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ABSTRACT 

The three drill sites of ODP Leg 104 (642-644) in the Norwegian Sea provided data to reconstruct the depositional 
paleoenvironment for the past 55 m.y. The three drill sites penetrated Paleogene and younger rocks and deposits on the 
Wring Plateau, but only upper Neogene and Quaternary sediments in the Wring Basin. The Neogene and Quaternary 
parts of the sedimentary sections can be correlated stratigraphically in detail to define gradients that existed between 
surface- and bottom-water properties and the influx of sedimentary components to this segment of the Norwegian con
tinental margin. 

The Neogene and Quaternary deposits consist predominantly of fine- to medium-grained biogenic and terrigenous 
hemipelagic deposits that have been dated and correlated by a diversity of pelagic micro fossil groups, by magnetic 
methods, and by other stratigraphic tools. The sites are lithologically subdivided into an older Neogene section com
posed of predominantly siliceous biogenic oozes (Sites 643 and 642), a transitional facies of upper Miocene and Plio
cene sediments of alternating calcareous and siliceous ooze, and an upper Pliocene and Pleistocene sequence of glacial-
interglacial mainly terrigenous deposits. The pelagic faunas and floras have many endemic characteristics from the Pa
leogene and lower Neogene, whereas those of the upper Neogene and Quaternary can be correlated with pelagic floras 
and faunas from the North Atlantic basins. Floras with Pacific affinities appear just above the Miocene/Pliocene 
boundary and are interpreted to date the early evolution of the East Greenland Current system. 

Paleoclimatic evidence suggests that the subaerial central Wring Plateau was covered by dense vegetation growing in 
a moist and damp climate generating lateritic soils on the volcanic floor during the early Paleogene. The central Wring 
Plateau subsided since that time to its present intermediate depth, whereas the foot region of the Wring Plateau has 
been located in intermediate and deep waters since its formation. During Eocene and Oligocene the warm climate per
sisted, though it was less moist than previously. Warm and damp conditions continued into the early Miocene but, dur
ing the latest early Miocene, the climate changed from warm to temperate. Clay assemblages indicate a progressive cool
ing to temperate conditions during the middle to late Miocene. From the latest Miocene through the Pliocene/Pleisto
cene the climate progressively entered its glacial mode; during the past 2.6 m.y. it was characterized by alternating 
glacial/interglacial climatic episodes. 

Site 643, located near the western boundary of the Norwegian Current and Site 644 near its eastern boundary, pro
vide a record of that current and influxes of shelf waters. After subsidence of the Wring Plateau, a continuous, pelagic, 
fully marine, depositional environment existed for the Eocene through Quaternary at Site 643 and the lower Eocene and 
the Neogene through Quaternary at Site 642. The pelagic faunas and floras suggest that the surface water stayed rela
tively warm, at least temperate, until the middle Miocene when intensive cooling began; but the first indicators of cold 
waters and of an intermittent modest ice cover first appeared at about 5.5 Ma (based on ice-rafting). Since that time the 
surface waters have remained cool to temperate, being interrupted at times by incursions of more temperate waters. Ma
jor ice covers occurred at 2.6 Ma and approximately 1.2 Ma. The entire time span with glacial surface waters present 
was characterized by continuous flux of ice-rafted, coarse, terrigenous material to the Wring Plateau with apparently 
no major, long-lasting interruption of ice-free conditions. The intensity of the ice rafting has fluctuated widely and it is 
obvious from their fluxes that the iceberg production was highest during the Brunhes epoch. 

The bottom waters showed a distinct response to the evolution of the surface waters. A poorly oxygenated deposi
tional environment that led to relatively high concentrations of organic carbon persisted throughout the entire early 
part of the Neogene and into the middle Pliocene. Since then glacial/interglacial climatic fluctuations can be docu
mented by means of the distinctive horizons of interglacial sediment alternating with enrichments of ice-rafted material. 
At that time bottom waters fluctuated between an almost stagnant, quiet, short-lived mode and a mode of rapid deep-
water renewal resulting in oxygenation and intensive bioturbation of the surface sediments. 
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I N T R O D U C T I O N 

One of the most exciting, but also mysterious, themes of 
earth history comprises the Cenozoic change from the equable 
late Mesozoic and early Cenozoic temperate global climates to 
the mid- and late Cenozoic glacial/interglacial mode . At differ
ent times, this change drastically affected the polar and subpo
lar regions of both hemispheres, creating large continental ice 
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sheets and a seasonally highly variable cover of sea ice (pack 
ice) in the adjacent ocean. Attempts to explain this climatic 
shift have employed global tectonic processes as well as changes 
in the amount of radiation reaching the earth's surface. How
ever, the poor timing of the observational data and difficulties 
in understanding the casual relationship of the processes have 
prevented clarification of the Cenozoic climate of the polar re
gions. 

In this paper paleoenvironmental observations and data from 
the Leg 104 Ocean Drilling Program (ODP) drill sites on the 
Wring Plateau (Fig. 1) are synthesized in an attempt to describe 
the main evolution of the Northern Hemisphere Cenozoic cli
mate. The tectonic and magmatic history of the Vdring margin 
is addressed in an accompanying synthesis by Eldholm, Thiede, 
and Taylor (this volume). The drilling program of Leg 104 was 
particularly interesting for paleoenvironmental purposes be
cause: 

1. The Norwegian-Greenland Sea is known to have experi
enced very fast and extreme temperature changes (Fig. 2) be
tween interglacials and glacial maxima (Kellogg, 1976), and the 
Norwegian Current is one of the climatically most sensitive oce
anic current regime of the world. 

2. The Norwegian Current advects heat from the temperate 
main North Atlantic Basin to the subpolar Norwegian-Green
land Sea (Fig. 3), creating the moderate northwest European cli
mate. 

3. The bottom-water properties and renewal in the Green
land Sea initiate transport of cold and dense bottom water 
across the Greenland-Scotland Ridge (Meincke, 1983; Aagard, 
Swift and Carmack, 1985) from where it can be traced through
out the world ocean. 

4. The stratified Cenozoic pelagic sediment cover of the 
Wring Plateau (Eldholm, Thiede, and Taylor, 1987; Eldholm, 
Thiede, Taylor, et al., 1987; and this volume) was expected to 
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Figure 1. Norwegian-Greenland Sea bathymetry and main structural elements (Eldholm et al., 1989). 
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Figure 2. Northern Hemisphere sea-surface temperatures and ice distribution. (A) present situation, (B) last glacial maximum (18 Ka) (CLIMAP, 1981). Black bars mark ODP Leg 104 paleoenvi-
ronmental transect in the Norwegian Sea. 
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Figure 3. Surface-water currents of the Norwegian-Greenland Sea, adopted from Kellogg (1975, 1976). Bar marks 
ODP Leg 104 paleoenvironmental transect. 

comprise Paleogene, Neogene, and Quaternary stratigraphies 
monitoring the transition from early Cenozoic warm climates to 
the recent climatic extremes. 

Site locations on the Wring Plateau, however, were known to 
have shortcomings based on prior DSDP Leg 38 results (Tal-
wani, Udintsev, et al., 1976). Particular drawbacks: 

1. The depositional environment under the Norwegian Cur
rent probably comprises the Northern Hemisphere deep-sea 
area least suited to detect the earliest onset of glacial-type cli
mates. 

2. There is a high probability of encountering major hia
tuses, particularly in the Miocene and Pliocene (Schrader et al., 
1976; Ehrmann and Thiede, 1985). 

3. There are known occurrences of carbonate-poor, scarcely 
fossiliferous, sequences with remains of partially endemic floras 
and faunas. This results in severe difficulties in correlating Nor
wegian-Greenland Sea biostratigraphies with temperate ocean 
records (Schrader et al., 1976). 

These problems were to be minimized in part by drilling a 
transect (Figs. 3, 4) across major surface and bottom-water 
boundaries, thereby providing a basis for a new synthesis of the 
history of the depositional environment of the Norwegian-
Greenland Sea. The depositional environment has changed un
der the influence of two widely different processes, tectonic and 
paleoclimatic evolution. The tectonic growth of the Norwegian-
Greenland Sea is due to seafloor spreading (Talwani and Eld-
holm, 1977) following a late Mesozoic-early Cenozoic rifting 
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65° N 

Figure 4. Bathymetry of the Norwegian continental margin, 62° 
with locations of ODP Leg 104 and DSDP Leg 38 drill sites. 

to 70°N including the Wring Plateau (contour interval 250 m) 

event. Changes in the Northern Hemisphere paleoclimate and 
Norwegian-Greenland Sea paleoceanography since 55-60 Ma 
are inextricably linked to the Norwegian-Greenland Sea pale-
oceanographic history. These two different processes are gener
ally dealt with separately, though this is not always possible or, 
in some cases, desirable. 

In this synthesis, we attempt to develop the history of tempo
ral variability in the depositional environment of the eastern 
Norwegian-Greenland Sea. The validity of this history depends 
upon the resolution of the ODP Leg 104 and DSDP Leg 38 stra

tigraphies, their inter correlation, and correlation with estab
lished time scales (Goll, this volume). It is evident from the indi
vidual stratigraphic studies and the biostratigraphic synthesis 
(Goll, this volume) that many aspects of the detailed temporal 
framework of the Cenozoic depositional environment have not 
been solved satisfactorily. Therefore this contribution is only an 
intermediate step in an ongoing discussion. 

We have also tried to separately describe sediment parame
ters controlled by the properties of the surface-, intermediate-
and bottom-water masses (Figs. 5, 6, 7), from those controlled 
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Figure 5. (A) Surface-water temperatures (°F) of the Norwegian-Greenland Sea (from Kellogg, 1976). (B) Spatial variability of the polar front in the area of the Norwegian-Greenland Sea 
(compiled from various sources, from Thiede, 1988). Numbers indicate ages of position of polar front in Ka. 
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Figure 6. Surface-water salinities (%o) of the Norwegian-Greenland Sea 
in summer 1958 (Koltermann, 1987). 

by the climate on the continents adjacent to the Norwegian-
Greenland Sea. Sediment properties caused by post-depositional 
diagenetic processes are discussed elsewhere (Henrich, this volume). 

MODERN NORWEGIAN SEA ENVIRONMENTS 
The drill sites on the Vdring Plateau were located along a 

transect sampling pelagic and hemipelagic sediments deposited 
under the influence of characteristic elements of the overlying 
water column below. Previous studies of Quaternary sediments 
have shown that the distribution patterns of the mainly biogenic 
sediment components reflect the properties of the overlying wa
ter masses (Kellogg, 1976; Streeter et al., 1982; Mackensen et 
al., 1985); however, it is often not clear how and by which pro
cesses the hydrographic properties are preserved in the sediment. 

Modern Surface-water Oceanography 
The most important elements of the modern Norwegian-

Greenland Sea surface-water circulation are the temperate to 
subpolar Norwegian Current in the east and the ice-covered, 
cold polar East Greenland Current in the west (Fig. 3). Both 
current systems generate very steep east-to-west oceanographic 
gradients across the Norwegian-Greenland Sea. They are sepa
rated from the adjacent inner shelf regions by water masses of 
reduced salinities. Off Norway, this shelf-water mass is called 
the Norwegian Coastal Current. Its offshore boundary is sea
sonally highly variable, extending at times west of the shelf 
edge. The ocean-basin boundaries of these current systems are 
punctuated by large counterclockwise gyres that result in the ad-
vection of Atlantic and polar waters to the central Norwegian-
Greenland Sea. The location of these gyres may be associated 
with major seafloor morphologic features. One of these major 
gyres is located over the Vtfring Plateau, and others are found in 
the Fram Strait, to the north of Jan Mayen Ridge and Iceland. 
Recently, satellite imagery has demonstrated that these water-
mass boundaries are highly variable, revealing considerable small-
to intermediate-scale turbulence. 

Modern sea-surface temperatures over the Vtfring Plateau 
range between 6 and 8°C (Koltermann, 1987) (Fig. 5). Further
more, the modern surface salinities (Fig. 6) also reveal the gen
eral basin-wide anticlockwise movement of the surface-water 
masses, locally modified by large gyres. At the Vdring Plateau, 

modern sea-surface salinities of the Norwegian Current range 
between 35.1 and 35.3%o, but the steep and horizontally highly 
turbulent gradient between the Norwegian Current and the Nor
wegian Coastal Current, with salinities <33%o, may result in 
rapid, in part seasonally controlled, changes of the surface-wa
ter salinities. 

Modern Intermediate- and Bottom-water Oceanography 
The relatively simple structure of the Norwegian-Greenland 

Sea surface water hides a complicated intermediate- and bot
tom-water configuration (Mosby, 1959; Aagard et al., 1985; 
Koltermann, 1987); see Figure 7. Because of its importance for 
deep-water circulation of the world ocean, the reconstruction of 
the variability in the most recent geologic past is of high scien
tific interest. 

In the eastern Norwegian Sea the Norwegian Coastal Cur
rent and the Norwegian Current overlie the cold arctic water as 
westward-thinning lenses. In the central part of the basin, this 
generates a largely layered water-mass structure with cold (mostly 
<0- l°C) and dense (salinity >34.9%o) water below 500 m. This 
structure is significantly different from the water-mass structure 
of the Greenland Basin and on the Iceland Plateau. In these lat
ter regions, downwelling transports cold and oxygen-rich but 
not highly saline water in the central part of the Greenland gyre, 
at 75°N, 2°W, to great depths. The renewed deep water is col
lected in the deepest part of the Greenland Basin (Koltermann, 
1987), and distributed radially by a deep seated gyre. In the 
western boundary region it is mixed with deep waters from the 
Arctic Ocean. It is presently unknown if this gyre and the deep-
seated mixing processes experience large seasonal changes. 

Aagard et al. (1985) suggested an alternate mode of deep-wa
ter renewal in polar regions through brine formation in adjacent 
shelf areas. The brine, dense and rich in salt as well as oxygen, 
originates during winter-ice formation. It moves over the shelf 
edge, down the continental slope into the deep-sea basins and 
presumably plays an important role in sediment transport. Dur
ing glacial times most of the Arctic Ocean and the Norwegian-
Greenland Sea was permanently ice-covered (Fig. 2) and the 
central Greenland Basin mode of bottom-water renewal proba
bly did not exist. Brine formation along the circum-arctic shelf 
region during that time might have been much more important 
than during Holocene time. This may elegantly explain the con
tinued existence of oxygenated bottom waters for most of the 
Glacial, indicated by sediment data (Henrich et al., in press). 

Relationship of Norwegian-Greenland Oceanography to 
Modern Northern Hemisphere Climate 

The modern Northern Hemisphere climatic zonation shows 
a close correspondence to the hydrographic properties of the 
surface-water masses, particularly in the Norwegian-Greenland 
Sea and adjacent areas. The Norwegian Current represents a 
large heat flux that warms the eastern Norwegian Sea and the 
Scandinavian peninsula. The development of the Norwegian 
Current toward the end of the Pleistocene resulted in a rapid de-
glaciation of Fennoscandia, whereas a continental ice-sheet has 
existed in Greenland since at least the last Interglacial (Robin, 
1983). The repeated occurrences of similar sediment facies in 
Leg 104 cores and in gravity and piston cores (Henrich, this vol
ume) yield ample evidence for the frequent repetition of this ice-
sheet formation and destruction process. 

The modern Norwegian-Greenland Sea is located under a 
wide northern loop of the Northern Hemisphere "planetary 
wave" (Ruddiman and Raymo, 1988). The location of this loop, 
in turn, might be controlled by orography (Bolin, 1950). It 
guides many of the high- and low-pressure systems traveling 
northeastward across the Norwegian-Greenland Sea. A major 
unresolved issue is understanding the mechanisms that split the 
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East Greenland Current. Of particular interest is the eastward-
turning gyre north of Iceland, which allows sea ice to cover ma
jor parts of the Norwegian-Greenland Sea. Such events hap
pened on several occasions in historic times (Lamb, 1972). 

MAIN DRILLING RESULTS (ODP LEG 104 A N D 
DSDP LEG 38) 

The positions and lithologic summary columns of the ODP 
Leg 104 drill sites are shown along an interpreted seismic reflec
tion line across the Wring Plateau in Figure 8. The paleoenvi-
ronmental objectives of Leg 104 were addressed by coring a site 
transect (Figs. 1 and 4) across the Wring Plateau with the deep 
basement Site 642 (in 1277 m of water) as its centerpiece. Seis
mic reflection profiles (Fig. 8) showed a Neogene and Quater
nary sedimentary section overlying basement in this region. Base
ment rock, cored during DSDP Leg 38 at Sites 338 and 342, was 
known to consist of Eocene basalts (Talwani, Udintsev, et al., 
1976). Site 643, located northwest of Site 642, sampled sedi
ments underlying the western flank of the Norwegian Current 
while Site 644 was located near the Norwegian Current-Norwe
gian Coastal Current front. The sedimentary section at the three 
Leg 104 sites can be seismic-stratigraphically correlated, aiding 
interpretation of lateral variability in the overlying water masses. 
In addition to any horizontal differences in sediment composi
tion and stratigraphy, the three sites also allowed us to sample 
several levels of the water column to provide data on the history 
of the Norwegian Sea water column stratification as well as on 
variations of the rates of bottom-water renewal. 

DSDP Leg 38 employed rotary drilling and discontinuous 
coring for most of the sites (Talwani, Udintsev, et al., 1976). 
However, drilling techniques used during Leg 104 (XCB and 
APC) allowed recovery of continuous and undisturbed cores 
from most of the penetrated sediment sections. Nevertheless, 
the DSDP Leg 38 sites on and close to the Wring Plateau 
yielded important data that have also been considered in this 
synthesis. 

Although Paleogene rocks and sediments were recovered at 
Sites 643 and 642, the limited biostratigraphic resolution and 
lack of confident age control in that section prevent an ade
quate interpretation. The main emphasis of this synthesis has 
therefore been placed on the Neogene and Quaternary portions 
of the drilled sections that comprised the transition from a pre-
glacial to a glacial Norwegian-Greenland Sea. 

The lithostratigraphy of the ODP (Fig. 8) and DSDP sites on 
the Wring Plateau is briefly described to provide a background 
for understanding their depositional paleoenvironment. The bulk 
of the data have been published by Eldholm, Thiede, Taylor, et 
al. (1987) and Talwani, Udintsev, et al. (1976). Much of the de
tailed sediment data described herein are contained in other 
chapters of this volume. 

ODP Site 642 
At Site 642 we penetrated a 900-m-thick sequence of basaltic 

rocks that have been subdivided into a lower series and an upper 
series, and four lithologic sedimentary units of late Eocene to 
Quaternary in age. The igneous rocks of the lower series below 
reflector K (Fig. 8) consist of dacitic flows and interlayered sedi
ments contaminated by rocks of continental affinity. The upper 
series consists of numerous flows and intercalated sediments 
forming the dipping reflector sequence in the seismic record. 
Both series are late Paleocene/early Eocene in age and are de
scribed by Viereck et al., Parson et al., and Eldholm et al. 
(each, this volume). On top of the volcanic sequence rests a 30-
to 40-m-thick layer of lower Eocene sediments. These altered 
volcaniclastic sediments are obviously derived from the volcanic 
basement and are separated from the overlying Miocene sedi
ments by a long hiatus. 

The Neogene and Quaternary sequence comprises a thick 
Miocene pile of deposits that are enriched in siliceous biogenic 
sediment components. Intercalations of biogenic calcareous sedi
ments with the biosiliceous material only occur in the upper
most part of the Neogene section and in the Quaternary. Terrig
enous material dominates the middle Pliocene to Quaternary 
lithologic section. Most of the Neogene and Quaternary cores 
are fossiliferous, from which a detailed biostratigraphy has been 
established. Excellent recovery and quality of the sediment cores 
in the Neogene and Quaternary section yielded a high-quality 
stratigraphic and paleoenvironmental record. 

ODP Site 643 
Site 643 penetrated more than 550 m of thick Paleogene and 

Neogene/Quaternary sediments overlying basaltic rubble that 
may represent a volcanic basement. Eocene to Miocene sedi
ments are mostly clayey and rarely fossiliferous. It is only in the 
middle to upper Miocene section that the sediments contain a 
considerable amount of biosiliceous material. Intercalations of 
biogenic calcareous sediment components result in a variable li-
thology in the uppermost Miocene and Pliocene section that in 
the middle Pliocene grades into sediments dominated by the ter
rigenous input of the glacial/interglacial facies (Henrich et al., 
this volume). The core recovery was generally excellent, but was 
intermediate to poor in the lowermost Miocene section. 

ODP Site 644 
Site 644 penetrated a 256-m-thick Pliocene and Pleistocene 

sequence of dominantly terrigenous sediments with relatively 
thin biogenic intercalations. The sediments have been subdivided 
into two lithologic units. The lower unit represents a mostly pre-
glacial depositional environment without the input of coarse 
terrigenous ice-rafted debris. The upper unit is characterized by 
repeated intercalations of horizons containing a large propor
tion of ice-rafted terrigenous debris. 

DSDP Site 338 
DSDP Site 338 (Fig. 4) was drilled in 1297 m of water just 

west of the Wring Plateau escarpment (VPE). It penetrated 437 
m of sediments. The oldest sediments consist of lower Eocene 
sandy muds and mudstones. Basalt with a diabasic texture un
derlies the sediments. Most of the Eocene to Miocene sediments 
are diatomaceous oozes, whereas the lower Eocene sediments 
include a large proportion of sandy muds that were deposited 
over the basaltic basement. The Pliocene-Pleistocene sediments 
consist of olive-gray muds, sandy muds, and calcareous oozes 
with pebbles. 

DSDP Sites 339 and 340 
Both sites were drilled in a diapir province in the Wring Ba

sin southwest of Site 338. Site 339 was drilled in 1262 m of wa
ter, penetrating 108 m of Eocene to Quaternary diatomaceous 
ooze overlain by glacial sediments. The Eocene part of the sec
tion was believed to constitute diapiric material. 

DSDP Site 340 was drilled in 1217 m of water. It comprised 
two lithologic units, a yellow-green diatom ooze with ash hori
zons of late to middle Miocene age and a thin glacial Pleisto
cene sandy muddy unit on top of it. The site was located on a 
topographically steeper part of the diapir, which explains the re
duction in thickness of the youngest glacial sediments. 

DSDP Site 341 
Site 341 is located near DSDP Sites 339 and 340 over the 

thick part of the stratified sediment section in the Wring Basin. 
It was positioned in 1439 m of water, and dominantly Miocene 
to Pleistocene biogenic siliceous and glacial sediments were re
covered, with a core recovery of close to 70%. The section there 
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consists of a very thick sequence (323 m) of glacial-type sedi
ments that directly overlies middle Miocene deposits. Alloch-
thonous Tertiary material was an additional sediment compo
nent contributing to the thickness of the glacial sequence. In 
addition, Pleistocene sediments were observed that contained 
shallow-water benthic faunal elements. 

DSDP Site 342 
DSDP Site 342 is located in 1303 m of water a short distance 

northwest of DSDP Site 338 and northeast of ODP Site 642. 
The site penetrated only 170 m of Pleistocene to Miocene de
posits. The older deposits comprised diatomaceous oozes and 
the Pleistocene deposits consist of calcareous pebbly mud and 
sandy mud. Core recovery was very poor at this site and hence 
no reliable stratigraphic record was obtained. The site reached 
basement at 153.2 mbsf, where Eocene basalts were encoun
tered. 

DSDP Site 343 
This site is located on oceanic basement at the foot of the 

plateau north of Site 342, a location comparable to ODP Site 
643. Poor core recovery there sampled a highly disturbed sedi
ment section, revealing only a gross stratigraphic subdivision of 
sediment overlying basalt. This basement is overlain by lower 
and middle Eocene sediments and Pliocene-Pleistocene terrige
nous to sandy muds with nannofossil horizons and pebbles. 

PALEOENVIRONMENTAL STUDIES 
This paleoenvironmental synthesis requires interpreting in

formation contained within recovered fossil groups, in addition 
to sedimentologic data, within a reasonable temporal frame
work. Stratigraphic data produced by numerous specialists in 
this volume were collectively used by Goll (this volume) to es
tablish the chronology used herein. Micro fossils and sedimen to-
logical data are then correlated with surface- and bottom-water 
properties and paleoclimatic variability. 

Chronology 
The chronology presented in Goll (this volume) represents 

one stage of an ongoing process of zonation definition and cor
relation with other age controls. This time scale has evolved 
since the completion of Leg 104. It is based upon the pelagic 
biochronology of Berggren et a l . (1985), which has been ap
plied to data from this entire volume, and 

1. The numerous biostratigraphic studies in this volume, as 
well as the data in Eldholm, Thiede, Taylor, et al. (1987). Dia
toms comprise the only major, stratigraphically important mi-
crofossil group whose data have not been revised; 

2. The very detailed magnetostratigraphic studies of Bleil 
(this volume) and Schoenharting and Abrahamsen (this vol
ume); 

3. A few radiometric dates, produced by Smalley et al. (this 
volume); and 

4. A detailed correlation with DSDP Leg 38 stratigraphies, 
synthesized by Schrader et al. (1976) and revised by Goll (this 
volume). 

Major stratigraphic uncertainties persist about existence, cor
relation, and precise timing of some hiatuses, as well as limited 
age control in major parts of the Paleogene and lower Neogene 
sedimentary sequences, and of the volcanic rocks. Therefore, 
age vs. depth plots for Sites 642, 643, and 644 (Fig. 9) are shown 
for only the last 25 m.y. as older intervals have poor age control 
(see Goll, this volume, for further details). 

The frequency of the hiatuses (Fig. 9) clearly documents that 
ODP Leg 104 drilling did not escape the numerous interrupted 

stratigraphic records that are typical for the Norwegian-Green
land Sea (Ehrmann and Thiede, 1985) and for the entire North 
Atlantic (Thiede and Ehrmann, 1986). DSDP data showed that 
the Norwegian-Greenland Sea was affected by erosive processes 
that peaked during the latest Miocene, although intensive ero
sion also occurred during the late Oligocene and throughout the 
Miocene. The erosive intensity of bottom-water circulation de
creased dramatically during the Pliocene, to its late Quaternary 
minimum. The numerous hiatuses in Leg 104 recovery attest to 
this widespread pattern. These observations are confirmed even 
after revision of the DSDP Leg 38 stratigraphies and seem to be 
an important clue to the vigor of the Norwegian-Greenland Sea 
bottom-water circulation. 

Comparison of the revised Leg 38 chronologies with those of 
Leg 104 shows that the latter succeeded in penetrating distinct 
parts of the Cenozoic Norwegian-Greenland Sea sedimentary 
sequence. The stratigraphic coverage provided by combined Leg 
104-Leg 38 cores marks a significant step toward resolving the 
Norwegian-Greenland Sea paleoenvironmental history. However, 
only about 50% of the time span that needs to be considered in 
a comprehensive Norwegian-Greenland Sea synthesis can actu
ally be discussed based on the current sedimentary evidence 
(Goll, this volume). 

In the following, a few general remarks are made in reference 
to the chronology developed for the history of the sedimentary 
record of the ODP Leg 104 sites. The biostratigraphies are spread 
throughout 13 papers that treat a broad range of topics and as
pects of the biostratigraphic problems of marine and terrestrial 
fossil groups. Of the terrestrial micro fossil groups only pollen 
and spores have been studied, but they provide, together with 
the dinoflagellates, a stratigraphic framework throughout the 
entire Tertiary. They have also been found in parts of sequences 
that are otherwise very difficult to date biostratigraphically. 

The marine microfossil groups studied for this volume com
prise dinoflagellate floras, calcareous micro fossils such as Bol-
boforma, calcareous nannofossils, foraminifers, and siliceous 
microfossils such as ebridians, actiniscidians, radiolarians, and 
silicoflagellates. Thus the marine microfossil groups comprise 
both planktonic and benthic organisms although the former are 
dominant. Comparison of biostratigraphic zonations is ham
pered by differences both in sampling frequency down core and 
thoroughness of the individual studies. Goll (this volume) dis
cusses the biostratigraphies developed for each of the individual 
groups, noting advantages and disadvantages in his summary. 

Norwegian-Greenland Sea biostratigraphy temporal resolu
tion becomes more questionable considering datums must be 
correlated to temperate localities in the North Atlantic or even 
more distant regions. Even the biostratigraphy developed by 
Schrader et al. (1976) proved to be a local stratigraphy valid 
only for the Norwegian-Greenland Sea. Furthermore the en
demic properties, lower diversity, and slowly evolving taxa of 
Norwegian-Greenland Sea floras and faunas prevent finding 
easy solutions to these stratigraphic problems. A number of the 
marine assemblages have clearly arctic affinities. These com
pound the problem as Cenozoic biostratigraphic sequences of 
the Arctic Ocean proper are virtually unstudied (Thiede et al., 
in press). 

The sedimentary sequences of some sites, in particular Site 
643, contain evidence of slumping in the Neogene and Quater
nary. The number of slumping events detected through detailed 
stratigraphic analysis remains unclear. But a number of correla
tion uncertainties between Site 643 to 642 and of the individual 
holes at Site 642 may be related to such mass movements. 

Specific problems arose when we tried to date the lowermost 
parts of Holes 643 A and 642E, particularly within sediment se
quences immediately overlying volcanic basement. At Site 642, 
38 m of a glauconite-rich volcaniclastic rock and altered volca-
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Figure 9. Age vs. depth curves of Miocene to Quaternary sections from ODP Sites 642, 643, and 644 (a-c). From Bohrmann [1988, compiled from 
data in Goll (this volume), Bleil (this volume), Spiegler and Jansen (this volume), Locker and Martini (this volume), and Qvale and Spiegler (this vol
ume)]. 

niclastic muds and sands overlie a pebble bed atop a 914-m-
thick volcanic sequence. According to the absolute dates (Smal-
ley, Qvale, and Qvale, this volume), this part of the sequence is 
of Eocene age. However, Manum et al. (this volume) found 
lower Miocene dinocyst assemblages and reworked siliceous mi
cro fossils in this same section. The stratigraphic interpretation 
of the dating differences is presently unresolved. 

The basaltic sequence of Site 642 has only been dated bio-
stratigraphically by means of palynomorphs in the volcaniclas-
tic intercalations of the lower series (Manum and Boulter, this 
volume). They have been dated to early Eocene and question
able Paleocene. No new biostratigraphic data are available for 
the upper series of basaltic rocks with the numerous intercalated 
sediment horizons. 
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Figure 9 (continued). 

At Hole 643A a sharp lithologic contact separates the upper 
siliceous mud sequence from an underlying 164.5-m-thick sec
tion of compaction-laminated mudstones and claystones. Ages 
across this sharp lithologic contact are disputed. Only approxi
mate age assignments have been made based on sporadic occur

rences of radiolarians (Goll and Bjorklund, this volume), of cal
careous microfossils (Donally, this volume), and planktonic for-
aminifers (Jansen and Spiegler, this volume). The lower unit 
rests on a basaltic pebble horizon interpreted as basement. Ages 
for this sequence are derived from dinoflagellates and sparse, 

1080 



CENOZOIC PALEOCEANOGRAPHY AND PALEOCLIMATE VARIABILITY 
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Figure 9 (continued). 

arenaceous foraminifer assemblages (Kaminski, 1988). In sum
mary, the ages of sediments immediately overlying volcanic base
ment at Sites 642 and 643 are presently controversial. 

The Pliocene-Quaternary sections are more easily correlated 
between the various sites, following similar experience in studies 
of numerous Quaternary cores (Ramm, in press). Site 644 pro
vides an almost complete section, without major hiatuses, to 
3 Ma. The Miocene siliceous muds first occur at 21.7 Ma, Site 
642, and at 19.0 Ma, Site 643. The oldest sediments with rea
sonably consistent calcareous fossil records were deposited at 
nearly 13.6 Ma at Sites 642 and 643. Combined paleomagnetic 
and biostratigraphic analyses provide confident age assignments 
for sediments younger than 8.8 Ma (Chron C4A) at Site 643 and 
younger than 4.9 Ma (Chron C3A) at Site 642. The biostrati
graphic correlations are also supported by detailed correlations 
based on sedimentological data such as coarse, ice-rafted mate
rial, and other major sediment components (Figs. 10-20). 

Paleoenvironmental Indicators 
Sediments from on and adjacent to the Wring Plateau pro

vide the basis for studying the depositional paleoenvironment 
of the Norwegian-Greenland Sea. Changes in these depositional 
environments are, in turn, controlled by properties and circula
tion of the surface and bottom waters as well as of the Cenozoic 
paleoclimate over this area and northwestern Europe. The strati-
graphic record of these changes, however, is incomplete due to 
the numerous hiatuses encountered (Fig. 9). Several sedimentary 
paleoenvironmental indicators are plotted against depth in core 
(Figs. 10-14). Because of the age uncertainties in the lower parts 
of Sites 643 and 642, we plot only the data from the uppermost 
250 m. 

In considering the effects of surface-water characteristics, 
bottom-water characteristics, and the paleoclimate on deposi
tional environment, only the first one can be properly docu

mented by these data. Sedimentary evidence for the latter two is 
poor and in many ways not unique. Bottom-water characteris
tics and movements inferred from Leg 104 studies of ostra-
codes, benthic foraminifers, and sponge spicules are ambigu
ous. In addition to micro fossil evidence however, information 
on bottom water history can be obtained from the dissolution 
of calcareous material, sedimentary structures, evidence for re
working and slumping, and the results of erosive processes that 
generated hiatuses correctable with hiatus records in the Atlan
tic and in parts of the Pacific (Goll, this volume). Information 
for the paleoclimate over the Norwegian-Greenland Sea and ad
jacent continents since 55-56 Ma can be gained from analyses 
of clay minerals and oxygen isotope ratios in fossils. The latest 
Cenozoic paleoclimate history is contained in records of glacial 
activity over the adjacent land areas, reflected in deep-sea sedi
ments as ice-rafted material. 

Surface-water properties can be identified easily by means of 
a number of microfossil groups that include organic-walled mi-
crofossils (dinoflagellates), siliceous microfossils (silicoflagellates, 
ebridians, actiniscidians, and radiolarians) and calcareous mi
crofossils (calcareous nannofossils and planktonic foraminifers). 
These groups represent various levels of the marine food webs 
and react to changes of the surface-water properties in very dif
ferent ways (Figs. 11-12). An obstacle in deriving a complete 
history of the surface-water properties since 55 Ma is that many 
of these fossil groups have no continuous record over the entire 
time span. Problems with the variability in microfossil assem
blages are compounded by the interrupted stratigraphic section. 
Important hiatuses account for nearly a 50% loss of a continu
ous sediment record. 

Calcareous microfossils predominate only in the upper Mio
cene and Pliocene interval and are very scarce in the Pliocene/ 
Pleistocene section (Fig. 12). The siliceous biogenic oozes typi
cal of the Miocene section become more scarce in the upper Mi-
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ocene, and disappear almost completely in the Pliocene and 
lower Pleistocene sections (Fig. 11). Lateral differences between 
the three sites are apparent in the distribution of planktonic for-
aminifers (Fig. 12) and the proportion of the biogenic opal in 
the sediments (Fig. 11). 

The distribution of ice-rafted material in these sediments is 
highly variable and is confined to sediments of the past 5.5 m.y. 
(Fig. 13). This ice-rafted detrital record gives important clues 
about the dynamics of ice shields adjacent to the Norwegian-
Greenland Sea, about the input of ice and properties of ice cov
ers in this region, and about local source areas for this detritus. 

Paleogeography and Paleobathymetry 
The history of geographic and bathymetric changes in the 

Norwegian-Greenland Sea (Skogseid and Eldholm, Eldholm et 
al., this volume) provides important boundary conditions within 
which the evolution of the Cenozoic Wring Plateau paleoenvi-
ronment can be discussed. A primary result is that the Vriring 
Plateau experienced an initial uplift during the onset of rifting. 
This is consistent with the two lava series sampled at Site 642 
that were emplaced subaerially and/or in very shallow water. 
Eldholm et al. (this volume) propose that the breakup at 57.5 
Ma was accompanied by a transient phase of much-increased 
magmatic production. When the transient phase abated 2 to 3 
m.y. after breakup, the margin subsided by thermal contrac
tion, possibly with some structural adjustments in the Paleo
gene. Reconstructions of DSDP Leg 38 drill-site paleobathyme-
tries through backtracking (Thiede, 1979, and others) had sug
gested that part of the Wring Plateau was above sea level during 
the Paleogene. Skogseid and Eldholm (this volume) also show 
that the Wring Plateau has undergone differential regional sub
sidence: the outer part of the plateau subsided faster than the 
inner portion. Eldholm et al. (this volume) constructed subsi
dence curves for the three ODP Leg 104 sites based on the vol
canic history of each site. They suggest that the margin subsided 
primarily due to thermal cooling and contraction. Assuming a 
normal subsidence rate for oceanic crust, and taking into ac
count sediment loading, Site 642 began to subside from approx
imately 800 m above sea level at about 55 to 60 Ma. Five to ten 
m.y. later this location sank below sea level; at 30 Ma it was lo
cated somewhere between 500 and 1000 m water depth. At 10 
Ma it was located close to 1 km below sea level. Subsidence at 
the Site 643 location also began at 55 to 60 Ma. However, base
ment there is probably normal oceanic crust and was already at 
about 1 km of water depth. The crust there subsided regularly 
to its present water depth of nearly 3 km. 

Sedimentological and paleontological data support these re
constructions. Analysis of benthic foraminifers in the lower
most sediments from Site 643 reveal outer neritic to upper 
bathyal faunas (Kaminski, 1988) whereas overlying sediments 
contain a diversified deep-water assemblage. At a comparable 
time, sediments at Site 642 (lithologic Unit IV) were being de
posited in a near-shore environment. Rates of subsidence have 
not been established for Site 644 because of its short strati-
graphic record. 

HISTORY OF THE NORWEGIAN SEA SURFACE 
WATERS 

The history of the Norwegian Sea surface waters is more 
readily accessible than bottom-water histories and part of the 
paleoclimatic record because extensive sections of the ODP Leg 
104 and DSDP Leg 38 cores contain pelagic microfossils whose 
ecologic requirements are reasonably well known. This informa
tion also bears indirectly on the paleoclimatic interpretation. In 
addition, oxygen isotope data are available for the Neogene and 
Quaternary. Information on the paleoceanography of the Paleo
gene surface water is scarce and difficult to interpret, mainly be

cause of the poor preservation of fossil assemblages and of dia-
genetic alterations of the sedimentary record. In addition, the 
interpretation of the Paleogene record is complicated because of 
the severe stratigraphic problems caused by the apparently en
demic pelagic faunas and floras (Goll, this volume). The accu
mulation rates of key sediment components for paleooceano-
graphic interpretation are plotted in Figures 15-20 using mainly 
Site 643 as an illustration. We have also plotted accumulation 
rates of selected variables of all three sites (Fig. 20) to compare 
sediment fluxes of selected sediment components along the 
Wring Plateau paleoenvironmental transect. 

Paleogene 
Evidence for Paleogene surface-water properties is scarce 

because the fossil contents of the intra- and immediate su-
pravolcanic sediments (Site 642) are either poorly preserved or 
are ecologically poorly known. These problems limit the infer
ences that we can make regarding the original habitat of the fos
sil assemblages. The Paleogene part of the Site 643 sedimentary 
section consists dominantly of diagenetically altered mudstones 
with few pelagic microfossils. Their partly endemic nature has 
limited biostratigraphic potential. 

In addition to the much more frequent pollen and spores, 
marine pelagic microfossils (dinocysts, diatoms, radiolarians, 
ebridians, silicoflagellates) have been observed in small numbers 
in the intravolcanic sediment layers of the lower as well as of the 
upper volcanic series penetrated at Site 642 (see observations of 
Mudie, Ciesielski, et al. in Eldholm, Thiede, Taylor, et al., 1987). 
In places these marine fossils are well preserved. Similar fossil 
assemblages have also been found in analogous and roughly 
isochronous sediments of the Thulean volcanic province (Brown 
and Downie, 1984); they are indicative of a neritic marine to 
fluvio-deltaic, very near-shore depositional environment. These 
flora and fauna witnessed the early transgression of the sea into 
the narrow and young troughs of the Norwegian-Greenland Sea. 
The role of a possible barrier in the area of an early Greenland-
Scotland Ridge (Bott et al., 1983), whose submarine segments 
should have subsided below sea level much later (Thiede and 
Eldholm, 1983), remains uncertain. The marine transgression 
may have come from the Arctic Ocean which, based on very few 
samples, seems to have been fully marine at that time; this in
cursion would also comfortably explain the endemic nature of 
some of the pelagic microfossil assemblages (Thiede, 1989, in 
press). Alternatively, the Greenland-Scotland Ridge was inter
rupted or bypassed during its early history by shallow straits 
connecting it to the North Atlantic. The palynomorph assem
blages of the suite of samples from the sediments within and 
immediately on top of the Site 642 volcanic series are dominated 
by terrestrial palynomorphs, whereas marine forms dominate in 
the younger Paleogene sequences of Site 643, documenting the 
pelagic nature of their depositional environments (Boulter and 
Manum, this volume; Manum et al., this volume). Paleogene 
linkage to the North Atlantic is also supported by the similarity 
of the hiatus record to global erosional events as pointed out by 
Goll (this volume). 

Neogene and Quaternary 
The paleoenvironmental theme dominating ODP Leg 104 

drill sites is no doubt the transition from the temperate early 
Neogene to the glacial Pliocene and Quaternary paleoclimate. 
Changes in the composition of numerous pelagic microfossil 
groups and sedimentological properties document the step-wise 
establishment of the glacial depositional environments in great 
detail as discussed in many previous chapters (Ciesielski and 
Case; Ciesielski et al.; Donnally; Goll and Bjdrklund; Henrich; 
Henrich et al.; Jansen et al.; Krissek; Locker and Martini; Mu
die; Spiegler; Spiegler and Jansen; all in this volume). Therefore, 
only some of the general trends are pointed out here. 
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Figure 10. Concentrations of coarse fractions (>63 /*m) in Holes 643A, 642B, and 644A. Only the upper part of each section is shown. For lower parts see Henrich et al., this volume. 
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Figure 11. Concentrations of coarse-fraction biogenic opal in bulk sediments from the upper part of ODP Holes 643A, 642B, and 644A. 



Figure 12. Concentrations of planktonic foraminifers in bulk sediments of Holes 643A, 642B, and 644A (see Henrich et al., this volume). 
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Figure 13. (A) Distribution of coarse terrigenous components (0.125-0.5 mm as weight percent of bulk sediment) in the upper sediments of Holes 643A, 642B, and 644A. (B) Distribution of rock 
fragments (0.125-0.5 mm in weight percent of bulk sediment) of the upper sediments of Holes 643A, 642B, and 644A. For details see Henrich et al., this volume. 
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Figure 14. Distribution of benthic foraminifers in the coarse fraction (0.125-0.500 mm, in weight percent of bulk sediment) of Holes 643A, 642B, and 644A (see Henrich et al., this volume). 
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Figure 15. Hole 643A: (a) Temporal distribution of accumulation rates of bulk sediment, bulk carbonate, bulk opal, total organic carbon, and dinoflagellates/pollen/spores since 25 Ma. (b) Re
cord since 5 Ma for the accumulation rates of the bulk sediment, bulk coarse fraction, and coarse fraction 0.125-0.500 mm. Sections without signature in the sediment column indicate hiatuses. 
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Figure 15 (continued). 
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Figure 16. Hole 643A: (A) Accumulation rates of bulk terrigenous coarse fraction (> 0.063 mm), rock fragments, quartz grains, feldspar, mica, and heavy minerals (all the latter 0.125-0.5 mm) 
since 25 Ma. (B) Accumulation rates of bulk terrigenous coarse fraction, rock fragments, quartz, feldspar, mica, and heavy minerals since 5 Ma. Hiatuses not indicated. Duration of hiatuses: 
compare Figure 15. 
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Figure 16 (continued). 
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Figure 17. Hole 643A: (A) Accumulation rates of sediment components >0.063 mm: Total plankton, diatoms, planktonic foraminifers, and radiolarians (all the latter in 0.125-0.5 mm) since 25 Ma. 
(B) Accumulation rates of sediment components > 0.063 mm: Total plankton, diatoms, radiolarians, and planktonic foraminifers since 5 Ma. Hiatuses not indicated. Duration of hiatuses: com
pare Figure 15. 
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Figure 17 (continued). 
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Figure 18. Hole 643A: (A) Accumulation rates of bulk benthos, sponge spicules, and benthic foraminifers (all > 0.063 mm) since 25 Ma. (B) Accumulation rates of bulk benthos, sponge spicules, 
and benthic foraminifers since 5 Ma (details of a). Hiatuses not indicated. Duration of hiatuses: compare Figure 15. 
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Figure 18 (continued). 
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Figure 19. Site 643 stable oxygen and carbon isotope ratios since 3 Ma. Data from measurements of Neogloboguadrina pachyderma (see Jansen et al. 
this volume). 
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Figure 20. Correlation of major coarse-fraction sediment component accumulation rates along the Vdring Plateau paleoenvironmental transect since 25 Ma in Holes 643A, 642B, and 644A. (A) 
Bulk sediment accumulation rates, (B) rock fragments >0.063 mm, (C) quartz grains >0.063 mm, (D) biogenic opal, (E) total carbonate, (F) total organic carbon. Sections without signature in 
the sediment column indicate hiatuses. 
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Figure 20 (continued). 
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J. THIEDE, O. ELDHOLM, E. TAYLOR 

The stratigraphic problems that have plagued the interpreta
tion of the Paleogene sections of the ODP Leg 104 cores are not 
found in the Neogene and Pleistocene sediments. Instead, these 
latter sediments can be easily dated and correlated between sites 
in great detail, as shown by Ramm (1989) as well as Henrich et 
al. (1989) for the uppermost Quaternary. Properties of the east
ern Norwegian Sea surface waters, in particular of the Norwe
gian Current, can therefore be discussed in terms of an oceano
graphic transect for Neogene and Quaternary ages. The Leg 104 
sites document considerable lateral variation in sedimentation 
and accumulation rates, composition of pelagic microfossil as
semblages, sediments, and in particular the coarse ice-rafted 
terrigenous clasts in the glacial part of the section. These lateral 
differences confirm that the site transect idea was successful 
(Fig. 20). 

The gross lithostratigraphic subdivision (Fig. 8) of the Neo
gene and Quaternary section reflects major long-term changes 
of the surface-water hydrography of the eastern Norwegian Sea. 
This record began with the sedimentation of a thick sequence of 
siliceous, mostly diatomaceous oozes extending stratigraphically 
from the lower Miocene to the upper Miocene-Pliocene. These 
sediments were succeeded by intercalated horizons of calcareous 
biogenic oozes and later by the terrigenous, glacially derived 
sediments. The extent of these siliceous oozes on a regional 
scale can be traced using their strange geophysical properties 
(Hempel, 1989; Hempel et al., this volume). They have also 
been observed in other North Atlantic drill sites (Bohrmann, 
1988). Because of their widespread occurrence it is quite im
probable that upwelling regimes have generated the long-lasting, 
high opal fluxes. Instead they seem to have been linked to the 
subtropical and temperate climate that controlled surface prop
erties that resulted in high nutrient availability from riverine 
supply (Henrich et al., this volume). The dominance of the bio
genic siliceous sediment components in the Miocene sections of 
these drill sites suggests relatively high marine productivity as 
confirmed by accumulation rates of opaline sediment compo
nents (Figs. 15, 17, and 20). Rock-Eval analyses (McDonald et 
al., this volume) have also suggested the presence of a mixture 
of organic matter of marine and terrestrial origin in the Mio
cene sediments of Site 642. 

The most detailed information documenting the evolution of 
the Neogene and Quaternary temperature regime of the surface 
waters over the Vriring Plateau was produced from studies of sil-
icoflagellates. Locker and Martini (this volume) estimated sea-
surface temperature conditions based on a formula developed 
by Kanaya and Koizumi (1966); their results are largely con
firmed by Ciesielski et al. (this volume). The T-index used by 
Locker and Martini (this volume) appears to be more sensitive 
at the cold end of the spectrum. Their results suggest that the 
eastern Norwegian Sea was warm (subtropical) prior to 18.7 
Ma, but that a phase of poorly resolved cooling events per
turbed the system from 18.7 Ma to 16.6 Ma. This phase was fol
lowed by a warm phase that began to deteriorate at approxi
mately 14.0 Ma. This cooling progressed rapidly and most tem
perate and warm silicoflagellates had disappeared from the 
eastern Norwegian Sea by approximately 7.4 Ma. Only during, 
or just before, the Miocene/Pliocene boundary did warmer forms 
reappear briefly in modest quantities (approx. 5.5-5.4 Ma). 
Cool to cold waters are indicated for virtually the entire early 
Pliocene. Large quantities of coarse ice-rafted terrigenous de
bris (Fig. 16) were shed into the eastern Norwegian Sea, suggest
ing the firm establishment of glacial environments at 2.6 Ma. 
Most of the siliceous microfossil groups disappeared, or were 
preserved in small numbers and only sporadically, after estab
lishment of the glacial regime. 

The latter part of this paleoenvironmental interpretation has 
also been confirmed by the dinocyst investigations of Mudie 

(this volume). During the late Miocene, Pliocene, and into the 
Pleistocene a progressive decline of species diversity occurs. The 
lower to middle Miocene cyst assemblages suggest warm, sub
tropical saline surface water with no input from the Arctic. The 
subtropical cysts, however, dissappeared prior to 6.5 Ma. Close 
to the Miocene/Pliocene boundary, subarctic Pacific species 
were able to invade the Norwegian Sea via the Arctic Ocean, 
possibly marking the onset of the East Greenland Current. 

While the pre-glacial environments can only be described by 
means of pelagic microfossil assemblages, the appearance of 
preserved calcareous fossils in the Pliocene and Pleistocene sedi
ments allows for detailed isotope studies (Jansen et al., this vol
ume) (Figs. 15 and 17). Oxygen- and carbon-isotope measure
ments (see also Fig. 19) of benthic foraminifers have now been 
extended into the uppermost Miocene. Together with the ap
pearance of the first modest quantities of coarse, ice-rafted ter
rigenous grains (Fig. 16), the isotope data suggest that the ar
rival of ice in the eastern Norwegian Sea occurred as early as 5.5 
Ma (Jansen et al., in press). The small volume of ice-rafted ma
terial and its intermittent occurrence are evidence for periods of 
an early cold climate that brought ice into the region over the 
Vdring Plateau where it melted. Early phases of enhanced depo
sition of ice-rafted coarse material occurred at 5.2-5.0 Ma, 4.7-
4.3 Ma, 4.0-3.7 Ma, and 3.3-3.1 Ma. Benthic foraminifer oxy
gen isotope ratios became slowly, but consistently heavier dur
ing this time span (Table 1). 

The most detailed records of the late Pliocene and Quater
nary glacial history of the Norwegian Sea have been obtained 
from measurements of stable light isotope ratios and studies of 
the coarse sediment fractions. The record of ice-rafted cores and 
terrigenous debris has produced many interesting patterns of 
the variability of the glacial history of the Norwegian Sea. From 
3 Ma onward to the latest Quaternary the oxygen isotope ratios 
(Slettemark, 1988; Jansen et al., this volume; Jansen et al., in 
press) show the general tendency of increasing ranges and vari
ability with decreasing age, but also a trend toward slightly 
heavier isotope values. While oxygen isotope ratios were close to 
modern values during the Gauss and the early part of the Matu-
yama (1.2-1.4 Ma), ratios changed from an early Quaternary 
minimum (in the late Olduvai) toward a maximum value in the 
late Matuyama (1-1.2 Ma). 

Slettemark (1988) and Jansen et al. (this volume) determined 
oxygen isotope ratios from shell material of the planktonic fora
minifers Neogloboquadrina pachyderma and the benthic fora
minifers Cassidulina teretis and Melonis barleeanum. They found 
evidence of a period between 2.5 and 2.6 Ma to 1.2 Ma, when 
continuous glacial conditions existed without interglacials, such 
as those we have experienced during the recent geological past. 
They assume that a different climatic regime resulted in surface-
water circulation distinct from modern day, with little or no 
deep-water formation, low biological productivity, and very low 
oxygen isotope ratios in the planktonic foraminifers. This type 
of surface-water regime, and the lack of deep water formation, 
led to intensive calcium carbonate dissolution from most of the 
Matuyama (2.47-0.73 Ma) (Henrich, this volume). Based on 
similar lines of argument, Jansen et al. (this volume) describe a 
short influx of intermediate North Atlantic water during 1.65-
1.55 Ma, but it is only between 1.2 and 0.6 Ma that a transition 
to the evolution of interglacials occurred, with the first intergla-
cial at approximately 1.0 Ma. From that time forward, calcium 
carbonate was better preserved except for periods of intensive 
deglaciations (Henrich, this volume) when large quantities of 
meltwater contributed significant terrigenous organic material 
(McDonald et al., this volume). Typical cyclic repetitions of 
clearly developed glacial and interglacials with a 100-k.y. cyclic-
ity have been described from numerous gravity cores from the 
Norwegian-Greenland Sea (Henrich et al., 1989; Henrich, this 
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volume). This cyclicity is only discernible in the most recent 600 
k.y. of the Leg 104 sediments. 

As soon as a glacial climate developed over the Norwegian 
Sea and cold waters were present in the eastern Norwegian Sea, 
coarse terrigenous ice-rafted material appeared in the sediments, 
first in small quantities and at irregular intervals (as early as 5.7 
Ma). A radical change in the frequencies and abundances of the 
coarse terrigenous components occurred between 2.4 and 2.8 
Ma. From 2.8 to 1.2 Ma coarse terrigenous sedimentation was 
continuous though small, with only minor fluctuations. After 
1.2 Ma the abundance of ice-rafted material increased consider
ably, as did the range of fluctuations between minimum and 
maximum input. Ice-rafted detrital input reached maximum at 
0.4 Ma, decreased to a minimum approximately 0.2 Ma, and 
decreased to a second minimum approximately 0.1 Ma. These 
two minimums enclose a major influx of coarse material. Re
sults suggest that the influx of coarse terrigenous material to the 
eastern Norwegian Sea was much weaker during the youngest 
glacial phases than during the latest Matuyama and the earliest 
Brunhes (approximately 1.0-0.3 Ma) (Fig. 20). These differ
ences suggest that the glacial ice covers during this latter time 
span were much larger than before or after. 

A number of Leg 104 studies have considered the composi
tion of the ice-rafted material (Krissek, this volume; Donnally, 
this volume; Spiegler, this volume; and Spiegler and Jansen, this 
volume). This material consists of quartz and rock fragments of 
questionable origin, of lithic sedimentary and magmatic com
ponents, and of reworked Cretaceous and Tertiary micro fossils 
displaced by ice-rafting into Pliocene and Quaternary sediments. 
Ice-rafted index fossils offer a particularly interesting record of 
differences between Sites 643, 642, and 644. Site 643 Pliocene 
and Quaternary sediments contain a mixed assemblage of Ter
tiary and Cretaceous index fossils. Site 642 also contains mixed 
Cretaceous and Tertiary index fossils in intervals mostly con
fined to the Matuyama and most frequently close to the Plio
cene/Pleistocene boundary. No ice-rafted fossiliferous material 
was deposited between 0.5 and 0.3 Ma and since 0.24 Ma. The 
index fossils are particularly enriched in the typical dark sedi
ment layers of glacial origin, deposited during particularly in
tensive deglaciation processes (Henrich, this volume). The fact 
that the high-resolution Pliocene and Quaternary stratigraphic 
record of Site 644 contains only Inoceramus prisms (reworked 
index fossils of Cretaceous age) indicates that this site was 
reached by ice of a different regional origin. The ice may have 
come from nearby shelf regions, but Donnally (this volume) 
suggests the North Sea was the major source area for the Creta
ceous reworked materials. Krissek's (this volume) study of the 
lithic clasts of the coarse ice-rafted material established a de
tailed temporal account of its distribution pattern. He points 
out that correlative horizontal changes suggest different modes 
of ice drift because Site 644 was reached by ice from a south
westerly direction, whereas Sites 642 and 643 were reached by 
ice from a northeasterly direction. Thus these studies indicate 
completely different patterns of ice drift in the eastern Norwe
gian-Greenland Sea, as would be suggested by the circulation 
regime of the surface-water masses there. 

HISTORY OF NORWEGIAN SEA BOTTOM 
WATERS 

The history of bottom-water properties and bottom-water 
circulation is particularly difficult to discuss because the sites 
have undergone considerable and different amounts of subsi
dence after the onset of sedimentation. Site 642 was subaerial or 
very close to the sea surface at 55-58 Ma and then subsided reg
ularly, although somewhat slower than normal oceanic base
ment, to its present depth. Site 643 basement originated below 
sea level in approximately 500-800 m of water depth and then 

sank following the subsidence curves of normal oceanic crust to 
its present depth. 

Independent of the tectonic reconstructions, Kaminski (1988) 
provided an estimate of Site 643 subsidence where paleodepth 
estimates were established by means of arenaceous benthic fora-
minifer faunas. He concluded that the sediment surface was lo
cated close to 550 m at 55 Ma, close to 1140 m at 52 Ma, close 
to 1960 m at 37 Ma, close to 2270 m at 28 Ma, and close to 
2400 m at 23.5 Ma. These rates of subsidence corroborate those 
established by Skogseid and Eldholm (this volume). 

Evidence for reconstructing the history (Figs. 21-23) of Wring 
Plateau bottom waters comes from a number of microfossil 
groups and sedimentological properties, the latter including me
chanical sedimentary structures, traces of bioturbation in the 
cores, and dissolution patterns of calcareous and siliceous mate
rial in the sediments. Sedimentary structures, both mechanical 
and biogenic, have not really been studied in great detail and 
only occasionally provide quantitative data. Dissolution pat
terns of the major biogenic sediment components, however, 
have been studied in considerable detail (Henrich, this volume; 
Bohrmann, 1988), and important conclusions can be drawn 
from these data. In addition, oxygen and carbon stable isotope 
ratios (Fig. 22) have been determined where enough shell mate
rial of benthic foraminifers was available (Jansen et al., this vol
ume). Accumulation rates of benthic organisms have also been 
used to reconstruct bottom-water history (Figs. 18 and 20). 

Paleogene 
Bottom-water properties recorded in the Paleogene deposits 

are poor, consisting almost entirely of a few observations from 
sedimentary structures and sparse but very carefully analyzed 
data of the benthic arenaceous foraminifer faunas (Kaminski, 
1988; Gradstein and Kaminski, in press; Ostermann and Qvale, 
this volume); in addition, the ecology of these benthic foramini
fers is poorly understood. Gradstein and Kaminski (in press) 
and Ostermann and Qvale (this volume) relate the very problem
atic ecology of the Paleogene arenaceous benthic foraminifer 
faunas to a specific deep-water environment referred to as the 
"old bottom-water model" (Gradstein and Kaminski, in press). 
They argue—based on various lines of circumstantial evidence— 
that these faunas are the result of intensive dissolution processes 
that removed the calcareous faunal components in most of the 
samples. 

The Eocene and Oligocene faunas are in general character
ized by a scarcity of specimens and a relatively low diversity. 
However, enough material has been found to establish a stratig
raphy that could be correlated with the Labrador Sea, the west
ern North Atlantic, and especially the North Sea. These correla
tions suggest that the Wring Plateau bottom-water environment 
was not a local event, but was typical for the entire arctic realm 
including the Labrador Sea and parts of the adjacent shallow-
water areas such as the North Sea (Kaminski, 1988). Many of 
these agglutinated foraminifer assemblages have been called 
(though probably incorrectly) "flysch" assemblages. Similari
ties between the North Sea and the Wring Plateau Eocene fau
nas suggest that a deep-water (probably bathyal, according to 
Kaminski, 1988) connection between these two regions existed 
at this time. Examination of the faunas from Leg 38 (Verdenius 
and van Hinte, 1983) suggested that a harsh, low-nutrient bot
tom environment existed at that time in the area of the Wring 
Plateau. However, this conclusion was contradicted by Berggren 
and Schnitker (1983) based on the evidence for biological blooms 
in the surface-water masses, which also suggested an important 
flux of nutrients to the seafloor. 

It is clear that erosive processes interrupted the completeness 
of the sedimentary sequences of the Wring Plateau in particu
lar, but also of the entire Norwegian-Greenland Sea (Goll, this 
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Figure 21. Synthesis of Paleogene depositional environments, paleoceanography, and important faunal events in the high-lati
tude North Atlantic, from Kaminski (1988). 

volume). The numerous hiatuses imply repeated pulses of inten
sive bottom-water renewal leading to the erosion of the soft and 
organic-rich sediment cover. The source of these bottom waters 
and how the resulting hiatuses correlate in detail with the global 
hiatus record (Keller et al., 1987) is still unclear. Other questions 
concern whether the assumption of the oxygen deficiency based 
on sedimentary structures and composition is reasonable, and 
what kind of process might have driven the bottom-water circu
lation at that time. A relatively high Greenland-Scotland Ridge 
probably inhibited an intensive deep-water exchange between 
the main North Atlantic Basin and the Norwegian-Greenland 
Sea. Some of these hiatuses seem to extend to adjacent shelf 
area (Goll, this volume) where Cenozoic sections have been 
drilled on Haltenbanken (Dalland et al., 1988). 

The most convincing paleoenvironmental interpretation of 
the Paleogene arenaceous benthic foraminifers comes from Site 
643 (Kaminski, 1988). It largely concurs with the conclusions of 
Ostermann and Qvale (this volume). He compared the faunas 
from the Norwegian-Greenland Sea with those from the Labra
dor Sea and the western North Atlantic and found a considera
ble amount of similarity between these faunas (Fig. 21). As in 
Osterman and Qvale (this volume), he indicated that the evolu
tion of Paleogene Norwegian-Greenland Sea bottom waters can 

be subdivided into a number of steps that influenced the com
position of these benthic faunas. These steps are markedly re
lated to the subsidence of the Greenland-Scotland Ridge (Thiede 
and Eldholm, 1983) and the continued subsidence and change 
of the Vdring Plateau bottom-water depositional environments. 

Neogene Pre-Glacial Bottom-water Paleoenvironments 
The Miocene and lower Pliocene sedimentary sequences of 

Sites 643 and 642 are characterized by a complete change in sed
iment composition from almost non-fossiliferous mud (stone) 
to biogenic siliceous and calcareous oozes. The amount of sili
ceous material in the Site 642 sediments is much smaller than at 
Site 643. This difference reflects a more pelagic environment at 
the latter (Fig. 11). As outlined in other studies (Henrich et al., 
this volume), this change in the sediment composition coincides 
with a major revolution of the benthic fossil assemblages. 

Poorly preserved, benthic ostracode assemblages from the 
Leg 104 sites indicate purely marine depositional environments 
(Malz, this volume). The faunas studied consist of species with 
relatively broad paleobathymetric ranges, and in which the Mio
cene faunas are the poorest in comparison to the Pliocene and 
the Pleistocene assemblages. Only 13 specimens belonging to 
five different species have been found in the Miocene and lower-
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Figure 22. Benthic oxygen isotope record and coarse-fraction proportion of sediments from Hole 644A (from Jansen and others, this volume). 

most Pliocene deposits. These specimens generally consist of ju
venile specimens that have their optimal ecologic range in some
what shallower water. The specimens found do not have any 
signs of downslope transport, but they do not represent deep-
sea genera either. Ostracodes, however, are not easily interpreted 
in terms of paleoenvironmental conditions. Poor preservation of 
the ostracode faunas has been attributed to a lack of deep-water 
exchange, inhibited by the barrier of the Greenland-Scotland 
Ridge, as well as the oxygen-deficient waters. These conditions 
developed during the Miocene in the Norwegian-Greenland Sea 
and led to the deposition of the organic carbon-rich diatoma-
ceous sediments over a long time span. The conclusion from the 

ostracode faunas is that the Norwegian-Greenland Sea was sim
ply a non-ostracodal habitat Malz (this volume). 

Benthic foraminifers (Fig. 18) provide evidence of the chang
ing bottom-water depositional environments. Calcareous fau
nas appeared first in Miocene sediments as a minor component 
in combination with the arenaceous faunas. The data suggest 
that an extreme dissolution event occurred during the early and 
middle Miocene, destroying most of the calcareous benthic for
aminifers. Due to the meager benthic foraminifer faunas in the 
earlier part of the Miocene, it is uncertain when the Norwegian 
Sea became a source region for the bottom-water renewal. How
ever, modern benthic foraminifers (Zone B of Ostermann and 
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Qvale, this volume) became established during the middle Mio
cene, indicating that an oceanic circulation regime comparable 
to the modern Norwegian-Greenland Sea oceanography had 
evolved prior to that time. 

Although the homogeneous nature of the Miocene and low
ermost Pliocene sedimentary sequences appears to reflect a gen
erally very quiet and unchanged depositional environment, the 
frequent variations of benthic organisms, such as sponge spic-
ules (Henrich et al., this volume), suggest otherwise. The assem
blage, together with the occurrence of scarce ostracodes and 
benthic foraminifers (Fig. 14), support the idea that the bottom 
waters were oxygenated. However, based on the amount of or
ganic carbon present in later sediments, Miocene-Pliocene bot
tom waters were probably only slightly oxic. The intensive de
gree of carbonate dissolution in the sediments suggests that 
remineralization processes were of high intensity during these 
Miocene and earliest Pliocene intervals. The temperature and 
salinity histories of the Neogene bottom waters are unknown. 

The continuity of the Neogene sedimentary sequences of 
both Site 642 on the central VeSring Plateau and Site 643 on the 
foot of the Vdring Plateau has been interrupted by numerous, in 
part regionally clearly correctable, hiatuses. Goll (this volume) 
defined seven clearly identifiable hiatuses, five of which can be 

vlio- found both in Sites 642 and 643. Two others are believed to be 
able of regional scope and diachronous nature. Despite the diachro-
had neity of many small and large unconformities at these sites, the 

degree of Neogene erosional truncation is remarkably similar, 
low- The Neogene sedimentary record at Site 643 prior to 13.7 Ma is 
gen- interpreted to be more than 80% complete as compared to 46% 
, the at Site 642 for the Neogene sediments older than 13.4 Ma. An 
>pic- opposite relationship holds for the sediment above the middle 
sem- Miocene unconformity where the sedimentary record is more 
and than 80% complete since 10.2 Ma at Site 642 and only 64% 

torn complete since 8.8 Ma at Site 643. Goll (this volume) has also 
f or- attempted to correlate these hiatuses with the cycle stratigraphy 
bot- and sea-level curve of Haq et al. (1987), although the correla-
; de- tions are not always completely convincing, 
that The Neogene sedimentary record of Sites 642 and 643 can be 
hese described as a series of unconformably bounded sequences, 
and There seems to be a good match between the Neogene hiatuses 

;vn. of the Norwegian-Greenland Sea (Goll, this volume) and Neo-
s of gene hiatuses of the Pacific Ocean as defined by Keller and Bar-
i the ron (1987); some of them might even extend into the Indian and 
s, in Atlantic oceans. It is an open question how the deep-water ero-
lme) sion of the Pacific Ocean and of the relatively isolated Norwe-
n be gian-Greenland Sea can have such a large degree of similarity. 

C Warm Norwegian Current 
increase in Carbonate 
Productivity 

low salinity surface lid (reduced) 

high input of ice rafted debris 

Norwegian 
Current 

occasional input of ice rafted debris 

Figure 23. Paleoenvironmental model, (a) Strong glaciation reflecting advance of continental ice on the Norwegian coastal shelf associated with off
shore pack ice drift, (b) Late glacial/early deglacial strong iceberg drift induced by surges of the marine-based parts of continental ice. (c) Intrusion 
of the Norwegian Current with retreat of iceberg drift progressively closer to the coastal regions and offshore increase in carbonate productivity (re
produced from Henrich et al., in press). 
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This problem will only be solved after a major synthesis of all 
available ODP and DSDP data from the concerned regions. 

There is a considerable amount of contradictory evidence 
based on information obtained from microfossil assemblages 
and hiatuses as evidence for erosional activity on the VizSring 
Plateau seafloor. Ostracode data, benthic foraminifer data, and 
the sedimentary structures of the Miocene and lowermost Plio
cene sections suggest a rather quiet depositional environment. 
The occurrences of the hiatuses, however, in the Norwegian-
Greenland Sea as well as in the North Atlantic Ocean (Ehrmann 
and Thiede, 1985) are evidence for major evolution of the bot
tom-water circulation. How these contradictions can be recon
ciled remains to be solved. 

Late Neogene and Quaternary-Glacial Seafloor 
Paleoenvironments 

There is a multitude of data available to address the late Ne
ogene and Quaternary deep- and bottom-water paleoenviron-
ment. As for the older intervals there is direct microfossil evi
dence from ostracodes, benthic calcareous foraminifers (Fig. 
14), and sponge spicules (Fig. 18). There are numerous observa
tions derived from the character and distribution of mechanical 
and biogenic sedimentary structures and from sedimentation 
rates. Because a major portion of this part of the sedimentary 
sequence contains calcareous microfossils, detailed records of 
the stable oxygen and carbon isotopes in benthic organisms 
(Fig. 22) and dissolution patterns of calcareous, mainly plank-
tonic, foraminifers (compare Henrich, this volume) have been 
made. 

The uppermost Pliocene-Pleistocene sediments contain in
creasingly more ostracodes (Malz, this volume). Whereas the 
Pliocene samples only contain a total of 15 specimens belonging 
to four, maybe five species, the set of Pleistocene sediments con
tains 91 specimens belonging to 22 species that show close rela
tionships to the boreal and arctic faunas. Most of these spe
cies—as known from the Holocene—usually live in water depths 
of less than 200 m, which may explain the occurrence of mostly 
juvenile forms. As for the older time spans, however, the ostra
codes are not very conclusive for the bottom-water paleoenvi-
ronment under a glacial ice cover. 

The benthic foraminifer faunas of the Pliocene-Pleistocene 
intervals are characterized by an increasing diversity of calcare
ous faunas. They occur in many sediment samples although the 
upper Pliocene and Pleistocene sections also include many vir
tually barren intervals where only ice-rafted shallow-water speci
mens such as Elphidium excavatum are found together with a 
large amount of ice-rafted material. It is only during the inter-
glacial time spans that normal oceanic deep-water faunas have 
evolved in the Norwegian-Greenland Sea. A wide sample spac
ing has inhibited a very detailed description of the benthic fora
minifer faunas in response to the glacial/interglacial fluctua
tions. There are also considerable differences in the composition 
of the benthic foraminifer faunas of Sites 643 and 642 relative to 
those from 644. The latter site is located only 440 km from the 
Norwegian coast, and its glacial sequences contain numerous 
shallow-water foraminifers documenting the close proximity of 
the coastal area and of the continental shelf. 

Some of the most important evidence for the late Neogene 
and Quaternary bottom-water paleoenvironments comes from 
the measurements of stable oxygen and carbon isotopes (Jansen 
et al., this volume). Sediments containing isolated carbonate-
rich horizons first occur in the uppermost Miocene, are increas
ingly present in the Pliocene, and are found continuously 
throughout the uppermost part of the Quaternary. Isotope ra
tios from benthic foraminifer shell material found in these hori
zons clearly document individual, isolated, glacial events close 
to 5 Ma (Jansen et al., in press). Isotope values indicate intergla-

cial values in the time span between 4.7 and 4.2 Ma. It was only 
later, near 2.7 Ma, that the benthic oxygen isotope ratios (Jan
sen et al., this volume) reached truly glacial values (Fig. 22). 
With a few interruptions of warmer intervals, a high-frequency 
variability can be observed in these data for the past 2.7 Ma. 
Increasingly heavier oxygen isotope ratios occurred almost 
throughout the entire time span until a maximum was reached 
between 0.4 and 0.1 Ma. The high-frequency variability and the 
trend toward increasingly colder environments was interrupted 
by few levels indicating lighter isotope values, for example be
tween 1.6 and 1.7 Ma, 0.8 and 1 Ma, and isolated individual 
samples in between. Since 100-150 Ka the isotope values de
creased again, but the data from Site 643 do suggest that the 
regular sequence of glacial/interglacial isotope stages from 
stage 1 back to stage 21 at approximately 0.8 Ma can be de
fined. 

Henrich (this volume) found an inverse correlation between 
calcium carbonate and organic carbon for these sediments. He 
also described an overall trend of decreasing organic material 
from 1 to 0.1 Ma (Fig. 20). Calcareous shell material is increas
ingly preserved over this same interval, as exemplified by the 
dissolution index of Neogloboquadrina pachyderma. N. pachy-
derma is almost completely destroyed and dissolved in the sedi
ments older than 1 Ma, but shows a general trend of better pres
ervation with decreasing age. There seems to be a very clear in
verse relationship between the input of organic material, that is 
known (McDonald et al., this volume) to consist of dominantly 
terrigenous ice-rafted detritus, and the preservation of the cal
careous shell material (Fig. 23). The organic-rich intervals coin
cide with very easily identifiable dark, almost black, sediment 
horizons with virtually no bioturbation, which seems to suggest 
a very sluggish or non-existent bottom-water renewal for very 
short time intervals. These intervals probably occurred either 
close to the transition from glacial to interglacial stage or within 
a glacial interval characterized by strong ice advance, possibly 
close to the shelf edge (Fig. 23) (Henrich et al., 1989). 

Sedimentation hiatuses seem to have occurred less frequently 
during the late Neogene and Quaternary, and with decreasing fre
quency in shallower water depths. Goll (this volume) described at 
least three hiatuses in sediments younger than 5 Ma at Site 643. 
At Site 642 only one clearly identifiable hiatus has been noted. 
Site 644 seems to be stratigraphically complete back to approxi
mately 3 Ma. If Goll's interpretation is correct, it would mean 
that bottom-water activity (maybe as well as slumping) was 
more intense along the foot than on top of the Vriring Plateau. 
This observation correlates well with the mode of deep-water re
newal over this entire time span. Some sediments within the up
per Neogene to Quaternary are also enriched with displaced fos
sil material (Spiegler, this volume), but we assume that most of 
this material is ice-rafted, rather than mechanically displaced by 
bottom-water currents as outlined by the author. 

HISTORY OF NORTHERN HEMISPHERE 
PALEOCLIMATES 

Direct evidence of paleoclimatic significance has been ob
tained from the studies of palynomorphs, in particular pollen 
and spores, by Boulter and Manum, Manum et al., and Mudie 
(all this volume). The compositional and temporal patterns of 
ice-rafted coarse terrigenous debris that reached the Wring Pla
teau during the past 5.7 m.y. (Jansen et al., in press; Krissek, 
Henrich et al., Henrich, all this volume) carry information on 
presence and dynamics of the ice shields that developed in the 
course of Cenozoic Northern Hemisphere cooling over Scan
dinavia and other land and shelf areas adjacent to the Norwe
gian-Greenland Sea. Clay mineralogical studies of ODP Leg 
104 sediments also provide for ample evidence of Cenozoic pa-
leoclimate over the source regions of the detrital material car-
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ried into the ocean (Froget et al., this volume). Indirect paleocli-
matic evidence can be drawn from the numerous pelagic fossil 
groups that have been found mainly in the Neogene and Quater
nary sediments of ODP Leg 104 Sites and DSDP Leg 38 drill 
sites. Although the climatic implications of these fossil occur
rences are easily recognized and quantified for the Quaternary 
and latest Neogene (CLIMAP, 1976), this information turns out 
to be ambiguous and in part contradictory in the earlier sedi
ments. 

Many of the attempts to reconstruct Northern Hemisphere 
Cenozoic paleoclimate rely on correlations of dated marine and 
continental sedimentary sequences. Stratigraphic problems have 
haunted these attempts because of the scarcity of suitable dat
ing techniques that can be applied both to pelagic and continen
tal sequences. Even the correlation of marine events and glacia-
tions on the northeast Atlantic margin during the Quaternary 
(Bowen and Sykes, 1988) is still a subject of intense debate. Par
ticularly important discrepancies to ODP Leg 104 findings have 
been pointed out in the circum-arctic realm (Thiede et al., 
1988). Paleogene evidence from Svalbard (Dalland, 1977), Neo
gene data from northeastern Greenland (Funder et al., 1985), 
northern Alaska (Carter et al., 1986) and upper Neogene-Qua-
ternary evidence from the base of the Greenland ice shield (Har-
wood, 1986) do not fit the interpretations of the corresponding 
pelagic record. Many of these discrepancies are probably due to 
stratigraphic problems that will be solved in time, but the vir
tual lack of a detailed set of data from the central Arctic Ocean 
represents probably the most important obstacle to further pro
gress in understanding the processes that led to the Cenozoic 
cooling events in the Northern Hemisphere. Because of the 
quality of the ODP Leg 104 data, from sites located in what is 
probably the most climatically sensitive region of the world 
ocean, we are presently favoring these results as opposed to the 
evidence from the incoherent and stratigraphically short shelf 
and land sections. 

The earliest climatic evidence from the Wring Plateau has 
been obtained from palynomorph studies of intrabasaltic sedi
ment layers of the lower volcanic series at Site 642. A vegetation 
consisting of conifer forests (Boulter and Manum, this volume) 
with some ferns and deciduous arborescent angiosperms has 
been established based on pollen and spores. Biogeographically 
they belong to the upper Paleocene/lower Eocene floras of the 
Brito-Arctic Igneous Province. According to Krutzsch (1966) this 
flora developed during a short cool climatic period possibly cor
relative with a cooling event described by Shackleton (1986), 
close to the Paleocene/Eocene boundary. These floras probably 
originated from the central Arctic (Boulter and Manum, this 
volume), and were bound to volcanic soils in conjunction with 
the extensive volcanism of that time. The environment consisted 
of a mixed woodland-type landscape whose lower slopes were 
covered by swamps containing cypress-like trees with ferns. Fun
gal spores were associated with rotting vegetation. The climatic 
inferences of this interpretation agree reasonably well with the 
clay mineral data that imply weathering conditions under a hot 
and moist climate leading to the formation of lateritic soils 
(Nilsen and Kerr, 1978). 

The Eocene to modern Northern Hemisphere paleoclimates 
can only be described in relatively general terms. The most im
portant paleoclimatic information for the later part of the Pa
leogene, for the Neogene, and in part for the Quaternary are de
rived from the detailed mineralogic analysis of the ODP Leg 
104 sediment sequences. Froget et al. (this volume) studied the 
bulk mineralogy and geochemistry of the clay fraction to deter
mine the source of detrital components of sediments, the type 
of climates prevailing in the source region and, where possible, 
the oceanic current regimes. 

Based on the presence of chlorite and quartz, Froget et al. 
(this volume) suggest that continued warm but somewhat less 
moist conditions than during the earlier part of the Paleogene 
existed from Eocene to Oligocene. At the beginning of the early 
Miocene, climatic conditions were still warm and damp. The 
abundance of silica and the virtual absence of fine detrital ma
terial in the sediments were probably caused by a vegetation 
cover in the sediment source area that was sufficiently thick to 
trap even fine-grained particles. During the middle/early Mio
cene a mineral assemblage similar to the previous one continued 
to be transported to the depositional site. However, quartz and 
feldspar have been observed in the coarse fraction and chlorite 
and kao finite in the clay fraction; this suggests the continuation 
of a warm to temperate climate, but with fewer effects of hy
drolysis. From the latest early Miocene and through the middle 
to late Miocene, clay assemblages indicate a progressive cooling 
from relatively warm to temperate conditions, with no intense 
continental erosion. From the latest Miocene through the Plio
cene and Pleistocene, the variable mineralogy of the deposits re
flects the alternating glacial/interglacial climatic episodes. The 
mineralogy comprises various clay minerals, quartz, feldspars, 
and amphiboles, and was influenced by the presence of ice-rafted 
material, possibly in part produced by the erosion of coastal 
moraines. Site 644 sediments indicate that a much colder and 
drier climate existed during or prior to the early Brunhes, or 
earlier, than in younger sediments. 

Pollen and spore concentrations show cyclical variations that 
appear to correspond to the climatic variations in the Pliocene 
and Quaternary (Mudie, this volume). In the older sediments 
these variations are interpreted to be the result of climatic changes 
influencing plankton productivity. According to Mudie (this vol
ume), the disappearance of a number of middle Miocene dino-
cyst species at 6.5 Ma suggests early stages of high-latitude cli
matic cooling. It is only in the Pliocene, however, that 12 cyst 
taxa disappeared, which is interpreted to reflect the onset of ma
jor continental glaciation. 

The Norwegian-Greenland Sea has a profound influence on 
the climate of the Arctic. The paleoclimatic evidence collected 
from the ODP Leg 104 drill sites in the eastern Norwegian Sea 
has contributed a new and very important set of data covering 
the Cenozoic climatic change. These data are important for 
evaluation of the present climate of the Arctic Ocean itself and 
its possible past and future states as discussed in detail by Barry 
(in press). The eastern Norwegian-Greenland Sea and the ad-
vection of heat to the subpolar-polar region through the Norwe
gian Current are some of the most sensitive elements of this sys
tem which, according to model calculation, has been cold for a 
long time. Donn and Shaw (1972) suggested that the arctic re
gions were cold even during times when the Arctic Ocean was 
ice-free, with centers of depressed temperatures over the Cana
dian Arctic Islands, northern North America, and the region of 
the northernmost part of Siberia and northeastern Europe. The 
Arctic Ocean temperatures, however, vary from near 0° C dur
ing winter to a few degrees above 0° C during summer. The re
cent variability of this region is very high, as shown by Lamb 
(1972) (see also Fig. 2 in Eldholm, Thiede, and Taylor, this vol
ume) and it is likely that it would not take much of a climatic 
change to switch the present interglacial mode of the Northern 
Hemisphere climate to glacial. Such a change would alter the 
entire polar energy budget, the patterns of atmospheric circula
tion over the Northern Hemisphere, and the sea-ice regime in 
the Arctic Ocean and the northern Greenland Sea. Even though 
the ODP Leg 104 drill sites are located in a region that is poorly 
suited to determine the early onset of glaciations, these sites can 
be used with confidence to monitor the short-term variability of 
the glacial/interglacial system and of the cold intervals during 
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the transition between the pre-glacial and the glacial Northern 
Hemisphere climate. 

QUESTIONS FOR FUTURE DEEP-SEA DRILLING 
The exciting results of ODP Leg 104 concerning the paleoen-

vironment of the Norwegian-Greenland Sea and the Cenozoic 
paleoclimate of the Northern Hemisphere open important per
spectives for future deep-sea drilling activities in the area north 
of the Greenland-Scotland Ridge. It is hoped that the main 
structural features of the central Arctic Ocean such as the Al-
pha-Mendeleyev Ridge, the Makarov Basin, and the Lomono-
sov Ridge will be drilled before the turn of the century to obtain 
long and undisturbed sequences of the sedimentary cover and 
samples of the basement. Meanwhile, drilling operations can be 
continued by means of the available techniques. Exciting prob
lems of paleoceanographic history and plate tectonic evolution 
of the Norwegian-Greenland Sea/Arctic Ocean complex can be 
solved by coring at a number of localities. Below we list a num
ber of scientifically valuable potential coring localities, described 
from north to south without assigned priorities. 

1. Yermak Plateau: The Yermak Plateau, to the north of 
Svalbard, is seasonally ice-free in the area where it abuts the 
continental margin. It is covered by thick undisturbed Quater
nary and (?) Neogene sedimentary sequences that would offer 
information on the paleoceanography of the middle and late 
Cenozoic Arctic Ocean. 

2. Central Fram Strait: Plateau between the Molloy Deep 
and the Hovgaard Fracture Zone in the central Fram Strait. The 
undisturbed sedimentary sequences of this plateau will offer in
formation on the transition from pre-glacial to glacial condi
tions and on the water exchange between the deep Arctic Ocean 
and the Greenland Basin. 

3. Western central Greenland Basin: An undisturbed sedi
mentary sequence is resting on top of relatively old Paleogene 
oceanic crust, but modern intraplate volcanism (Vesterisbanken) 
has disturbed the regular evolution of the oceanic crust. It will 
be possible in this region to sample a relatively old stratigraphic 
sequence and to try to evaluate the impact of the important 
downwelling processes and the intensive bottom-water renewal. 

4. The extension of the paleoenvironmental transect from 
the Wring Plateau along the Jan Mayen fracture zone to the 
East Greenland continental margin: This transect will probe 
sedimentary sequences documenting the history of the central 
Norwegian-Greenland Sea water mass that is under dominant 
polar influence, and its western extension, in particular the his
tory of the East Greenland Current. The East Greenland Cur
rent should have a much longer glacial history than the region 
of the Wring Plateau. 

5. The continental margin of East Greenland just outside 
Scoresby Sund is characterized by very important sediment ac
cumulation, linked in its origin to the history of this fjord sys
tem and to the Greenland ice shield in the continental hinter
land. 

6. The Aegir Ridge and the easternmost Iceland Plateau is 
located in a region of important Paleogene perturbations of the 
plate tectonic framework of the opening of the Norwegian-
Greenland Sea. In addition to studies of the nature and age of 
the oceanic crust, it would be very important to sample the 
older part of the stratigraphic sections. 

7. The history and origin of the Greenland-Scotland Ridge 
is not well understood even though this volcanic ridge is one of 
the most important aseismic rises of the entire earth. Its con
struction and subsidence had far-reaching consequences for the 
paleoceanography of the Norwegian-Greenland Sea, the North 
Atlantic Ocean, and the paleoclimate of the entire Northern 
Hemisphere. 

The investigations of ODP Leg 104 samples and data and 
their evaluation will go on for many years to come, because they 
provide a unique set of information on the early history of the 
young Norwegian Sea and of the Neogene and Quaternary pa-
leoenvironment. However, for a complete understanding of the 
problems addressed during Leg 104, the other locations listed 
here must be sampled. It will be an important effort to complete 
this history of the Norwegian-Greenland Sea Arctic Ocean pa-
leoenvironment, which holds the key to one of the most exciting 
processes of Earth history. 

CONCLUSIONS 
1. The ODP Leg 104 drill sites penetrated Quaternary, Neo

gene, and Paleogene pelagic and hemipelagic deposits. At Sites 
642 and 643 the sediments overlie volcanic basement. The latter 
consists of oceanic crust at Site 643 (foot region of the Wring 
Plateau) and of a theoleiitic volcanic sequence of "dipping re
flectors" on top of older volcanic rocks of dacitic composition 
with continental affinities at Site 642. Numerous interlayered 
fossiliferous sediment horizons in the "dipping reflectors" docu
ment a dominantly subaerial, episodic volcanic activity with la-
teritic soils forming on top the flows. The oceanic crust of the 
outermost Wring Plateau formed in intermediate water depths. 
The central part of the Wring Plateau rose originally above sea 
level; the highest volcanic peaks subsided below sea level in the 
Neogene. The differential subsidence of this segment of the vol
canic margin of central Norway resulted in considerable diffi
culties in interpreting bottom-water properties because of the 
continuously changing depth levels. 

2. Evidence of the Paleogene surface-water properties ob
tained from the intravolcanic sediment horizons of Site 642 and 
the Paleogene part of the sedimentary sequence of Site 643 is 
difficult to interpret because the Wring Plateau subsided rap
idly during that time and its central part was obviously located 
close to a former shoreline whereas the water masses just out
side were clearly influenced by pelagic depositional environ
ments. The scarcity of dinocysts, diatoms, radiolarians, ebridi-
ans, and silicoflagellates documents the early transgression of 
the sea into the narrow and young basins of the Norwegian-
Greenland Sea. 

3. Evidence for the Paleogene bottom-water properties of 
the eastern Norwegian Sea is poor, a result of the few observa
tions of sedimentary structures and scarce benthic arenaceous 
foraminifers. The poorly preserved and scarce faunas may be 
the result of intensive dissolution processes that removed the 
calcareous faunal components. Eocene and Oligocene faunas 
are in general characterized by a scarcity of specimens and rela
tively low diversity. During the Miocene the sediment composi
tion changed completely; biogenic siliceous oozes dominate the 
lithologies of Sites 642 and 643, reflecting a r^latively high sur
face-water productivity and deep-water mas that are poorly 
ventilated and that caused intensive dissolutio I of calcium car
bonate. However, the benthic foraminifers provide rich evidence 
of changing bottom-water depositional environments, although 
the information is too meager at present to determine when the 
Norwegian Sea became a source region for the bottom-water re
newal of the main North Atlantic Basin. Benthic foraminifers 
seem to suggest that water exchange between the main North 
Atlantic basin and the Norwegian-Greenland Sea, resembling 
the modern circulation regime, became established in the mid
dle Miocene. In general, the Miocene and lowermost Pliocene 
sedimentary sequences give the appearance of a quiet and slowly 
changing depositional environment, but frequent variations of 
most benthic organisms suggest highly variable living condi
tions on the seafloor of the Wring Plateau. 

4. The drill sites form a paleoenvironmental transect across 
the Plateau from the Wring Basin to the foot region of the 
Wring Plateau. The transect crosses the central part of the mod-
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ern Norwegian Current, which is one of the most sensitive ele
ments of the modern climatic regime, and whose temperate to 
cool water masses were replaced by cold, mostly ice-covered wa
ters during glacials (Fig. 23). While information on Paleogene 
depositional environments was only obtained from Sites 642 
and 643, Neogene and Quaternary deposits were collected at all 
three sites. Differences in sediment composition and flux rates 
have been used to establish gradients between different segments 
of the Norwegian Current and the various bottom waters that 
abutted the continental margin. 

5. The paleoenvironmental theme dominating many ODP 
Leg 104 studies is the transition from a temperate early Neogene 
to the glacial Pliocene, in particular Quaternary surface waters, 
which drastically affected and changed the properties of the 
eastern Norwegian Sea (Table 1). Although the ODP Leg 104 
drill sites are located in a region poorly suited to determine the 
initial onset of glaciations, these sites can be reliably used to 
document the short-term variability of the glacial/interglacial 
system and to study the cold intervals that existed during the 
transition between the pre-glacial and the glacial Northern Hemi
sphere climate. 

6. Surface water cooled during the late Miocene, reaching 
cool to cold temperatures in the earliest Pliocene. The first ice-
rafted material appeared after a short time of relatively warm 
surface waters close to the Miocene/Pliocene boundary. Prior 
to 2.5-2.6 Ma, ice-rafted material began to arrive at the Vdring 
Plateau in very small quantities, at irregular intervals, and usu
ally for relatively short time spans. At 2.5-2.6 Ma a major de
positional phase of modest but consistent quantities of ice-rafted 
material began, lasting to approximately 1.2 Ma, at which time 
a rapid increase in the abundance of coarse ice-rafted detrital 
deposition occurred. The maximum concentrations of the ice-
rafted material are found in sediments at about 0.4 Ma, and 
these concentrations decrease in the younger sediments. 

7. Planktonic foraminifer distributions and oxygen-isotope 
data suggest that the increase in intensity of ice-rafted material 
deposition at 2.6 Ma was preceded by a long cold span with 
only discontinuous faunas and relatively little carbonate pre
served. The highest diversities are found close to the transition 
from the uppermost Miocene to the Pliocene. The ensuing gla
cial development (during the Brunhes Chron) differed from the 
earlier one by showing indications of severe glaciations that 
were interrupted by few and short intervals of a warm-water in
flux into the Norwegian Sea. The warm-water influx reflects the 
young and episodic occurrence of the Norwegian Current. 

8. Oxygen isotope ratios of the planktonic and benthic fora
minifer shell material and sedimentological data (ice-rafted de
tritus, carbonate flux) suggest completely different climatic and 
oceanic regimes existed for the early part of the glacial history 

Table 1. History of North Atlantic ice-rafting. 

Time (Ma) Event 

10.2 First occurrence of ice-rafted materials S of 
Iceland (DSDP Site 408) 

5.7-3.1 Time span of modest, episodic events of ice-rafting 
(ODP Leg 104, Sites 642-643) 
Time span of ice rafting: 5.7-5.1 Ma 

4.7-4.4 
4.0-3.6 
3.3-3.1 

2.6 Major increase of ice rafting, modest fluctuations, 
virtually no "interglacials" 

1.0-1.2 Major increase of ice rafting, beginning of glacial-
interglacial mode 

0.4 Late Quaternary peak events, much more impor
tant than last glacial maximum 

-0 .17 

of the eastern Norwegian Sea. Compared to the later part, the 
early history (2.6-1.2 Ma) was characterized by glacial environ
ments, apparently with no clearly developed interglacials. Dur
ing the time span between 1.2 and 0.6 Ma, oxygen isotope ratios 
grow considerably heavier than before. Subsequently, typical 
and regular fluctuations between glacials and interglacials re
flecting 100-k.y. cycles are observed in these cores. 

9. The Neogene sedimentary sequences of Sites 642 and 643 
have been interrupted by numerous, correctable hiatuses. These 
suggest the repeated evolution of pulses of intensive bottom-wa
ter renewal leading to the erosion of the soft and organically 
rich sedimentary cover. In part they may correlate with the global 
hiatus record of Keller and Barren (1987). 

10. Clay mineral distributions, pollen, and spores provide 
evidence for the Northern Hemisphere Paleogene and Neogene 
Quaternary climatic evolution. Close to the Paleocene/Eocene 
boundary, the climate was tropical to subtropical and moist, re
sulting in the formation of lateritic soils on the volcanic ter
rains. During the Paleogene and in particular the Neogene, the 
climate cooled first to temperate conditions and finally, toward 
the end of the Miocene and during the Pliocene, it achieved its 
glacial mode of variable intensity that has existed since. 
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