precise biostratigraphic frame-
work to date the sapropels. The average sampling spacing for nanno-
fossil analysis around and within the sapropels was 10 cm. The
sapropels that were recognized at Site 974 were calibrated with the
insolation cycles with a time lag of 3 k.y. and are presented in Figure
2. Some insolation cycles (Fig. 2; i-cycles 90, 92, and 122) are com-
posed of two sapropels, with generally one thin and one thick (e.g., i-
cycles 92 and 122). Depths and characteristics of the sapropels are
given by Murat (Chap. 41, this volume). The stratigraphic position of
the datums according to the sapropels is presented in Figure 2 and
discussed in the biohorizons section. The nannofossil events used to
date the Pleistocene interval are listed in Tables 2 (depth) and 3 (es-
timated ages).

The magnetostratigraphy records at Site 974 are poorly defined
except for Hole 974B; changes in inclinations in Holes 974A, 974C,
and 974D were unclear as a result of secondary overprinting. In Hole
974B, the top of the Olduvai Chron (C1r.2r-2n/C2n boundary) is at
88.44 mcd (84.00 mbsf). This boundary is dated at 1.785 Ma by Lou-
rens et al. (1996a) and lies in i-cycle 174. In Hole 974B, this bound-
ary (Fig. 2) is between sapropel 429 (i-cycle 172 at 1.757 Ma) and
sapropel 430 (i-cycle 176 at 1.808 Ma). The sapropel of i-cycle 174
is not distinct at Site 974, because of low TOC content (<0.5%). The
same sapropel pattern is described on land sections in Italy (Vrica and
Singa sections) by Hilgen (1991). Sapropels 433 to 426 correspond
to the sapropel cluster “b-m” in Vrica. The Pliocene/Pleistoce
boundary, situated at the top of the “e” sapropel in Vrica, is correla
with the top of sapropel 430 (i-cycle 176) in Hole 974C (89.995 mc
and in Hole 974D (89.700 mcd). A position at 89.515 mcd is dedu
for this boundary in Hole 974B, based on sapropel depths in Ho
974C and 974D. The age of i-cycle 176 is 1.808 Ma (Table 1) and
age of the Pliocene/Pleistocene boundary is estimated at 1.806 M
Lourens et al. (1996a). The FO of Gephyrocapsa oceanica (>4 µm)
is situated between 86.55 and 86.37 mcd (best interpolated d
[BID] 86.46 mcd) and between sapropel 427 (i-cycle 168 at 1.7
Ma) at 86.24 mcd and sapropel 428 (i-cycle 170 at 1.736 Ma) at 87
mcd. The age for the datum at Site 974 is estimated at 1.721 Ma.
FO of Gephyrocapsa oceanica (>4) is situated at 3.05 m above th
Pliocene/Pleistocene boundary and about 1.98 m above the top o
Olduvai Chron. 

From sapropels 425 to 409, several small-scale clusters of tw
seven sapropels are observed. The distinct cluster compose
sapropels 425 to 423 is correlated to the “n–p” cluster in Vrica. T
15°
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Figure 1. Location map of the western Mediterranean showing Leg 161 Sites 974–979 and Leg 107 Site 652. AB = Alboran Basin, SG = Strait of Gibraltar.
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from Tables 2 and 3. Sapropels (34 white dots) are numbered (Site 974 coding described by Murat, Chap. 41, this volume) and correlated to the insolation cycle
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cluster composed of sapropels 422 to 418 corresponds to the 
cluster in Vrica. The cluster of sapropels 415 to 409 is correlate
i-cycles 100 to 90.

Magnetostratigraphy records indicate that the B/M bound
(C1n/C1r.1r) is at 44.0 mcd in Hole 974B (Fig. 2). An age of 0.78
for this boundary was calculated from astronomical calibration
Shackleton et al. (1990) at ODP Site 677 in the Equatorial Pa
This age is between i-cycle 72 (0.765 Ma) and i-cycle 74 (0.785 
Between i-cycle 90 (0.955 Ma) and i-cycle 70 (0.747 Ma), 
sapropels were identified (Fig. 2). This interval represents a perio
0.208 k.y.

A small-scale cluster of sapropels (T10 to 406) is observed a
the B/M boundary. This distinct sapropel alternation can be corr
ed to i-cycles 70 to 62. In the uppermost Pleistocene at Site 
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sapropels are rare and only three insolation cycles are recorded:
cles 50, 38, and 22. When compared to the Late Pleistocene Me
ranean sapropel codification (S1 to S12) of Cita et al. (1977), i-c
38 corresponds to sapropel “S11” and i-cycle 22 to sapropel “
(Lourens et al., 1996a). Sapropel S1 to S8, and S10 were not re
nized on board, but may still be discovered later with more deta
TOC analysis. At ODP Site 653 (Leg 107), located in the Tyrrhen
Sea to the west of Site 974, younger “S” sapropels were observe
(i-cycle 18), S8 (i-cycle 20), S10 (i-cycle 30), and S12 (i-cycle 46

Site 975

Site 975 is located on the Menorca Rise between the Bale
Promontory (Menorca and Mallorca Islands) and the South Bale
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Table 2. Position of calcareous nannofossil events in Hole 974B, as indicated in Figure 2.

Notes: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence, FcO = first consistent occurrence.

Hole 974B

Event Biostratigraphic datum
Core, section, interval 

(cm)
Depth
(mbsf)

Depth
(mcd)

1. FO Emiliania huxleyi >Gephyrocapsa spp. 1H-4, 26; 1H-2, 29 4.76-1.79 4.76-1.79
2. FcO Emiliania huxleyi 1H-4, 26; 1H-2, 29 4.76-1.79 4.76-1.79
3. FO Emiliania huxleyi 2H-4, 3; 2H-2, 105 11.03-9.05 12.13-10.15
4. LO Pseudoemiliania lacunosa 3H-3, 61; 3H-3, 7 19.61-19.07 20.99-20.45
5. LO Pseudoemiliania lacunosa lacunosa (>7) 3H-4, 39; 3H-3, 76 21.49-19.76 22.87-21.14
6. LO acme Pseudoemiliania lacunosa 5H-4, 143; 5H-3, 99 40.93-38.99 43.43-41.49 
7. LO Crenalithus asanoi (cir.; >6.5) 5H-5, 118; 5H-4, 143 42.18-40.93 44.68-43.43 

8. FO Gephyrocapsa omega (>4) 6H-5, 110; 6H-5, 37 51.60-50.87 54.94-54.21
9. FO Crenalithus asanoi (cir.; >6.5) 7H-4, 113; 7H-3, 115 59.34-57.86 63.87-62.39
10. LO Gephyrocapsa spp. (>6.5) 7H-CC; 7H-7, 29 63.91-62.99 68.44-67.52 

11. LcO Helicosphaera sellii 8H-1, 73; 7-CC 64.23-63.91 69.51-68.44
12. FO acme Pseudoemiliania lacunosa 8H-4, 26; 8H-4, 16 68.16-68.06 73.44-73.34
13. FO Gephyrocapsa oceanica (>6.5) 8H-7, 74; 8H-6, 107 73.14-71.97 78.42-77.25 
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
8H-CC; 8H-7-74 73.54-73.14 78.82-78.42

15. FO Gephyrocapsa oceanica (>5.5) 9H-1, 144; 9H-1, 134 74.44-74.34 80.34-80.24 
16. FO Gephyrocapsa spp. (>5) 9H-3, 58; 9H-3, 37 76.48-76.27 82.38-82.17
17. LO Calcidiscus macintyrei (cir.; >11) 9H-3, 73; 9H-3, 58 76.63-76.48 82.53-82.38 
18. FO Gephyrocapsa oceanica (>4) 9H-6, 25; 9H-6, 7 80.65-80.47 86.55-86.37
19. LO Discoaster brouweri 11H-3, 18; 11H-2, 104 95.18-94.55 99.08-98.45
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Basin (Fig. 1). Four holes were drilled at about 2415 m water depth
and a complete Pleistocene sequence was cored. Thirty-six sapropels
(coded 501 to 536) correlated to thirty-two insolation cycles, were re-
corded with TOC MAX contents ranging from 0.8% to 2.9% (Comas,
Zahn, Klaus, et al., 1996; Murat, Chap. 41, this volume). Some inso-
lation cycles are composite, composed of two or three, thin sapropels
(e.g., i-cycles 18, 58, and 90). Depths, coding, and characteristics of
the sapropels are given by Murat (Chap. 41, this volume). Calcareous
nannofossils are very abundant and many intervals contain coccolith
oozes. Sampling spacing is on average three samples per section with
a 10-cm sampling interval in sapropel sequences. A precise biostrati-
graphic framework based on 20 datums was used to correlate the
sapropels with the insolation cycle (Fig. 3) and to date the magnetic
reversal boundaries. Compared to the biostratigraphy established on
board and based on seven Pleistocene datums (Comas, Zahn, Klaus,
et al., 1996), this new Pleistocene biostratigraphic framework allows
a more precise correlation and better estimation of the sedimentation
rates. It also provides some fixpoints to calibrate the oxygen isotopic
events and to construct the initial age model at Site 975 (Pierre et al.,

Table 3. Astronomical ages of biostratigraphic datums in Hole 974B, as
indicated in Figure 2.

Notes: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence,
FcO = first consistent occurrence.

Hole 974B

Event Biostratigraphic datum
Age
(Ma)

Depth
(mcd)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 0.071 1.79
2. FcO Emiliania huxleyi 0.218 4.76
3. FO Emiliania huxleyi 0.274 11.14
4. LO Pseudoemiliania lacunosa 0.408 20.72
5. LO Pseudoemiliania lacunosa lacunosa (>7) 0.430 22.00
6. LO acme Pseudoemiliania lacunosa 0.751 42.46
7. LO Crenalithus asanoi (cir.; >6.5) 0.781 44.05
8. FO Gephyrocapsa omega (>4) 0.964 54.08
9. FO Crenalithus asanoi (cir.; >6.5) 1.122 62.39
10. LO Gephyrocapsa spp. (>6.5) 1.243 67.98
11. LcO Helicosphaera sellii 1.272 69.35
12. FO acme Pseudoemiliania lacunosa 1.359 73.39
13. FO Gephyrocapsa oceanica (>6.5) 1.498 77.83
14. FO Gephyrocapsa caribbeanica (>6.5)

and Gephyrocapsa oceanica (>6.3)
1.521 78.62

15. FO Gephyrocapsa oceanica (>5.5) 1.566 80.29
16. FO Gephyrocapsa spp. (>5) 1.615 82.27
17. LO Calcidiscus macintyrei (cir., >11) 1.619 82.45
18. FO Gephyrocapsa oceanica (>4) 1.721 86.46
19. LO Discoaster brouweri 1.954 98.76
Chap. 38, this volume). The nannofossil events used to date the Pleis-
tocene interval are listed in Tables 4 (depth) and 5 (estimated ages).
Figure 3 presents the correlation of the sapropels recognized at Site
975 with the insolation cycles (astronomical precession cycles with a
time lag of 3 k.y.). 

The LO of Discoaster brouweri occurs at BID of 146.56 mcd in
Hole 975B (Tables 4, 5). The age of this datum is estimated at 1.95
Ma by Lourens et al. (1996a) and lies in i-cycle 189 (1.954 Ma). The
base of the Olduvai Chron, dated at 1.942 Ma by Lourens et al.
(1996a), is inferred at Site 975 at 144.79 mcd, based on a position in
Hole 975B at 137.0 mbsf, and occurs in i-cycle 188. The top of the
Olduvai Chron is placed at 121.5 mbsf in Hole 975C, which corre-
sponds to 120.26 mbsf (129.30 mcd) in Hole 975B. The age of this
boundary is estimated at 1.786 Ma by Lourens et al. (1996a) and oc-
curs in i-cycle 174.

The oldest small-scale cluster of sapropels 536 to 534 corresponds
to the sapropel cluster pattern “e–h” in Vrica. The Pliocene/Ple
tocene boundary (1.806 Ma) is situated at the top of the “e” sapr
(i-cycle 176), which corresponds to the top of sapropel 536 at 13
mcd (Fig. 3). Sapropel 535 corresponds to the “f” sapropel in Vr
(i-cycle 170 at 1.736 Ma). Sapropel 534 corresponds to the 
sapropel in Vrica (i-cycle 168 at 1.715 Ma) and is situated at 126
mcd. In Hole 975C, the FO of Gephyrocapsa caribbeanica is situated
at BID of 126.33 mcd and the FO of Gephyrocapsa oceanica (>4) is
observed at BID of 126.20 mcd. In Hole 975B, the FO of Gephyro-
capsa oceanica (>4) occurs between two cores (Table 4). 

From i-cycle 168 (1.715 Ma) to i-cycle 116 (1.222 Ma), only fo
sapropels were observed (i-cycles 148, 136, 134, and 128). Sap
533 (i-cycle 148 at 1.524 Ma) at 113.06 mcd is between datum
(FO of G. caribbeanica (>6.5 µm) - G. oceanica [>6.3 µm]) at 113.15
mcd and datum 13 (FO of Gephyrocapsa oceanica [>6.5 µm]) at
112.22 mcd (Fig. 3). Above sapropel 530, two clusters of sapro
are recorded, one from i-cycle 116 (1.222 Ma) to i-cycle 112 (1.1
Ma) and a second from i-cycle 104 (1.111 Ma) to i-cycle 86 (0.9
Ma). Datum 9 (FO Crenalithus asanoi) is between i-cycle 112 (1.185
Ma) at 90.665 mcd and i-cycle 104 (1.111 Ma) at 85.64. Datum 8 
Gephyrocapsa omega [>4]) occurs in the second cluster between
cycle 90 (0.957 Ma) at 77.10 mcd and i-cycle 86 (0.911 Ma) at 73
mcd. Sapropel 518 at 61.53 mcd in Hole 975B corresponds to i-c
68 (0.732 Ma) and is situated just above the B/M boundary. Mag
tostratigraphic measurements indicate that the B/M boundary (0
Ma) is at 64.35 mcd. From i-cycle 60 (0.647 Ma) to i-cycle 12 (0.1
Ma), the sapropel distribution is very similar to the pattern obser
at Sites 977 and 979: (1) a cluster of five sapropels composed 
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Figure 3. Age-depth plot. Calibration of sapropels in Hole 975B with the insolation cycles. Position and age of calcareous nannofossil events (19 black dots) are
from Tables 4 and 5. Sapropels (32 white dots) are numbered (Site 975 coding described by Murat, Chap. 41, this volume) and correlated to the insolation cycle
(i-cycle). Ages of i-cycles are indicated in Table 1.
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cycles 60 to 50; and (2) presence of sapropels, which pattern corre-
sponds to the sequence of “S” sapropels described for the ea
Mediterranean (Cita et al., 1977). In this succession, only S8 (i-c
20 at 0.217 Ma) is not recorded. Uppermost Pleistocene sapro
“S1 to S4” were not observed at Site 975. Datum 4 (LO of Pseudo-
emiliania lacunosa) is at BID of 35.55 mcd and is placed just belo
the sapropel 509 (i-cycle 38 at 0.405 Ma) at 35.47 mcd. Datum 3
of Emiliania huxleyi) is at BID of 23.17 mcd and is situated betwe
i-cycle 22 (“S9”) and i-cycle 30 (“S10”).

Site 976

This site is located in the Western Alboran Sea, 60 km off 
southern Spanish coast and 11 km east of the Strait of Gibraltar 
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tern
cle
els

FO
n

e
Fig.

1). It is about 8 km northeast of Deep Sea Drilling Project (DSD
Site 121 (Leg 13) in a water depth of 1108 m. Pleistocene sedim
were recovered in four holes (976A to 976D). In Holes 976B a
976C, a near-complete, very thick Pleistocene sequence was c
(Cores 161-976B-1H to 40X and Cores 976C-1H to 40X). In H
976B, core recovery in the Pleistocene interval was high (100%),
cept in Cores 976B-3X (35%), 16X (76%), and 21X (30%), and t
Cores, 976B-27X and 31X, were lost. Data from Hole 976C fill
part of the lost Pleistocene sequence and completed a composite
tion (mcd [meters composite depth] in Table 4). But the same two
tervals also were not recovered in Hole 976C; Cores 21X and 
were lost. Based on both holes, twenty-nine sapropels (coded 6
628, and A27) were recorded with TOC MAX contents ranging fro
0.8% to 1.85% (Comas, Zahn, Klaus, et al., 1996; Murat, Chap.



PLEISTOCENE BIOSTRATIGRAPHY AND SAPROPELS

e,
Table 4. Position of calcareous nannofossil events in Hole 975B, as indicated in Figure 3.

Notes: Hole 975C was used to position Events 15–18 more precisely in the composite depth section. LO = last occurrence, FO = first occurrence, LcO = last consistent occurrenc
FcO = first consistent occurrence.

Hole 975B

Event Biostratigraphic datum Core, section, interval (cm)
Depth
(mbsf)

Depth
(mcd)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 975B 2H-1, 130; 1H-CC 5.40-4.16 7.13-4.16 
2. FcO Emiliania huxleyi 975B 3H-4, 15; 3H-2, 136 18.25-16.46 19.75-17.96
3. FO Emiliania huxleyi 975B 3H-6, 140; 3H-5, 125 22.50-20.85 24.00-22.35
4. LO Pseudoemiliania lacunosa 975B 4H-CC; 4H-CC, 12 32.75-32.65 35.60-35.50
5. LO Pseudoemiliania lacunosa lacunosa (>7) 975B 5H-2, 114; 5H-1, 111 35.24-33.71 38.99-37.46
6. LO acme Pseudoemiliania lacunosa 975B 7H-4, 127; 7H-4, 93 57.37-57.03 62.12-61.78
7. LO Crenalithus asanoi (cir.; >6.5) 975B 7H-CC; 975C-7H-CC 59.97-59.86 64.72-64.23
8. FO Gephyrocapsa omega (>4) 975B 8H-CC; 8H-7, 43 70.91-70.44 77.31-76.84
9. FO Crenalithus asanoi (cir.; >6.5) 975B 9H-CC; 9H-6, 146 80.56-79.56 86.87-85.87
10. LO Gephyrocapsa spp. (>6.5) 975B 10H-6, 120; 10H-4, 143 88.80-86.03 95.60-92.83
11. LcO Helicosphaera sellii 975B 11H-2, 111; 11H-1, 109 92.21-90.69 98.76-97.24
12. FO acme Pseudoemiliania lacunosa 975B 11H-6, 112; 11H-5, 112 98.22-96.72 104.77-103.27
13. FO Gephyrocapsa oceanica (>6.5) 975B 12H-5, 90-92; 12H-4, 111 106.00-104.71 112.87-111.58
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
975B 12H-5, 121; 12H-5, 116 106.31-106.26 113.18-113.13

15. FO Gephyrocapsa oceanica (>5.5) 975B 13H-1, 107; 13H-1, 100 109.67-109.60 117.37-117.30
975C 13H-3, 43; 13H-3, 30 110.33-110.20 (117.30-117.17)
975 (adopted depth 117.30)

16. FO Gephyrocapsa spp. (>5) 975B 13H-4, 110; 13H-3, 90 112.67-112.50 120.37-120.20
975C 13H-5, 50; 13H-4, 30 113.40-113.20 (120.37-120.17)
975 (adopted depth 120.20)

17. LO Calcidiscus macintyrei (cir., >11) 975B 13H-4, 110; 13H-3, 90 112.67-112.50 120.37-120.20
975C 13H-5, 50; 13H-4, 30 113.40-113.20 (120.37-120.17)
975 (adopted depth 120.37)

18. FO Gephyrocapsa oceanica (>4) 975B 14H-1, 123; 13H-CC 119-33-118.66 128.37-126.36
975C 14H-3, 50; 14H-3, 30 118.50-118.30 (126.30-126.10) 

 FO Gephyrocapsa caribbeanica (>4) 975C 14H-3, 57; 14H-3, 50 118.57-118.50 (126.37-126.30)
 FO Gephyrocapsa s.l. (>4) 975 (adopted depth 126.33)
19. LO Discoaster brouweri 975B 16H-1, 131; 15H-CC 138.41-137.82 146.32-146.8
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this volume). Sampling interval is on average, two samples per sec-
tion with a 15-cm sampling interval in sapropel sequences. Calcare-
ous nannofossils are very abundant at this site. A precise biostrati-
graphic framework based on 16 datums (Tables 6 and 7) provides the
time scale to date the sapropels and to calibrate the oxygen isotope
stratigraphy (von Grafenstein et al., Chap. 37, this volume). No mag-
netostratigraphic zones were recognized at Site 976 because of de-
magnetization of the cores. Magnetostratigraphic chron boundaries
in Figure 4 are given for comparison with data obtained at Sites 974
and 975 and to approximate a possible depth for these boundaries on
the age-depth plot. The nannofossil events used to date the Pleis-
tocene interval are listed in Tables 6 (depth) and 7 (estimated ages).
Figure 4 presents the calibration of the sapropels recognized at Site
976 with the insolation cycles (astronomical precession cycles with a

Table 5. Astronomical ages of biostratigraphic datums in Hole 975B, as
indicated in Figure 3.

Notes: LO = last occurrence, FO = first occurrence, LcO = last consistent occurre
FcO = first consistent occurrence.

Hole 975B

Event Biostratigraphic datum
Age
(Ma)

Depth 
(mcd)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 0.071 5.64
2. FcO Emiliania huxleyi 0.219 18.85
3. FO Emiliania huxleyi 0.274 23.17
4. LO Pseudoemiliania lacunosa 0.406 35.55
5. LO Pseudoemiliania lacunosa lacunosa (>7) 0.432 38.22
6. LO acme Pseudoemiliania lacunosa 0.739 61.95
7. LO Crenalithus asanoi (cir.; >6.5) 0.781 64.48
8. FO Gephyrocapsa omega (>4) 0.956 77.07
9. FO Crenalithus asanoi (cir.; >6.5) 1.122 86.37
10. LO Gephyrocapsa spp. (>6.5) 1.237 94.21
11. LcO Helicosphaera sellii 1.284 98.00
12. FO acme Pseudoemiliania lacunosa 1.369 104.02
13. FO Gephyrocapsa oceanica (>6.5) 1.498 112.22
14. FO Gephyrocapsa caribbeanica (>6.5) 1.513 113.15

and Gephyrocapsa oceanica (>6.3)
15. FO Gephyrocapsa oceanica (>5.5) 1.525 117.30
16. FO Gephyrocapsa spp. (>5) 1.616 120.20
17. LO Calcidiscus macintyrei (cir., >11) 1.619 120.28
18. FO Gephyrocapsa oceanica (>4) 1.718 126.33
19. LO Discoaster brouweri 1.954 146.56
time lag of 3 k.y.). One insolation cycle (i-cycle 90) is composed of
two sapropels (621 and 622).

The absence of sapropels at this site below i-cycle 148 (1.524 Ma)
prevents the identification of the Pliocene/Pleistocene boundary. By
extrapolating the age-depth plot to 1.806 Ma, the Pliocene/Pleis-
tocene boundary may be estimated at about 373 mcd. Datum 14 (FO
of G. caribbeanica [>6.5 µm]-G. oceanica [>6.3 µm]) occurs be-
tween 323.35 and 322.50 mcd (BID 322.92 mcd), and is just ab
the sapropel 628 (i-cycle 148 at 1.524 Ma) at 327.01 mcd. A fi
small-scale cluster of three sapropels (A27, 627, and 626) is pla
by datum 12 (FO acme of Pseudoemiliania lacunosa) at BID of
299.51 mcd and corresponds to the “*-u” cluster in Vrica. Datum 
occurs in i-cycle 130 (1.356 Ma). Precise depths for datums 11 
10 could not be determined (depths are in parentheses in Table 6
the two datums are not used in the age-depth plot. Both datums o
in one of the lost cores of Site 976. 

A second small-scale cluster of three sapropels (i-cycle 108 to
occurs near datum 9 (FO of Crenalithus asanoi). This datum is placed
at BID of 266.57 mcd and is between sapropel 625 (i-cycle 108
1.144 Ma) at 269.74 mcd and sapropel 624 (i-cycle 104 at 1.111 
at 264.91 mcd. Sapropels 621 (241.94 mcd) and 622 (241.905 m
are correlated to the same high-amplitude maximum of i-cycle 90
0.955 Ma). Datum 8 (FO Gephyrocapsa omega [>4 µm]) occurs
shortly before i-cycle 90. This datum is at BID of 244.31 mcd. A thi
small-scale cluster of four sapropels (619–616) correlates to i-cyc
68, 67, 66, and 64. Sapropel 616 corresponds to high-amplitude i
lation maximum of i-cycle 64 at 0.690 Ma. Datum 6 (LO acme 
Pseudoemiliania lacunosa) is at BID of 194.48 mcd, shortly before i-
cycle 68 (at 0.732 Ma) at 190.30 mcd.

In the upper Pleistocene, the typical “S” sapropel sequence 
scribed from the eastern Mediterranean (Cita et al., 1977) is recor
and includes i-cycles 30 (“S10”), 22 (“S9”), 20 (“S8”), 18 (“S7”), 1
(“S6”), 12 (“S5”), 10 (“S4”), 8 (“S3”), and 6 (“S2”). From this se-
quence, the “S12,” which corresponds to i-cycle 46 (0.483 Ma) a
the “S11,” which corresponds to i-cycle 38 (0.407 Ma), were not o
served. Oxygen isotope stratigraphy indicates that Sapropels 613
612 correspond respectively to i-cycle 48 (at 0.503 Ma) and to i-cy
40 (at 0.425 Ma). Sapropel 601 is between 4.95 mcd and 3.64 
(BID at 4.295 mcd). Calibration of sapropel 601 to the oxygen is

nce,
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Table 6. Position of calcareous nannofossil events in Hole 976B, as indicated in Figure 4.

Notes: LO = last occurrence, LcO = last consistent occurrence, FO = first occurrence, FcO = first consistent occurrence. Depths in parentheses indicate that samples do not belong to the
composite section. Depths in square brackets indicate that datums occur within a lost core interval.

Hole 976B

Event Biostratigraphic datum
Core, section, interval 

(cm)
Depth
(mbsf)

Depth
(mcd)

1. FO Emiliania huxleyi > Gephyrocapsa spp 4H-4, 100; 4H-3, 100 28.00-26.50 28.18-26.68
2. FcO Emiliania huxleyi 7H-6, 103; 7H-5, 103 59.53-58.03 59.71-58.21
3. FO Emiliania huxleyi 9H-4, 119; 9H-4, 100 75.59-75.50 76.60-76.51 
4. LO Pseudoemiliania lacunosa 13H-4, 74; 13H-3, 100 112.24/111.98 116.24-115.98
5. LO Pseudoemiliania lacunosa lacunosa (>7) 13H-6, 100; 13H-5, 100 116.50-115.00 120.50-119.00
6. LO acme Pseudoemiliania lacunosa 22X-1, 100; 21X-CC 195.40-187.62 198.37-190.59
7. LO Crenalithus asanoi (cir.; >6.5) 22X-5, 100; 22X-4, 100 201.40-199.90 204.37-202.87
8. FO Gephyrocapsa omega (>4) 26X-CC; 26X-7, 99 242.15-241.04 244.87-243.76
9. FO Crenalithus asanoi (cir.; >6.5) 29X-3, 100; 29X-2, 100 264.60-263.10 267.32-265.82
10. LO Gephyrocapsa spp. (>6.5) 32X-1, 4; 30X-CC [294.03-281.39] [293.28-284.64]
11. LcO Helicosphaera sellii 32X-1, 4; 30X-CC [294.03-281.39] [293.28-284.64] 
12. FO acme Pseudoemiliania lacunosa 32X-CC; 32X-7, 100 299.87-299.34 (299.16-298.59) 
13. FO Gephyrocapsa oceanica (>6.5) 34X-5, 99; 34X-4, 100 316.43-314.94 319.12-317.63
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
35X-2, 100; 34X-CC 321.48-319.81 323.35-322.50

15. FO Gephyrocapsa oceanica (>5.5) 36X-CC; 36X-7, 100 338.67-337.78 (340.25-339.36)
16. FO Gephyrocapsa spp. (>5) 37X-7, 98; 37X-6, 100 347.75-346.36 349.33-347.94
17. LO Calcidiscus macintyrei (cir., >11) 38X-2, 83; 37X-CC 350.43-348.21 350.43-348.21
18. FO Gephyrocapsa oceanica (>4) 39X-1, 100; 38X-CC 358.71-357.92 364.18-357.92
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tope records assigns an age between 14.51 Ka and 10.31 Ka (best in-
terpolated age of 12.41 Ka). In the eastern Mediterranean, the “S
correlated to i-cycle 2 at 8 Ka (Hilgen, 1991; Lourens et al., 199
Sapropel 601 is older than “S1.” The age of sapropel 601 corresp
to the Younger Dryas (Y.D.) oxygen isotope event calibrated at 
Ka (von Grafenstein et al., Chap. 37, this volume).

Site 977

This site is located south of Cabo de Gata in the Eastern Alb
Basin, halfway between the Algerian and the Spanish coasts (Fi
One hole was drilled in a water depth of 1985 m. A very thick P
tocene sequence was cored and fifty sapropels, coded 701 t
(Fig. 5) were recorded with TOC MAX contents ranging from 0.
to 2.1% (Comas, Zahn, Klaus, et al., 1996; Murat, Chap. 41, this
ume). Calcareous nannofossils are very abundant and three int
contain Braarudosphaera bigelowii (Br.) oozes (Fig. 5). The bio

Table 7. Astronomical ages of biostratigraphic datums in Hole 976B, as
indicated in Figure 4.

Note: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence,
FcO = first consistent occurrence.

Hole 976B

Event Biostratigraphic datum
Age
(Ma)

Depth 
(mcd)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 0.072 27.53
2. FcO Emiliania huxleyi 0.218 58.96
3. FO Emiliania huxleyi 0.270 76.55
4. LO Pseudoemiliania lacunosa 0.424 116.11
5. LO Pseudoemiliania lacunosa lacunosa (>7) 0.439 119.75
6. LO acme Pseudoemiliania lacunosa 0.746 194.48
7. LO Crenalithus asanoi (cir.; >6.5) 0.778 203.62
8. FO Gephyrocapsa omega (>4) 0.962 244.31
9. FO Crenalithus asanoi (cir.; >6.5) 1.122 266.57
10. LO Gephyrocapsa spp. (>6.5) N/A N/A
11. LcO Helicosphaera sellii N/A N/A
12. FO acme Pseudoemiliania lacunosa 1.358 299.51
13. FO Gephyrocapsa oceanica (>6.5) 1.493 318.37
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
1.516 322.92

15. FO Gephyrocapsa oceanica (>5.5) 1.569 339.98
16. FO Gephyrocapsa spp. (>5) 1.613 348.63
17. LO Calcidiscus macintyrei (cir., >11) 1.619 349.32
18. FO Gephyrocapsa oceanica (>4) 1.718 361.05
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stratigraphic framework is similar to that developed at Sites 974 a
975. The same eighteen datums are used to correlate the f
sapropels to insolation cycles, to calibrate the oxygen isotop
records, and to correlate results from Site 977 with the other Leg 1
sites. No magnetostratigraphic data were obtained at Site 977 
cause of demagnetization and overprinting, as observed also at S
976. Magnetostratigraphic chron boundaries in Figure 5 are given
approximate a possible depth for these boundaries on the age-de
plot and for comparison with the other sites. The nannofossil even
used to date this interval are listed in Tables 8 (depth) and 9 (estim
ed ages). Figure 5 presents an age-depth plot, the stratigraphic p
tion of the calcareous nannofossil events relative to the sapropels, 
the correlation of Site 977 sapropels with the insolation cycle codif
cation (astronomical precession cycles with a time lag of 3 ka). Som
insolation cycles are composed of two (i-cycles 12, 22, 30, 64, 9
and 98), or three (i-cycle 10) sapropels.

The absence of lowermost Pleistocene sapropels below i-cyc
144 (1.490 Ma) does not allow a precise determination of th
Pliocene/Pleistocene boundary. By extrapolating the age-depth p
to 1.806 Ma, the Pliocene/Pleistocene is at about 276 mbsf. The a
depth plot (Fig. 5) indicates that very little change in accumulatio
rate occurred in the Pleistocene and that sapropel distribution is 
ranged in small-scale clusters. A first small-scale cluster of saprop
is observed between sapropels 748 and 744. This cluster is cente
on the high-amplitude insolation maxima of i-cycle 130 (1.356 Ma
which is correlated to the thick sapropel 747. Datum 12 (FO acme
Pseudoemiliania lacunosa) is at BID of 211.31 mbsf and just below
sapropel 747. Datum 11 (LcO of Helicosphaera sellii) is at BID of
202.24 mbsf and just above sapropel 744 (i-cycle 122 at 1.280 M
The next sapropel above this cluster, sapropel 743 (i-cycle 112
1.185 Ma) at 194.17 mbsf, is just above datum 10 (LO Gephyrocapsa
spp [>6.5 µm]) at BID of 195.71 mbsf. Based on oxygen isotop
stratigraphy, a gap exists between Core 25X and Core 24X (v
Grafenstein et al., Chap. 37, this volume). A second small-scale clu
ter of sapropels (sapropels 743 to 741) is centered on the high-am
tude insolation maximum of i-cycle 110 (at 1.164 Ma) and contain 
cycles 112 to 108. A third small-scale cluster of sapropels (740 
737) is placed by the high-amplitude insolation maximum of i-cycl
100 (at 1.070 Ma), which is correlated to sapropel 740 at 177.24 m
sf. A fourth small-scale cluster of sapropels (736 to 732) is placed 
datum 8 (FO Gephyrocapsa omega [>4 µm]). This datum is at BID
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Figure 4. Age-depth plot. Calibration of sapropels at Site 976 with the insolation cycles. Position and age of calcareous nannofossil events (18 black dots) are
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of 158.55 mbsf and between sapropels 734 and 733. Sapropel 733 (at
156.22 mbsf) is correlated to the high-amplitude insolation maximum
of i-cycle 90 (at 0.955 Ma). 

In middle-late Pleistocene sediments at Site 977, three small-scale
clusters of sapropels are distinct and clearly reflected in the La90(1,1)

summer insolation curve:

1. A first cluster of six sapropels (730–725) correlates to i-cyc
72 to 62. Sapropels 726 and 727 are correlated to the high
plitude insolation maximum of i-cycle 64 at 0.690 Ma;

2. A second cluster of three sapropels (724–722) correlates 
cycles 58 to 54; and 
es
am-

o i-

3. A third cluster of four sapropels (721–718) correlates to 
cycles 52 to 48.

Datum 7 (LO Crenalithus asanoi [>6.5 µm]) is placed at BID of
125.30 mbsf, just below the sapropel 730 (i-cycle 72 at 0.765 M
Datum 6 (LO acme of Pseudoemiliania lacunosa) is at BID of 120.29
mbsf and between sapropel 730 (i-cycle 72 at 123.73 mbsf) a
sapropel 729 (i-cycle 68 at 118.58 mbsf).

Uppermost Pleistocene sapropel succession is well correlated
the sequence of “S” sapropels described by Cita et al. (1977) in 
eastern Mediterranean, It includes “S10” (715–714), “S9” (712
711), “S7” (710), “S6” (709), “S5” (708–707), “S4” (706–704), and
167
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“S3” (703). Datum 4 (LO Pseudoemiliania lacunosa) is situated at
BID of 68.07 mbsf and just below sapropel 716 (i-cycle 40) at 67
mbsf. Datum 2 (FcO Emiliania huxleyi) is situated at BID of 35.48
mbsf and between i-cycle 22 (0.240 Ma) at 39.23 mbsf and i-cycl
(0.195 Ma) at 33.0 mbsf. The i-cycle 22 contains two sapropels (d
ble), 711 at 38.99 mbsf and 712 at 39.47 mbsf. Sapropel 702 is
related with the i-cycle 4 (0.035 Ma) and sapropel 701 to the Y. Dr
(Y.D.) oxygen isotope event calibrated at 11.50 Ka (von Grafens
et al., Chap. 37, this volume).

Site 979

Site 979 is located in the southern Alboran Basin, a narrow
pression between Alboran Island and the Moroccan coast at 45
168
18

 18
ou-
cor-
as
ein

e-
 km

away. Site 979 is at 1062 m water depth and consists of one hole
a complete and thick Pleistocene sequence. The sediments reco
were uniform and consisted mainly of hemipelagic deposits w
abundant and well-preserved calcareous nannofossils througho
section, except for the bottom of the sapropels, where we obse
variable nannofossil abundances and dissolution. Forty-eight P
tocene sapropels were observed with TOC MAX contents ran
from 0.8% to 2.2% (Comas, Zahn, Klaus, et al., 1996; Murat, C
41, this volume). A succession of 22 datums was used for the 
tratigraphic framework at Site 979, which provides the calibratio
date the sapropels. No magnetostratigraphy events were iden
because of overprinting throughout the cores, and no oxygen iso
analyses are yet available for this site. The average sampling int
for nannofossil analysis at Site 979 is two samples per section 



PLEISTOCENE BIOSTRATIGRAPHY AND SAPROPELS
Table 8. Astronomical ages of biostratigraphic datums in Hole 977A, as indicated in Figure 5.

Note: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence, FcO = first consistent occurrence.

Hole 977A

Event Biostratigraphic datum
Core, section, interval

(cm)
Depth
(mbsf)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 2H-CC, 11-12; 2H-7, 40-41 13.77-13.33
2. FcO Emiliania huxleyi 5H-2, 125-126; 5H-2, 91-92 35.70-35.25
3. FO Emiliania huxleyi 6H-2, 20-21; 6H-1, 140-141 43.70-43.40
4. LO Pseudoemiliania lacunosa 8H-5, 140-141; 8H-5, 74-76 68.40-67.74
5. LO Pseudoemiliania lacunosa lacunosa (>7) 8H-7, 40-41; 8H-7, 20-21 70.40-70.20
6. LO acme Pseudoemiliania lacunosa 14H-2, 90-91; 14H-2, 72-74 120.40-120.22
7. LO Crenalithus asanoi (cir.; >6.5) 14H-5, 140-141; 14H-5, 120-121 125.40-125.20
8. FO Gephyrocapsa omega (>4) 18X-2, 120-121; 18X-2, 90-91 158.70-158.40
9. FO Crenalithus asanoi (cir.; >6.5) 20X-6, 83-84; 20X-5, 142-143 183.53-182.62
10. LO Gephyrocapsa spp. (>6.5) 22X-1, 142; 22X-1, 120-121 195.82-195.60
11. LcO Helicosphaera sellii 22X-6, 43-44; 22X-6, 25-26 202.33-202.15
12. FO acme Pseudoemiliania lacunosa 23X-5, 141-142; 23X-5, 120-121 211.41-211.21
13. FO Gephyrocapsa oceanica (>6.5) 25X-6, 86-87; 25X-6, 64-65 231.59-231.37
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
26X-1, 69-70; 26X-1,41-42 233.69-233.41

15. FO Gephyrocapsa oceanica (>5.5) 26X-5, 120-121; 26X-5, 62-63 240.10-239.52
16. FO Gephyrocapsa spp. (>5) 27X-4, 94-95; 27X-3, 137-138 248.04-246.97
17. LO Calcidiscus macintyrei (cir., >11) 27X-4, 121-122; 27X-4, 94-95 248.31-248.04
18. FO Gephyrocapsa oceanica (>4) 29X-1, 120-121; 29X-1, 65-66 263.00-262.45
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higher resolution of about one sample per 15 cm in the sapropel se-
quences. The nannofossil biostratigraphic events used to date the
Pleistocene interval are listed in Tables 10 (depth) and 11 (estimated
ages). Figure 6 presents an age-depth plot, the stratigraphic position
of the calcareous nannofossil events relative to the sapropels, and the
correlation of the Site 979 sapropels with the insolation cycle codifi-
cation (astronomical precession cycles with a time lag of 3 k.y.).
Composite (double) sapropels are present in i-cycles 20, 38, 58, 64,
and 72, and triple sapropels occur in i-cycle 22.

The Pliocene/Pleistocene boundary (1.806 Ma) is at 356.08 mbsf
at the top of sapropel 948, which corresponds to i-cycle 176 at 1.808
Ma. From the twenty Pliocene sapropels recognized between Cores
161-979A-39X and 61X (949 to 968), only sapropels 949 to 952 are
calibrated and indicated in Figure 6. Sapropel 952 is correlated with
the i-cycle 208 (2.137 Ma). The LOs of Discoaster brouweri and Dis-
coaster triradiatus occur between samples 979A-43X-CC (at 398.09
mbsf) and -44X-1, 120-121 cm (at 399.30 mbsf). The age of this bio-
horizon is estimated at 1.95 Ma by Lourens et al. (1996a) and is situ-
ated in i-cycle 189 (1.954 Ma). Sapropel 951 at 397.07 mbsf is ob-
served just above the LO of Discoaster brouweri (BID at 398.67
mbsf) and is calibrated to i-cycle 188 at 1.944 Ma. 

Table 9. Astronomical ages of biostratigraphic datums in Hole 977A, as
indicated in Figure 5.

Note: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence,
FcO = first consistent occurrence.

Hole 977A

Event Biostratigraphic datum
Age
(Ma)

Depth 
(mbsf)

FO Emiliania huxleyi > Gephyrocapsa spp. 0.070 13.55
2. FcO Emiliania huxleyi 0.213 35.48
3. FO Emiliania huxleyi 0.269 43.55
4. LO Pseudoemiliania lacunosa 0.429 68.07
5. LO Pseudoemiliania lacunosa lacunosa (>7) 0.454 70.30
6. LO acme Pseudoemiliania lacunosa 0.752 120.29
7. LO Crenalithus asanoi (cir.; >6.5) 0.777 125.30
8. FO Gephyrocapsa omega (>4) 0.973 158.55
9. FO Crenalithus asanoi (cir.; >6.5) 1.122 183.08
10. LO Gephyrocapsa spp. (>6.5) 1.235 195.71
11. LcO Helicosphaera sellii 1.276 202.24
12. FO acme Pseudoemiliania lacunosa 1.361 211.31
13. FO Gephyrocapsa oceanica (>6.5) 1.512 231.48
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
1.529 233.55

15. FO Gephyrocapsa oceanica (>5.5) 1.563 239.81
16. FO Gephyrocapsa spp. (>5) 1.614 247.51
17. LO Calcidiscus macintyrei (cir., >11) 1.619 248.17
18. FO Gephyrocapsa oceanica (>4) 1.719 262.73
In the lower Pleistocene interval, twelve sapropels were described
between i-cycles 168 (1.715 Ma) and 100 (1.070 Ma). Datum 13 (FO
Gephyrocapsa oceanica [>6.5 µm]) is at BID of 294.71 mbsf and be-
tween sapropels 944 and 943. Sapropel 944 at 301.67 mbsf co
sponds to i-cycle 148 at 1.524 Ma and sapropel 943 at 284.01 m
corresponds to i-cycle 140 at 1.449 Ma. Datum 12 (FO acme of Pseu-
doemiliania lacunosa) is at BID of 269.73 mbsf and between
sapropel 942 at 270.25 mbsf (i-cycle 132 at 1.376 Ma) and sapro
941 at 267.08 mbsf (i-cycle 130 at 1.356 Ma).

In the upper Pleistocene sediments, the sapropel distribution
complete. As for Sites 976 and 977, the uppermost sapropel st
graphic distribution is well correlated to the sequence of “S
sapropels described by Cita et al. (1977) for the eastern Medite
nean. Datum 3 (FO of Emiliania huxleyi) is at a BID of 58.02 mbsf
and occurs between sapropel 914 (i-cycle 30 at 0.331 Ma) at 71
mbsf and sapropel 913 (i-cycle 24 at 0.262 Ma) at 55.80 mbsf. T
sapropel 901 is correlated to i-cycle 2 at 8 Ka. Without oxygen is
tope records, the stratigraphic position of sapropels above Datu
(FO E. huxleyi >Gephyrocapsa spp.) are more difficult to fix.

Sapropel Summary

A summary of the different sapropels recorded at all sites is p
sented in Figure 7 (Leg 161 coding of Murat, Chap. 41, this volum
and in Figure 8 (insolation cycle coding of Lourens et al., 1996
Correlation of sapropels to the insolation cycles was supported by
oxygen isotope records recorded at Sites 975, 976, and 977. Figu
presents the oxygen isotopic events of these three sites and calca
nannofossil datum ages calculated according to the sapropel chro
ogy. The position of sapropels on the oxygen isotope curves at 
975 is indicated in Pierre et al. (Chap. 38, this volume) and, for Si
976 and 977, in von Grafenstein et al. (Chap. 37, this volume). 

In general, strong sapropel TOC contents correspond to high-a
plitude insolation maxima in the La90(1,1) insolation curve. Low
sapropel TOC contents correlate to intervals without marked inso
tion differences. In the Pleistocene interval, 88 insolation cycles (o
cycle includes a minimum and a maximum in insolation intensity) a
defined according to the astronomical insolation curve (Lourens
al., 1996a). Of this number, 68 cycles were observed in the wes
Mediterranean sites (Fig. 10). These calibrations show precis
when and which insolation cycles have developed sapropel layer
is evident from Figure 7 that most of the Pleistocene insolation cyc
correspond to sapropel development in the western Mediterrane
High-amplitude insolation maxima in Pleistocene sediments are 
169
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Table 10. Astronomical ages of biostratigraphic datums in Hole 979A, as indicated in Figure 6.

Note: LO = last occurrence, FO = first occurrence, LcO = last consistent occurrence, FcO = first consistent occurrence.

Hole 979A

Event Biostratigraphic Datum
Core, section, interval

(cm) Depth (mbsf)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 3H-4, 70; 3H-3, 120 16.20-15.20
2. FcO Emiliania huxleyi 6H-4, 86; 6H-3, 121 44.89-43.71
3. FO Emiliania huxleyi 7H-7, 20; 7H-6, 120 58.29-57.75
4. LO Pseudoemiliania lacunosa 11H-3, 121; 11H-2, 120 91.21-89.70
5. LO Pseudoemiliania lacunosa lacunosa (>7) 12H-2, 67; 11H-CC 97.87-93.62
6. LO acme Pseudoemiliania lacunosa 20X-2, 120; 20X-1, 123 169.80-168.33
7. LO Crenalithus asanoi (cir.; >6.5) 21X-1, 121; 20X-CC 178.01-176.17
8. FO Gephyrocapsa omega (>4) 24X-3, 120; 24X-2, 120 209.20-208.40
9. FO Crenalithus asanoi (cir.; >6.5) 27X-4, 120; 27X-3, 120 239.19-237.69
10. LO Gephyrocapsa spp. (>6.5) 29X-2, 120; 28X-CC 255.56-253.20
11b LO Helicosphaera sellii 29X-2, 120; 28X-CC 255.56-253.20
11. LcO Helicosphaera sellii 29X-4, 120; 29X-4, 90 258.56-258.26
12. FO acme Pseudoemiliania lacunosa 30X-6, 63; 30X-5, 120 270.20-269.27
13. FO Gephyrocapsa oceanica (>6.5) 33X-3, 95; 33X-2, 121 295.33-294.09
14. FOs Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
33X-6, 119; 33X-5, 119 299.52-298.02

15. FO Gephyrocapsa oceanica (>5.5) 34X-6, 94; 34X-5, 118 309.75-308.49
16. FO Gephyrocapsa spp. (>5) 36X-2, 120; 36X-1, 121 323.68-322.31
17. LO Calcidiscus macintyrei (cir., >11) 36X-3, 57-36X-2, 126 324.55-323.68
18. FO Gephyrocapsa oceanica (>4) 37X-CC; 37X-7, 23 340.77-339.31
18b FO Gephyrocapsa caribbeanica (>4) 38X-2, 120; 37X-CC 342.62-340.77
19. LO’s Discoaster brouweri 44X-1, 120; 43X-CC 399.30-398.09

and Discoaster triradiatus
20. FO Globorotalia inflata

(Planktonic foraminifer datum)
47X-2, 46; 46X-CC 428.19-427.47
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ways correlated to a sapropel. Exceptions are in i-cycles 26 and 118,
where no sapropels were observed at any sites.

Lower Pleistocene sapropel records (i-cycles 176 to 90) in the
western Mediterranean (Sites 974 and 975) are very similar to land
section records in the eastern Mediterranean (Vrica and Singa sec-
tions). Small-scale clusters, and cyclic alternation of distinct and less
distinct sapropels, described by Hilgen (1991) in Southern Italy can
be identified in lower Pleistocene sediments. Correlation of the
sapropel distribution patterns to the insolation curve provide accurate
calibration of sapropels. 

Middle-upper Pleistocene sapropel records (i-cycles 88 to 2) are
not complete at Sites 974 and 975. In contrast, Sites 976, 977, and

Table 11. Astronomical ages of biostratigraphic datums in Hole 979A as
indicated in Figure 6.

Note: LO = last occurrence, FO = first occurrence, LcO = last consistent occurre
FcO = first consistent occurrence.

Hole 979A

Event Biostratigraphic datum
Age
(Ma)

Depth 
(mbsf)

1. FO Emiliania huxleyi > Gephyrocapsa spp. 0.071 15.70
2. FcO Emiliania huxleyi 0.218 44.30
3. FO Emiliania huxleyi 0.274 58.02
4. LO Pseudoemiliania lacunosa 0.410 90.45
5. LO Pseudoemiliania lacunosa lacunosa (>7) 0.428 95.74
6. LO acme Pseudoemiliania lacunosa 0.740 169.06
7. LO Crenalithus asanoi (cir.; >6.5) 0.779 177.09
8. FO Gephyrocapsa omega (>4) 0.962 208.80
9. FO Crenalithus asanoi (cir.; >6.5) 1.126 238.44
10. LO Gephyrocapsa spp. (>6.5) 1.246 254.43
11b LO Helicosphaera sellii 1.246 254.43
11. LcO Helicosphaera sellii 1.274 258.41
12. FO acme Pseudoemiliania lacunosa 1.370 269.73
13. FO Gephyrocapsa oceanica (>6.5) 1.494 294.71
14. FO Gephyrocapsa caribbeanica (>6.5) and 

Gephyrocapsa oceanica (>6.3)
1.516 298.77

15. FO Gephyrocapsa oceanica (>5.5) 1.566 309.12
16. FO Gephyrocapsa spp. (>5) 1.625 322.99
17. LO Calcidiscus macintyrei (cir., >11) 1.632 324.11
18. FO Gephyrocapsa oceanica (>4) 1.719 340.04
18b FO Gephyrocapsa caribbeanica (>4) 1.726 341.69
19. LO Discoaster brouweri 1.954 398.67

and Discoaster triradiatus
20. FO Globorotalia inflata

(Planktonic foraminifer datum)
2.090 427.83
979, located further west, present a more complete middle-upper
Pleistocene sapropel record. Several small-scale clusters of sapropels
are identified in this time interval and are correlated to high-ampli-
tude insolation maxima. In uppermost Pleistocene intervals, sapropel
distribution patterns are very similar to sapropel successions de-
scribed in eastern Mediterranean deep-sea cores. Most of the 
sapropels (12 cycles from i-cycles 46 to 2) defined in the east
Mediterranean were observed in the western Mediterranean; th
similar paleoceanographic gradients occurred on each side of the 
ily sill during Pleistocene Epoch. Water exchanges from the weste
Mediterranean to the Atlantic during Pleistocene climatic chang
may have been important to preserve the paleoceanographic gr
ents necessary to initiate the development of sapropels in the wes
Mediterranean. Detailed paleoceanographic evolution and history
sapropel formation are given by Murat (Chap. 41, this volume) a
Doose et al. (Chap. 39, this volume).

BIOHORIZONS

As indicated above, the Pleistocene biostratigraphic framewo
for this study is the succession of 20 calcareous nannofossil bioh
zons indicated in Figures 2–6 and summarized in Figure 10 and Ta
12. Some of these datums are included in the nannofossil zonat
of Martini (1971) and Gartner (1977). Additional, reliable biohori
zons are proposed to subdivide further the Pleistocene interval. 
biohorizon ages, summarized in Table 12, are calculated accordin
a new, more accurate, and precise time scale based on the astro
ical insolation cycles according to Laskar et al.’s solution (1993). I
cluded with each biohorizon description are references to relev
biostratigraphic studies in the Mediterranean, Atlantic Ocean, a
Pacific Ocean, where nannofossil datum ages were estimated by 
ibration to oxygen isotope stratigraphy or astronomical templates.

Datum 18
FO of Gephyrocapsa oceanica (>4 µm) and FO of Gephyrocapsa 
caribbeanica (>4 µm)

The evolutionary trends observed in genus Gephyrocapsa within
the early Pleistocene have been used in numerous studies to provide

ce,
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c
 

tral

led

e-

d-
re
biostratigraphic events to zone this period of time (Rio, 1982; Rio et
al., 1990a; Raffi et al., 1993). The detailed study of Gephyrocapsa
conducted by Matsuoka and Okada (1990) gave an overview of the
changes in placolith size, central opening diameters, and inclination
of the bridge through time. The first nannofossil event to occur at the
base of the Pleistocene and used to approximate the Pliocene/Pleis-
tocene boundary is the first occurrence of medium (>4 µm) Gephyro-
capsa. This boundary is defined as the top of the sapropel “e” (i-cy
176 at 1.808 Ma) at the type section of Vrica (Italy) and an age
1.806 Ma has been calculated by Lourens et al. (1996a).
le
of

Gephyrocapsids >4 µm and <5.5 µm in size with an open cen
area were labeled Gephyrocapsa oceanica s.l. by Rio et al. (1990a).
Gephyrocapsids >4 µm with a very small central opening are labe
Gephyrocapsa caribbeanica by Sato et al. (1991). Matsuoka and
Okada (1990) in their morphometric study included both types of g
phyrocapsids in one morphogroup, Gephyrocapsa sp. B. According
to Sato et al. (1991), Gephyrocapsa caribbeanica (>4 µm) occurs ear-
lier than Gephyrocapsa oceanica (>4 µm). They considered the FO
of G. caribbeanica as the first Pleistocene datum. In our study of se
iments from Hole 975C and from Hole 979A, these bioevents we
171
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Figure 7. Calibration of late Pliocene and early Pleistocene sapropels at ODP Sites 974 to 977, and 979 to the La90(1,1) (Laskar et al., 1993) summer insolation
curve. The coding of sapropels is from Murat (Chap. 41, this volume). The coding of insolation cycles (i-cycle) indicated to the right side of the insolation curve
is from Lourens et al. (1996a). Br. = Braarudosphaera bigelowii layers.
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Figure 9. Oxygen isotope records from G. bulloides vs. depth from Sites 975, 976, and 977. Position and age of calcareous nannofossil biostratigraphic datums
(Table 12) are linked to the oxygen isotopic events.
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Figure 10. Calibration of late Pliocene and early Pleistocene calcareous nannofossil datums to the La90(1,1) (Laskar et al., 1993) summer insolation curve and to
Leg 161 sapropels. Calcareous nannofossil datum ages are from Table 12 (best estimate of the datum age). The coding of insolation cycles (i-cycle) indicated to
the right side of the insolation curve is from Lourens et al. (1996a). The column in the middle includes all sapropels recovered at all Leg 161 Sites.
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176
Table 12. ODP sites best used to estimate ages of calcareous nannofossil datums, based on data from Sites 974 to 977, and 979.

Note: Ages refer to the midpoints between lower and upper limits of the placement of the datum.

Datums Calcareous nannofossil events

Best 
estimate 

of the 
datum age 

(Ma)

Best site 
of the 
datum 

position

Site 974 
age

(Ma)

Site 975 
age

(Ma)

Site 976 
age

(Ma)

Site 977 
age

(Ma)

Site 979 
age

(Ma) 

1 FO Emiliania huxleyi > Gephyrocapsa spp. 0.070 977 0.071 0.071 0.072 0.070 0.071 
2 FcO Emiliania huxleyi 0.218 976 0.218 0.219 0.218 0.213 0.218 
3 FO Emiliania huxleyi 0.270 976 0.274 0.274 0.270 0.269 0.274 
4 LO Pseudoemiliania lacunosa 0.406 975 0.408 0.406 0.424 0.429 0.410 
5 LO Pseudoemiliania lacunosa lacunosa (>7) 0.439 976 0.430 0.432 0.439 0.454 0.428 
6 LO acme Pseudoemiliania lacunosa 0.739 975 0.751 0.739 0.746 0.752 0.740 
7 LO Crenalithus asanoi 0.781 975 0.781 0.781 0.778 0.777 0.779 
8 FO Gephyrocapsa omega (>4) 0.962 976 0.964 0.956 0.962 0.973 0.962 
9 FO Crenalithus asanoi 1.122 977 1.122 1.122 1.122 1.122 1.126 
10 LO Gephyrocapsa spp. (>6.5) 1.235 977 1.243 1.237 1.235 1.246 
11b LO Helicosphaera sellii 1.246 979 1.246 
11 LcO Helicosphaera sellii 1.276 977 1.272 1.284 1.276 1.274 
12 FO acme Pseudoemiliania lacunosa 1.361 977 1.359 1.369 1.358 1.361 1.370 
13 FO Gephyrocapsa oceanica (>6.5 µm) 1.494 979 1.498 1.513 1.493 1.512 1.494
14 FO Gephyrocapsa caribbeanica (>6.5) - 

Gephyrocapsa oceanica (>6.3)
1.525 975 1.521 1.525 1.516 1.529 1.516

15 FO Gephyrocapsa oceanica (>5.5 µm) 1.566 974 1.566 1.566 1.569 1.563 1.566
16 FO Gephyrocapsa spp. (>5) 1.615 974 1.615 1.616 1.613 1.614 1.625
17 LO Calcidiscus macintyrei (>11) 1.619 974 1.619 1.619 1.619 1.619 1.632
18 FO Gephyrocapsa oceanica (>4) 1.719 979 1.721 1.718 1.718 1.719 1.719
18b FO Gephyrocapsa caribbeanica (>4) 1.726 979 1.720 1.726
19 LO Discoaster brouweri 1.954 1.954 1.954 1.954
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separated. In Hole 975C, the FO of Gephyrocapsa caribbeanica (>4
µm) occurs 20 cm (Table 4) below the FO of Gephyrocapsa oceanica
(>4 µm). In Hole 979A, the FO of Gephyrocapsa caribbeanica (>4
µm) occurs ~146 cm (Tables 10 and 11) below the FO of Gephyro-
capsa oceanica (>4 µm). In general, without high sample resolutio
and high sedimentation rates, these two bioevents cannot be diffe
tiated.

The age of the FO of medium Gephyrocapsa (>4 µm) given in the
literature changes according to the time scales used. Sprov
(1993a, 1993b) found the FO of Gephyrocapsa oceanica s.l. at 1.75
Ma in the eastern Mediterranean by using the time scale of Shac
ton et al. (1990). Raffi et al. (1993), using the same time scale, rep
ed this bioevent at 1.67 Ma in the Equatorial Pacific (Site 677) and
1.70 Ma in the North Atlantic (Site 607). Rio et al. (1997) reporte
the FO of Gephyrocapsa oceanica s.l. between sapropel “f” (= i-
cycle 170 at 1.736 Ma) and sapropel “h” (= i-cycle 168 at 1.715 M
at the Vrica type section. Lourens et al. (1996a) placed the same e
in the i-cycle 167, above sapropel “h” (i-cycle 168), and dated it
1.71 Ma. This discrepancy in the stratigraphic position of Gephyro-
capsa oceanica s.l. at the type section of Vrica probably is a result 
mislabeling sapropel “h.” Our study confirms the stratigraphic po
tion of Gephyrocapsa oceanica s.l. reported by Rio et al. (1997) in
the eastern Mediterranean. In the western Mediterranean, the FO
Gephyrocapsa oceanica (>4 µm) also occurs between i-cycle 170 an
i-cycle 168. 

Site 979 was selected among the three Leg 161 sites with low
most Pleistocene sapropels (Sites 974, 975, and 979; Fig. 7) to de
the age of the FO of Gephyrocapsa oceanica (>4 µm; Table 12). At
Site 979, this bioevent is delineated by sapropel 947 (i-cycle 168) 
by a Braarudosphaera bigelowii ooze (i-cycle 170; Fig. 6). An age of
1.719 Ma has been calculated for the FO of Gephyrocapsa oceanica
(>4 µm) and an age of 1.726 Ma for the Gephyrocapsa caribbeanica
(>4 µm; datum 18b). At Site 974, these datums are delineated by t
thin sapropels (428 and 427; Fig. 7) with high TOC values, and b
high sampling resolution. At Site 975, these datums are also recor
between two sapropels (535 and 534; Fig. 7). On the oxygen isot
curves (Fig. 9), an age of 1.719 Ma fits between stage 60 and s
61 (transition 60/61).
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Datum 17
LO of Calcidiscus macintyrei (circular, >11.0 µm)

The progressive placolith size decrease in the genus Calcidiscus
is used as the second Pleistocene bioevent. Numerous biostratigraph-
ic studies have used different placolith size concepts or ignore size in
determining this datum. According to Backman and Shackleton
(1983), the distinction between the size of the Calcidiscus leptoporus
and Calcidiscus macintyrei is 10 µm. Rio et al. (1990a, 1990b), fol-
lowing the concept of Backman and Shackleton (1983), also p
posed using the same size distinction to place the LO of Calcidiscus
macintyrei in the early Pleistocene. Fornaciari et al.’s (1990) biome
ric analyses determined that the appearance of Calcidiscus macinty-
rei is determined by specimens larger than 11 µm. Following th
study, Raffi and Flores (1995) used the 11-µm size to split the t
Calcidiscus species and also further restricted Calcidiscus species
concepts. They assign to Calcidiscus macintyrei only forms larger
than 11 µm that have a circular outline. This distinction is very im
portant (see “Paleontological Systematic Description” below) and t
same species concept is used herein. Only the circular forms of Cal-
cidiscus larger than 11 µm and with more than 40 elements in the d
tal shield are used to define this datum.

As a result of these different concepts, age estimations for this 
tinction event have varied widely. Raffi et al. (1993) estimated, usi
the Shackleton et al. (1990) time scale, the LO Calcidiscus macinty-
rei at 1.597 Ma in the Equatorial Pacific (Site 677) and at 1.640 M
in the North Atlantic (Site 607). They also placed the LO of Calcidis-
cus macintyrei at Site 607 at the beginning of δ18O stage 57. Stage 57
is in the astronomical time scale between i-cycle 160 (1.642 Ma) a
158 (1.622 Ma). Berger et al. (1994) proposed an age of 1.627 
(±0.025) for the LO of Calcidiscus macintyrei at Site 806 in the west-
ern Equatorial Pacific. This age was obtained by tuning their oxyg
isotope and GRAPE (gamma-ray attenuation porosity evaluat
records to an orbital template based on the astronomical solution
Berger and Loutre (1991). In the eastern Mediterranean, Sprov
(1993a, 1993b) indicated an age of 1.62 Ma by calibration to Sha
leton et al.’s (1990) time scale. Lourens et al. (1996a) placed the 
of Calcidiscus macintyrei at 1.67 Ma in the i-cycle 164. At Singa/Vri-
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ca sections, the LO of Calcidiscus macintyrei is between sapropels
“C9/h” and C10/n, which correspond respectively to i-cycle 168
1.715 Ma and to i-cycle 160 at 1.642 Ma (Lourens et al., 1996a). L
rens et al. (1998) placed the eastern Mediterranean LO of Calcidiscus
macintyrei at the Vrica section at 1.671 Ma, at Site 967 (ODP L
160) at 1.673 Ma, and in Hole 969D (ODP Leg 160) at 1.663 Ma.
comparing the different studies, ages of the LO of Calcidiscus macin-
tyrei do not correspond between the eastern Mediterranean an
North Atlantic. In the western Mediterranean Site 974, the LO Calci-
discus macintyrei is situated above i-cycle 160. Detailed analyses a
high sampling resolution have demonstrated the consistent oc
rence of rare specimens just above the i-cycle 160 and the sam
(1.619 Ma) has been calculated at Sites 974, 975, 976 and 977 (T
12; Figure 9). Oxygen isotopic events (Fig. 9) were used to calcu
ages of the LO of Calcidiscus macintyrei at Sites 975, 976, and 977
Because two thin sapropels (160 and 156) with high TOC conte
along with high sampling resolution, were present at Site 974, 
site was selected to calculate precisely the LO of Calcidiscus macin-
tyrei (>11 µm). An age of 1.619 Ma is calculated for this datu
which places the LO of Calcidiscus macintyrei in the upper part of
δ18O stage 56 (Fig. 9).

Datum 16
FO of Gephyrocapsa spp. (>5 µm)

In the Gephyrocapsa morphometric classification established by
Matsuoka and Okada (1989) and by Raffi et al. (1993), different
length criteria are used to differentiate small, medium, and large Ge-
phyrocapsa. Generally, the following classification is adopted: 

Very small forms: Gephyrocapsa spp. (<2.5 µm),
Small forms: Gephyrocapsa spp. (2.5-4.0 µm),
Medium forms: Gephyrocapsa spp. (>4.0-5.5 µm),
Large forms: Gephyrocapsa spp. (>5.5 µm).

This Gephyrocapsa length classification does not correspond 
general coccolith size concepts (very small = 1–3 µm, small = 
µm, medium = 5–8 µm, and large = 8–12 µm) (Young et al., 19
but it is used in the Gephyrocapsa taxonomy to indicate the morpho
metric evolution within this group. Different Gephyrocapsa lengths
have been used in the literature to separate the medium from 
Gephyrocapsa forms: 5.0, 5.5, 6.0, and 6.5. Each length correspo
to a different step in the morphometric evolution of Gephyrocapsa
and may be used as a datum. We measured four different len
(µm): 4.0, 5.0, 5.5, and 6.5 (see datums 15 and 14 below).

Matsuoka and Okada (1989) used 5.0 µm to differentiate the 
dium Gephyrocapsa from the large ones. The FO of Gephyrocapsa
(>5 µm) occurs close to the level of the LO of Calcidiscus macintyrei
(>11 µm). At all Leg 161 sites, the occurrence of Gephyrocapsa (>5
µm) is observed between 3 and 7 k.y. (Table 12), above the LO oC.
macintyrei. This bioevent (a first occurrence) is especially useful
determine the exact stratigraphic position of the last occurrence oC.
macintyrei when the latter species is reworked. Based on Site 974
age of 1.615 Ma is assigned to the FO of Gephyrocapsa (>5 µm) and
correlates to the δ18O stage 56 (1.625 Ma). As for the C. macintyrei
datum, the FO of Gephyrocapsa (>5 µm) is situated between i-cycl
160 (1.642 Ma) and i-cycle 156 (1. 603 Ma) An age of 1.615 Ma c
responds to i-cycle 157.

Datum 15
FO of Gephyrocapsa oceanica (>5.5 µm)

As indicated by Raffi et al. (1993), this biostratigraphic event re-
flects one episode in the morphometric evolution of Gephyrocapsa.
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Using Shackleton et al.’s (1990) time scale, Raffi et al. (1993) es
mated the age of this bioevent at 1.457 Ma in the Equatorial Pac
(Site 677) and at 1.479 Ma in the North Atlantic (Site 607). Using th
same time scale, Sprovieri (1993a, 1993b) obtained an age of 1
Ma for this bioevent in the eastern Mediterranean. Based on outc
sections in Italy, Lourens et al. (1996a) placed the FO of Gephyro-
capsa (>5.5 µm) in i-cycle 157 and estimated an age of 1.61 Ma. Lo
rens et al. (1998) placed the FO of Gephyrocapsa (>5.5 µm) at Vrica
at 1.608 Ma (in i-cycle 156), at Site 967 at 1.616 Ma (in i-cycle 157
and at Hole 969D at 1.626 Ma (in i-cycle 158). These ages do not c
respond to the biostratigraphic results published in Lourens et 
(1996b). In that paper, Lourens et al. (1996b) indicated that the FO
Gephyrocapsa spp. (>5.5 µm) in the Vrica section (Italy) occurs clos
to the sapropel “p” and in the Singa section near the sapropel “C1
Sapropels “p” and “C12” correspond to the same i-cycle 152 at 1.5
Ma. At Sites 974 and 979 in the western Mediterranean, the sa
stratigraphic relationship is observed. At Site 974, the FO of Gephy-
rocapsa oceanica (>5.5 µm) occurs shortly at the base of the thi
sapropel 423 (i-cycle 152) (Fig. 2); at Site 979, this bioevent is o
served within the lower part of the thick sapropel 945 (i-cycle 15
(Fig. 6). Based on Site 974, an age of 1.566 Ma is assigned to 
event, which places the FO of Gephyrocapsa oceanica (>5.5 µm) at
the base of the sapropel from i-cycle 152 (1.564 Ma). An age of 1.5
Ma corresponds to the transition between δ18O stages 54/53 (Fig. 9).

Datum 14
FO of Gephyrocapsa oceanica (>6.3 µm) and FO of 
Gephyrocapsa caribbeanica (>6.5 µm)

The stratigraphic position of the FO of Gephyrocapsa oceanica
(>6.0 µm) was not determined in this study. This morphometric d
tinction in Gephyrocapsa was used as a datum by Sato et al. (199
and by Takayama (1993). Takayama (in Berger et al., 1994), at S
806 in the western Equatorial Pacific, estimated an age of 1.515 
(± 0.025) for this datum by tuning their oxygen isotope record to 
orbital template based on the astronomical solution of Berger a
Loutre (1991).

The FOs of G. caribbeanica (>6.5 µm) and G. oceanica (>6.5 µm)
are the last two morphometric size increases used to zone the e
Pleistocene and are also used as biostratigraphic datums in sev
studies. We observed that the FO of Gephyrocapsa caribbeanica
(>6.5 µm) occurs one insolation cycle before the first occurrence
Gephyrocapsa oceanica (>6.5 µm). However, we observed that the
first occurrences of Gephyrocapsa caribbeanica (>6.5 µm) and Ge-
phyrocapsa oceanica (>6.3 µm) are coincident. Gephyrocapsa carib-
beanica (>6.5 µm) is more difficult to find, but together with Gephy-
rocapsa oceanica (>6.3 µm), these two bioevents provide a usefu
biohorizon.

This biohorizon is placed at the level of i-cycle 148 (1.524 Ma
A sapropel is present at Site 975 (533), at Site 976 (628), and at 
979 (944), which allows precise placement of this datum. Based
Site 975, we calculated an age of 1.525 Ma for this datum. This a
corresponds by correlation to the δ18O stage to the Stages 51 (Fig. 9)

Datum 13

FO of Gephyrocapsa oceanica (>6.5 µm)

At Sites 974, 976, and 979, the FO of Gephyrocapsa oceanica
(>6.5 µm) occurs in i-cycle 144 (1.490 Ma). At Sites 975 and 97
very rare specimens of Gephyrocapsa oceanica (>6.5 µm) were ob-
served in i-cycle 146 (1.511 Ma). An age of 1.494 Ma is determin
for the FO of Gephyrocapsa oceanica (>6.5 µm), based on the data
from Site 979 (Table 12). By correlation to the oxygen isotop
177
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stratigraphy (Fig. 9), this datum is correlated to the upper part of ox-
ygen isotope event 50. An age of 1.513 Ma (occurrence of very rare
specimens of Gephyrocapsa oceanica [>6.5 µm]), calculated for this
datum at Site 975 (Table 12), fits between the oxygen isotope s
50 and 51 (transition 50/51; Fig. 9).

Datum 12
FO acme of Pseudoemiliania lacunosa

We propose this datum to subdivide further the large Gephyro-
capsa spp. (>6.5 µm) interval. This bioevent is characterized b
marked increase in Pseudoemiliania populations and corresponds t
a change in abundance from common (1 specimen per 2–10 fiel
view) to abundant (1–10 specimens per field of view). This acm
recorded in i-cycle 130. The i-cycle 130 (1.356 Ma) is recognize
Sites 974, 977, and 979 by the presence of a thick sapropel (re
tively T23, 747, and 941; Fig. 7). Based on Site 977, an age of 1
Ma is assigned for the onset of the acme of Pseudoemiliania lacun-
osa, which places this bioevent within the high-amplitude maximu
of i-cycle 130. By calibration to the oxygen isotope stratigraphy, t
datum is correlated to the stage 43.

Datum 11
LcO of Helicosphaera sellii

The LO of Helicosphaera sellii is considered in various studies t
be diachronous between biogeographic provinces. Careful exam
tion of the stratigraphic position of the LO of Helicosphaera sellii
and of the different time scales used is necessary to confirm thi
achrony. Raffi et al. (1993), using Shackleton et al.’s (1990) ti
scale, reported the LO of Helicosphaera sellii just below the LO of
Gephyrocapsa spp. (>5.5 µm) in the North Atlantic (Site 607). The
estimated an age of 1.241 Ma for this datum. Raffi et al. (1993)
termined an age of 1.470 Ma for this datum in the Equatorial Pac
(Site 677).

Lourens et al. (1994) reported that at the eastern Mediterran
section of Vrica, the LO of Helicosphaera sellii was above saprope
“v” (i-cycle 122 at 1.280 Ma) and between oxygen isotope stages
(1.246 Ma) and 36 (1.203 Ma). Lourens et al. (1996a) correlated
stratigraphic position to i-cycle 117–118 and estimated an age of 
Ma for the LO of Helicosphaera sellii. At the Vrica section, the LO
of Helicosphaera sellii is at the level of the LO of Gephyrocapsa spp.
(>5.5 µm) and, therefore, both biostratigraphic datums have the s
age of 1.24 Ma (i-cycle 117–118) in the table of Lourens et 
(1996a). Berggren et al. (1995) indicated an age of 1.22 Ma for
extinction of Helicosphaera sellii in mid-latitudes, based on the stud
of Rio et al. (1991) in the Tyrrhenian Sea. An age of 1.22 Ma co
sponds to the oxygen isotope stage 37.

At Sites 974, 977, and 979, we also observed the LO of Heli-
cosphaera sellii above the i-cycle 122 (sapropel “v” at the Vrica se
tion) and below the LO of Gephyrocapsa spp. (>6.5 µm). Neverthe-
less, the exact stratigraphic position of the LO of Helicosphaera sellii
is often affected by the presence of reworked specimens. In ord
establish a consistent and correlative event, we used the last co
tent occurrence of Helicosphaera sellii. This datum is between i-cy-
cle 120 (1.261 Ma) and i-cycle 122 (1.280 Ma). Based on Site 9
an age of 1.276 Ma is determined for the LcO of Helicosphaera sellii
by sapropel 744 (i-cycle 122). This chronological position cor
sponds in the oxygen isotope stratigraphy to stage 39. At Site 
specimens of Helicosphaera sellii were recorded inconsistently
above this level to the lowest occurrence of Gephyrocapsa spp. (>6.5
µm).

Datum 10
LO of Gephyrocapsa spp. (>6.5 µm)

The temporary disappearance of almost all Gephyrocapsa species
larger than 4 µm at about 1.25 Ma has been observed worldwid
178
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Pleistocene sections. The quantitative morphometric analysis fro
Matsuoka and Okada (1989) indicates that large (>5 µm) forms
Gephyrocapsa caribbeanica and Gephyrocapsa oceanica have the
same extinction level, but their sampling density was low (one sa
ple about every 100 k.y.). Raffi et al. (1993), using the Shackleton
al.’s (1990) time scale, estimated the age of the LO of large Gephy-
rocapsa spp. (>5.5 µm) at 1.240 Ma in the Equatorial Pacific (Sit
677) and at 1.227 Ma in the North Atlantic (Site 607). Shackleton 
al. (1995), based on biostratigraphic data from Raffi and Flor
(1995), estimated the age of the LO of large Gephyrocapsa spp. (>5.5
µm) at 1.24 Ma in the eastern Equatorial Pacific. Lourens et 
(1996a) estimate the same age of 1.24 Ma for this datum in the e
ern Mediterranean. There is good agreement to place the LO of la
Gephyrocapsa spp. (>5.5 µm) in the upper part of the oxygen isotop
stage 38, but very rare specimens of Gephyrocapsa spp., smaller than
6.5 µm, may be observed above this level. In contrast, forms lar
than 6.5 µm are not recorded above this level. The age of 1.227 
estimated by Raffi et al. (1993) for the LO of Gephyrocapsa spp.
(>5.5 µm) in the North Atlantic may reflect the LO of Gephyrocapsa
spp. between 5.5 and 6.5 µm. In the “small Gephyrocapsa Zone” de-
fined by Gartner (1977) as the interval between the LO of Heli-
cosphaera sellii and the highest level of dominantly small Gephyro-
capsa, very rare forms of Gephyrocapsa spp. (>5.5 – <6.0 µm) may
be observed within the Crenalithus populations.

We propose the use of 6.5 µm as the size limit to define this d
tum. The LO of Gephyrocapsa spp. (>6.5 µm) is situated in the lower
part of i-cycle 118. Based on oxygen isotope record at Site 977,
age of 1.235 Ma is assigned to the LO of Gephyrocapsa spp. (>6.5
µm) (Table 12). This chronological position occurs in the stage 38

Datum 9
FO of Crenalithus asanoi (circular, >6.5 µm)

Crenalithus asanoi (new combination, this paper) was first recog-
nized by Takayama and Sato (1987) as Reticulofenestra sp. A (sub-
elliptical forms) and as Reticulofenestra sp. B (circular forms). It was
later formally described as Reticulofenestra asanoi by Sato and
Takayama (1992). Matsuoka and Okada (1989) used the first occur-
rence of Reticulofenestra sp. A (>6.5 µm) to subdivide the “small Ge-
phyrocapsa Zone.” Sato et al. (1991) used the onset acme of Cren-
alithus asanoi (subcircular to circular forms) as a datum, but withou
a size indication. As indicated in their species description, they pro
ably used 6 µm or more to separate the small and medium Crenalithus
species (see “Paleontological Systematic Description” below—Cre-
nalithus species concept). In the western Mediterranean, the onse
the acme of Crenalithus asanoi and the FO of Crenalithus asanoi
(>6.5 µm) are also two very close, but distinct, bioevents. To have
consistent datum, we used the FO of Crenalithus asanoi (>6.5 µm).
This datum is observed just above the onset of the acme of Cren-
alithus japonicus (>5.0–6.5 µm).

Matsuoka (in Berger et al., 1994) estimated the age of the FO
Crenalithus asanoi at 1.168 Ma (± 0.025) in the western Equatoria
Pacific (Site 806) by calibration to the astronomical solution of Berg
er and Loutre (1991). At Sites 976, 977, and 979, the FO of Cren-
alithus asanoi (>6.5 µm) is recorded above i-cycle 108. Site 977 is s
lected to calculate the age of this datum because of high sampling 
olution, the presence of Sapropels 741 (i-cycle 108) and 740 (i-cy
100), and a distinct oxygen isotope record. Based on this site, an 
of 1.122 Ma is assigned for this datum, which is correlated to i-cyc
106 (at 1.126 Ma). By correlation to the oxygen isotope stratigraph
this datum occurs at the transition between stages 34 and 33 (Fig

Datum 8
FO of Gephyrocapsa omega (>4 µm)

This biohorizon is correlated to the top of the “small Gephyrocap-
sa Zone” of Gartner (1977) and corresponds to the reappearance
medium-sized Gephyrocapsa, and especially of Gephyrocapsa ome-
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ga (>4 µm). According to Matsuoka and Okada (1990), this episo
corresponds to the second evolutionary cycle of Gephyrocapsa in the
Pleistocene and is recognized at its base by the occurrence of Gephy-
rocapsa sp. C, a group of forms with a high bridge angle (>60°), or,
in the present study, Gephyrocapsa omega. Raffi et al. (1993), using
the Shackleton et al.’s (1990) time scale, estimated an age of 1
Ma for this biohorizon in the Equatorial Pacific (Site 677) and 0.9
Ma in the North Atlantic (Site 607). Berggren et al. (1995) indicat
the re-entrance of medium Gephyrocapsa spp. at 1.03 Ma and within
oxygen isotope stage 29. Based on the biostratigraphic data f
Takayama (1993), Berger et al. (1994) estimated an age of 1.045
(± 0.025) for the FO of Gephyrocapsa omega in the western Equato-
rial Pacific (Site 806). As mentioned above, Berger et al. (1994) u
an astronomical time scale calibrated by the solution of Berger 
Loutre (1991) to estimate the age of this event. Castradori (1993)
timated an age of 0.944 Ma for the FO of Gephyrocapsa sp. 3 and the
re-entrance of medium Gephyrocapsa (= FO of Gephyrocapsa ome-
ga) in eastern Mediterranean deep-sea cores.

At Leg 161 sites, the FO of Gephyrocapsa omega (>4 µm) is re-
corded between i-cycle 92 (0.976 Ma) and i-cycle 90 (0.955 M
Based on sapropels 621–622 (i-cycle 90) and on oxygen isot
event 26 (at 0.965 Ma) recovered at Site 976 (Fig. 9), an age of 0
Ma is assigned for the FO of Gephyrocapsa omega (>4 µm). By cor-
relation to the oxygen isotope stratigraphy, this datum is placed at
top of stages 26.

Datum 7
LO of Crenalithus asanoi (circular, >6.5 µm)

Different bioevents have been used to define this datum. Takaya-
ma and Sato (1987) defined it by the LO of the acme of Reticu-
lofenestra sp. A (>6.0), a large subelliptical form. Matsuoka and
Okada (1989) used the LO of Reticulofenestra sp. A (>6.5 µm) and
not the termination of its acme. Sato et al. (1991), Sato and Takay
(1992), and Takayama (1993) all used the LO of Reticulofenestra
asanoi (>6.0), but they include both subcircular to circular forms 
the species concept. Based on the biostratigraphic data from Tak
ma (1993), Berger et al. (1994) estimated the age of this datum
0.889 Ma (± 0.025). By correlation, this datum is situated in the ox
gen isotope stage 22.

At Leg 161 sites, the LO of Crenalithus asanoi (circular; >6.5 µm)
is recorded in i-cycle 74 (0.785 Ma). Based on Site 975 (high sa
pling resolution), an age of 0.781 Ma is assigned to this datum by
oxygen isotope record. An age of 0.781 Ma corresponds to i-cycle
and by correlation to the oxygen isotope stratigraphy to the 19.3 ev
(Fig. 9).

Datum 6
LO acme of Pseudoemiliania lacunosa

As illustrated by Matsuoka and Okada (1989), Pseudoemiliania
lacunosa has much potential as a stratigraphic marker. Change
size, outline, number of slits in the distal shield, and variations
abundance may be used to zone the Pleistocene with respect t
LO of Pseudoemiliania lacunosa (s.s). We proposed this unconven
tional acme event to subdivide further the upper Pleistocene inter
This event corresponds to the termination of the acme of Pseudoemil-
iania lacunosa as defined by a decrease in abundance of the Pseudo-
emiliania populations from abundant (1–10 specimens per field 
view) to common (1 specimen per 2–10 fields of view). At all Le
161 sites, we observed a similar decrease in abundance of Pseudo-
emiliania populations above the LO of Crenalithus asanoi (>6.5 µm).
Matsuoka and Okada (1989) have illustrated in their quantitat
analysis of Pleistocene sediments in the western Pacific, tha
marked decrease in Pseudoemiliania populations occurs about 0.030
Ma above the LO of Reticulofenestra sp. A (>6.5 µm).

The top of the acme of Pseudoemiliania lacunosa is observed at
all Leg 161 sites below i-cycle 68 (0.732 Ma). Because of high sa
de
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pling resolution, Site 975 is selected to calculate the age of this
tum. An age of 0.739 Ma is assigned for the termination of the a
of Pseudoemiliania lacunosa by the position of sapropel 518 (i-cycl
68) and by the oxygen isotope event 18.4 (Fig. 9). This age of 0
Ma corresponds to i-cycle 69 and, by correlation to the oxygen 
tope stratigraphy, to the transition between events 18.4/18.3 (Fig

Datum 5
LO of Pseudoemiliania lacunosa lacunosa (>7.0 µm)

This datum is defined by the extinction of the circular to subcir-
cular variety of Pseudoemiliania lacunosa larger than 7 µm (see “Pa
leontological Systematic Description” below). Several studies h
demonstrated the extinction of circular Pseudoemiliania lacunosa
just before the extinction of elliptical Pseudoemiliania lacunosa. A
size limit of 7 µm is used herein to define this datum. The elliptic
of medium-sized (5–7 µm) Pseudoemiliania lacunosa is difficult to
estimate visually. Elliptical and circular Pseudoemiliania lacunosa
(<5 µm) could not be separated in light microscope analyses.

Hay (1970) remarked that circular forms of Pseudoemiliania la-
cunosa became extinct before the elliptical forms. Matsuoka a
Okada (1989) also illustrated, from quantitative morphometric ana
ses in the subtropical western Pacific, that circular forms of Pseudoe-
miliania lacunosa variety C (with more than 16 slits) disappear abo
0.030 m.y. before the LO of elliptical Pseudoemiliania lacunosa.
They also observed that large elliptical Pseudoemiliania lacunosa
(>7 µm) disappeared shortly before elliptical forms between 5 an
µm.

The same succession of bioevents was also observed in the 
ern Mediterranean. At Site 977 (Fig. 8), Pseudoemiliania lacunosa
lacunosa (>7 µm) was last observed between i-cycle 40 (at 0.425 M
and i-cycle 44 (at 0.461 Ma). Based on oxygen isotope records f
Site 976, an age of 0.439 Ma is assigned to this datum and corre
with the i-cycle 41. This datum also corresponds to oxygen isot
event 12.2 (Fig. 9).

Datum 4
LO of Pseudoemiliania lacunosa

The LO of Pseudoemiliania lacunosa corresponds to the disap
pearance of elliptical medium-sized forms (between 4–5 µm). V
often, near the top of the stratigraphic range of Pseudoemiliania la-
cunosa, the distal shield elements are malformed (teratological m
formation). These malformations do not represent secondary o
growth, but are primary variations in distal shield elements in l
Pseudoemiliania lacunosa populations. Pseudoemiliania lacunosa
forms with teratological malformations have less distinct distal shi
slits.

A generally accepted age of 0.458 Ma (Thierstein et al., 1977
used for the extinction of Pseudoemiliania lacunosa, which occurs in
the middle of the oxygen isotope stage 12 (about oxygen iso
event 12.33). Different ages have been proposed for this datum
estimated age of 0.39 Ma is given by Sato and Takayama (199
the northeast Atlantic (Site 610). Berger et al. (1994) estimated
age of 0.433 Ma (± 0.020) for the LO of Pseudoemiliania lacunosa
in the western Equatorial Pacific (Site 806), based on the stratigr
ic record of Takayama (1993). They calibrated the nannofossil da
to the astronomical solution developed by Berger and Loutre (19
Shackleton et al. (1995) estimated an age between 0.344 and 
Ma for the LO of Pseudoemiliania lacunosa in the different sites
drilled during Leg 138 in the eastern Equatorial Pacific. The a
model was also based on the tuning of GRAPE density records. 

At Sites 974, 975, 977, and 979, the extinction of Pseudoemilian-
ia lacunosa occurs between i-cycle 38 (at 0.405 Ma) and i-cycle 
(at 0.425 Ma). I-cycle 38 corresponds to the sapropel “S11” in 
codification of Cita et al. (1977), and is distinguished at Leg 161 s
by the presence of thick sapropels with relatively high TOC conte
Based on Site 975, an age of 0.406 Ma is assigned for the LO of Pseu-
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doemiliania lacunosa, which corresponds to i-cycle 38. By correla-
tion to the oxygen isotope stratigraphy, this datum is situated in the
lower part of oxygen isotope event 11.3.

Datum 3
FO of Emiliania huxleyi

The abundance of Emiliania huxleyi is extremely low at the base
of its stratigraphic range and therefore difficult to find. Emiliania
huxleyi is a very distinct, small species with a relatively broad distal
shield composed of T-shaped elements, a low inner tube, and no
bridge. In contrast, Gephyrocapsa protohuxleyi, a form abundant at
the base of the range of Emiliania huxleyi, has a narrow distal shield,
a high, broad inner tube, and a central bridge. Misidentification of
Gephyrocapsa protohuxleyi without bridges (broken center) as Emil-
iania huxleyi, is possible, but unlikely. By examining carefully the
distal shield and the inner tube birefringence, these two species can
be distinguished with the light microscope.

The generally accepted age for this datum is 0.268 Ma, as calcu-
lated by Thierstein et al. (1977). This age corresponds to the oxygen
isotope event 8.4 (0.269 Ma). Thierstein et al. (1977) recorded very
rare and questionable specimens below this datum level. They corre-
lated the FO of Emiliania huxleyi with the lower part of the oxygen
isotope stage 8. We compared their oxygen isotope curves with more
recent curves and concluded that an age of 0.274 Ma is probably
more accurate for the stratigraphic position of the FO of very rare
specimens of Emiliania huxleyi. Moreover, ages of 0.2735 Ma (Core
V22–174) and of 0.274 Ma (Core V19–240) were also estimated
Thierstein et al. (1977) in their table 3. At Sites 974, 975, and 979,
same age of 0.274 Ma (Table 12) is calculated for the of the FO
very rare specimens of Emiliania huxleyi. 

At Leg 161 sites, the FO of Emiliania huxleyi, based on light mi-
croscope analyses, is recorded between i-cycle 24 (at 0.264 Ma)
i-cycle 30 (at 0.331 Ma). Based on oxygen isotope record at Site 9
an age of 0.270 Ma (Table 12) is assigned to this datum, which is 
related to i-cycle 25. This age corresponds to the lower oxygen 
tope event 8.4.

Datum 2

FcO (first consistent occurrence) of Emiliania huxleyi

This reliable datum is defined by the first consistent occurrence
Emiliania huxleyi, which corresponds to approximately one to fou
specimens counted per mm2. At Leg 161 sites, this bioevent is found
within the sapropel of i-cycle 20 (at 0.217 Ma). Based on the oxyg
isotope record at Site 976, an age of 0.218 Ma (Table 12) is assig
to this datum. By correlation to oxygen isotope stratigraphy, this 
tum corresponds to oxygen isotope event 7.3. The chronostratigra
ic position of this datum is very similar to the lowest occurrence
Emiliania huxleyi recorded by Vergnaud-Grazzini et al. (1977) in th
eastern Mediterranean. They situated the FO of Emiliania huxleyi
just above the top of sapropel “S8” (i-cycle 20). The first occurren
of Emiliania huxleyi is recorded much earlier in the western Medite
ranean. The age difference between the FO of Emiliania huxleyi in
the eastern and western Mediterranean is probably a result of diffi
ties in identifying Emiliania huxleyi when its abundance is very low
and may not indicate a diachronous appearance.

Datum 1

FO Emiliania huxleyi > Gephyrocapsa spp.

This biohorizon is defined by the dominant occurrence of Emil-
iania huxleyi in the nannofossil assemblage or by the dominance
Emiliania huxleyi over Gephyrocapsa populations. This datum cor-
responds to the base of the Emiliania huxleyi acme zone of Gartner
(1977). Thierstein et al. (1977) showed that the reversal in domina
180
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from Gephyrocapsa caribbeanica to Emiliania huxleyi occurs in the
oxygen isotope stage 4 (between oxygen isotopic events 4.2 and 5
in high latitudes and in the oxygen isotope stage 5a–5b in low la
tudes from the North Atlantic.

At Leg 161 sites, this datum occurs between i-cycle 6 (0.055 Ma
and i-cycle 8 (0.081 Ma). Based on the oxygen isotope record at S
977, an age of 0.070 Ma (Table 12) is estimated for the shift in dom
inance between Emiliania huxleyi and Gephyrocapsa spp. An age of
0.070 Ma corresponds to the transition between oxygen isotope st
es 4 and 5 (Fig. 9). The same placement of the reversal in dominan
from Gephyrocapsa caribbeanica to Emiliania huxleyi is indicated
by Thierstein et al. (1977) in transitional waters and high latitude. 
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APPENDIX A 

Paleontological Systematic Description

Genus Calcidiscus Kamptner, 1950

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

(Pl. 1, figs. 23–28)

Remarks: Variations in size, shape, and central area features are used to d
ferentiate Calcidiscus species. Circular to elliptical placoliths have been ob-
served. Large (>11 µm), circular specimens of Calcidiscus, with more than 40
distal elements, occur in the lowermost Pleistocene interval. These forms ha
181
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variable central area features, being closed or with a central opening. Circular
forms with a large central opening are grouped into Calcidiscus tropicus. Cir-
cular forms larger than 11 µm, with a closed central area or with a small 
tral opening, are grouped into Calcidiscus macintyrei.

Close to the LO of circular Calcidiscus spp. (>11 µm), another group o
large, subelliptical to elliptical forms first occur. These large (>11 µm), n
circular specimens (Pl. 1, figs. 21, 22) have fewer and larger distal elem
and a closed central area. This morphogroup of Calcidiscus leptoporus (Pl. 1,
figs. 21, 22) becomes extinct in the middle Pleistocene, much later than
circular forms. The last occurrence of circular Calcidiscus spp. larger than 11
µm and with more than 40 elements occurs in the lower Pleistocene (d
17). Specimens of circular Calcidiscus spp. between 10 and 11 µm are foun
with Gephyrocapsa spp. (>5 µm). In our study, the LO of Calcidiscus macin-
tyrei datum is based on circular forms larger than 11 µm.

Genus Crenalithus Roth, 1973 emend.

Type species: Crenalithus doronocoides (Black and Barnes, 1961) Roth
1973.
Emended diagnosis: Circular to elliptical Reticulofenestraceae construct
of two bicyclic shields. The distal shield is composed of an outer cycle, wh
may have up to four slits, and of an inner cycle that may protrude distally
Discussion: The genus Crenalithus first occurs in the late Miocene (NN11
with Crenalithus sessilis and Crenalithus doronocoides. The genus Pseudo-
emiliania has a first occurrence in the early Pliocene (NN15) with Pseudo-
emiliania lacunosa ovata. In the Pliocene and Pleistocene interval, there 
three distinctly different assemblages in the reticulofenestrid group: (1)
genus Crenalithus introduced by Roth (1973) is emended here to group re
ulofenestrids, which have up to four slits in the distal shield; (2) reti
lofenestrids with more than 4 slits are grouped in the genus Pseudoemiliania;
(3) reticulofenestrids without slits are grouped into the genus Reticulofenes-
tra. Some specimens of Crenalithus doronocoides and Crenalithus asanoi
may have a distal shield without slits. These forms may be distinguished 
Reticulofenestra by their extinction pattern; the outer distal cycle is non-bir
fringent, or faintly birefringent, and no distinct extinction lines separate 
outer and the inner distal cycle (gephyrocapsid extinction pattern). 

Crenalithus asanoi (Sato and Takayama, 1992) n. comb.
(Pl. 1, figs. 8–10)

1989 Reticulofenestra sp. A (>6.5 µm), Matsuoka and Okada, p. 103, plate
figures 25, 28.

1992 Reticulofenestra asanoi Sato and Takayama, p. 458, figures 3–7 to 3–1

Emended diagnosis: A medium to large, subcircular to circular species 
Crenalithus with up to 4 slits in the outer distal cycle and a wide inner dis
cycle.
Size: >6.5 µm; maximum size observed 12 µm (holotype: 6.85 µm).
Discussion: Sato and Takayama (1992) also distinguished Crenalithus asanoi
from Crenalithus doronocoides by its larger size and circular to subcircula
outline. Crenalithus species are separated according to the size. Small fo
up to 3 µm are grouped in the species Crenalithus sessilis, forms larger than 3
µm up to 5 µm are grouped in the species Crenalithus doronocoides, and
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forms larger than 5 µm up to 6.5 µm are grouped in the species Crenalithus
japonicus.

Crenalithus japonicus (Nishida, 1971 emend. Nishida, 1979) n. comb.
(Pl. 1, fig. 4 [upper specimen], figs. 5–7)

1971 Gephyrocapsa reticulata Nishida; p. 150–151, plate 17, figures 1–3, tex
figure 1.

1979 Reticulofenestra japonica (Nishida, 1971) emend. Nishida (non. substit
pro G. reticulata); p. 105, plate 1, figures 1–3.

Emended diagnosis: A medium-sized, subcircular to circular species of Cre-
nalithus with up to 4 slits in the outer distal cycle and a wide inner distal cyc
Size: >5–6.5 µm.

Crenalithus doronocoides (Black and Burns, 1961) Roth, 1973
(Pl. 1, figs. 1–3, fig. 4 [lower specimen])

Genus Pseudoemiliania Gartner, 1969

Pseudoemiliania lacunosa (Gartner, 1969, ex Kamptner, 1963) var. lacunosa 
(Young 1990) n. comb.

(Pl. 1, figs. 16–20)

1963 Ellipsoplacolithus lacunosus Kamptner; p.172, plate 9, figure 50.
1969 Pseudoemiliania lacunosa (Kamptner) Gartner; p. 598, plate 2, figures

9–10.
1990 Reticulofenestra lacunosa (Gartner, 1969, ex Kamptner, 1963) lacunosa

Young; p. 83.

Emended diagnosis: Circular to subcircular variety of Pseudoemiliania la-
cunosa with more than twelve slits in the distal shield.
Size: 4 to 10 µm.

Pseudoemiliania lacunosa var. ovata (Young, 1990) n. comb.
(Pl. 1, figs. 11, 12)

1973 Emiliania ovata Bukry; p. 678, plate 2, figures 10–12.
non 1979 Reticulofenestra pacifica Nishida; p. 106, plate 1, figures 4–6.
1990 Reticulofenestra lacunosa ovata (Young, 1990); p. 83.

Emended diagnosis: A small- to medium-sized, elliptical variety of Pseu-
doemiliania lacunosa with less than twelve slits in the distal shield.
Size: 4 to 6.5 µm; specimens larger than 6.5 µm are grouped into the spe
Pseudoemiliania pacifica.

Pseudoemiliania pacifica (Nishida, 1979) n. comb.
(Pl. 1, figs. 13–15)

1979 Reticulofenestra pacifica Nishida; p. 106, plate 1, figures 4–6.

Emended diagnosis: A medium-sized, elliptical Pseudoemiliania with less
than twelve slits in the distal shield.
Size: >6.5 µm.



PLEISTOCENE BIOSTRATIGRAPHY AND SAPROPELS

P.

 137–
 (21)

m, XP
1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

21 23 25 27

22 24 26 28

Plate 1. Magnification for all specimens is 2500×. XP = cross-polarized ligh, Ph = phase contrast. 1–3. Crenalithus doronocoides (Black and Burns) Roth, Sam-
ple 161-975B-14H-5, 82–84 cm, XP. 4. Lower specimen, Crenalithus doronocoides (Black and Burns) Roth; upper specimen Crenalithus japonicus (Nishida
emend. Nishida) n. comb., Sample 161-975B-9H-3, 88–90 cm, XP. 5–7. Crenalithus japonicus (Nishida emend. Nishida) n. comb. (5) Sample 161-976B-26X-
3, 73–75 cm, XP. (6) Sample 161-975B-8H-2, 99–101 cm, XP. (7) Sample 161-976B-26X-3, 73–75 cm, XP. 8–10. Crenalithus asanoi (Sato and Takayama) n.
comb., Sample 161-975B-8H-5, 137–138 cm, XP. 11–12. Pseudoemiliania lacunosa ovata (Young) n. comb. (11) Sample 161-974B-6H-5, 110–112 cm, X
(12) Sample 161-975B-14H-5, 82–84 cm, XP. 13–15. Pseudoemiliania pacifica (Nishida) n. comb., Sample 161-974B-6H-5, 110–112 cm, XP. 16–20. Pseudoe-
miliania lacunosa (Gartner ex Kamptner) lacunosa (Young) n. comb. (16–18, 20) Sample 161-975B-8H-2, 99–101 cm, XP. (19) Sample 161-975B-8H-5,
138 cm, XP. 21–22. Calcidiscus leptoporus (Murray and Blackman) Loeblich and Tappan, (>11 µm, elliptical), Sample 161-975B-13H-3, 90–91 cm, XP
and Ph (22). 23–28. Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan, (>11 µm, circular). (23–24) Sample 161-975B-13H-4, 110–111 c
(23) and Ph (24). (25–28) Sample 161-975B-13H-6, 45–46 cm. (25–26) XP and Ph. (27–28) XP and Ph.
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