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INTRODUCTION 

The ODP Leg 104 drilling program was designed to study the 
nature and origin of the Vriring marginal high and the Cenozoic 
paleoenvironment of the Norwegian-Greenland Sea. In particu
lar, drilling was planned to provide information about the vol
canic, structural, depositional, and climatic history of a rela
tively young passive continental margin that has been mapped 
extensively by geophysical surveys. 

The outer Wring Plateau (Figs. 1, 2), bounded landward by 
the Wring Plateau Escarpment, forms a buried, marginal struc
tural high with respect to the adjacent Lofoten and Norway 
deep basins on the seaward side, and the Mrire and Wring sedi
mentary basins on the landward side. Below a relatively thin 
cover of Cenozoic sediments, the top of the high is marked by a 
smooth, strongly reflecting horizon identified as lower Eocene 
basalt by drilling during DSDP Leg 38 (Talwani, Udintsev, et 
al., 1976). Beneath the basalt there are locally well-developed 
wedges of seaward-dipping reflector sequences. The innermost 
part of the sequence rests on a band of low-frequency reflectors 
of which the upper, most prominent, often is referred to as re
flector K (Talwani et al., 1983; Hinz et al., 1984). Similar fea
tures have recently been documented from many of the world's 
passive margins. 

The primary drilling objective was to determine the nature 
and composition of the dipping sequence and base reflector K 
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(Fig. 2). In addition, drilling was designed to document further 
the nature and composition of the lower Eocene basalt to give 
information about the subsidence and depositional history of 
the marginal high relative to that of the adjacent basins. This 
information should provide important constraints as to mode 
and timing of the emplacement of the different rock complexes, 
the location of the continent-ocean boundary, and early evolu
tionary history of the passive continental margin. 

The Norwegian-Greenland Sea is the northernmost part of 
the Atlantic Ocean where cold North Atlantic deep water 
(NADW) is formed. The NADW flows south across the Green
land-Scotland Ridge, through the Atlantic Ocean, and into the 
adjacent deep Pacific and Indian ocean basins. This process of 
bottom-water formation developed during the Cenozoic as a 
consequence of the Northern Hemisphere glaciation and is re
flected by the composition and distribution of pelagic sediments 
in the Norwegian-Greenland Sea. The outflow of cold bottom 
water is balanced by the inflow of relatively warm surface water 
from the Atlantic across the eastern part of the Greenland-Scot
land Ridge. This surface current, the Norwegian Current, trails 
the Norwegian continental margin and influences the climate of 
the entire northwestern part of Europe. 

The secondary drilling objective was to provide information 
about the Cenozoic paleoenvironment of the Norwegian-Green
land Sea; specifically, coring results were meant to relate the pa-
leoceanographic history of the Norwegian-Greenland Sea to the 
influence of the Norwegian Current, which in turn is a continua
tion of the Gulf Stream system into the northern polar basins. 
We hoped to describe the paleoclimatic history of the Northern 
Hemisphere with particular attention to the initiation, sequence, 
and variability of the glacial-interglacial fluctuations and to ob
tain data about the Cenozoic evolution of floras and faunas in 
response to the paleoclimatic and paleoceanographic processes. 

Eight holes were drilled at three sites during Leg 104 (Figs. 1 
and 2). A deep penetration site (642) is flanked by sites near the 
base of the Wring Plateau (643) and in the Wring Basin (644). 
The three drill sites form a short transect roughly perpendicular 
to the Wring Plateau continental margin. Site 642, primarily 
designed to resolve the nature and origin of the Wring Marginal 
High, also forms a center point of a paleoenvironmental tran
sect of drill holes. This site transect allows us to study the Nor
wegian Sea Cenozoic paleoenvironment at different water depths 
and distances from land, and in distinct geological positions. 

At Site 642 (Holes 642A through 642E) we drilled through 
a 320-m-thick, mainly Neogene, sedimentary section and into 
910 m of volcanic flows and thin, interbedded volcaniclastic 
sediments (Fig. 3). We believe we drilled through the entire dip
ping reflector sequence and into about 130 m of the underlying 
rocks. Site 643, which reached oceanic basement after drilling 
565 m of sediments, also contains a thick Paleogene sequence 
(Fig. 3). Finally, Site 644 (Holes 644A and 644B) operations 
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Figure 1. Main structural features, seafloor-spreading magnetic anomalies and simplified bathymetry 
(hundreds of meters) in the Norwegian-Greenland Sea. Zone III outlines the extent of the seaward-dip
ping reflectors. From Skogseid and Eldholm (unpublished). 
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Simplified schematic section across the Wring Plateau, indicating the general setting of the drill sites, 
from Eldholm et al. (1984). 
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Figure 3. Generalized stratigraphic sections for ODP Leg 104 sites. 
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cored through a 250-m sequence of stratigraphically highly re
solved Quaternary and upper Pliocene sediments (Fig. 3). The 
drilled sedimentary sections from all sites are particularly valu
able throughout the Neogene and Quaternary and collectively 
may be considered as a key stratigraphic reference section for 
northern high latitudes. The main drilling results are compiled 
in summary diagrams (Figs. 4-8). 

In this chapter we summarize the ODP drilling results ob
tained at the Wring Plateau in the summer of 1985. Although 
we were successful in accomplishing all our major drilling ob
jectives, we do stress the preliminary nature of these results and 
inferences, which are based almost exclusively upon the analyses 
performed by the shipboard scientific party during the leg and 
on any new data made available at the postcruise meeting in 
College Station, Texas, 24-28 April 1986. 

PRINCIPAL DRILLING RESULTS 
Location and key drilling data for each hole are listed in 

Table 1. 

Site 642 
Site 642, consisting of five holes within 450 m of each other, 

is located at the outer Wring Plateau in water depths of 1289 to 
1293 m, and over the innermost wedge of a dipping reflector se
quence (Fig. 1). The total drilled depth below the seafloor was 
1229.4 m; 320 m consisted predominantly of pelagic-hemipe-
lagic Neogene and Quaternary sediment overlying a 910-m-
thick volcanic, mostly basaltic, sequence with interbedded pyro-
clastic sediments. The shipboard studies results are summarized 
in Figures 4 through 6. The Eocene-Miocene hiatus is illus
trated in Figure 9; the transition from the lower to the upper 
volcanic series is shown in Figure 10. The sedimentary section 
comprises four main lithologic units: 

Unit I. 0-65 m 
Late Pliocene to Recent. Interbedded dark, carbonate-poor 

glacial muds and light, carbonate-rich, interglacial marine sandy 
muds. 

Unit II. 65-157 m 
Middle Miocene to late Pliocene. The unit is divided into 

four subunits: Subunit IIA. 70-83 m. Early Pliocene to late Pli
ocene. Nannofossil oozes with minor diatom-nannofossil oozes 
and muds. Subunit IIB. 83-108 m. Late Miocene. Siliceous muds 
and siliceous oozes. Subunit IIC. 108-146 m. Middle to late Mi
ocene. Interbedded nannofossil oozes, marly nannofossil oozes, 
siliceous nannofossil oozes, siliceous muds, siliceous oozes. Sub-
unit IID. 146-157 m. Middle Miocene. Mixed siliceous-calcare
ous oozes with minor siliceous muds and nannofossil oozes. 

Unit III. 157-278 m 
Early Miocene to middle Miocene. Siliceous muds and sili

ceous oozes. 

Unit IV. 278-327 m 
Eocene. Volcaniclastic and altered volcaniclastic muds, sandy 

muds, and sands. 
In addition, about 50 discrete ash layers within the units 

mentioned document late Cenozoic volcanicism. 
The entire volcanic section below the sedimentary units con

tains 146 volcanic flows, 60 volcaniclastic sediment layers, and 
7 possible dikes. The volcanic section is divided into upper and 
lower series that are distinctive in textural, structural, physi
cal, mineralogical, and chemical characteristics of the flows, as 
well as in the compositions of interlayered volcaniclastic sedi
ments. Both series have been deposited in a terrestrial, subaerial 
environment. 

Upper Series. 327-1087 m 

Late-middle(?) to late-early Eocene. The upper series con
sists of 120 flows. The flows are aphyric to moderately plagio-
clase and olivine-phyric, with N-type MORB composition. These 
tholeiitic lava flows have strong affinities with other plateau ba
salts within the Paleogene North Atlantic Volcanic Province and 
mid-Atlantic Ridge basalts from the Reykjanes Ridge. Two vari
eties of flows, differing in granularity, crystallinity, internal flow 
fabric, physical properties, and average thickness, make up the 
upper series. However, these flows are indistinguishable chemi
cally. Fifty-three interlayered volcaniclastic sediment units, which 
make up about 4% of the series, are mostly basaltic vitric tuffs. 

Lower Series. 1087-1229 m 
Early Eocene(?). The lower series is characterized by glassy, 

variolitic, and microcrystalline flows. There are two magma 
types, one derived by partial fusion of sedimentary or metasedi-
mentary rocks, the other from contamination of the upper se
ries tholeiites by the crustal melt. Interbedded volcaniclastic sed
imentary rocks make up about 29% of the lower series, which 
contains significant quantities of quartz and mica of continen
tal origin. A few fragments of leucocratic gneiss and quartz-
mica schist occur in the lowest sediment drilled and within an 
ignimbrite unit. Two of the four dikes are chemically compara
ble with their bounding flows, whereas the other two are of tho
leiitic composition. 

Temporal Framework 
A preliminary temporal framework for Site 642 has been es

tablished from biostratigraphic and paleomagnetic results. It in
cludes the Paleogene volcanic eruptions emplacing the 146 ba
saltic flows and the depositional environments of the interbed
ded sediments, as well as the overlying pelagic to hemipelagic 
Neogene and Quaternary sediments. Although the present strati-
graphic interpretation is of variable precision, the correlation of 
the biostratigraphic and magnetostratigraphic data with an ab
solute time scale provides a reasonably well-documented timing 
for the Cenozoic history of the Outer Wring Plateau. However, 
shore-based studies are expected to improve the stratigraphy con
siderably, as these include detailed biostratigraphic work and ra-
diometric dating of the volcanic rocks. 

Volcaniclastic deposits occur between the individual flows 
within the volcanic series, in Unit IV overlying the volcanics, 
and as discrete ash layers dispersed in the Neogene and Quater
nary sequences. The dating of the volcaniclastic sediments be
low the lower Miocene unconformity (Fig. 9), based solely on 
palynomorphs and to a minor extent silicoflagellates, shows a 
downhole progression from the late to early Eocene. However, 
the long ranges of most species within these volcaniclastic units 
could also satisfy other models. The biostratigraphic data yield 
ages from early Eocene (52-58 Ma) as a maximum for the lower 
volcanic series, to late Eocene for Unit IV on top of the upper 
volcanic series (Fig. 48, Site 642 chapter). 

Based on the reversed magnetic polarity of the entire vol
canic series, the late/middle Eocene potassium-argon ages of 
basalts at DSDP Sites 338 and 342 (Kharin et al., 1976) and the 
existence of lower Eocene sediments above the basalt at DSDP 
Site 338, we suggest an early Eocene age for the upper series. 
The lower series is inferred to be slightly older than the upper 
series. Inconclusive data have not allowed us to evaluate whether 
the two volcanic series represent relatively short-lived volcanic 
events restricted to certain age intervals, or if these are the result 
of continuous longer lasting volcanic activity. It appears, how
ever, that a rapid succession of flows of variable length, and 
possibly derived from several sources, led to the formation of 
the dipping reflector sequence. Although both volcanic series 
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Table 1. Leg 104 drilling information summary. 

Hole 

642A 
642B 
642C 
642D 
642E 

Latitude 
(N) 

67°13.5'N 
67°13.5'N 
67°13.2'N 
67°13.2'N 
67°13.2'N 

Totals for Site 642 

643A 

644A 
644B 

67°42.9'N 

66°40.7'N 
66°40.7'N 

Totals for Site 644 

Grand totals 

Longitude 
(E) 

2°55.7'E 
2°55.7'E 
2°55.8'E 
2°55.8'E 
2°55.8'E 

1°02.0'E 

4°34.6'E 
4°34.6'E 

Water 
depth 
(m) 

1292.7 
1292.7 
1292.1 
1292.1 
1289.0 

2779.8 

1226.3 
1225.9 

Number 
of cores 

1 
25 
24 
20 

107 
177 

61 

34 
15 
49 

287 

Meters 
cored 

9.5 
221.1 
199.6 
139.0 
906.9 

1476.1 

565.2 

252.8 
127.7 
380.5 

2421.8 

Meters 
recovered 

9.9 
215.6 
192.8 
117.0 
372.6 
907.9 

449.2 

238.4 
103.6 
342.0 

1699.1 

Percent 
recovered 

104 
98 
97 
84 
41 
62 

79 

94 
81 
89 

70 

Meters 
drilled 

1.3 
0 
0 

189.9 
322.5 
513.7 

-
— 
— 
— 

513.7 

Total 
penet. 

(m) 

10.8 
221.1 
199.6 
328.9 

1229.4 
1989.8 

565.2 

252.8 
127.7 
380.5 

2935.5 

Time on 
hole 
(hr) 

11.00 
30.00 
43.75 
56.25 

695.75 
836.75 

139.75 

34.75 
20.25 
55.00 

1031.50 

were laid down subaerially, there are indications of shortlived 
marine transgressions. We recognize the presence of pelagic ma
rine microfossils (siliceous and organic walled) in the upper se
ries, but presently we cannot exclude the possibility that some 
of this material is reworked. 

The pelagic to hemipelagic deposits overlying the volcanic 
sequence have been dated rather precisely by a combination of 
datum planes from biostratigraphic data of palynomorphs, dia
toms, silicoflagellates, calcareous nannofossils, calcispheres, ra-
diolarians, benthic and planktonic foraminifers and magneto-
stratigraphic data (Figs. 4-5). However, the magnetostratigraphic 
data have presently proven useful only for the Pliocene and 
Quaternary sequences. Except for some disputed possible short 
hiatuses in the Neogene part of the section, which may simply 
represent zones of very low sediment accumulation rates, there 
is good agreement among the various biostratigraphic data. In 
general, we document continuous sedimentation for long Neo
gene intervals, although sedimentation rates seem to have fluc
tuated at irregular intervals. 

Approximately 50 ash layers have been detected in the Neo
gene and Quaternary sediments. The identified tephra horizons 
occur in various lithological forms, but the most prominent 
ones comprise discrete layers of tephra composed of unconsoli-
dated, well-sorted, very fine sands and, less commonly, coarse 
silts. The layers are exclusively 1- to 10-cm-thick vitric ashes and 
are classified according to vesicularity, decreasing coloration, and 
decreasing refractive index. We suggest these are of air-fall ori
gin. The tephra layers occur with an average frequency of about 
three layers per 1 m.y, but less often during the past 5 m.y. On 
the basis of the petrographic data, all tephra layers are of mod
erately to highly differentiated chemical composition, probably 
belonging to a common magmatic differentiation sequence (tho-
leiitic andesite-icelandite-rhyolite). Iceland is the likely eruptive 
source of most of these tephra layers. Based on the stratigraphic 
distribution of ash at Site 642, a decrease in the rate of explosive 
eruptions from the Miocene to the Pliocene-Pleistocene can be 
assumed. This result contrasts with estimates by Donn and Nin-
kovich (1980), who proposed an increase in explosive eruptions 
in the same time span. 

Site 643 
Site 643 is located on the lower slope near the foot of the 

outer Wring Plateau, seaward of the dipping reflector sequence 
and in an area underlain by typical oceanic basement dated as 
magnetic anomaly 23 (Fig. 1). The site also forms the western, 
and deepest, end of the Leg 104 paleoenvironmental site tran
sect. 

The single-bit Hole 643A, in water 2780 m deep, penetrated 
a 565.2-m-thick pelagic and hemipelagic sedimentary sequence 
and terminated in basaltic rubble (Fig. 3). Poor hole conditions 

prevented further drilling as well as the planned logging pro
gram. The shipboard studies results are summarized in Figure 7. 

The Cenozoic sedimentary section at Site 643 comprises five 
lithologic units that in general can be correlated with the litho-
stratigraphic record of Site 642: 

Unit I. 0-49.4 m 
Early Pleistocene to Recent. Glacial-interglacial sedimentary 

cycles consisting of alternating dark, relatively carbonate-poor, 
and light, carbonate-rich layers of muds, sandy muds, and sandy 
calcareous muds. Evidence of moderate slumping was found. 

Unit II. 49.4-100.2 m 
Late Miocene to late Pliocene. This unit was affected by 

slumping. Based on compositional data, it is subdivided into 
three subunits. Subunit IIA. 49.4-63.8 m. Late Pliocene. Sili
ceous nannofossil ooze. Subunit IIB. 63.8-81.3 m. Late Mio
cene-early Pliocene. Predominantly terrigenous, containing sili
ceous muds and mud with only minor amounts of nannofossil 
ooze. Subunit IIC. 81.3-100.2 m. Late Miocene. Predominantly 
diatomaceous nannofossil ooze. 

Unit III. 100.2-274.1 m 
Early-late Miocene. Primarily diatom oozes. 

UnitIV. 274.1-400.7m 
Early Miocene. Monotonous dark, extremely fossil-poor ter

rigenous mudstones and minor gray nannofossil chalk. 

Unit V. 400.7-565.1 m 
Early(?)-middle Eocene to late Oligocene. Predominantly 

dark greenish gray to dark reddish brown and grayish brown ze-
olitic mudstones, most of which are intensively compacted and 
laminated. The lowermost two cores contain pebble- to cobble-
sized basaltic fragments, a polymict conglomerate of pyroclas-
tic rocks and a dark basaltic conglomerate. This may indicate 
that drilling terminated in a basal sequence overlying oceanic 
basement. 

Temporal Framework 
The temporal framework for this site, based on micropaleon-

tological and paleomagnetic data, cannot match the detail and 
precision established for the Neogene sequence at Site 642. Nev
ertheless, it provides enough information to establish a prelimi
nary sequence of events controlling the depositional environ
ment. Because of its deep water location, low sedimentation 
rates, and intensive diagenesis in the deeper part of the cored 
section, many of the fossil groups at Site 643 were not as well 
preserved as those in Site 642. The most extensive microfossil 
groups are the palynomorphs and siliceous plankton, whereas 
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Figure 4. Summary diagrams for Holes 642A and 642B. 
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Figure 5. Summary diagrams for Holes 642C and 642D. 
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Figure 9. Core photograph of the prominent unconformity in Hole 642D 
corresponding to the change between lithologic Units III and IV, and 
seismic horizon A. 
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Figure 10. Photograph of Core 104-642E-94R showing the lowermost 
flow in the upper series and the prominent sediment layer separating the 
two volcanic series. 

calcareous nannofossils and planktonic foraminifers are restricted 
mainly to the upper part (middle Miocene and younger) and se
lected intervals in the Paleogene (Fig. 14, Site 643 chapter). 

There is no major disagreement about the middle to early 
Eocene ages of the oldest cores at this site, and the age of the 
basaltic conglomerates in the bottom of the hole is most likely 
late-early Eocene. A typical basement unit was not reached, but 
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the hole bottomed in volcaniclastic rocks with a conglomeratic 
unit at the base. A similar conglomerate was drilled at DSDP 
Site 343. This latter site occupies an equivalent structural posi
tion near the base of the plateau further north. A correlation of 
lithologies at this site with those at Site 643 suggests that the ba
saltic conglomerate at Site 643 represents the transition to the 
oceanic basement below. The recovered basalt fragments also 
have a composition similar to that of oceanic crust. These ob
servations, together with analysis of the seismic reflection pro
file at this site, indicate that the hole probably terminated in 
a basal sediment sequence directly overlying the oceanic base
ment. Thus, the cored section might provide important con
straints in terms of the subsidence history. 

Eocene faunas and floras are traced through the entire inter
val between 475 and 565.2 mbsf. The Eocene deposits, however, 
are overlain by a thinner (400-470 mbsf) Oligocene sediment se
quence identified by calcareous nannofossil and planktonic fo-
raminiferal datum planes and palynomorph data. The depth in
terval 72-400 mbsf is Miocene in age, based on the good agree
ment among most of the microfossil groups (Fig. 7). Many 
discrepancies exist among dates in the Pliocene to Quaternary 
(0-72 mbsf) interval. Difficulties arose from attempts to corre
late the paleomagnetic and biostratigraphic data, and from the 
presence of slumped intervals in part of the sequence where the 
biostratigraphic control is poor. The Neogene and Quaternary 
sequence contains numerous volcanic ashes that can be corre
lated with great precision to the air-fall tephra layers at Site 642. 

Site 643 never experienced shallow-water depositional envi
ronments and can be considered the deep-water analog to the 
DSDP sites on the Wring Plateau and ODP Site 642. However, 
the sedimentation rates are higher than anticipated, mainly be
cause of the presence of slumped sediment layers. Nevertheless, 
the sedimentary section here provides a record of the deposi
tional environments under the seaward boundary of the Norwe
gian Current in water depths close to the Norwegian Sea basin 
floors. 

Site 644 
Site 644 represents the landward end of the paleoenviron-

mental transect. The site is located in water 1226 m in depth, in 
the Wring Basin and close to the base of the inner continental 
slope (Fig. 2, Chapter 1). This basin is an area of high Neogene 
sedimentation rates and, because of safety reasons, drilling was 
permitted only to a depth of 250 m. Thus, we expected to core 
only a relatively young sedimentary sequence. The shipboard 
science results are summarized in Figure 8. 

The upper Neogene and Quaternary sedimentary section has 
been subdivided into two lithologic units: 

Unit I. 0-230.9 m 
Late Pliocene to Recent. Subunit IA. 0-49.9 m. Late Quater

nary. Inter bedded dark, carbonate-poor, glacial sandy muds and 
light, interglacial, calcareous muds. Subunit IB. 49.9-84.2 m. 
Mid- to late Quaternary. Interbedded dark, carbonate-poor and 
light, interglacial, calcareous muds, sandy calcareous muds, and 
marly foraminiferal-nannofossil oozes. Subunit IC. 84.2-230.9 
m. Late Pliocene to mid-Quaternary. Interbedded dark, carbon
ate-poor (glacial) muds and sandy muds, and light (interglacial) 
siliceous muds, siliceous nannofossil muds, and nannofossil muds. 

Unit II. 230.9-252.8 m 
Mid-Pliocene. Interbedded siliceous oozes and mixed siliceous 

nannofossil oozes. Significant quantities of methane were found 
from about 40 mbsf to the total cored depth. Large gas-expan
sion cracks were noted in the interval 73-159 mbsf. The gas 
within these cracks was composed of 45%-89% methane. Eth
ane, propane, and butane were present at low parts per million 

(ppm) levels, particularly toward the bottom of the hole. The 
composition of the gas mixtures indicates that the methane is of 
biological origin. The other hydrocarbon gases are probably 
products of very low temperature genesis. These geochemical re
sults contrast with findings at the two previous sites, where the 
maximum amount of methane was only 23 ppm. 

Temporal Framework 
Measurements of the remanent magnetic properties have pro

vided a detailed magnetostratigraphic record, which can be cor
related with the biostratigraphic data; both data sets are in good 
agreement and provide a precise, high-resolution temporal frame
work for paleoenvironmental reconstructions. The base of the 
hole was assigned an age of about 2.9 Ma (Gauss epoch). 

Almost all important oceanic microfossil groups have con
tributed to the biostratigraphic framework. Siliceous micro fos
sils were not found in the upper 85 m of the cored section, and 
only occur rarely below this depth. Diatoms and silicoflagellates 
are abundant, however, in the lowermost 25 m of Hole 644A. 
Silicoflagellates give an early late Pliocene (Gauss epoch) age to 
this interval, which is in agreement with the earliest occurrence 
of Globorotalia inflata. Two stratigraphic boundaries can be de
fined for planktonic foraminifers, namely N22/N23 and N21; 
the top of Zone N21 marks the Pliocene-Pleistocene boundary 
with the last occurrence of left-coiling Neogloboquadrina atlan-
tica, which is found almost 50 m below the magnetostratigraphi-
cally defined boundary. However, its stratigraphic distribution 
in high-latitude areas is only poorly known. Other useful datum 
planes come from calcareous nannofossils and palynomorphs. 

The stratigraphic record of Site 644 is correlated with Sites 
642 and 643. The biostratigraphic and magnetostratigraphic cor
relations between the three sites are aided by the tephra stratig
raphy. 

NATURE A N D COMPOSITION OF THE V0RING 
MARGINAL HIGH 

Sedimentary Seismic Stratigraphy 
Several regional reflectors correspond to sediment horizons 

in the section that overlie the prominent seismic marker EE de
fining the marginal high (Caston, 1976; Hinz et al., 1984; Mut
ter, 1984). Seismically, the post-lower Eocene sequence is com
posed of an upper, highly stratified section and a lower, less-dis
tinct section, separated by a well-defined seismic marker (Fig. 7, 
Chapter 1). Using ties to DSDP Leg 38 drill sites, most investi
gators have interpreted this main intrasedimentary reflector at 
the Wring Plateau as representing the decrease in global sea 
level at mid-Oligocene times. On the other hand, Skogseid (1983) 
and Skogseid and Eldholm (unpublished) have continued the 
Cenozoic seismic stratigraphy established on the Norwegian con
tinental shelf (Bden et al., 1984) onto the outer Wring Plateau. 
Although the correlation across the Wring Plateau Escarpment 
is not without ambiguities in the Paleogene, this procedure indi
cates that the intrasedimentary marker at the marginal high cor
responds to reflector A dated as base, or lowermost, Miocene. 

Through drilling results we have dated three reflectors that 
correspond to regional reflectors. These reflectors had been rec
ognized earlier on the adjacent continental shelf by drilling and 
in seismic data. These are the base Pliocene (O), base Miocene 
(A), and mid-Oligocene (A') reflectors. Moreover, our data ap
pear to confirm the inferences by Skogseid (1983), which tie the 
outer margin reflectors to those of the basin and also demon
strate the need for some reevaluation of the seismic stratigraphy. 
It is possible that the duration of the hiatus near the base of the 
Miocene at Sites 642 (Figs. 5 and 7) and 643 is related to the re
lief seen in reflector EE. If this assumption is correct, Site 642, 
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which is located near the most elevated part of EE, may still 
have been in shallow water at the end of the Oligocene. 

In general, there is an excellent correspondence between the 
acoustic impedance logs, calculated from physical-properties 
measurements, and the seismic record. Most sedimentary reflec
tors correlated with coring results on Leg 104 are associated 
with changes in the sedimentation rate or unconformities. In 
addition, the negative impedance contrast associated with bio-
genic gas accumulations at Site 644 gives rise to a seismic event. 

A surprising result was that the sediment seismic velocities 
calculated from the drilling depths to intervals of the seismic 
record yielded much lower values than surface measurements 
(Myhre, 1984). Values in the range 1.65-1.70 km/s appear rep
resentative of the drilled sections. Consequently, the sedimen
tary thicknesses are somewhat smaller than earlier anticipated. 

The Seaward-Dipping Reflector Sequence 
During DSDP Leg 38, Sites 338 and 342 were drilled a short 

distance into reflector EE at the outer Vdring Plateau (Talwani, 
Udintsev, et al., 1976). A highly altered basalt, interpreted as a 
sill or dike, was encountered at Site 338, whereas slightly al
tered, oxidized, fine- to medium-grained basalt representative of 
a thick flow or dike was drilled at Site 342. These rocks, dated 
by the potassium-argon method, are 46.6 and 44.0 Ma, respec
tively (Kharin et al., 1976). On the other hand, the oldest sedi
ment overlying basalt at Site 338 is of early Eocene age. Subse
quently, reflector EE has been taken to represent the top of a 
volcanic unit laid down in the early Eocene. Site 642 shows that 
this prominent marker reflector originates at the transition be
tween the base of lithologic Unit IV and the top of the upper 
volcanic series. At this level there is a marked change in the seis
mic velocity and density, giving rise to a pronounced acoustic 
impedance contrast. The irregular, small-scale relief in reflector 
EE is probably related to the termination of individual flow sur
faces rather than to faulting. Local erosion and time differences 
in the deposition of the individual flows suggest that the top of 
the volcanic series does not necessarily represent an isochronal 
boundary, as has often been implied. 

A major drilling achievement of Site 642 was the penetration 
of the entire dipping-reflector sequence. For the first time the 
nature and composition of a sequence of seaward dipping reflec
tors have been convincingly demonstrated. The reflector package 
consists of cyclic sequences of tholeiitic basalt flows and inter-
bedded volcaniclastic sediments. By integrating the drilling data 
with the seismic record and the vertical seismic profiling (VSP) 
experiment, we demonstrated that the reflector sequence corre
sponds to the upper volcanic series described previously. Earlier 
interpretations either assumed that the dipping reflectors at the 
Vdring Plateau were of predominantly volcanic nature (Hinz 
and Weber, 1976; Eldholm et al., 1979; Mutter et al., 1982) or 
consisted primarily of sedimentary beds lying unconformably 
beneath a lower Eocene flow unit (Bally, 1983). 

Individual flows and sediment layers are not sufficiently thick 
to give rise to the observed dipping horizons. It is more likely 
that superimposed signals from composite rock units cause this 
effect. The individual flow units in the upper series can be 
grouped into larger groups consisting of fine- or medium-grained 
basalts. Although these flows are chemically similar, their phys
ical properties differ. Our calculations indicate that the transi
tions between these two groups often produce reflection coeffi
cients of a magnitude sufficient to produce the reflection events 
in the seismic record. Although the most prominent dipping in
terfaces occur west of Site 642 in the dipping wedge, seismic 
events at this drill site have been tied directly to distinct excur
sions in the acoustic impedance curve associated with changes 
between fine- and medium-grained basalts. 

The Base of the Seaward-Dipping Reflector Sequence 
(Reflector K) 

Site 642 was placed at the innermost part of the seaward dip
ping reflector sequence in an attempt to reach the rocks at the 
base of this wedge-like formation. This base is generally be
lieved to be defined by a reflector named "K" by Talwani et al. 
(1983) and Hinz et al. (1984). Reflector K is a continuous hori
zon beneath the inner part of the wedge and marks the upper 
part of a series of low-frequency signals at the base of the dip
ping beds, some of which overlap reflector K (Figs. 77 and 82, 
Site 642 chapter). We believe that our drilling goal was reached 
at Site 642, and that the top of the low-frequency band of re
flectors corresponds to the 7-m-thick volcaniclastic bed that de
fines the transition between the significantly different rock com
plexes forming the upper and lower volcanic series (Fig. 10). 
This inference is confirmed by the VSP experiment. 

The chemical and petrographical differences between the two 
volcanic series are also reflected in physical properties such as 
compressional velocity and density of the flows, further sub
stantiating a major geological boundary at this level. Actually, 
the boundary between the two volcanic series is associated with 
a decrease in both seismic velocity and density. Calculations 
based on the average shipboard laboratory measurements for 
the flows on either side of the series boundary yield a reflection 
coefficient of about -0 .30 , a value expected to produce a strong 
signal in the seismic record. However, additional speculation as 
to the nature and origin of reflector K requires detailed seismic 
modeling (synthetic seismic section and VSP analysis), based on 
the physical rock properties and well-logging profiles for Site 
642. It is possible that the low-frequency reflector band could 
be caused by a transition zone found between the volcanic series 
and a more seismically unstructured section below. Finally, some 
signals in the band of low-frequency reflectors below reflector K 
might originate from reverberations and internal multiples. 

The various models proposed to account for reflector K were 
not supported by Leg 104 drilling. Hinz et al. (1984) proposed 
that reflector K represents the upper Mesozoic surface that ex
isted prior to the commencement of seafloor spreading, but this 
does not fit our data. We cannot rule out their idea of continen
tal crust or fragments beneath the lower series, but our results 
indicate it is more likely to be rocks similar to the continental 
basement. There is no evidence for a lava-dike boundary as sug
gested by Mutter et al. (1982), nor a transition between flows 
deposited during an early Eocene regional volcanic event and 
existing older oceanic crust (layer 2 or Icelandic-type) as sug
gested by Eldholm et al. (1979). 

Models for Emplacement of the Volcanic Series 
The most significant observation found in the lower volcanic 

series is its more acidic flow composition, compared with the 
upper series. Two magma types are found in the lower series. 
The upper part of the series is classified as peraluminous andes-
ites (dacites) derived from a probable crustal melt containing 
metasediments of shale to graywacke composition. The lower
most flows are basaltic andesites formed by mixing of tholeiitic 
and sialic melts. The two depleted tholeiitic dikes in the lower 
series also show evidence of upper crustal contamination, a fact 
further substantiated by the existence of mica and quartz of 
continental origin in the interbedded sediments. Although the 
emplacement history of these rock assemblages is not entirely 
clear, we propose a continental rift environment. The constant 
negative magnetic polarity throughout the volcanic sequence and 
the subaerial nature of the flows might indicate a late rift stage 
with a short time span between the emplacement of the two vol
canic series. 
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The upper series is characterized as Icelandic-type basalt 
formed by subaerial seafloor spreading. A number of geophysi
cal and geological indicators reveal strong affinities of these 
basalts with other Paleogene plateau basalts belonging to the 
North Atlantic, or Brito-Arctic, Volcanic Province. In particu
lar, the similarity with the lower Eocene basalts in East-Green
land and the Faeroe Islands is striking (Upton et al., 1984; 
Berthelsen et al., 1984). These areas, as well as the Jan Mayen 
Ridge and the Faeroe-Shetland and Wring marginal highs, were 
all located close to each other during the early opening of the 
Norwegian-Greenland Sea (Talwani and Eldholm, 1977). Thus, 
a regional volcanic surge in the early Eocene associated with an 
emerged rift axis may have contributed toward the formation of 
the marginal highs and the seaward-dipping reflector sequences. 

An evolutionary model for the outer Wring Plateau has to 
be consistent not only with the DSDP and ODP drilling results, 
but also conform with the large amount of geophysical data in 
the Norwegian Sea. The existing models for the formation of 
seaward-dipping reflector sequences (Roberts et al., 1979; Hinz, 
1981; Mutter et al., 1982; Smythe et al., 1983; Roberts et al., 
1984) all satisfy some of the data, particularly with respect to 
the nature of the dipping sequence. However, in terms of all 
drilling results and geophysical data, none of the models is en
tirely adequate. 

A final emplacement model depends critically on the shore-
based dating of the flows and interbedded sediments; hence, we 
presently refrain from additional speculation. However, we point 
out that the emplacement history in a volcanic-type passive mar
gin suggested by Skogseid and Eldholm (unpublished) could 
provide a basis for this study. Their model, which brings to
gether elements from Hinz (1981) and Mutter et al. (1982), was 
developed to explain conjugate dipping sequences at the Jan 
Mayen Ridge and the Norwegian margin, as well as to take into 
account early Cenozoic shifts in the location of spreading axis 
and fracture zones. According to Skogseid and Eldholm (un
published), the continental crust is strongly attenuated by intru-
sives during the late rift stage (Fig. 11). During the same stage, 
acidic lavas of short flow-lengths deposited at the surface form 
the incipient reflector K. During the subsequent break-up of the 
continental crust there is an initial uplift, and the earliest oce
anic crust is formed subaerially. As the basic lava has better 
flow properties than the late rift extrusives, it may also cover 
part of the attenuated continental crust. Thermal contraction 
and perhaps a diminishing volcanic surge causes differential 
subsidence, and the characteristic curvature of the dipping se
quence is obtained. Eventually, the subsidence reaches depths at 
which normal oceanic crust is generated. 

In terms of the much-debated location of the continent-ocean 
boundary, the present drilling results favor a position seaward 
of Site 642. There, as noted by Skogseid and Eldholm (unpub
lished), reflector K can only confidently be extended below the 
innermost part of the dipping wedge, restricted to a region be
tween the Wring Plateau Escarpment and the magnetic shoul
der anomaly landward of anomaly 24B (Fig. 1). We suggest, 
from present results, that well-defined oceanic crust first occurs 
a short distance landward of anomaly 24B, that is, just seaward 
of Site 642. 

EVOLUTION OF THE CENOZOIC DEPOSITIONAL 
ENVIRONMENT 

Paleogeographic and Paleobathymetric History 
The Wring Plateau has experienced important paleogeograph

ic and paleobathymetric changes that influenced the nature of 
the depositional environments there through time. At present, 
we cannot provide quantitative reconstructions of the Wring 

Plateau paleophysiography, but the available data from Sites 
642 and 643 offer some constraints as to: 

1. The early/middle Eocene depositional environments of 
the volcanic series at Site 642, which reveals a predominantly 
subaerial emplacement history. 

2. The subsidence of the sediment surface (as documented 
by the benthic foraminiferal faunas at Site 642) from shelf and 
upper slope to bathyal depths during Eocene to Recent times. 

3. The deep-water depositional environment documented by 
the Paleogene sediments directly overlying the Site 643 base
ment rocks. 

None of these data are easily reconciled with the normal 
thermal subsidence models for oceanic crust or continental mar
gins, probably because of the Paleogene volcanic events. It ap
pears that the Wring Plateau was a peninsula or an island be
tween the Fennoscandian and Greenland land masses in early-
middle Eocene times, which later subsided below sea level due 
both to thermal cooling of the underlying crust and to tectonic 
events affecting this part of the Norwegian continental margin 
(Fig. 11). 

Sediment Diagenesis 
The components making up the pelagic to hemipelagic sedi

ment layers at Site 643 have experienced heavy alteration since 
their primary deposition. It is obvious that dissolution has re
moved an important, though not quantified, portion of the cal
careous micro fossil assemblages, especially in the lower Mio
cene to Eocene sections. Calcareous material in these sediments 
is only occasionally preserved in thin beds. There are obvious 
differences in consolidation and diagenetic histories in Units III 
and IV at Site 643, which suggests that a significant tectonic 
and/or erosional event caused a major hiatus between the units. 
Compressed sedimentary structures and physical properties in 
the lower lithologic units document an important history of 
consolidation and alteration caused by diagenetic processes that 
will have to be investigated further. Some of the sediments in 
Unit IV are extensively compaction-laminated and lithified, and 
some of the nannofossil oozes are almost completely altered by 
early diagenesis and recalcitization. The pore-water chemistry at 
both Sites 642 and 643 suggests that substantial, postburial, dia
genetic changes have altered these sediments. 

Comparisons between the Neogene ash layers and the volca-
niclastic sequences in Unit V at Site 643 and Unit IV at Site 642 
reveal that the volcanogenic components within the former unit 
have been particularly altered because of diagenetic processes. 

Although no petroleum-related compounds were detected at 
Site 644, low concentrations of hydrocarbon gases related to 
very early thermal, diagenetic processes were measured toward 
the bottom of the hole. Pyrolysis of Site 644 sediment organic 
matter suggests it is terrestrial in source and very immature. The 
interstitial-water chemistry of these Wring Basin sediments is 
typical for a hemipelagic environment with high sedimentation 
rates and abundance of organic carbon. 

Paleogene Paleoclimatology and Paleoceanography 
Evidence used to describe Paleogene paleoclimate and pale-

oceanography comes entirely from Sites 642 and 643. The sedi
mentary records of both sites supplement each other because 
part of the lower Miocene and Oligocene deposits lacking at 
Site 642 due to existence of a large hiatus, are found at Site 643. 

Evidence for Paleogene paleoclimate and paleoceanography 
at Site 642 is based almost entirely on palynomorphs, and only 
occasionally is supported by the other planktonic and benthic 
micro fossil groups. The location of the Paleogene volcanic source 
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Figure 11. Schematic model for the formation of a volcanic marginal high at the Wring Plateau (Skogseid and 
Eldholm, unpublished). 

region is unknown; however, independent evidence from petro-
logic and micropaleontologic data documents that the interbed-
ded sediments in the volcanic series represent an alternating se
quence of terrestrial and subaqueous (at least partly marine) 
depositional environments close to the former shoreline. It is 
difficult to interpret these first depositional environments in 
terms of paleoclimate and paleoceanography. Various fauna and 
floral ratios within the pelagic micro fossil groups, and between 
marine micro fossils and terrestrial pollen and spores, have been 

used to separate neritic, estuarine-intertidal, lacustrine, and 
subaerial terrestrial depositional environments. In some of the 
intervals investigated these facies might follow each other in a 
systematic fashion, documenting a transgressive-regressive se
quence of events. 

Neritic-fluviodeltaic depositional environments are document
ed for the late early Eocene, although a decrease of the arboreal 
pollen might indicate more arid conditions. During periods in 
the middle Eocene the seafloor emerged and alternating neritic 
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marine, fluviodeltaic, and terrestrial palynomorph assemblages 
appeared. A decrease of the dinocyst assemblages and absence 
of subtropical conifers in the upper Eocene sediments may re
flect the influence of a cooling event (Norris, 1982). In general, 
it appears that the Paleogene volcaniclastic beds at Site 642 were 
deposited in a terrestrial or relatively shallow (neritic) marine 
environment that underwent minor changes in relative sea level. 
Similar paleoenvironmental reconstructions have been obtained 
for the Eocene volcanic sediments at DSDP Site 338 (Manum, 
1976), DSDP sites on the Rockall Plateau (Costa and Downie, 
1979; Brown and Downie, 1984), and at Kap Dalton (Soper et 
al., 1976). 

Site 643 is located in considerably deeper water than Site 642. 
Foraminiferal data of the Site 643 Paleogene sediments suggest 
that these depth differences already existed during Eocene time. 
The arenaceous benthic foraminiferal assemblage from the Eo
cene section indicates a deep-water environment, possibly with 
terrigenous sediment transport downslope and basinal infilling. 
Faunal similarities with lower to middle Eocene sections from 
the North Atlantic and Northern Europe suggest water exchange 
with the regions south of the Norwegian Sea took place at this 
time. The absence of calcareous fossils in the lower Eocene sedi
ments and their presence in narrow zones higher in the Eocene 
section indicate intervals with reduced carbonate dissolution and 
lowered CCD, possibly combined with reduced terrigenous in
put into the bottom environment. 

Restricted living conditions for planktonic organisms are in
dicated by the small-diversity, Eocene planktonic foraminiferal 
faunas, which consist of small specimens. The environmental 
cause for this is not clearly understood at present. Siliceous mi-
crofossils are absent in the Eocene sediments. Their absence is 
more likely a result of diagenetic dissolution than of nonpro
ductive surface waters. Biosiliceous deposits from the upper Eo
cene have been described at adjacent DSDP Leg 38 drill sites. 
Palynomorph data bear evidence of a climatic cooling through 
the Eocene, recorded by the replacement of thermophilic floras 
by indicators of boreal forests. 

A marked change in benthic foraminiferal faunas occurred 
between the Eocene and the Oligocene, indicating more re
stricted Oligocene environments. Because of poor time control 
of the Oligocene sediments it is not yet possible to address 
whether this change is related to regional tectonic events or 
global climatic and oceanographic events. The presence of car
bonate-rich, fossil-bearing sediments in the Oligocene section is 
evidence of productive surface waters during that time, while 
the low diversity of the assemblages indicates distinctive envi
ronmental gradients between the Norwegian Sea and the North 
Atlantic. 

Neogene and Quaternary Paleoclimatology and 
Paleoceanography 

After the preliminary, but relatively precise, temporal pa-
leobathymetric and paleogeographic framework was established 
from Leg 104 data, we used the various data on composition 
and bulk sediment properties to develop a scenario for the pa-
leoclimate and the paleoceanography that controlled the depo-
sitional environment in the eastern Norwegian Sea during the 
past 24 m.y. 

Bottom-Water Paleoceanography 
It is difficult to describe the temporal variations in the prop

erties of bottom waters at Site 642 because the seafloor there 
has subsided from, or near, sea level to about 1300 m; however, 
the vertical motion has not yet been quantified properly. Fur
thermore, only two groups of benthic micro fossils, foraminifers 
and sponges, are abundant throughout the Miocene to Quater
nary sequence. Indications of current-induced reworking, dis

placement of sediment particles along the seafloor, and dissolu
tion patterns of calcareous sediment particles can be used to 
make inferences about certain properties of the bottom waters. 

The lower, and lower-middle, Miocene fossil assemblages at 
Site 642 are represented by a small-diversity, sparse arenaceous 
fauna, which might indicate severe carbonate dissolution or a 
relatively shallow water environment. Some of the species in 
this interval are known to tolerate reduced salinities. A major 
change in the bottom waters occurred in the middle Miocene, 
approximately 13.5 Ma, when a rich, calcareous benthic forami
niferal fauna appeared. This shift coincided with the establish
ment of the modern global deep-water circulation and a deep
ening of the CCD. Such a coincidence is exceptional because 
many scientists believe that the Greenland-Scotland Ridge func
tioned as a relatively effective sill between the Norwegian-Green
land Sea and the main North Atlantic Ocean during this time. 

The Pliocene benthic foraminiferal assemblages at this site 
are similar to present assemblages, but may indicate slightly 
higher bottom-water temperatures. Numerous barren intervals 
in the Pliocene sediments suggest periods of intensive carbonate 
dissolution. Ice-rafted debris in the upper Pliocene sediments 
implies the presence of sea ice at that time. The Quaternary as
semblages contain roughly the same species as the modern ones, 
and a number of samples yield reworked shelf foraminifers. 

Bioturbation effects throughout the Neogene and Quater
nary sediments are mild to intense, suggesting that the bottom 
waters at the site were almost always sufficiently oxygenated to 
support benthic organisms whose presence is documented by 
trace fossils. Bottom-water erosion is particularly evident in the 
upper Miocene part of the section, where biostratigraphic data 
suggest a long hiatus or a zone of drastically diminished sedi
mentation rates. 

The lower and middle Miocene at Site 643 is characterized by 
carbonate-barren sediments and arenaceous benthic foraminif
eral assemblages, indicative of significant carbonate dissolution. 
The same type of calcareous benthic fauna as at Site 642 accom
panied the onset of carbonate deposition in the middle Mio
cene, implying a relatively unstratified deep-water body. A plau
sible cause for this homogenization is rapid, local, deep-water 
formation in the Norwegian-Greenland Sea. The same kind of 
benthic foraminiferal fauna is present throughout the upper Neo
gene, indicating unchanged deep-water circulation. A turnover 
in the middle Miocene benthic assemblages followed the mid-
Miocene global turnover in benthic foraminiferal faunas. The 
glacial interval in the late Pliocene-Pleistocene was accompa
nied by rapid fluctuations in bottom-water characteristics, as 
evidenced by marked changes in benthic assemblages. 

The deposits drilled at Site 644 document only the youngest 
geologic past. The benthic foraminifers there indicate slightly 
warmer bottom waters during deposition of the Pliocene sedi
ments. Evidence for glaciations is found in the form of ice-
rafted detritus (Fig. 12) and in reworked, transported shelf spe
cies, which are found abundantly in the Quaternary sequence. 

Surface- Water Paleoceanography 
Indications of changes in the surface-water paleoceanogra

phy are based on pelagic calcareous, siliceous, and organic-walled 
microfossil assemblages as well as the temporal variability in oc
currences of ice-rafted, coarse, terrigenous debris in the upper 
Neogene and Quaternary part of the drilled sites. 

The oldest Neogene time intervals, which are documented by 
Site 642 sediments, are difficult to interpret. During that time, 
the Norwegian-Greenland Sea probably was relatively isolated 
from the main North Atlantic basins and the Arctic Ocean. 
Lower Miocene, thick-walled radiolarians and dinocysts reflect 
temperate to cool-cold water conditions with an increasing wa
ter exchange to the North Atlantic. A major environmental 
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Figure 12. Typical layering of glacial-interglacial deposits in the upper 
Neogene sediments at Site 642. Sections 104-642C-2H-5 (A) and 104-
642C-3H-4 (B). The dark sediment layers are enriched in coarse terrige-
neous, detrital ice-rafted debris representing deglaciation events. 

change affected the pelagic microfossil assemblages at about 
13.5 Ma, probably correlative with the global 180-enrichment 
and Antarctic ice-volume expansion. This interval coincides with 
the appearance of abundant calcareous plankton (foraminifers 
and nannofossils), and with important zone boundaries in the 
siliceous planktons. In the radiolarian assemblages, however, a 

return to more thick-walled, cool-cold adapted assemblages is 
observed in the time span from 13.5 to 12.3 Ma. This change 
may reflect cooling or increased isolation of the Norwegian Sea, 
although the presence of the cosmopolitan planktonic foramini-
fer (small diversity) and calcareous nannofossil assemblages sug
gests cooling rather than isolation. Diatoms found in this age 
interval are abundant and reflect upwelling and cold surface-
water conditions. 

Calcareous, as well as siliceous, plankton indicate that rela
tively warm surface waters existed during the late Miocene, were 
warmest during 7.4-5.2 Ma, and possibly continued into the 
early Pliocene. However, the lack of temperate calcareous zonal 
markers implies that an important temperature gradient exist
ed between the main North Atlantic Ocean and the Norwegian 
Sea, even during this relatively warm interval. 

From the early Pliocene onward the onset of increasingly 
cooler surface water is suggested by the planktonic microfossil 
assemblages at Site 642. Important quantities of coarse, terrige
nous ice-rafted detritus appear close to the Matuyama/Gauss 
boundary, and a sudden increase in the magnetic intensity around 
4.3 Ma corresponds to a change from predominantly biogenic 
to terrigenous sediments. Both of these records probably mark 
the onset of glacial-type depositional environments. The onset 
of ice-rafting of coarse terrigenous components (Fig. 12) had a 
great impact on all pelagic microfossil groups. As the Norwe
gian-Greenland Sea ice-cover developed over extended periods, 
diatoms and silicoflagellates seem to have disappeared, nanno
fossils, dinocysts, and planktonic foraminifers show marked de
creases in their diversity, and polar faunas and floras were estab
lished. The relatively warm North Atlantic Current was de
flected farther to the south during this time. This transition to a 
true polar depositional environment appears to have occurred 
somewhat earlier in the Norwegian-Greenland Sea than in the 
adjacent North Atlantic south of the Greenland-Scotland 
Ridge (Shackleton, Backman, et al., 1984). 

The Site 642 Quaternary sediments are characterized by the 
relatively regular cyclic change between polar (glacial) and sub
polar-temperate (interglacial) depositional environments, with 
somewhat different characteristics of the cycles during the early 
part of the Quaternary. 

High abundances and high diversity characterize the sili
ceous microfossil assemblages of the lower Miocene at both 
Sites 643 and 642. Thus, the onset of Si02 preservation was not 
related to water depth. The lower Miocene section is expanded 
at Site 643 compared with Site 642 and is also more biogenic, in
dicating highly productive upwelling zones were once located 
west of Site 642. Diatom assemblages indicate that the warmest 
Neogene period was in the early Miocene, and warm water as
semblages persist from that point to the possible middle Mio
cene unconformity. 

Since major parts of the Pliocene sediments are absent at 
Site 643, it is difficult to interpret the oceanographic conditions 
leading up to the onset of glacial deposition in the late Pliocene, 
but the corresponding oceanographic changes are thoroughly 
marked by all microfossil groups. Absence of siliceous micro-
fossils indicates reduced productivity, whereas changes of low-
diversity planktonic foraminiferal and calcareous nannofossil 
assemblages demonstrate large scale fluctuations in the oceanic 
regime throughout the last 2.5 Ma. 

A number of important observations related to the glacial 
history of the Norwegian Sea are inferred from the sediments re
covered at Site 644. The lowermost 25 m of Hole 644A stands 
out as a separate lithological unit consisting of interbedded sili
ceous oozes and mixed siliceous nannofossil oozes. The lower 
sedimentary unit represents temperate interglacial or preglacial 
conditions, as shown by the silicoflagellate and diatom floras 
and the planktonic foraminiferal faunas. Because drilling termi-
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nated at 252 mbsf, we do not know whether the sedimentary se
quence older than 2.9 Ma also contains evidence for cold cli
mates at this location. 

The most conspicuous lithostratigraphic elements of the up
per lithological unit are layers of dark, carbonate-poor glacial 
muds. These layers typically contain coarse, terrigenous, ice-
rafted grains up to several centimeters in diameter and occur 
inter bedded with light interglacial sediments (Fig. 12). The tran
sition from the preglacial to fully glacial depositional environ
ments was gradual and occurred in three major steps, each doc
umented by separate lithologies. 

At about 2.5 Ma, fossil evidence for continuous ice-free con
ditions disappears, and is replaced by cold-water faunas and 
floras that represent surface-water masses with large and rapid 
intermittent changes in productivity. In the mid-Quaternary, ap
proximately 0.73 Ma, the important but intermittently occur
ring portion of biogenic opal disappeared from the sediments, 
which suggests a drastic drop in surface-water productivity. All 
samples above 85.7 mbsf at Site 644 appear barren of diatoms. 
However, calcareous nannofossils and planktonic foraminifers 
continued to produce enough sediment particles during these 
episodes to form the calcareous muds and marly foraminifer-
nannofossil oozes that occur as high in the stratigraphic column 
as Subunit IIB, approximately 0.4-0.5 Ma. Above this interval 
the fluctuations between glacial and interglacial depositional 
environments are dominated by the glacial mode. The calcare
ous components contribute only modestly to the upper Quater
nary sediments. 

The glacial depositional environments documented at Site 
644 were interrupted several times by periods of temperate-to-
warm waters. A particular case of such an event is found be
tween 180 and 200 mbsf at Site 644, as indicated by the silico-
flagellate Dictyocha, the last abundant occurrence of diatoms 
(approximately 2.2 Ma), and by warm-temperate radiolarians, 
planktonic foraminifers, and palynomorphs. A similar interval 
is observed at 110 mbsf, at about 0.98 Ma (close to the magnetic 
Jaramillo event). 

Evidence for extensive glaciations at Site 644 is found in sam
ples between 25 and 83 mbsf (approximately 0.1-0.7 Ma). These 
samples contain large amounts of ice-rafted materials, and shal
low-water benthic foraminifers dominate the foraminiferal as
semblages. The transport of this shelf material is restricted to 
the glacial maxima, when ice probably covered the shelf region. 

The glacial sediments at Site 644 are easily correlated with 
the corresponding stratigraphic intervals at Sites 642 and 643. 
Although the latter sites do not reveal the same detail as Site 644 
because of reduced sedimentation rates, they clearly show the 
same type of stratigraphies and similar variability in sediment 
composition. Some important differences, however, are evident 
among the three sites. An example of these differences is found 
in the dark glacial layers at Site 644. Here, we found frequent 
chalk fragments that obviously were part of the ice-rafted as
semblages; however, these chalks do not occur at Sites 642 and 
643, which suggests that icebergs from a different source region 
delivered this material. 
Paleoclimatology of Adjacent Land Areas 

The Site 642 Neogene and Quaternary palynomorph assem
blages contained abundant portions of isochronous pollen and 
spores, as well as reworked material from older formations. The 
latter assemblages will not be dealt with because they may have 
been eroded from outcrops at the nearby shelf, transported by 
ice, or transported as suspended material from distant sources. 
The isochronous pollen and spores, however, bear important in
formation about paleoclimates of the adjacent land regions. 
The source regions of the pollen and spores cannot be deter
mined precisely, and we note that the paleoceanographic inter

pretation of the marine pelagic microfossil data and the paleo
climates suggested by the pollen and spores do not correspond 
completely in our preliminary analyses. 

The Oligocene-early Miocene paleoclimate appears to have 
been a cool stage, as evidence of subtropical conifers is not 
found in the palynomorph assemblages. During the late early 
Miocene, boreal warm-temperate forests grew on the adjacent 
continent. The early middle Miocene floras are characterized by 
boreal and thermophilic forests onshore. Boreal to warm tem
perate-subtropical forests covered the late middle Miocene land 
surfaces. The increase of thermophilic hardwood species and a 
reduction in ferns in the late middle Miocene suggest that this 
period was drier than times both before and after. Boreal-tem
perate floras, alternating with boreal and relatively warm and 
moist intervals, prevailed in the late Miocene and the main part 
of the Pliocene, slowly retreating toward boreal forests and a 
forest-tundra vegetation in the Quaternary. 

Except for lower pollen and spore abundances, which simply 
reflect the longer distance from the coastline at Site 643, the 
palynomorph assemblages are similar to those at Site 642. 

Neogene and Quaternary Northern Hemisphere 
Paleoclimate 

ODP Leg 104 recovered sediments of great significance for 
understanding the evolution and variability of the Northern 
Hemisphere paleoclimate during the past 10-30 m.y. Prior to 
this cruise, no long and detailed pelagic sedimentary record was 
available from the sub-Arctic. Available Arctic Ocean sediment 
cores are, in general, too short or have questionable strati
graphic properties (Clark et al., 1980) for extensive paleoclimate 
analyses, and those from the Norwegian-Greenland Sea are ei
ther stratigraphically short (Thiede et al., 1986) or do not pro
vide the necessary stratigraphic detail (Talwani, Udintsev, et al., 
1976). Sites 642 and 644 are the first piston-cored deep-sea drill 
sites in a truly northern polar deep-sea basin. 

Our preliminary results provide indications for the initiation 
of glacial-type erosional regimes on land near the Wring Pla
teau as early as 4.3 Ma. This date is almost 2 Ma earlier than 
the 2.3-2.4-Ma date derived from drill sites south of the Green
land-Scotland Ridge (Shackleton, Backman, et al., 1984). The 
age for the initiation of northern glacial-type depositional en
vironments at the Vdring Plateau is, however, preceded by the 
5- to 6-Ma ice-rafted Arctic Ocean sediments (Clark et al., 
1980). In addition to information about the onset of Arctic gla-
ciation, Leg 104 cores provide the material needed to describe 
the paleoceanographic and paleoclimatic variations leading to 
the glacial scenario. Furthermore, using these cores we can 
identify a period of late Cenozoic glacial-interglacial cycles, 
documented by more than 20 horizons with coarse, ice-rafted, 
terrigenous debris and interlayered sediment. 

It is particularly interesting to note that the Northern Hemi
sphere paleoclimatic evolution in the late Cenozoic closely cor
responds to a set of similar events in the Southern Hemisphere. 
The cessation of preglacial conditions at Site 644 occurred al
most simultaneously with a major northward expansion of Ant
arctic polar waters beginning about 2.8 Ma. Our results show 
that numerous climatic fluctuations have occurred since that 
time, leading to an increasingly more glacial oceanic deposi
tional environment in both the Northern and Southern Hemi
spheres. 
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