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ABSTRACT

The planktonic foraminifers in 124 samples from Holes 609 and 609B have been analyzed quantitatively to see
whether oceanographic events in the late Miocene and early Pliocene (6.5-4.0 Ma) are reflected in the distribution of
individual species. Major changes in sea-surface temperature and bottom-water circulation are postulated, mainly on
the basis of the coiling-direction ratios in Neogloboquadrina pachyderma (Ehrenberg) and a dissolution index. A cool
interval peaking at around 6.2 Ma was followed by climatic fluctuations, possibly indicative of glacial cycles, before a
general warming in the Pliocene. Intense dissolution of CaCO3 at this site on both sides of the Miocene/Pliocene
boundary is inferred to have resulted from the presence of Antarctic Bottom Water, and an influx of less aggressive
North Atlantic Deep Water is indicated at the actual boundary. These climatic and oceanographic changes are tenta-
tively linked to the Messinian salinity crisis in the Mediterranean.

INTRODUCTION

The late Miocene to early Pliocene was an important
period in the evolution of the world ocean. At approxi-
mately 6.2 Ma a series of events, some local and some
global, combined to cause widespread changes in sea-
surface conditions and bottom-water circulation. These
have been discussed elsewhere (e.g., Adams et al., 1977;
Haq, et al., 1980; Loutit and Keigwin, 1982; Kennett,
1983; Loutit et al., 1983; Woodruff and Savin, 1985);
the changes most relevant to the present study are the
following:

1. An isochronic decrease of δ13C in the world ocean
at 6.2 Ma (the so-called latest Miocene carbon isotopic
shift).

2. Cooling of surface waters.
3. Increase in bottom-water circulation rates and fer-

tility of the oceans.
4. Lowering of sea level.
5. The Messinian salinity crisis.
6. Intensification of the Gulf Stream as a result of

shoaling of the Panama Isthmus.
The effect of these changes was felt to varying de-

grees in the North Atlantic (see, e.g., Cita and Ryan,
1979; Bender and Keigwin, 1979; Shor and Poore, 1979;
Poore, 1981; Thunell and Belyea, 1982). The purpose of
this study is to examine in detail the quantitative compo-
sition of the planktonic foraminiferal fauna from Site
609 (Holes 609 and 609B), to assess whether paleoceano-
graphic trends (both surface-water and deep-water) can
be deduced from the distribution of the more important
species. We attempt to link the changes through time at
Site 609 to the patterns of world climate and ocean his-
tory.
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(U.S. Govt. Printing Office).

2 Address: Institute of Oceanographic Sciences, Brook Road, Wormley, Godalming, Sur-
rey, GU8 5UB, United Kingdom.

Site 609 was chosen because of its high sedimentation
rates, relatively complete sequence, and position to the
east of the Mid-Atlantic Ridge. The results presented
here form part of a larger research project in which re-
sults from Sites 606 to 611 (Leg 94) and Sites 548 and
550 (Leg 80) will be combined with earlier work on DSDP
Hole 552A (Leg 81) (Hooper and Funnell, in press), in
an attempt to clarify the late Miocene and early Plio-
cene oceanographic history of the northeast Atlantic.
The locations of these sites are shown in Figure 1.

METHODS

A total of 124 10-cm3 samples were obtained from Holes 609 and
609B. The main suite of samples was chosen from Hole 609, since this
section extended up from a level corresponding to approximately 6.5 Ma
(calculated from the sedimentation rate curve based on paleomagnetic
data in Clement and Robinson, this volume). Because of drilling dis-
turbance, however, the upper portion of the section to be studied was
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Figure 1. Selected DSDP Sites (Legs 80, 81, and 94) in the North At-
lantic.
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considered unsuitable, and for that interval a series of samples was
chosen from Hole 609B. The two sections were spliced at 313 m sub-
bottom depth, where they have the same depth/age, according to the
sedimentation rate curves. The sedimentation rate curves for Holes
609 and 609B were calculated from the following paleomagnetic data
points (reversal boundaries):

609: Cl, top, 4.40 Ma (278.0 m sub-bottom); Cl, bottom, 4.47 Ma
(282.25 m); Chron 5, top, 5.35 Ma (332.0 m); C5, Nl, bottom, 5.54
Ma (338.5 m); and C5, N2, top, 5.68 Ma (346.5 m).

609B: C2, top, 4.57 Ma (289.5 m); Chron 5, top, 5.35 Ma (330.5 m);
C5, N2, top, 5.68 Ma (346.25 m).

The choice of sample levels was governed by two considerations:
the need for an even distribution of samples between 397.68 and
269.20 m (upper Miocene through lower Pliocene) and the necessity of
sampling lithological variations. Study of the shipboard sedimento-
logical logs and black and white photographs of the cores revealed the
presence of subtle lithological changes, from the dominant pure cal-
careous oozes to slightly more marly horizons, which made it difficult
to differentiate preferred levels. However, the lithological alternations
sampled correspond to distinct changes in the microfauna, which indi-
cate varying degrees of dissolution. Average sample spacing was one
per 79 cm, corresponding to approximately 20,000 yrs.

Approximately 5 cm3 of each sample was processed, and the re-
mainder was retained for particle size analysis (work in progress). Each
sample was disaggregated in water or 10% calgon (sodium hexameta-
phosphate) using a sediment shaker, then washed through a 63-µm mesh
sieve and dried.

Each sample was then dry-sieved through a 125-µm mesh sieve and
the larger size fraction was split with a microsplitter until about 300 to
400 planktonic foraminifers were obtained (unless dissolution was par-
ticularly severe); these were identified and counted and percentages
were calculated. For the most important species, a cumulative frequency
graph was plotted (Fig. 2). Total benthic specimens were also counted,
and a plot of the planktonic/benthic ratio was used as an index of dis-
solution (Fig. 3).

RESULTS
The results of the species counts are presented in

Table 1 and in Figures 2 to 4. Figure 2 presents cumula-
tive percentage abundance data on the five most signifi-
cant species in the fauna (in terms of numbers and eco-
logical significance), recalculated to 100% and plotted
versus depth. These species or species groups are Globi-
gerina bulloides, Globorotalia puncticulata, Globorota-
lia conoidea s.l. (G. conoidea and G. conomiozea count-
ed as one group because of their morphological similari-
ty), Neogloboquadrina pachyderma s.l. (sinistrally and
dextrally coiled forms; TV. continuosa morphotypes in-
cluded in the range of variation), and Neogloboquadri-
na atlantica (sinistrally coiled form only). The distribu-
tion of each species downcore is summarized in the par-
agraphs following. As a result of the high latitude, the
planktonic foraminiferal zonation is difficult (Weaver,
this volume), so only depth and age (and not zonal posi-
tion) are given in this summary.

1. G. bulloides. This species is regarded as an indica-
tor of temperate water masses (Imbrie and Kipp, 1971;
Ingle, 1973; Kipp, 1976; Keller, 1978a, 1980b, Kennett
and Srinivasan, 1983). Its distribution is fairly even
through the studied interval, with two peaks of 10% be-
low 390.00 m (upper Miocene) and very low abundances
through the basal Pliocene, up to about 320.00 m sub-
bottom, where two peaks again reach 10%. Above this
level, the relative abundance fluctuates around 5% (2-
10%) from 315.00 m to the top of the section studied
(lower Pliocene).

2. G. puncticulata. This species, the immediate an-
cestor of G. inflata, makes its first appearance above
275.30 m (lower Pliocene). It is not preceded by its an-
cestral form G. sphericomiozea (one specimen recorded).
Another study (Hooper and Funnell, in press) indicates
that G. puncticulata occupied an ecological niche simi-
lar to that of G. inflata (see also Kennett and Vella,
1975; Keller, 1978a; Thunell, 1979) in the transitional
water mass of Kipp (1976), between subpolar and sub-
tropical water masses.

3. G. conoidea s.l. G. conoidea and G. conomiozea
are similar at Site 609, and in the following discussion
are treated as one group, G. conoidea s.l. (following Kel-
ler, 1978a). This group is a member of the Globorotalia
(Globoconella) lineage and hence related to G. punctic-
ulata (Bandy, 1975; Srinivasan and Kennett, 1981; Ken-
nett and Srinivasan, 1983). G. conoidea s.l. is very abun-
dant in the upper Miocene at about 390.00 m and
370.00 m, at which levels it approaches 100% of the
fauna, and at 353.00 m, where it approaches 20% of the
fauna. Between these levels it is either absent or rare.
Above 345.00 m this group is very rare, and it becomes
extinct at 327.00 m, just above the Miocene/Pliocene
boundary. The virtually monospecific assemblages of G.
conoidea show a fairly narrow size range (200-300 µm),
include many broken and damaged specimens, and co-
incide with intervals of strong dissolution. This suggests
secondary concentration, by either dissolution of the rest
of the assemblage, current winnowing, or a combina-
tion of these effects.

4. Neogloboquadrina pachyderma (dextral). This mor-
photype of TV. pachyderma is well established as an indi-
cator of temperate areas (Kennett, 1968; Bandy, 1972;
Ingle, 1973; Vella, 1974; Vella et al., 1975; Poore and
Berggren, 1975; Kipp, 1976; Keller, 1978a, 1978b; Ken-
nett and Srinivasan, 1980). Below 385.00 m (upper Mio-
cene), the dextral form is an important faunal element.
Through the uppermost Miocene and basal Pliocene
(385.00-320.00 m), the dextral morphotype is effectively
replaced by the sinistrally coiling morphotype, though
there are four peaks of the right-coiling form between
345.00 and 310.00 m. Dextral N. pachyderma is the dom-
inant planktonic foraminifer in the Pliocene of Site 609.
Figure 4 shows the relative abundances of sinistral and
dextral N. pachyderma.

5. Neogloboquadrina pachyderma (sinistral). This is
not the same morphotype as the extensively documented
Pleistocene form of sinistrally coiling TV. pachyderma,
which is compact, quadrate, and usually encrusted (e.g.,
Kennett, 1968; Kennett and Srinivasan, 1980; Huddle-
stun, 1984; Weaver, this volume). The late Miocene to
early Pliocene form is essentially identical to the dextral-
ly coiled variety (i.e., non-encrusted and lobate), and is
here regarded as equivalent to Keller's (1978b) morpho-
type form 1. A few specimens of the encrusted form
have been noted in samples from the upper Miocene
(Keigwin, 1982b). The distribution of sinistral TV. pachy-
derma, and its relationship to the rest of the fauna, sug-
gests that it had a distribution in cooler water than the
dextral form (see Discussion and references cited there-
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in). As can be seen in Figure 4, the sinistrally coiled
form was dominant largely in the late Miocene.

6. Neogloboquadrina atlantica (sinistral). Hooper and
Funnell (in press) suggest that this species in high abun-
dances may be a good indicator of cold (polar) water
masses. Poore and Berggren (1975), however, regard this
morphotype as a subpolar species. The only notable oc-
currence, comprising about 5% of the fauna, is between
320.00 and 327.00 m (basal Pliocene).

Planktonic/Benthic Ratio (Fig. 3)
A normal planktonic/benthic foraminiferal ratio in

the deep sea is on the order of 100. Ratios markedly less
than this are regarded as indicating increased dissolu-
tion (Berger, 1967, 1970). Benthic foraminifers dissolve
less easily because of their more robust tests; they may
also be protected from dissolution by overlying waters
by dying below the sediment/water interface. Dissolu-
tion also affects the relative abundance of planktonic
species; more resistant species (such as neogloboquad-
rinids) are selectively preserved (Berger, 1967, 1970). This
should not affect the observed coiling ratio in N. pachy-
derma (see Discussion), which is here regarded as the
main climatic indicator. Although the P/B ratio is not
the most sensitive of dissolution indices, the results pre-
sented here indicate a fair degree of resolution. Keigwin
(1976) has noted that, in the upper Miocene and Plio-
cene of the Caribbean, the P/B ratio and fragmentation
index correlate very closely.

Lithological variations in the sediment seem to be re-
flected in the dissolution index, with marly intervals cor-
responding to levels of increased dissolution. Figure 3
shows the P/B ratios at Holes 609 and 609B. Below
390.00 m (upper Miocene) dissolution is moderate, but
above this (390.00-355.00 m, upper Miocene) the ratio
is exceptionally low for deep-sea deposits. Dissolution is
moderate, though more intense in some intervals, from
355.00 m (upper Miocene) to 330.00 m (basal Pliocene).
A decrease in dissolution is indicated by higher P/B ra-
tios in the lower Pliocene (330.00-320.00 m). Dissolu-
tion is much more marked between 320.00 and 290.00 m
(lower Pliocene), with pulses of strong dissolution that
seem, however, to decrease in intensity upsection. The
uppermost part of the section studied seems to be large-
ly dissolution-free (290.00-270.00 m, lower Pliocene).

DISCUSSION
The preceding faunal evidence shows several trends.
Before 6.5 Ma, the dextral form of Neogloboquadri-

na pachyderma was abundant, indicating warm condi-
tions, but a late Miocene to earliest Pliocene cool inter-
val is indicated by the dominance of the sinistral form
between 6.5 and 5.0 Ma, with short warm intervals be-
tween 5.6 and 5.0 Ma. Globorotalia conoidea s.l. was
present in some abundance before 5.7 Ma, with two ma-
jor pulses of abundance at 6.5 and 6.2 Ma. The gaps in
its distribution may represent periods of especially in-
tense dissolution or current activity, which may have re-
moved the species from the record at this site. Alterna-
tively, it may not have been present during these inter-
vals.

In the period from 6.0 to 5.0 Ma there were dramatic
faunal changes. During this interval there were four ma-
jor peaks in the abundance of dextral N. pachyderma
(interpreted as warm intervals), in an assemblage oth-
erwise dominated by the sinistral form. The four warm
intervals (Fig. 4) have a periodicity of approximately
125,000 yrs., suggesting cyclicity. Each peak has several
data points, and all discernible lithological fluctuations
were sampled. Poore (1981) noted climatic oscillations
with a period of 1 m.y. in the late Miocene, and higher-
frequency oscillations, with a periodicity of one to sev-
eral hundred thousand years, from about 7.5 to 6.5 Ma;
he speculated that these oscillations may be related to
orbital parameters.

Evidence of similar climatic fluctuations, with a peri-
odicity of several hundreds of thousands of years, has
been noted in the upper Miocene of the North Pacific by
Moore and Lombari (1981). The large-scale climatic fluc-
tuations in the late Miocene were probably related to
Antarctic glaciation (Arthur, 1979; Kennett, 1983). In-
creased ice volume may have resulted from the late Mio-
cene cooling and may have caused sea-level fall; these
factors are almost certainly related to the initiation of
the Messinian salinity crisis at around 6.5 Ma (e.g., Keig-
win, 1976; Keller, 1978a, 1980a, 1980b, 1981; Keller et
al., 1982; Kennett, 1978; Moore and Lombari, 1981; San-
cetta, 1978; Savin et al., 1981). But Keigwin, Aubry, and
Kent (this volume), in a detailed isotopic study of high-
latitude North Atlantic sites, have found no evidence of
a major late Miocene cooling. They do note two appar-
ent glacial episodes at 5.5 and 5.0 Ma, which approxi-
mately correlate with cool periods, as indicated by the
N. pachyderma coiling ratio (Fig. 4), but additional cool
events between 6.5 and 5.0 Ma at Site 609 (this study)
do not seem to be matched in the oxygen isotope record
of Keigwin et al. (this volume).

The dominance of N. pachyderma (sinistral) in the
late Miocene probably indicates an overall cooling in the
area (see, e.g., Poore and Berggren, 1975, who interpreted
high percentages of sinistral N. pachyderma as indicat-
ing a cool event in the late Miocene/early Pliocene of
the Hatton-Rockall Basin). Kennett and Vella (1975) and
Keigwin (1976) postulated that the coiling ratio of N.
pachyderma did not assume its present-day pattern until
the early Pliocene and hence cannot be used in climatic
interpretation of earlier periods. The evidence presented
here, however, indicates that the coiling ratio is of value
in indicating climatic trends in the late Miocene and ear-
ly Pliocene, and this is supported by numerous studies
in the Pacific, most notably those of Keller (1978a, 1979a,
1979b, 1980a, 1980b, 1981).

The dissolution index indicates marked fluctuations
through the latest Miocene, but bears no constant rela-
tionship to the N. pachyderma coiling ratio. Selective
dissolution of one of the coiling modes of N. pachyder-
ma would not be expected, since they are essentially mor-
phologically identical (Vella, 1974; Vella et al., 1975).
The dissolution pattern through this interval indicates
the presence of aggressive bottom waters in the latest
Miocene and early Pliocene, but also indicates carbon-
ate sedimentation (with two short interruptions) across
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Table 1. Species counts for Site 609 (Holes 609 and 609B).

Sample
number

(this Core-Section,
study) level (cm)

Hole 609B

Sub-bottom
depth

o o o o

I I

ε 1
I I
δ δ

I



51

53
54
55

56
57
58
59
60

61
62
63
64
65

66
67
68
69
70

71
72
73
74
75

76
77
78
79
80

81
82
83
84
85

86
87
88
89
90

91
92
93
94
95

96
97
98
99
100

101
102
103
104
105

106
107
108
109
110

111
112
113
114
115

116
117
118
119
120

121
122
123
124

35-5

35-6

35-6

35-7

36-1

36-2

36-3

36-4

36-5

36-6

37-1

37-2

37-3

37-4

37-5

37-6

38-1

38-2

38-3

38-4

38-4

38-5

39-1,

39-1,

39-2,

39-3,

39-4,

39-4,

39-4,

39-5,

39-5,

39-6,

40-1,

40-1,

40-1,

40-2,

40-2,

40-3,

40-3,

40-4,

40-4,

40-5,

40-5,

40-5,

40-6,

40-6,

40-6,
41-1,
41-1,
41-1,

41-2,

41-2,

41-3,

41-3,

41-4,

41-4,

41-4,

41-4,

41-5,

41-5,

41-6,

41-6,

41-6,

42-1,

42-1,

42-2,

42-2,

42-3,

42-3,

42-4,

42-4,

42-5,

42-5,

42-6,

130
51
120
40
80

80
80
80
55
85

75
140
75
100
100

100
80
80
80
50

130
60
60
120
80

80
70
100
120
30

70
20
40
95
120

40
110
40
110
40

110
40
110
140
35

80
120
30
60
110

50
100
45
110
20

37
70
120
70
130

30
75
130
38
110

38
110
38
110
38

110
38
110
38

329.90

330.61

331.30

332.00

333.00

334.50

336.00

337.50

338.75

340.55

342.55

344.70

345.55

347.30

348.80

350.30

352.20

353.70

355.20

356.40

357.20

358.00

361.61

362.20

363.30

364.80

366.20

366.50

366.70

367.30

367.70

368.70

371.00

371.55

371.80

372.50

373.60

374.00

374.70

375.50

376.20

377.00

377.70

378.00

378.45

378.90

397.30

380.50

380.80

381.30

382.20

382.70

383.65

384.30

384.90

385.07

385.40

385.90

386.90

387.50

388.00

388.45

389.00

390.18

390.90

391.68

392.40

393.18

393.90

394.68

395.40

396.18

396.90

397.68

1
2

3

1

1

1

1
1

1

1

1

I

1

1
1
1

1

1
1
9
14

2
3
2

4
10

11
8

6 1

5
3

1
1

3 1

4
2 3

2

4 1
3 1
2

2

3

6
1

1

1

3

1

1
1
1

3

10 1
42 1
15 1
5

9
6
11 1
11

2
2
2
3
1

2
9
4
1

1

2
5
1

6
6
4
3

4
1

3

5

10
10

1

1
12

7

:

4

l

l
3

1

1
1

1

2

2
2

8
1
7

9

1
6

1 1
1

1

1 1

1
1

1
10
3
1

1

1
1

1

1

2

1

1

1

1
4
1

2

1 2

1 1

2

1

1 1

1 1

4
1

1
2

1
1

3

1 1
1

1

1

2

!

1

1

2
2

2
1
6
1

1 1

2
2

2 1
1 5

1

1

1

1

1

2
1

7

3

1

1

1

2

2

1

2

1
1
1

2

1
2

3

7
1
2

5
5
3

1

6
1

5

1
2
1
1

1

1

7
12
4

12
43
16
18

18
1

3
8

15
40
57
49
32

34
58
92
132
191

309
395
5
24

60
1

2

3
2

5

12
2
3

135
449

300
239
2

325
10

3
6
17
135
111

53
7
5

2

5

1

14
14
10

15

1

2
1

1

1

1

1

1

1

1
1

1

1

1

1

1

4

2
1

2

3

4
7

2

1
3

1

1
1

1

1
2

1

2
1

1

14

24
17
9

170
190

30
41
23
162
228

152
15

27
38

28
18
9
29
1

25
2

16
17

40
17
3
8
6

1 1

35
16

5

10
2
ft
3
1

2
7
12
3
2

10

1
3
20

7
2
10
3
61

3
5
15

2

1
1
3
8
33

20
89
137
224
48

7
123
245
217

297
219
287
163
80

263
150
354
340
50

351
154
42ft

268
544

243
162
84
264
52

368
27

85
210

308
96
17
92
36

23
208
67
12
70

80
54
81

4

31
105
76
36
11

57
3
5
14
111

46
30
89
15
155

12
10
14
2
43

3
21
34
156

33
186
152
110
80

21
197
95
166

1

1

2

1
1

1

5

1

1

4

1

1

1

1

8

2
4

2

1
1
1

2
1

2

1

2

1
1

1
1
1

1

2
1

3
4
6

3
9
2
4
1

1
1 l

2

3
4

6

1
14
5

2

1

1
7

2

1

2

1

1
2
1

1
4
5

2

1

3
4
1

2
1
7

13

11
3

4
1

1

9
1
1

3
5

8

3
7
4
2
2

4

1

10

1

5
2

1
2

6
1

1

9
4

5
1

1

1

1
4
2
3

3
1
1

8

1
11
8
1

8
1
6
4
2

1

1

2

1

8

1

6
1

6
1
1

1

1

3
3
9

4

13
8

12

3
11
3
8
24

6
13
31
8

12
1
7
8
7

2
1

1
3

1

1
1
2

1

1

1

2

1
4

1

51
13
11
51
11

34
7
18
22
21

29
13
74
69
126

157
50
26
91

48

12
37

79
36
1
8
19

6
17
3

18

12
4
64
S4

12
13
16
5
1

7
2
4
3

14
12
29
8
51

19

1
8
3
7

9
56
85
135
49

2
120
81
P5

2
2

1

1

1

1

1

2
4
6
2

1

3

40
17
14
10
5

18
14
41
22
21

15
5
15
23
13

12
29
72
131
115

204
131
116
271
141

122
125
66
101
58

78
81
153
135
137

102
62
182
367
13

198
162
141
83
110

157
103
119
309
179

154
128
208
161
221

85
246
135
95
60

91
56
134
56
167

118
118
71
55
46

2
68
61
47

1
2
1

1

2
1

1

1
4

5
6
5
11
11

23
22
1
12
25

18
24
30
43
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Figure 2. Cumulative percent frequency plots for paleoclimatically important species at Site 609. G. con-
oideα plot is the sum of G. conoidea and G. conomiozea. C2, a reversal within the Gilbert magnetic
epoch, and Nl and N2, reversals within Epoch 5, were used in the calculation of sedimentation rates
for Leg 94 holes (see text). Uneven lines at the bases of C2 and N2 mark missing paleomagnetic data,
and these two boundaries are inferred. Holes 609 and 609B (above 313 m sub-bottom) are spliced at
313 m, where they have the same age/depth relationship.

the actual Miocene/Pliocene boundary (5.4-5.2 Ma). The
boundary is taken at 5.3 Ma (Berggren, 1981; Berggren
et al., in press). The Pliocene pulses of dissolution start-
ed at 5.2 Ma and became less intense after 4.5 Ma;
many samples from the upper part of the section show
very little evidence of dissolution. TV. pachyderma (dex-
tral) became the dominant neogloboquadrinid at around
5.0 Ma, indicating an early Pliocene warming (Berggren
and Schnitker, 1983; Keller, 1978a, 1979a, 1979b, 1981).
That G. bulloides is present only in low numbers in the
section deposited from 5.0 to 4.3 Ma probably reflects
the effects of dissolution, because the species is fairly
fragile (Berger, 1967). The next event was a peak in si-
nistral N. pachyderma at approximately 4.3 Ma, imme-
diately followed by the first appearance of Globorotalia
puncticulata.

These changes in bottom-water mass distribution (as
indicated by dissolution) can be compared to present-
day water masses. Thunell (1982) has shown that, for
the western North Atlantic, there is a first-order corre-
lation between the lysocline, benthic thermocline (the
boundary between North Atlantic Deep Water [NADW]
and Antarctic Bottom Water [AABW]), and the transi-
tion from carbonate-saturated waters to undersaturated
waters. Thunell suggests that this relationship is not so
clear in the present-day eastern North Atlantic, but it
seems likely that calcite-corrosive bottom water in the
late Miocene and early Pliocene was similar to present-
day AABW, whereas noncorrosive bottom water may
have resembled present-day NADW. The bottom-water
changes also fit in well with work done by Murray (this
volume) on bottom-water masses at Site 609, where, he

930



LATE MIOCENE TO EARLY PLIOCENE PLANKTONIC FORAMINIFERS

100%

270-

4.5

380-

390-

Figure 3. Planktonic/benthic (P/B) ratio at Site 609. Ratios markedly less than 100 indicate dissolution. See caption to
Figure 2 regarding C2, Nl, N2, and composite section for Site 609.

reports, AABW-like bottom water covered the site in the
late Miocene and early Pliocene, but NADW-like bot-
tom water was present in the earliest Pliocene. Keller
(1978a, 1979a, 1979b, 1980a, 1980b, 1981), Keller et al.
(1982), and Barron and Keller (1982) report surface-wa-
ter cooling and increased bottom-water corrosiveness for
calcite through several intervals in the late Miocene and
earliest Pliocene in the Pacific Ocean. Hiatuses of simi-
lar ages have also been noted in the Caribbean region
(Kaneps, 1979; Brunner and Keigwin, 1981; Keigwin,
1982a) and in the Panama Basin (Keigwin, 1976).

THE MESSINIAN CRISIS
The isolation and evaporation of the Mediterranean

in the latest Miocene has been well documented (e.g.,
papers in Drooger, 1973; Ryan et al., 1974; Cita, 1975;
Berggren and Haq, 1976; Van Couvering et al., 1976;
Adams et al., 1977; Arthur, 1979; Keigwin and Shackle-
ton, 1980; Loutit and Keigwin, 1982; Kennett, 1983; Ci-
ta, 1984). Events of particular interest to the present
study have been listed earlier in this chapter (see Intro-
duction). All have been related to an increase in ice vol-
ume in the late Miocene, in both the Southern Hemi-

sphere (Shackleton and Kennett, 1975) and the North-
ern Hemisphere (Mercer and Sutter, 1982).

The late Miocene cooling event (peaking at 6.2 Ma)
postulated in this study correlates well with the events
we have listed. This does not agree with Cita and Ryan's
(1979) interpretation of the late Miocene; they detected
a cooling event after the onset of the Messinian salinity
crisis and from that inferred that glaciation and a sea-
level fall were caused by the isolation of the Mediterra-
nean, rather than the reverse. The Neogloboquadrina
pachyderma distribution in this study may reflect glacial
cycles, in that it indicates four warm/cold alternations
between 5.6 and 5.0 Ma. But no "special" event reflect-
ing the end of the Messinian salinity crisis can be in-
ferred from the data.

The intensification of bottom-water circulation, co-
incident with the possible influx of "AABW" into the
area, seems to have occurred before 6.2 Ma but within
the age limits (7.0-6.2 Ma) set by Ciesielski et al. (1982).
Sediment transport may have taken place if the distribu-
tion of Globorotalia conoidea does actually represent
current winnowing, though there is no evidence of a real
hiatus at Site 609. Several authors (Ryan et al., 1974;
Schnitker, 1980; Blanc and Duplessy, 1982) have sug-
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Figure 4. Coiling ratio in N. pachyderma at Site 609. Dashed line at 360 m indicates where sample 73 has
been omitted (no N. pachyderma). See caption to Figure 2 regarding C2, Nl, N2, and composite sec-
tion for Site 609.

gested that isolation of the Mediterranean would cause
a global salt deficiency, leading to a temporary cessation
in the formation of all Northern Hemisphere deep water.

CONCLUSIONS
The inferred paleoceanographic history of Site 609

through the late Miocene and early Pliocene is as fol-
lows:

1. Just before 6.5 Ma (corresponding to 395.00 m
sub-bottom), there was a decrease in sea-surface temper-
ature (indicated by an increase in sinistral Neogloboquad-
rina pachyderma) associated with an influx of AABW-
like bottom water into the area, which caused extensive
dissolution. There was an increase in bottom-water cir-
culation rates; these events may have been linked to in-
creased ice volume at the poles. Selective dissolution and
possibly current-winnowing by intensified bottom circu-
lation led to the formation of almost monospecific fora-
miniferal sands, dominated by Globorotalia conoidea s.l.

2. Apparently the isolation of the Mediterranean was
preceded by glaciation and presumed glacio-eustatic sea-
level depression.

3. Sea-surface temperatures reached a minimum at
around 6.2 Ma (370.00 m sub-bottom). The ensuing
cool period was followed by cyclical alternations of
warmer and colder intervals between 5.6 and 5.0 Ma,
with a periodicity of roughly 125,000 yrs.

4. From 5.3 to 5.2 Ma, bottom waters at Site 609 be-
came much less corrosive for calcite, possibly reflecting
the displacement of AABW-like bottom water by NADW-
like bottom waters. This displacement occurred at about
the same time as the reestablishment of the connection
between the Atlantic and the Mediterranean, but it is
unclear whether the events were related.

5. After 5.2 Ma (320.00 m depth), bottom waters be-
come more corrosive for calcite, indicating the return of
AABW-like bottom water to the area. Dissolution be-
came gradually less marked over the next million years
before effectively ceasing, indicating the return of NADW-
like bottom water as the dominant water mass in the
area (Murray this volume).

6. The early Pliocene was much warmer than the late
Miocene, though minor temperature fluctuations did
occur.

932



LATE MIOCENE TO EARLY PLIOCENE PLANKTONIC FORAMINIFERS

ACKNOWLEDGMENTS

Thanks are due Professor B. M. Funnell of the University of East
Anglia for his help and guidance with the research leading to this ar-
ticle, and Professor J. P. Kennett and an anonymous reviewer for their
thoughtful reviews of this manuscript. The manuscript was further
improved by discussion with Professor M. B. Cita, Dr. J. Saunders,
and Dr. B. Malmgren. P. W. P. Hooper gratefully acknowledges a Nat-
ural Environment Research Council/Institute of Oceanographic Sci-
ences CASE studentship.

REFERENCES

Adams, C. G., Benson, R. H., Kidd, R. B., Ryan, W. B. F., and
Wright, R. C , 1977. The Messinian salinity crisis and evidence of
late Miocene eustatic changes in the world ocean. Nature, 269:
383-386.

Arthur, M. A., 1979. Paleoceanographic events—recognition, resolu-
tion and reconsideration. Rev. Geophys. Space. Phys., 17:1474-
1494.

Bandy, O. L., 1972. Origin and development of Globorotalia (TUr-
borotalia) pachyderma (Ehrenberg). Micropaleontology, 18:294-
318.

, 1975. Messinian evaporite deposition and the Miocene/Pli-
ocene boundary, Pasquasia-Carpodarso sections, Sicily. In Saito,
T., and Burckle, L. H. (Eds.), Late Neogene Epoch Boundaries:
New York (Micropaleontology Press), Micropaleontology Spec.
Publ. 1:49-63.

Barron, J. A., and Keller, G., 1982. Widespread Miocene deep-sea hia-
tuses: Coincidence with periods of global cooling. Geology, 10:
577-581.

Bender, M. L., Keigwin, L. D., 1979. Speculations about the upper
Miocene change in abyssal Pacific dissolved bicarbonate δC. Earth
Planet. Sci. Lett., 45:383-393.

Berger, W. H., 1967. Foraminiferal ooze: Solution at depths. Science,
156:383-385.

, 1970. Planktonic foraminifera: Selective solution and the
lysocline. Mar. Geol., 8:111-138.

Berggren, W. A., 1981. Correlation of Atlantic, Mediterranean and
Indo-Pacific Neogene stratigraphies: Geochronology and chrono-
stratigraphy. Proc. Int. Geol. Correlation Progr.—114 Int. Work-
shop Pacific Neogene Biostratigr., pp. 29-60.

Berggren, W. A., and Haq, B. U, 1976. The Andalusian Stage (late
Miocene): Biostratigraphy, biochronology and paleoecology. Pa-
laeogeogr., Palaeoclimatol., Palaeoecol., 20:67-129.

Berggren, W. A., Kent, D. V., and Van Couvering, J. A., in press. Ne-
ogene geochronology and chronostratigraphy. In Snelling, N. J.
(Ed.), Geol. Soc. London Spec. Publ.

Berggren, W. A., and Schnitker, D., 1983. Cenozoic marine environ-
ments in the North Atlantic and Norwegian-Greenland Sea. In
Bott, M. H. P., Saxov, S., Talwani, M., and Thiede, J. (Eds.),
Structure and Development of the Greenland-Scotland Ridge: New
York (Plenum Publ. Co.), pp. 495-548.

Blanc, P.-L., and Duplessy, J.-C, 1982. The deep-water circulation
during the Neogene and the impact of the Messinian Salinity Cri-
sis. Deep-Sea Res., 29:1391-1414.

Brunner, C. A., Keigwin, L. D., 1981. Late Neogene biostratigraphy
and stable isotope stratigraphy of a drilled core from the Gulf of
Mexico. Mar. Micropaleontol., 6:397-418.

Ciesielski, P. F., Ledbetter, M. T., and Ellwood, B. B., 1982. The de-
velopment of Antarctic glaciation and the Neogene paleoenviron-
ment of the Maurice Ewing Bank. Mar. Geol., 46:1-51.

Cita, M. B., 1975. The Miocene/Pliocene boundary: History and def-
inition. In Saito, T., and Burckle, L. H. (Eds.), Late Neogene Ep-
och Boundaries: New York (Micropaleontology Press), Micropale-
ontology Spec. Publ. 1:1-30.

, 1984. Messinian event: A stratigraphic case study. In Sei-
bold, E., and Meulencamp, J. D. (Eds.), Stratigraphy Quo Vadis.
Am. Assoc. Petrol. Geol. Bull. Stud. Geol., 16:39-44.

Cita, M. B., and Ryan, W. B. F., 1979. Late Neogene environmental
evolution. In von Rad, U, Ryan, W. B. F., et al., Init. Repts. DSDP,
47, Pt. 1: Washington (U.S. Govt. Printing Office), 447-460.

Drooger, C. W. (Ed.), 1973. Messinian Events in the Mediterranean.
Geodynamics Scientific Report, No. 7: Amsterdam-London (North-
Holland Publ. Co.).

Haq, B. U, Worsley, T. R., Burckle, L. H., Douglas, R. G., Keigwin,
L. D., Jr., et al., 1980. Late Miocene marine carbon-isotopic shift

and synchroneity of some phytoplanktonic biostratigraphic events.
Geology, 8:427-431.

Hooper, P. W. P., and Funnell, B. M., in press. Late Pliocene to Re-
cent planktonic foraminifera from the North Atlantic (DSDP Site
552A): Quantitative palaeotemperature analysis. In Shackleton, N.
J., and Summerhayes, C. (Eds.), Spec. Publ. Geol. Soc. London.

Huddlestun, P. F, 1984. Planktonic foraminiferal biostratigraphy of
the Hatton-Rockall Basin: DSDP Leg 81. In Roberts, D. G., Schnit-
ker, D., et al., Init. Repts. DSDP, 81: Washington (U.S. Govt.
Printing Office), 429-438.

Imbrie, J., and Kipp, N. G., 1971. A new micropaleontological meth-
od for quantitative paleoclimatology: Application to a late Pleisto-
cene Caribbean core. In Turekian, K. K. (Ed.), Late Cenozoic Gla-
cial Ages: Hartford (Yale Univ. Press), pp. 71-181.

Ingle, J. C , 1973. Neogene foraminifera from the northeastern Pacific
Ocean, Leg 18, Deep Sea Drilling Project. In Kulm, L. D., von
Huene, R., et al., Init. Repts. DSDP, 18: Washington (U.S. Govt.
Printing Office), 517-567.

Kaneps, A. G., 1979. Gulf Stream: Velocity fluctuations during the
late Cenozoic. Science, 204:297-301.

Keigwin, L. D., 1976. Late Cenozoic planktonic foraminiferal biostra-
tigraphy and paleoceanography of the Panama Basin. Micropale-
ontology, 22:419-422.

, 1982a. Isotopic paleoceanography of the Caribbean and east
Pacific: Role of Panama uplift in late Neogene time. Science, 217:
350-353.

., 1982b. Neogene planktonic foraminifers from Deep Sea
Drilling Project Sites 502 and 503. In Prell, W. L., Gardner, J. V.,
et al., Init. Repts. DSDP, 68: Washington (U.S. Govt. Printing Of-
fice), 269-288.

Keigwin, L. D., Jr., and Shackleton, N. J., 1980. Uppermost Miocene
carbon isotope stratigraphy of a piston core in the equatorial Pa-
cific. Nature, 284:613-614.

Keller, G., 1978a. Late Neogene biostratigraphy and paleoceanogra-
phy of DSDP Site 310, central North Pacific and correlation with
the southwest Pacific. Mar. Micropaleontol., 3:97-119.

, 1978b. Morphologic variation of Neogloboquadrina pachy-
derma (Ehrenberg) in sediments of the marginal and central north-
east Pacific Ocean and paleoclimatic interpretation. J. Foram. Res.,
8:208-224.

., 1979a. Early Pliocene to Pleistocene planktonic foraminif-
eral datum levels in the North Pacific: DSDP Sites 173, 310, 296.
Mar. Micropaleontol., 4:281-294.

., 1979b. Late Neogene planktonic foraminiferal biostratig-
raphy and paleoceanography of the northwest Pacific DSDP Site
296. Palaeogeogr., Palaeoclimatol., Palaeoecol., 27:129-154.

, 1980a. Middle to late Miocene planktonic foraminiferal da-
tum levels and paleoceanography of the North and southeastern
Pacific Ocean. Mar. Micropaleontol., 5:249-281.

., 1980b. Planktonic foraminiferal biostratigraphy and pale-
oceanography of the Japan Trench, Leg 57, Deep Sea Drilling Proj-
ect. In Scientific Party, Init. Repts. DSDP, 56, 57, Pt. 1: Washing-
ton (U.S. Govt. Printing Office), 517-567.

, 1981. Miocene biochronology and paleoceanography of the
North Pacific. Mar. Micropaleontol., 6:535-551.

Keller, G., Barron, J. A., and Burckle, L. H., 1982. North Pacific late
Miocene correlations using microfossils, stable isotopes, percent
CaCO3, and magnetostratigraphy. Mar. Micropaleontol., 7:327-
357.

Kennett, J. P., 1968. Latitudinal variation in Globigerinapachyderma
(Ehrenberg) in surface sediments of the southwest Pacific Ocean.
Micropaleontology, 14:305-318.

, 1978. The development of planktonic biogeography in the
Southern Ocean during the Cenozoic. Mar. Micropaleontol., 3:
301-345.

, 1983. Paleoceanography: Global ocean evolution. Rev. Geo-
phys. Space. Phys., 21:1258-1274.

Kennett, J. P., Brunner, C. A., 1973. Antarctic late Cenozoic glacia-
tion: Evidence for initiation of ice-rafting and inferred increased
bottom-water activity. Geol. Soc. Am. Bull., 84:2043-2052.

Kennett, J. P., and Srinivasan, M. S., 1980. Surface ultrastructural
variation in Neogloboquadrina pachyderma (Ehrenberg): Pheno-
typic variation and phylogeny in the late Cenozoic. In Sliter, W. V.
(Ed.), Studies in Marine Micropaleontology: A Memorial Volume
to Orville L. Bandy. Cushman Found. Foram. Res. Spec. Publ.,
19:134-162.

933



P. W. P. HOOPER, P. P. E. WEAVER

, 1983. Neogene Planktonic Foraminifera: A Phylogenetic At-
las: Stroudsburg, Pa. (Hutchinson Ross Publ. Co.).

Kennett, J. P., and Vella, P., 1975. Late Cenozoic planktonic forami-
nifera and paleoceanography at DSDP Site 284 in the cool sub-
tropical South Pacific. In Kennett, J. P., Houtz, R. E., et al., Init.
Repts. DSDP, 29: Washington (U.S. Govt. Printing Office), 769-
782.

Kipp, N. G., 1976. New transfer function for estimating past sea-sur-
face conditions from sea-bed distribution of planktonic foraminif-
eral assemblages in the North Atlantic. In Cline, R. M., and Hays,
J. D. (Eds.), Investigation of Late Quaternary Paleoceanography
and Paleoclimatology. Mem. Geol. Soc. Am., 145:3-41.

Loutit, T., and Keigwin, L. D., Jr., 1982. Stable isotopic evidence for
latest Miocene sea-level fall in the Mediterranean region. Nature,
300:163-166.

Loutit, T. S., Pisias, N. G., and Kennett, J. P., 1983. Pacific Miocene
carbon isotope stratigraphy using benthic foraminifera. Earth Plan-
et. Sci. Lett., 66:48-62.

Mercer, J. N., and Sutter, J. R, 1982. Late Miocene-earliest Pliocene
glaciation in southern Argentina: Implications for global ice-sheet
history. Palaeogeogr, Palaeoclimatol., Palaeoecol., 38:185-206.

Moore, T. C, and Lombari, G., 1981. Sea-surface temperature changes
in the North Pacific during the late Miocene. Mar. Micropaleon-
tol., 6:581-597.

Poore, R. Z., 1981. Late Miocene biogeography and paleoclimatology
of the central North Atlantic. Mar. Micropaleontol., 6:599-616.

Poore, R. Z., and Berggren, W. A., 1975. Late Cenozoic planktonic
foraminiferal biostratigraphy and paleoclimatology of the Hatton-
Rockall Basin: DSDP Site 116. /. Foram. Res., 5:270-293.

Ryan, W. B. R, Cita, M. B., Dreyfus Rawson, M., Burckle, L. H.,
and Saito, T., 1974. A paleomagnetic assignment of Neogene stage
boundaries and the development of isochronous datum planes be-
tween the Mediterranean, the Pacific and Indian oceans in order to
investigate the response of the world ocean to the Mediterranean
"salinity crisis." Riv. Ital. Paleontol., 80:631-688.

Sancetta, C , 1978. Neogene Pacific micro fossils and paleoceanogra-
phy. Mar. Micropaleontol., 3:347-376.

Savin, S. M., Douglas, R. G., Keller, G., Killingly, J. S., Shaughnessy,
L., et al., 1981. Miocene benthic foraminiferal isotope records: A
synthesis. Mar. Micropaleontol., 6:535-551.

Schnitker, D., 1980. Global paleoceanography and its deep water link-
age to the Antarctic glaciation. Earth Sci. Rev., 16:1-20.

Shackleton, N. J., and Kennett, J. P., 1975. Paleotemperature history
of the Cenozoic and initiation of Antarctic glaciation: Oxygen and
carbon isotope analyses in DSDP Sites 277, 279, and 281. In Ken-
nett, J. P., Houtz, R. E., et al., Init. Repts. DSDP, 29: Washing-
ton (U.S. Govt. Printing Office), 743-755.

Shor, A. N., and Poore, R. Z., 1979. Bottom currents and ice-rafting
in the North Atlantic: Interpretation of Neogene depositional en-
vironments of Leg 49 cores. In Luyendyk, B. P., Cann, J. R., et
al., Init. Repts. DSDP, 49: Washington (U.S. Govt. Printing Of-
fice), 859-872.

Srinivasan, M. S., and Kennett, J. P., 1981. A review of Neogene plank-
tonic foraminiferal biostratigraphy: Applications in the equatorial
and South Pacific. In Warme, J. E., Douglas, R. G., and Winterer,
E. L. (Eds.), The Deep Sea Drilling Project: A Decade of Progress.
Soc. Econ. Paleontol. Mineral. Spec. Publ., 32:395-432.

Thunell, R. C , 1979. Pliocene paleotemperatures and paleosalinity his-
tory of the Mediterranean Sea, results from Deep Sea Drilling Proj-
ect Sites 125 and 132. Mar. Micropaleontol., 4:173-187.

, 1982. Carbonate dissolution and abyssal hydrography in the
Atlantic Ocean. Mar. Geol., 47:165-180.

Thunell, R. C , and Belyea, P., 1982. Neogene planktonic foraminif-
eral biogeography of the Atlantic Ocean. Micropaleontology, 28:
381-398.

Van Couvering, J. A., Berggren, W. A., Drake, R. E., Aguirre, E.,
and Curtis, G. H., 1976. The terminal Miocene event. Mar. Micro-
paleontol., 1:263-286.

Vella, P., 1974. Coiling ratios of Neogloboquadrinapachyderma (Eh-
renberg): Variations in different size fractions. Geol. Soc. Am. Bull.,
85:1421-1424.

Vella, P., Ellwood, B. B., and Watkins, N. D., 1975. Surface-water
temperature changes in the Southern Ocean southeast of Australia
during the last one million years. In Suggate, R. P., and Cresswell,
M. M. (Eds.), Quaternary Studies (selected papers from Ninth
INQUA Congress, Christchurch, N.Z., December 1975): Welling-
ton, N.Z., (R. Soc. New Zealand), pp. 297-309.

Woodruff, R, and Savin, S. M., 1985. δC values of Miocene Pacific
benthic foraminifera: Correlations with sea-level and biological pro-
ductivity. Geology, 13:119-122.

Date of Initial Receipt: 5 December 1984
Date of Acceptance: 25 October 1985

934


