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29. NEOGENE PALEOCEANOGRAPHY OF THE NORWEGIAN SEA BASED UPON 
SILICOFLAGELLATE ASSEMBLAGE CHANGES IN ODP LEG 104 SEDIMENTARY SEQUENCES1 

Paul F. Ciesielski and Susan M. Case2 

ABSTRACT 

Silicoflagellate assemblages of ODP Leg 104 Neogene sequences are the basis of an interpretation of changes in the 
Neogene paleoenvironment of the Norwegian Sea. Fluctuations in the percentages of temperature and nutrient-sensitive 
taxonomic groups document major changes in sea-surface conditions. A brief, but distinct, cooling event occurred at 
18.0-17.5 Ma which resulted in the disappearance of Naviculopsis. Following this early Miocene cooling a long period 
of increasing surface-water temperature occurred, leading up to a thermal high in the early middle Miocene (14.0 Ma). 
The early late Miocene (10.0-9.0 Ma) was distinctly cooler than the middle Miocene, but warmer than the remainder of 
the Neogene. Conditions between 13.0 and 10.0 Ma are unrecorded because of a regional hiatus, which is the earliest 
evidence for an end to the more temperate and stable conditions of the early to middle middle Miocene. A major plunge 
in temperatures occurred between 8.5 and 7.4 Ma and during the remainder of the late Miocene and Pliocene; from 7.4 
to 2.65 Ma subpolar conditions prevailed. Silicoflagellates disappeared, except for sporadic occurrences, at 2.64 Ma 
with the beginning of dominant glacial sedimentation. Biogenic opal is absent in sediments younger than 0.76 Ma, indi
cating the dominance of glacial conditions with extensive sea ice. 

INTRODUCTION 

The ODP Leg 104 sites in the Norwegian Sea were the first 
drilled since the Deep Sea Drilling Project (DSDP) Leg 38 (Tal-
wani, Udintsev, et al., 1976) drilled a number of sequences in 
the Norwegian-Greenland Sea. Leg 38 sites were drilled discon-
tinuously by rotary coring (RCB), resulting in very incomplete 
recovery and often disturbed sequences poorly suited for de
tailed paleoceanographic studies. In contrast, Leg 104 sites were 
continously drilled using advanced piston core (APC) and ex
tended core barrel (XCB) methods which minimize core distur
bance. As a result, sedimentary sequences recovered by Leg 104 
provide a unique opportunity to examine the paleoceanographic 
history of the Norwegian Sea. 

This contribution interprets the history of surface-water mass 
characteristics where the Norwegian Current flows over the 
Voting Plateau (Fig. 1). Changes in temperature and productiv
ity of surface waters were inferred based upon quantitative fluc
tuations in the silicoflagellate taxon groups, some of which have 
well-defined paleoenvironmental affinities. The quantitative cen
sus of silicoflagellates from Sites 642, 643, and 644 (Ciesielski, 
Hasson, and Turner, this volume) forms the data base for this 
study and represents the only detailed quantitative census of 
Neogene silicoflagellate assemblages from north of the Arctic 
Circle. 

Figure 2 shows the location of Leg 104 sites with respect to 
the Voting Plateau. The three sites represent a transect through 
a portion of the Norwegian Current. At Site 644 (66°40.7'N, 
04°34.6'E, 1227 m), the landward site, a 252.8-m section of Pli
ocene-Quaternary sediments was drilled from the inner conti
nental slope. Site 643 (67°42.9'N, 01°02.0'E, 2753 m) forms 
the seaward end of the transect, located on the lower slope near 
the foot of the outer Vdring Plateau. Between these two sites lies 
Site 642 (67°13.2'N, 02°55.8'E, 1277 m) on the outer Vriring 
Plateau. The latter two sites contain rich silicoflagellate assem
blages throughout the lower Miocene to Pliocene. 

1 Eldholm, O., Thiede, J., Taylor, E., et al., 1989. Proc. ODP, Sci. Results, 
104: College Station, TX (Ocean Drilling Program). 

2 1112 Turlington Hall, Department of Geology, University of Florida, Gaines
ville, FL 32611. 

The paleoceanographic history of the Norwegian Sea had 
profound influences on the global deep-water masses and cli
matic conditions on the adjacent continental margin. The Nor
wegian Current is a continuation of the Gulf Stream system 
which follows the Norwegian continental margin carrying rela
tively warm surface waters to the northern polar basins. Leg 104 
sites are located where the current is relatively narrow and well-
defined (Fig. 1). Site 643 is the westernmost site; while still in 
the Norwegian Current, it is closest to polar water masses of the 
open Norwegian-Greenland Sea. 

METHODS 
The data base for this study is the quantitative census of silicoflagel

lates from the Neogene of Leg 104 sites by Ciesielski et al. (this volume). 
Census data were supplemented herein with assemblage counts from 12 
additional samples from Hole 643A to increase the sample density for 
this hole. The paleoceanographic interpretation of these census data is 
based upon collection of silicoflagellate species into meaningful taxo
nomic groups, whose paleoenvironmental affinities were interpreted 
through the environmental and biogeographic affinities of extant and/ 
or extinct taxa. The census data of Ciesielski et al. (this volume) were 
amassed into the following taxonomic groups: Dictyocha (extant), hex
agonal Distephanus (extant), quadrate Distephanus (extinct), Bachman-
nocena (extinct), Corbisema (extinct), Naviculopsis (extinct), and Cary-
ocha (extinct). Interpretation of the paleoenvironmental significance of 
each taxon group is presented in the following section. Percentages of 
each taxonomic group were calculated as a percent of the total silico
flagellate assemblage from each sample. Figures 3-8 show the percent
age of each taxonomic group in samples from Hole 643A (Figs. 3-5) 
and Holes 642C and 642D (Figs. 6-8). Silicoflagellates are sparse in all 
but a few samples from Hole 644A; therefore, no figure is provided. Ta
ble 3 of Ciesielski et al. (this volume) provides assemblage census infor
mation for Hole 644A. 

Sediment ages for each of the sites studied are also presented in Fig
ures 3-8. Tables 1 and 2 provide selected biostratigraphic and paleomag-
netic datums utilized to interpret the ages of these sequences. At the 
time of this submission, final diatom biostratigraphic results were not 
yet available but are expected to increase age control, particularly of the 
lower Miocene section. Major disconformities are shown by wavy lines. 
Shorter duration disconformities are suggested by the detailed biostrati
graphic chapters of this volume, but are omitted because there is no uni
formity of opinion by Leg 104 biostratigraphers as to their age, depth, 
and duration. In any case, these minor disconformities probably repre
sent less time than is represented between most of the studied samples. 
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Figure 1. Present-day surface current patterns in the Norwegian-Greenland Sea (Kellogg, 1975, 1976). Leg 104 sites 
are shown. 

PALEOENVIRONMENTAL SIGNIFICANCE OF 
TAXONOMIC GROUPS 

Neogene silicoflagellate assemblages are dominated by a lim
ited number of genera, the most abundant of which include: 
Dictyocha, Distephanus, Caryocha, Corbisema, Naviculopsis, 
and Bachmannocena. Distribution and abundances of Dictyo
cha and Distephanus, the only extant genera, are very much in
fluenced by temperature. Because of the large number of stud
ies of silicoflagellate biogeography and abundance, the paleoen-
vironmental affinities of extinct genera are now becoming 
relatively well-defined. As a consequence, there is an increased 
usage of silicoflagellates to both define surface-water paleotem-
perature trends (Mandra, 1969; Ciesielski and Weaver, 1974; 
Bukry, 1981a, 1983, 1985a, 1985b, 1985c, 1987; and others), 
and to interpret productivity and upwelling changes (Bukry, 
1986). Discussed below are the inferred paleoenvironmental af

finities of seven taxonomic groups of silicoflagellates used to in
terpret the Neogene paleoenvironmental history of surface wa
ters where the Norwegian Current passes over the Vefring Plateau. 

Dictyocha and Hexagonal Distephanus 
Dictyocha and hexagonal Distephanus are the dominant sili

coflagellate taxon groups for most of the Pliocene and Quater
nary. The biogeographic distribution of extinct and extant spe
cies of each group reveals a distinct temperature control on their 
distribution during the Pliocene-Quaternary, with Dictyocha 
most abundant in temperate to tropical regions (Bukry 1985b; 
Mandra, 1969; Martini 1971; and others) and hexagonal Diste
phanus dominant over Dictyocha in subpolar to polar regions 
(Ciesielski, 1974, 1975; Shaw and Ciesielski, 1983; and others). 
Because both groups account for more than 95% of the Plio
cene-Quaternary silicoflagellate assemblages, these temperature 
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Figure 2. Bathymetry and location of ODP Leg 104 and DSDP Leg 38 sites on the Wring Plateau. Contour interval: 250 m. 

preferences allow for an unambiguous interpretation of relative 
paleotemperatures based on their abundances, assuming little 
change in their paleotemperature affinity. 

The warm vs. cool temperature preferences for Dictyocha 
and hexagonal Distephanus have been noted for some time 
(since at least Gemeinhardt, 1934). Fluctuations in the abun
dance of individual species or ratios of Dictyocha to Distepha
nus were utilized by a number of researchers to interpret changes 
in surface-water temperature (Mandra, 1969; Martini, 1971; 
Ciesielski, 1974; Ciesielski and Weaver, 1974; and others). 

Further, Ciesielski (1974) quantified the relationship between 
the abundances of Dictyocha and hexagonal Distephanus in 
antarctic and subantarctic surface sediments and the overlying 
mean annual surface-water temperatures. Ratios of these taxo-
nomic groups were established between Australia and Antarc
tica where mean annual surface waters range from 1° to 13°C. 
This study revealed that ratios of Dictyocha to hexagonal Diste
phanus range from 10:1 to 35:1 in surface sediments where over
lying mean annual temperatures are 13°C, and decrease to 1:1.2 
at 7°C. Hexagonal Distephanus becomes increasingly dominant 
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Table 1. Paleomagnetic and selected microfossil datums utilized to interpret the ages 
of silicoflagellate assemblage changes in Hole 643A. Identified are the datums, da
tum ages and references, sub-bottom depth (in meters) of datums, and samples be
tween which the datums were identified. 

Datum Age Depth 
Core and section the 

datum occurs between 

Brunhes/Matuyama 
Top Jaramillo 
Base Jaramillo 
Top Olduvai 
Base Olduvai 

Disconformity 

C4N/C4R 
C4R/C4AN 
C4AN/C4AR 
#FAD N. acostaensis 
#FAD Rhizosolenia barboi 

Disconformity 

#LAD Coscinodiscus plicatus 
#LAD D. lauta 
LAD C. lewisianus 
LAD D. nicobarica 
FAD Coscinodiscus plicatus 
FAD D. hustedtii (main) 
FAD D. hustedtii (isolate) 
FAD D. punctata hustedtii 
LAD Cestodiscus peplum 
FAD D. hyalina 
FAD Denticulopsis lauta 
FAD Cestodiscus peplum 
FAD Actinocyclus ingens 
LAD Triceratium pileus 
LAD Naviculopsis 
LAD Thalassiosira spinosa 

0.73 (1) 
0.91 (1) 
0.98 (1) 
1.66(1) 
1.88(1) 

-68.33 m 

7.41 (1) 
7.90 (1) 
8.50(1) 

*10.4 (4) 
11.2(6) 

*7.3 (7) 
+ 8.5-8.7(9) 

*12.9 (6) 
13.2 (6) 
13.9(3) 
13.9 (3) 
14.2 (3) 
13.7 (3) 

*14.10 (2) 
15.0 (6) 
16.1 (6) 

*16.4 (6) 
16.8 (5) 
17.6 (3) 

17.35-17.6 (12) 
*17.9(3) 

26.56 
29.95 
31.46 
49.71 
54.34 

69.78 
83.01 
91.96 
99.96 
94.26 

94.26 
94.26 

101.40 
100.01 
103.25 
109.51 
118.99 
122.26 
123.76 
126.50 
135.04 
135.04 
204.35 
249.51 
259.31 
268.36 

4H-2, 56 cm/4H-2, 96 cm 
4H-4, 97 cm/4H-4, 131 cm 
4H-5, 97 cm/4H-5, 135 cm 
6H-5, 27 cm/6H-5, 55 cm 
7H-1, 135 cm/7H-2, 23 cm 

9H-4, 137 cm/9H-5, 25 cm 
10H-1, 137 cm/10H-2( 25 cm 
HH-1,95 cm/ l lH-1 , 135 cm 
11H-6, 130 cm 
11H-5, 72cm/ l lH-6 , 70 cm 

11H-5, 72cm/ l lH-6 , 70 cm 
11H-5, 72cm/ l lH-6 , 70 cm 
11H, CC/12H-2, 70 cm 
11H-6, 72cm/12H-l, 70 cm 
12H-2, 72 cm/12H-3, 70 cm 
13H-1, 69 cm/12H-6, 72 cm 
13H-6, 69cm/14H-l, 70 cm 
14H-2, 72 cm/14H-3, 70 cm 
14H-3, 72 cm/14H-4, 70 cm 
14H-5, 72 cm/14H-6, 70 cm 
15H-4, 127 cm/15H-5, 71 cm 
15H-4, 127 cm/15H-5, 71 cm 
22X-5, 71 cm/23X-2, 70 cm 
27X-2, 72 cm/27X-6, 70 cm 
28X-2, 72 cm/28X-6, 70 cm 
29X-2, 72 cm/29X-5, 70 cm 

(1) Paleomagnetic polarity record by Bleil (this volume), identification of Chrons by Ciesielski 
based upon diatom and silicoflagellate biostratigraphy, age of paleomagnetic boundaries after 
Berggren et al., 1985. (2) Burckle, 1978. (3) Barron, 1985a. (4) Datum defined by Spiegler and 
Jansen, this volume; age from Berggren et al., 1985. (5) Barron, 1985b. (6) Barron et al., 1985. 
(7) Barron unpublished data cited in Barron, 1985a. (8) Burckle et al., 1982. (9) Ciesielski, 1983. 
(10) Burckle oral communication to Barron, 1982. (11) Ciesielski et al., this volume. (12) Corre
lation of Bukry (1985) to Barron (1985). + Absolute age date; Ciesielski, 1983. * Direct correla
tion to the paleomagnetic time scale. # Lower or upper range truncated by hiatus. 

from the Antarctic Convergence southward; ratios of Dictyocha 
to hexagonal Distephanus are < 0.5 where surface waters are < 
4°C. Close to the Antarctic continent where mean annual sur
face waters are 1° to 2°C, Dictyocha is virtually absent. 

Paleotemperatures were inferred from the abundances of Dic
tyocha and hexagonal Distephanus in Pliocene-Quaternary sedi
ments from the Norwegian Sea where these taxa dominate the 
assemblage. Miocene abundances were not treated in a similar 
manner because other groups of silicoflagellates are major ele
ments of the assemblage, and their influence on Dictyocha and 
hexagonal Distephanus abundances, as well as on temperature 
relationships, remains uncertain. 

There are exceptions to the warm and cool surface-water 
preference of extant Dictyocha and Distephanus. Dictyocha man-
drai occurs in high percentages in the high-latitude North Pa
cific (Poelchau, 1974) and Distephanus pulchra occurs at high 
abundance in low-latitude eutrophic environments (Takahashi, 
1987). Although neither of these species were encountered in the 
present study, it is possible that some species of Dictyocha and 
Distephanus deviate from the predicted paleoenvironmental af
finity. Since such deviations probably are the exception rather 
than the rule, they are not thought to significantly alter the in
terpretations presented here. 

Quadrate Distephanus 
Quadrate forms of Distephanus were common throughout 

most of the lower and middle Miocene; however, they largely 

disappeared during the late Miocene with a few survivors linger
ing into the Pliocene. Bukry (1981a) considered the group to 
have temperate affinities based upon its abundance in DSDP 
sites in the Pacific between 40° and 23°S. 

Studies reveal that hexagonal Distephanus obtained continu
ing dominance over quadrate Distephanus earlier in the Antarc
tic and Subantarctic regions (early Miocene) than in the lower 
latitudes (middle late Miocene) (Bukry, 1985). This difference 
supports the conclusion that quadrate Distephanus were more 
temperate, decreased in abundance, and migrated out of polar 
waters with progressive Neogene cooling. Prior to the Neogene 
cooling of high-latitude surface waters, quadrate Distephanus 
often equaled or dominated hexagonal Distephanus (Bukry, 
1985). 

Bachmannocena 
Bukry (1986) reviewed variations in the abundance of several 

species of Bachmannocena in approximately 50 DSDP sites 
from the Atlantic, Pacific, Indian Ocean, and Southern Ocean. 
These species include B. diodon diodon, B. diodon nodosa, B. 
circulus v. apiculata, and B. dumitricae-dM common species in 
Leg 104 sites. The abundance variations of these species in the 
middle Miocene to lower Pliocene of these sites provide evi
dence for these species being most abundant in oceanic regions 
where cool water currents occur in nutrient-rich upwelling re
gions, regardless of latitude. Examples of nutrient-rich regions 
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Table 2. Paleomagnetic and selected microfossil datums utilized to interpret the ages of 
silicoflagellate assemblage changes in Holes 642C and 642D. Identified are the datums, 
datum ages and references, sub-bottom depth (in meters) of datums, and samples be
tween which the datums were identified. 

Datum 

Brunhes/Matuyama 
Top Jaramillo 
Base Jaramillo 
Top Olduvai 
Base Olduvai 

Disconformity 

#LAD Distephanus jimlingii 
Gauss/Gilbert 
Gilbert/C3AN 
FAD T. oestrupii 
C3AN/C3AR 
FAD Nitzschia reinholdii 
FAD Nitzschia miocenica 
C3AR/C4N 
LAD Coscinodiscus yabei 
LAD C. plicatus 
#FAD R. barboi (temp.) 

Disconformity 

#LAD D. lauta 
C4AN/C4AR 
C4AR/C5N 
#FAD N. acostaensis 
#FAD C. plicatus 
#FAD C. yabei 

Disconformity 

#LAD C. coscinodiscus 
#LAD C. lewisianus 
FAD D. punctata hustedtii 
FAD D. hustedtii (main) 
FAD D. hyalina 
FAD Denticulopsis lauta 
FAD Actinocyclus ingens 
FAD C. coscinodiscus 
LAD Naviculopsis 
Occ. N. maleinterpretaria 

Age 

0.73 (1) 
0.91 (1) 
0.98 (1) 
1.66(1) 
1.88(1) 

2.90(11) 
3.40 (1) 
5.35 (1) 

*5.35 (2) 
5.89(1) 

*6.50 (2) 
*6.8 (2) 
6.70 (1) 

*7.5 (2) 
*7.3 (7) 
11.2(6) 

+ 8.5-8.7 (9) 
8.5(1) 
8.92 (1) 

*10.4 (4) 
13.9 (3) 
13.7 ( ) 

*10.7 (6) 
* 12.90 (6) 

13.7(3) 
13.9(3) 
15.0 (6) 
16.1 (6) 
16.8 (5) 

*17.3 (3) 
*17.35-17.6 (12) 

< 18.8 (3) 

Depth 

33.57 
39.57 
42.97 
51.05 
53.92 

61.05 
65.00 
79.76 
82.73 

104.51 
112.24 
112.24 
118.41 
127.01 
128.51 
128.51 

130.05 
132.27 
133.64 
158.42 
158.77 
158.77 

158.77 
158.77 
177.78 
181.77 
185.15 
193.37 
199.73 
212.98 
232.71 
267.00 

Core and section the 
datum occurs between 

5H-1, 32cm/5H-l , 101 cm 
5H-5, 33 cm/5H-5, 101 cm 
6H-1, 119 cm/6H-2, 45 cm 
6H-6, 118cm/7H-l, 110 cm 
7H-2, 113 cm/7H-3, 41 cm 

7H-4, 114cm/8H-l, 40 cm 

9H-2, 103 cm/Barren zone 
-10H-1 , 150 cm 
HH-5,41 cm/HH-5, 111 cm 
11H-5, 126 cm/12H-2, 120 cm 
14H-2, 112 cm/14H-3, 40 cm 
15H-4, 127 cm/15H-5, 125 cm 
15H-4, 127 cm/15H-5, 125 cm 
15H-5, 110cm/15H-6, 35 cm 
16H-4, 127 cm/16H-5, 125 cm 
16H-6, 125 cm/16H-5, 127 cm 
16H-6, 125 cm/16H-5, '27 cm 

16H-6, 127 cm/17H-l, 125 cm 
17H-2, 29 cm/17H-2, 125 cm 
17H-3, 38 cm/17H-3, 90 cm 
19H-CC, 49 cm 
19H-5, 128 cm/20H-2, 125 cm 
19H-5, 128 cm/20H-2, 125 cm 

19H-5, 128 cm/20H-2, 125 cm 
19H-5, 128 cm/20H-2, 125 cm 
21H-5, 128 cm/22H-2, 125 cm 
22H-2, 128 cm/22H-4, 125 cm 
22H-4, 128 cm/23H-2, 125 cm 
23H-5, 128 cm/24H-2, 125 cm 
2X-5, 127 cm/3X-2, 125 cm 
3X-5, 127 cm/4X-2, 12 cm 
6X-2, 127cm/6X-4, 115 cm 
9X-CC 

(1) Paleomagnetic polarity record by Bleil (this volume), identification of Chrons by Ciesielski based 
upon diatom and silicoflagellate biostratigraphy, age of paleomagnetic boundaries after Berggren et 
al., 1985. (2) Burckle, 1978. (3) Barron, 1985a. (4) Datum defined by Spiegler and Jansen, this vol
ume; age from Berggren et al., 1985. (5) Barron, 1985b. (6) Barron et al., 1985. (7) Barron unpub
lished data cited in Barron, 1985a. (8) Burckle et al., 1982. (9) Ciesielski, 1983. (10) Burckle oral com
munication to Barron, 1982. (11) Ciesielski et al., this volume. (12) Correlation of Bukry (1985) to 
Barron (1985). + Absolute age date; Ciesielski, 1983. * Direct correlation to the paleomagnetic time 
scale; # Lower or upper range truncated by hiatus. Occ. = occurrence. 

where peak abundances of Bachmannocena were noted in the 
summary by Bukry (1986) include: 

Peru Current-Equatorial Upwelling: Holes 157 (34%), 321 
(13%) 572A (12%), 503A (40%). Baja Mexico, Coastal Upwell
ing: Hole 470 (45%). Antarctic Convergence Zone: Hole 329 
(92%), 278 (48%). Subtropical Convergence, South Pacific: 
Holes 594 (95%). Walvis Ridge (topographic upwelling): Hole 
362 (19%). Rockall Plateau: Holes 554A (37%), 552 (22%). 
Vriring Plateau: Hole 338 (34%). Reykjanes Ridge, SE of Ice
land: Holes 407 (18%), 408 (41%). 

Because the highest percentages of Bachmannocena in Leg 
104 samples are dominated by the aforementioned species, we 
infer higher abundances of this genus to be indicative of cool to 
temperate surface waters with a rich nutrient supply caused by 
upwelling or strong vertical mixing of surface waters. The pa-
leoenvironmental affinities of other Bachmannocena species are 
less certain. They were, however, not as significant a component 

of the silicoflagellate assemblage as the previously named spe
cies were in the upper middle to upper Miocene. 

Corbisema 
The genus Corbisema became extinct during the middle Mio

cene at approximately 13 Ma (Bukry, 1987). The species C. tria-
cantha is the principal representative of this genus in Leg 104 se
quences, except for the occurrence of C. flexuosa in the basal 
portion of Hole 642D. While most silicoflagellates are relatively 
resistant to dissolution, C. triacantha is thin-walled and more 
susceptible to dissolution than the other taxonomic groups con
sidered here. As a result, variations in the abundance of Corbi
sema may be, in part, a consequence of significant dissolution. 

Corbisema is most closely related to Dictyocha and has been 
considered a warm-water genus based upon its stratigraphic 
range and distribution (Bukry, 1981b). The greatest abundance 
of the genus occurred during the period of maximum Cenozoic 
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warmth, during the Paleocene and Eocene. In contrast, a Mio
cene reduction in diversity and abundance of Corbisema corre
lates with a general cooling of surface waters and an increase in 
latitudinal thermal gradients. The extinction of the genus oc
curs in all latitudes during the middle Miocene through a period 
of rapid cooling of surface waters. 

Although Corbisema appears to have favored warmer sur
face waters, Bukry (1985c) believes that fertility-enhancing con
ditions, such as nutrient up welling, may have contributed to 
high abundances of the genus in some temperate coastal sites 
(DSDP 415 and 470) and in some high latitude sites. Even 
though most high latitude sites are characterized by low abun
dances of Corbisema (e. g., DSDP 173 and 278), it accounts for 
as much as 58% of the assemblage in Site 407 between Iceland 
and Greenland. Thus, high abundances of this genus in the 
Norwegian Sea are tentatively attributed to enhanced fertility of 
cool temperate surface waters prior to the middle Miocene cool
ing which resulted in the global extinction of the genus. 

Naviculopsis 
Naviculopsis is a genus that also had its greatest abundance 

of diversity during the Paleogene. The last significant diversifi
cation occurred during the early Miocene, but was followed by 
an abrupt decline during the late early Miocene. Naviculopsis 
became extinct at approximately 15 Ma in the lower to middle 
latitudes (Bukry, 1987), with its last occurrence during the early 
Miocene in the Norwegian Sea (Ciesielski et al., this volume). 

Most species are cosmopolitan and have been noted from the 
Antarctic to the Norwegian-Greenland Sea. Bukry demonstrated 
that Naviculopsis and Naviculopsis-like forms occupied a pa-
leotemperature niche similar to the warm- water genus in the 
tropical Pacific (Bukry, 1985b). Extinction of the genus no 
doubt was a consequence of the Neogene cooling of surface wa
ters that also eliminated Corbisema. One of the early Miocene 
species, N. quadrata, was shown to be more abundant at higher 
latitudes than at low latitudes, suggesting some temperature tol
erance differences existed among Naviculopsis species (Bukry, 
1985b). 

Caryocha 
The genus Caryocha includes silicoflagellates with a globular 

form, numerous apical windows, nearly equant basal spines, 
and a basal ring equal to or less than the diameter of the apical 
apparatus (Bukry and Monechi, 1985). Most specimens of this 
genus in Leg 104 sites are of the species C. depressa and C 
ernestinae. The ranges of both species are restricted to the Mio
cene and were apparently more abundant in middle to high lati
tudes. These species rarely became abundant except during the 
late middle Miocene. Both species were described from the mid
dle Miocene of the Iceland Plateau (Site 348) and Vdring Pla
teau (Site 338) by Martini and Miiller (1976). In some samples 
from these sites C. ernestinae is common to dominant. 

The paleoenvironmental affinity of Caryocha is not well-es
tablished; however, its increased abundance during the late mid
dle Miocene correlates with a cooling of surface waters based 
upon other criteria. In Holes 642C and 643A, its maximum 
abundance occurs below an upper-middle Miocene hiatus that 
marks a major change in the paleoenvironmental conditions of 
the Norwegian Sea, as will be discussed later. The peak late mid
dle Miocene occurrence also is correlative with the beginning of 
an increased abundance of Bachmannocena, which had its max
imum abundances later during the late Miocene and Pliocene. 
Because the peak abundance of Caryocha correlates with in
creasing Bachmannocena, periods of maximum occurrences of 
Caryocha are interpreted as indicative of increased nutrient sup
ply. In the Norwegian Sea and elsewhere, the demise of Caryo
cha followed a late middle Miocene to late Miocene increase in 

the dominance of Bachmannocena and hexagonal Distephanus. 
Although speculative, it appears reasonable that the brief late 
middle Miocene acme of Caryocha, and its extinction shortly 
thereafter, may have been the consequence of ecologic replace
ment by Bachmannocena. 

RESULTS A N D DISCUSSION 

SITE 644 
Ninety samples were examined from Hole 644A for their sili-

coflagellate content (Ciesielski et al., this volume). Silicoflagel
lates are absent from sediments younger than 0.756 Ma and 
very rare in Matuyama and upper Gauss Chronozone sediments 
deposited between 2.64 and 0.76 Ma. 

Silicoflagellates are common to abundant in Gauss age sedi
ments (2.85-2.65 Ma) from the basal portion of the hole. The 
assemblage in this interval is dominated by hexagonal Distepha
nus except for Sample 104-644A-34H-2, 70-72 cm (2.78 Ma), 
where a significant occurrence of quadrate Distephanus (—15%) 
suggests a brief warming interval. The dominance of hexagonal 
Distephanus and the occurrence of only one Dictyocha speci
men in the upper Gauss sediments, deposited between 2.85 and 
2.65 Ma, indicate the presence of cold surface waters. Surface 
waters were most likely < 3°C, cooler than the 2°-6°C tempera
ture range of surface waters during the present interglacial. The 
abundance of silicoflagellates and diatoms argues for normal to 
enhanced oceanic productivity, in the absence of significant sea 
ice. 

Ciesielski et al. (this volume) found only rare silicoflagellates 
in sediments younger than 2.65 Ma; however, diatoms persisted 
with a highly variable abundance in sediments deposited be
tween 2.65 Ma and the Matuyama/Brunhes boundary (0.73 
Ma) where there is permanent loss of biogenic opal. The exami
nation of additional samples by Ciesielski (Eldholm, Thiede, 
Taylor, et al., 1987, p. 628) revealed three other occurrences of 
silicoflagellates after 2.65 Ma. Section 104-644A-21H, CC ( -2 .2 
Ma) has frequent hexagonal Distephanus, a few Dictyocha, and 
abundant diatoms. Samples 104-644A-13H-1, 50 cm and 644A-
12H, CC (-0 .98 Ma) (core-catcher sample taken from a differ
ent interval than that of Ciesielski et al., this volume) contain 
common hexagonal Distephanus, a few Dictyocha, and com
mon diatoms. These samples are interpreted to represent short-
term minor warming intervals with enhanced productivity that 
occurred during otherwise dominantly glacial conditions. With 
the exceptions noted above, silicoflagellates disappeared at 2.65 
Ma, 1.9 m.y. prior to diatoms, possibly as a consequence of re
duced surface-water fertility. 

A permanent reduction in the abundance of diatoms oc
curred at —2.65 Ma, with frequent fluctuations in their abun
dance and numerous barren intervals between 2.65 and 0.73 
Ma. These fluctuations between diatom occurrences and barren 
intervals are interpreted to be a consequence of glacial-intergla-
cial variations. Between 2.56 and 1.2 Ma, a low and restricted 
flow of more temperate Atlantic waters into the Norwegian Sea 
was noted by Henrich (this volume) and Jansen et al. (this vol
ume). Additionally, interglacials were brief and cooler than those 
of the late Quaternary (Spiegler and Jansen, this volume). 

After 0.9 Ma, glacial episodes became more severe and inter
glacials warmer with only brief episodes in a prolonged glacial 
mode (Jansen et al., this volume). The absence of biogenic opal 
after 0.76 Ma may be partially attributed to the prevalence of 
sea ice, limiting productivity of marine algae (e.g., silicoflagel
lates and diatoms) during the more severe glacials. The absence 
of diatoms and silicoflagellates in interglacial sediments youn
ger than 0.73 Ma is more difficult to explain because intergla
cials were inferred to be warmer than those of the late Gauss 
and Matuyama. Their absence may be the result of postdeposi-
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tional dissolution of interglacial biogenic opal during subse
quent glacials. 

Site 643 (Figs. 3-5) 

Early Middle Miocene 
The early to middle Miocene assemblage in Hole 643A 

(-18.0-13.0 Ma) is dominated by quadrate and hexagonal Di
stephanus. Both groups exhibit opposite trends in percentages 
throughout most of the interval, with a steady increase in the 
quadrate Distephanus group accompanied by a decline in the 
hexagonal distephanids. In this interval quadrate Distephanus 
increases from - 4 0 % at the base of the hole to a maximum of 
90% at —14.1 to 14.2 Ma, and then decreases slightly immedi
ately below the middle Miocene hiatus (14.0-> 13.0 Ma). Hex
agonal Distephanus declines from a high of 60% near the base 
of the hole to 4% beneath the middle Miocene disconformity. 
These trends are interpreted as representing a long period of 
early to middle Miocene warming of surface waters in the Nor
wegian Sea. Maximum surface-water temperatures were reached 
by 14.0 Ma. The decline in Distephanus groups between 14.0 
and 13.0 Ma appeared to have been caused by an increase in up-
welling, which is evidenced by an increase in Bachmannocena at 
the expense of Distephanus. 

The middle Miocene cooling of surface waters is only parti
ally represented beneath the middle upper Miocene hiatus, which 
eliminated most of the sediment recording the middle to late 
Miocene cooling. Sample 104-643A-12H-2, 70-72 cm occurs 
immediately below the upper middle Miocene hiatus and is sep
arated from the remainder of the middle Miocene by a minor 
hiatus (see Ciesielski, et al., this volume). This sample, the 
youngest of the middle Miocene section (13.2-12.9 Ma), has a 
higher percentage of hexagonal Distephanus and Bachmanno
cena, and a lower percentage of quadrate Distephanus than is 
evident in the earlier middle Miocene. These characteristics 
clearly indicate cooler surface waters with large nutrient supply. 

Percentages of Bachmannocena are low (<5%) in the lower 
and middle Miocene, except for three intervals: a) during the 
late middle Miocene (16.8-16.4 Ma, 14%), b) at approximately 
the early/middle Miocene boundary (16.1-16.4 Ma, 8%), and 
c) during the middle middle Miocene when the percentage in
creased from 0% to 9% between - 14.2 and 13.9 Ma. 

Caryocha accounts for a relatively small percentage of the 
early to middle Miocene assemblage. Although most percent
ages range from 0 to 6%, increases in the percentage of Caryo
cha generally correspond to increases in Bachmannocena. The 
peak abundance of Caryocha (11%) is seen immediately below 
the middle Miocene disconformity where a 10% increase in 
abundance coincides with a 9% increase in Bachmannocena. 
These intervals of concurrent higher percentages of Bachman
nocena and Caryocha are attributed to increased fertility of sur
face waters. The fact that these genera show no clear consistent 
relationship in their covariance with quadrate and hexagonal 
Distephanus supports an interpretation of enhanced fertility un
accompanied by major rapid fluctuations of temperature. 

Dictyocha was a relatively minor component of early and 
middle Miocene assemblages, with percentages ranging from 0 
to 5%. Corbisema was also a minor contributor, less than 5% 
of the assemblage, except at the early/middle Miocene bound
ary where it comprises 9.5% and corresponds to a peak abun
dance of Dictyocha. The low percentages of these warm-water 
genera are similar to those recorded in the lower and middle Mi
ocene of the Southern Ocean (Ciesielski, 1975; Busen and Wise, 
1976; Shaw and Ciesielski, 1983; and others). Although more 
temperate conditions are indicated by the high abundance of 
quadrate Distephanus during this period, much lower abun
dances of Corbisema and Dictyocha than at lower latitudes in

dicate a significant latitudinal thermal contrast. Surface-water 
temperatures were apparently warm enough during the middle 
Miocene thermal high to allow Corbisema to persist until 13.0 
Ma, when it disappeared from lower latitudes. Percentage fluc
tuations of Corbisema and Dictyocha are too low to be statisti
cally meaningful for inferences on changes in surface-water pa-
leoenvironment. 

Naviculopsis occurs near the base of the lower Miocene sec
tion where it accounts for 2.5 to 8% of the assemblages. The re
gion of its occurrence is marked by the highest hexagonal Diste
phanus values and lowest quadrate Distephanus values. The last 
occurrence of the genus at this site is interpreted to be coinci
dent with the coolest surface waters of the early Miocene (—17.9-
17.6 Ma), and immediately precedes a long early middle Mio
cene warming trend. The results of Hole 642D suggest that this 
early Miocene cooling event was probably responsible for the 
extinction of Naviculopsis in the Norwegian Sea. 

Late Miocene 
Seven samples were examined from the upper Miocene of 

Hole 643A, ranging in age from < 8.7 to 6.7 Ma. These samples 
occur above a - 4 . 0 m.y. hiatus separating middle and upper 
Miocene sediments. A marked change in the depositional envi
ronment occurred during this 4-m.y. interval as sediment above 
the hiatus is calcareous nannofossil ooze, the oldest calcareous 
sediments in Hole 643A. A more complete record of this change 
in the paleoceanography of the Norwegian Sea is recorded at 
Site 642 and is presented more fully in the following discussion 
of that site. 

Sample 104-643A-11H-2, 70-72 cm, immediately above a mid
dle upper Miocene hiatus, is dominated by quadrate Distepha
nus (71%). Hexagonal Distephanus is similar to that of the 
youngest middle Miocene (13%); however, Bachmannocena ac
counts for 15% of the assemblage, which is more than during 
the preceding early to middle Miocene. Whatever paleoceano-
graphic changes caused the middle upper Miocene hiatus, tem
peratures and fertility of surface waters were apparently similar 
when deposition resumed at approximately 8.5 Ma. The domi
nance of quadrate Distephanus and high values of Bachmanno
cena are indicative of cool to temperate, fertile surface waters. 

Between 8.5 and 8.0 Ma, Bachmannocena obtained its great
est Neogene abundance (95%); quadrate Distephanus decreased 
and hexagonal Distephanus increased slightly prior to the al
most total dominance of Bachmannocena in Sample 104-643A-
10H-5, 68-70 cm. The abundance of silicoflagellate fragments 
in this latter sample immediately precedes an overlying barren 
interval deposited during Chrons C4AN and C4R. This sample 
was probably deposited during a period of upwelling at the on
set of a major late Miocene cooling evident in samples above. 

Samples 104-643A-10H-2, 68-70 cm and -643A-9H-5, 69-71 
cm were deposited between — 8.0 and 7.5 Ma, and are barren of 
silico flagellates; they contain only sparse assemblages of dia
toms. This interval closely corresponds to the first occurrence of 
the cold-water foraminifer, Neogloboquadrina pachyderma. The 
period appears to have been one of increased cooling of surface 
waters, which was accompanied by increased silica dissolution. 

Above the upper Miocene barren interval (Samples 104-643A-
9H-2, 70-72 cm and -643A-8H-5, 67-69 cm), fragmented silico-
flagellates outnumber whole specimens in these samples, which 
are probably only slightly younger than 7.41 Ma. The assem
blage of silicoflagellates is unlike any from the preceding Mio
cene; it is dominated by hexagonal Distephanus (70%) and 
again contains a large percentage of Bachmannocena (27-30%). 
The warm to temperate surface-water indicators are absent (Dic
tyocha) or sparse (quadrate Distephanus, <5%), and dissolu
tion-resistant species predominate. The high proportion of hex-
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Figure 3. Fluctuations in quadrate Distephanus (left) and hexagonal Distephanus (right) as a percentage of the total silicoflagellate assemblage in the Neogene of Hole 643A. Selected absolute ages 
from Table 1. 
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Figure 4. Fluctuations in Dictyocha (left) and Bachmannocena (right) as a percentage of the total silicoflagellate assemblage in the Neogene of Hole 
643A. Selected absolute ages from Table 1. 

agonal Distephanus and Bachmannocena are indicative of cold 
surface waters with high fertility. 

Pliocene-Quaternary 
Above the disconformity that separates upper Miocene from 

uppermost Pliocene-Quaternary, sediments are barren of silico-
flagellates. According to the biostratigraphy and magnetostra-
tigraphy, this barren interval represents the lower Matuyama 
through Brunhes Chronozones (<2.42 Ma to Present). Sedi
ments of similar age from Sites 642 and 644 are also barren. Pa-
leoceanographic conditions at Site 643 were apparently similar 
to those discussed for Site 644, and indicate the dominance of 
glacial conditions along the entire Leg 104 transect in the Nor
wegian Current. 

Site 642 (Figs. 6-8) 

Early to Middle Miocene 
The basal two samples of the lower Miocene section in Hole 

642D (Samples 104-642D-10X-2, 110-113 cm and 642D-10X-5, 
110-113 cm) are dominated by quadrate Distephanus, Corbi-
sema, and have the lowest percentage of hexagonal Distephanus 
of the lower Miocene. These characteristics, in particular the 

high percentage of Corbisema (20-33%), indicate temperate 
conditions and high surface-water fertility. 

A pronounced early Miocene cooling event is evident be
tween Samples 104-642D-10X-2, 110-113 cm and -642D-6X-2, 
125-127 cm, where hexagonal Distephanus increases from less 
than 10% to 60% of the assemblage. During this time the per
centage of Corbisema decreased from 33% to 0%; thereafter, 
Corbisema never accounted for more than 1% of the assem
blage. The most abrupt portion of this cooling appears between 
Samples 104-642D-6X-4, 115-117 cm and -642D-6X-2, 125-127 
cm, where hexagonal Distephanus increases from 21% to 60%. 
Simultaneous with this increase are abrupt declines in all warmer 
water indicators, Corbisema, Naviculopsis, and quadrate Diste
phanus. This peak occurrence of hexagonal Distephanus corre
lates closely with its counterpart in Hole 643A where it reaches 
58%. In Holes 642D and 643A the early Miocene cooling max
ima resulted in the disappearance of Naviculopsis. The age of 
this inferred cooling maximum is estimated to have occurred 
slightly prior to 17.6 Ma. 

The remaining lower Miocene section above the cooling maxi
mum indicates that the cooling was of short duration. The per
centage of hexagonal Distephanus abruptly declined (60-30%), 
and the more temperate quadrate Distephanus abruptly increased 
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Figure 5. Fluctuations in Corbisema (left), Naviculopsis (right, dashed line), and Caryocha (right, solid line) as a percentage of the 
total silicoflagellate assemblage in the Neogene of Holes 643A. Selected absolute ages from Table 1. 

(39-65%) prior to 17.3 Ma in both holes. After a brief period of 
stable conditions bracketing 17.3 Ma, a continuation of the 
warming trend occurred until slightly after 16.8 Ma. This period 
is characterized by a further increase in the percentage of the 
more temperate quadrate Distephanus (60-87%), and a decrease 
in the cooler water hexagonal Distephanus group (31-11%). Be
tween 16.8 and 16.1 Ma a continuation of the early Miocene 
thermal high into the early late Miocene is inferred from high 
quadrate Distephanus and low hexagonal Distephanus percent
ages. This signal of overall warmth is overprinted by broad fluc
tuations in the ratios of quadrate Distephanus and hexagonal 
Distephanus, suggesting unstable surface-water conditions. 
Hole 643A contains a more detailed record of this latter interval 
because of exceptionally high sedimentation rates. A major dif
ference between Holes 643A and 642C, D is that peak abun

dances of Bachmannocena are much less at Holes 642C, D; that 
lower value, coupled with a lower sedimentation rate at Site 
642C, D suggests lower fertility than at Site 643A. 

Both records from Holes 643A and 642C exhibit a prolonga
tion of the thermal high in the middle Miocene between 16.1 
and 13.9 Ma. Site 642 became a zone of upwelling at ~ 13.7 Ma 
as indicated by major increases in Caryocha (to 31%) and Bach
mannocena (to 19%) abundances between this datum and the 
middle upper Miocene hiatus (>12.9 Ma). Increases in these 
genera appear to have been at the expense of quadrate Distepha
nus which declined from 83% to 39-55%. Continued low values 
of hexagonal Distephanus during this period suggest no major 
decline in temperatures accompanying this period of upwelling. 
This conclusion is supported by an increase in Dictyocha abun
dance. A similar and synchronous record of middle Miocene 
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Figure 7. Fluctuations in Dictyocha (left) and Bachmannocena (right) as a percentage of the total silicoflagellate assemblage in the Neogene of Holes 
642C and 642D. Selected absolute ages from Table 2. *Paleomagnetic polarity boundaries for these intervals cannot be accurately represented in this 
space; consult Eldholm, Thiede, Taylor, et al., 1987. Unit IV overlies the Eocene volcanic sequence and consists of volcanoclastic muds, sandy muds, 
and sands with downhole-displaced Miocene silicoflagellates (see Ciesielski et al., this volume). 

upwelling is found at Site 643 where it appears as a precursor to 
a period of nondeposition or erosion that formed a middle up
per Miocene hiatus at these sites. 

On the basis of a comparison of assemblages above and be
low this hiatus, it appears that the single largest change in the 
Neogene paleoenvironment of the Norwegian Sea occurred be
tween 13 and 10 Ma and is represented only by a middle upper 
Miocene disconformity. One clear consequence of this change 
was a deepening of the carbonate compensation depth (CCD) 

which resulted in the initial significant deposition of calcareous 
sediments on the Wring Plateau and a permanent decrease in 
biogenic opal sediment accumulation (Eldholm, Thiede, Taylor, 
et al., 1987). These changes in sedimentation apparently began 
during the late middle Miocene as sediment immediately below 
the late middle Miocene hiatus contains some carbonate ( -13 .5 
Ma). Further deepening of the CCD occurred during the time 
represented by the middle late Miocene hiatus, as sediments im
mediately above it have significant amounts of carbonate at 
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Figure 8. Fluctuations in Corbisema (left), Naviculopsis (right, dashed line), and Caryocha (right, solid line) as a percentage of the total silicoflagel-
late assemblage in the Neogene of Holes 642C and 642D. Selected absolute ages from Table 2. *Paleomagnetic polarity boundaries for these inter
vals cannot be accurately represented in this space; consult Eldholm, Thiede, Taylor, et., 1987. Unit IV overlies the Eocene volcanic sequence and 
consists of volcanoclastic muds, sandy muds, and sands with downhole-displaced Miocene silicoflagellates (see Ciesielski et al., this volume). 

both sites. The shift to increased carbonate sedimentation be
gan by 13.5 Ma, however, most of the change in sedimentary re-
geme occurred between 13.0 and 10.0 Ma. 

Late Miocene 
A hiatus separates middle and upper Miocene sediments in 

Hole 642C, representing a minimum of 3.0 m.y. Subsequent 
samples between Samples 104-642C-19C-2, 125-128 cm and 
642C-17H-2, 125-129 cm represent the early late Miocene (~ 10.0-

10.4 to 8.7-8.5 Ma). This interval is characterized by a decline 
in Dictyocha (8-0%), highly variable quadrate Distephanus 
(14-79%), and higher hexagonal Distephanus values (18-50%) 
than during the preceding middle Miocene. Bachmannocena 
percentages are also highly variable (0-63%) with two major 
peak occurrences much higher (42% and 63%) than any values 
from the lower to middle Miocene. 

The lower upper Miocene assemblages indicate much different 
conditions in the Norwegian Sea than during the early to middle 
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Miocene. Surface-water temperatures were significantly cooler 
than the preceding Miocene, but warmer than the Pliocene-
Quaternary. The results of the limited number of samples from 
this interval suggest highly variable conditions, exemplified by 
large variations in the percentages of the taxonomic groups. 

Pliocene-Quaternary 
Five samples were examined from the Gilbert-lower Gauss 

Chronozones, Samples 104-642C-11H-2, 136-148 cm to -642C-
8H-2, 124-126 cm. These samples are characterized by the al
most total dominance of hexagonal Distephanus (90-100%). 
Dictyocha and quadrate Distephanus account for 7% or less of 
the assemblage. These assemblages are indicative of subpolar 
conditions with surface-water temperatures between 1° and 4°C. 
Bachmannocena is absent; however, the genus has not been 
noted in high latitudes after the earliest Pliocene (Shaw and Cie-
sielski, 1983), and its absence cannot be interpreted as due to a 
lack of surface-water fertility. 

Sample 104-642C-10H-2, 124-126 cm is a late Gilbert chron 
nannofossil ooze barren of silicoflagellates. Sample 104-642C-
9H-2, 103-105 cm occurs in the basal Gauss Chron, only 1.5 m 
above the Gilbert/Gauss boundary. While also being a nanno
fossil ooze, this sample contains a sparse silicoflagellate assem
blage consisting almost entirely (99%) of hexagonal Distepha
nus indicative of polar surface waters. 

A hiatus separates the lower Gauss of Sample 104-642C-9H-
2, 103-105 cm from lower Matuyama Chronozone sediments in 
Sample 104-642C-8H-2, 124-126 cm. Sediments above this hia
tus are glacial and inter glacial muds, sandy muds, and are bar
ren of silicoflagellates. 

CONCLUSIONS 
1. A pronounced early Miocene cooling event of short dura

tion occurred at approximately 18.0 to 17.5 Ma, as indicated by 
an increase in hexagonal Distephanus and a decrease in quad
rate Distephanus. The last occurrences of Naviculopsis in Holes 
642D and 643A are coincident with the peak of this cooling that 
also caused a permanent decrease in the abundance of Corbi-
sema. 

2. Following the early Miocene cooling event was a long pe
riod of increasing surface-water temperatures leading to a ther
mal high in the middle Miocene at - 14 .0 Ma. 

3. Increased periods of upwelling during this thermal high 
are evident in peak abundances in Bachmannocena and/or Ca-
ryocha between 16.8 and 16.1 Ma and from 14.0 to 13.0 Ma. 

4. Although the early middle Miocene was relatively warm, 
sufficient latitudinal thermal contrast existed between the Nor
wegian Sea and lower latitude regions to reduce abundant Cor-
bisema and Dictyocha in these sites relative to the lower lati
tudes. 

5. Sea-surface temperatures were sufficiently high for Corbi-
sema to persist in the Norwegian Sea until 13.0 Ma, approxi
mately the same time it became extinct at lower latitudes. 

6. A period of nondeposition or erosion formed a 4.5-m.y. 
hiatus at Site 643 (~ 13.0-8.5 Ma) and a 3.0-m.y. hiatus at Site 
642 (~ 13.0-10.0 Ma) bracketing the middle upper Miocene. 

7. A deepening of the CCD began by 13.5 Ma that resulted 
in major cycles of late Miocene to Pliocene carbonate deposi
tion in the Norwegian Current. The most significant deepening 
of the CCD occurred prior to the resumption of deposition after 
formation of the middle late Miocene hiatus, between 13.0 and 
10.0 Ma. 

8. The earliest late Miocene (-10.0-9.0 Ma, Hole 642C) 
was distinctly cooler than the preceding middle Miocene and 
significantly warmer than the latest Miocene. Fertility was at 
times high. 

9. A major plunge in surface-water temperatures occurred 
between 8.5 and 7.4 Ma, which was accompanied by significant 
upwelling, biogenic silica dissolution, and an increase in benthic 
current strength. This event produced a zone of barren-to-poorly 
preserved biosiliceous sediments at Site 643 and a disconformity 
at Site 642. 

10. The latest Miocene (<7.41-5.35 Ma, Hole 642C) is 
characterized by the dominance of hexagonal Distephanus, in
dicative of cold surface waters probably less than 4°C. High 
sedimentation rates and intervals enriched in Bachmannocena 
suggest high fertility. Periods of reduced productivity and/or 
strong opal dissolution were frequent. 

11. Gilbert-lower Gauss sediments (5.35 to >2.84 Ma) were 
only recovered from Hole 642C. Dominance of hexagonal Di
stephanus (90-100%) is indicative of cold surface waters of less 
than 4°C. 

12. A disconformity is present between the lower Gauss and 
lower Matuyama Chronozones of Hole 642C, and no Gauss age 
sediments occur in Hole 643. During the Gauss Chron, strong 
benthic currents prevailed on the outer Vdring Plateau, while 
the landward Site 644 became a major depositional center of 
glacial sedimentation. 

13. Between 2.85 and 2.65 Ma, surface waters were most 
likely <3°C cooler than the 2°-6°C temperature range of sur
face waters during the present interglacial. The abundance of 
silicoflagellates and diatoms argues for normal to enhanced 
oceanic productivity in the absence of significant sea ice. 

14. The last consistent occurrence of silicoflagellates in the 
Norwegian Sea occurred during the late Gauss ( -2 .65 Ma), si
multaneously with a permanent reduction in the abundance of 
diatoms. The near-total absence of silicoflagellates during the 
latest Gauss-Matuyama Chron (2.64-0.76 Ma) is interpreted to 
be the result of decreased fertility of surface waters. 

15. Glacial-interglacial cycles are evident between 2.64 and 
0.76 Ma as variations in the abundance of diatoms. Several gla
cial intervals are evident as intervals barren of diatoms and sili
coflagellates, indicative of the presence of permanent pack ice 
in the Norwegian Sea. The most prominent interglacials during 
this period occurred at —2.2 and 0.98 Ma, the sole occurrences 
of significant numbers of silicoflagellates after 2.65 Ma. 

16. Biogenic opal is absent from latest Matuyama-Brunhes 
Chronozone sediments (0.76-Present). This absence is attrib
uted to both a dominance of a glacial regime with extensive ice 
cover during glacials and postdepositional dissolution of inter
glacial biogenic opal during subsequent glacials. 
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