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ABSTRACT

Seismic mapping tied to drilling data has provided a depositional, structural, and volcanic framework that describes
the Vdring Plateau continental margin since Late Jurassic time. The Véring Basin was structured by Late Jurassic-Early
Cretaceous extension and subsequent subsidence in the Cretaceous. It is divided into two basin provinces by the Molde-
Bodé high. The opening of the Norwegian-Greenland Sea during the early Tertiary was preceded by uplift of the outer
Véring Basin accompanied by extensional listric faulting in the Cretaceous sediments and intrusive activity. The early
Tertiary extension was restricted to the outer Vdring Basin, subsequently forming the Tertiary marginal basin. The igne-
ous activity is also restricted to this basin, gradually approaching the Véring Plateau Escarpment toward the time of
breakup. Initial subaerial sea-floor spreading created the upper volcanic series at ODP Site 642, parts of the flow-sill
complex landward of the escarpment and also caused deposition of ashes and tuffs in the Vdéring Basin. The post-open-
ing margin history is characterized by the progressive submergence of the Véring Plateau marginal high which for long
periods was elevated with respect to the Véring Basin. The southern marginal high became fully sediment covered dur-
ing the early Miocene, whereas the northern part was not covered before the Pliocene. The basal sediments are of terrig-
enous origin, partly derived from erosion of the exposed lavas. Off the summit, a change to hemipelagic and pelagic
compositions took place during the middle and late Eocene. The overall sediment record at the high is characterized by
local erosion, redeposition, and instabilities. We propose that early Tertiary strike-slip motion, which triggered mass
movements lasting into the early Miocene, is responsible for the spectacular north-south domes in the Véring Basin. Fi-
nally, a renewed major pulse of sedimentation and subsidence centered on the shelf edge commenced in latest Miocene

time.

INTRODUCTION

Continuous coring during Ocean Drilling Program (ODP)
Leg 104 at the outer Véring Plateau provided a unique opportu-
nity to study the history of this Cenozoic continental margin.
By tying the drilling results to seismic data we have derived an
improved geologic framework that has implications not only for
the Vdring Plateau Margin, but also for the entire continental
margin off Norway (Fig. 1).

The depositional and structural history of the margin off
Norway is reviewed by Eldholm, Thiede, and Taylor in the intro-
duction to this volume. The first seismic investigations were sin-
gle-channel profiling and velocity measurements primarily using
expendable sonobuoys (Talwani and Eldholm, 1972; Eldholm
and Windisch, 1974). Despite limited penetration this work out-
lined a number of important geological features at the outer
Véring Plateau Margin (Fig. 2). Among these were: The Jan
Mayen Fracture Zone, the Véring Plateau Escarpment, a shal-
low acoustic basement surface constituting a marginal high sea-
ward of the escarpment, the large sedimentary Véring Basin
landward of the escarpment, and a structural high with spectac-
ular diapirism in the northern Vdring Basin.

Deep Sea Drilling Project (DSDP) Leg 38, which was planned
on the basis of single-channel seismic data, drilled three shallow
holes in the Véring Basin (339, 340, 341); two holes to basement
at the marginal high (338, 342); and one hole (343) near the foot
of the Véring Plateau (Talwani, Udintsev, et al., 1976) (Fig. 3).
A major result was the confirmation that the acoustic basement
reflector west of the escarpment was caused by basalts. Further-
more, the recovered sediments formed the basis for the first
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2 Department of Geology, University of Oslo, PO Box 1047, N-0316 Blindern,
Oslo 3, Norway.

stratigraphic interpretation (Caston, 1976), which has not been
considerably changed by later studies (Hinz et al., 1984; Mutter,
1984).

D)uring the last decade most seismic surveys have relied on
multichannel seismic (MCS) profiling supplemented by velocity
measurements using digital sonobuoys and expanded spread pro-
files (ESP). Presently, a dense grid of MCS lines recorded as a
part of the exploration efforts off mid-Norway covers the conti-
nental shelf. This activity also included a number of commercial
wells within the areas shown in Figure 2 (Dalland and Worsley,
1988). A regional grid of MCS profiles acquired by the Norwe-
gian Petroleum Directorate (NPD) and various research institu-
tions exists on the continental slope, including a number of pro-
files extending onto the oceanic crust in the Lofoten Basin (Fig.
3). The most recent regional interpretations of the MCS lines
seaward of the shelf edge includes those of Bden et al. (1984),
Hinz et al. (1984), Mutter (1984), Bukovics and Ziegler (1985),
Hagevang and Rénnevik (1986), and Brekke and Riis (1987). Ve-
locity-depth curves from digitally recorded sonobuoy and ex-
panded spread profiles have been presented by Mutter et al.
(1984), Eldholm and Mutter (1986), Hinz et al. (1987), and
Mutter and Zehnder (1988).

In this paper we have mapped the main sedimentary se-
quences and structural features at the Vdring Plateau marginal
high and in the Véring Basin. For completeness, a brief sum-
mary of the sub-basement seismic sequences seaward of the
Véring Plateau Escarpment is included. By correlation with
dated sequences on the continental shelf as well as the DSDP
and ODP drill sites at the Vdring Plateau, we attempt to further
develop the sequence stratigraphy and structural setting of the
Véring Plateau Margin. In particular, we are concerned with
how depositional, tectonic, and volcanic evolution relate to the
history of vertical motion. While we focus on the Cenozoic
events, the pre-Cenozoic Vdring Basin is discussed because there
is a significant interrelationship between the preopening and
later geologic features.
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Figure 1. ODP Leg 104 drill sites, regional physiography, and structural features of the ocean basins and continental margins in the
Norwegian-Greenland Sea. Slightly modified from Eldholm et al. (1989). Box shows Véring Plateau margin study area.

INTERPRETATION PROCEDURE

The seismic interpretation is based on about 10,000 km MCS and
about 2000 km single-channel seismic profiles (Fig. 3). We have re-
stricted the mapping to a region between the faulted complex west of
Tréndelag Platform in the east and the oceanic crust at the base of the
Véring Plateau in the west (Fig. 2).

Several schemes of reflector identification have been used at the
Norwegian continental shelf and upper slope north of 62°N (Rénnevik
and Navrestad, 1977; Jorgensen and Navrestad, 1981; Bukovics et al.,
1984) and at the Véring Plateau (Caston, 1976; Rénnevik et al., 1979;
Hinz et al., 1984; Mutter, 1984). Here, the notations of NPD (Jdrgensen
and Navrestad, 1981), supplemented by additional horizons, have been
adopted and are listed below:

Véring
marginal Véring
high Basin

UP : Upper Pliocene X X
O’ : Base Pliocene X
MM : Middle Miocene X

A : Lower Miocene X X

Véring
marginal  Véring
high Basin

A’ : Middle Oligocene X X
ME : Middle Eocene X
EE : Lower Eocene flow basalts X
TP : Lower Eocene Tuff X
IF : Inner flows (Paleocene/Eocene) X
K : Top Lower Series (Paleocene/Eocene) X
C  : Base Tertiary X
D’ : Middle Cretaceous X
D : Base Cretaceous X
E : Middle Jurassic X
LCR: Lower Crustal Reflector X

A number of these reflectors have been dated by ties to commercial
wells on the shelf. In addition, the ODP/DSDP sites at the outer margin
provide an independent means of dating the main part of the Cenozoic
section. For the post-opening sediments this procedure leads to consis-
tent results. In a regional sense, we are generally confident of the seis-
mic correlation and dating. However, the correlation out of the basin in
the east and locally across the Véring Plateau Escarpment is not without
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Figure 2. Bathymetry (Perry et al., 1980), sea-floor spreading anomalies (Talwani and Eldholm, 1977; Hagevang et al., 1983), main geological prov-
inces and ODP drill sites at the Véring Plateau margin. F-SE: Faeroe-Shetland Escarpment; NBFZ: Norway Basin Fracture Zone; CIMFZ: Central
Jan Mayen Fracture Zone; EIMFZ: East Jan Mayen Fracture Zone; VFZ: Vdring Fracture Zone; LFZ: Lofoten Fracture Zone; NR: Nordland Ridge;
TB: Traen Basin, HT: Halten Terrace; HT: Halten Trough; MH: Molde high; BH: Bodé high; SR: Sméla Rift, FR: Fleina Rift.

ambiguity. Furthermore, the seismic interpretation in the locally de-
formed areas of the Véring Basin is considered tentative. Finally, we
stress that some of the reflector notations, for example upper Pliocene,
do not indicate an exact geological position but refer to a regionally de-
fined reflector level.

VORING BASIN

Mesozoic Configuration

The Véring Basin constitutes a large Mesozoic sedimentary
basin province developed by regional subsidence in the Creta-
ceous. Structuring into the Tréndelag Platform region and the
Véring Basin (Figs. 2 and 4) was established by the Late Juras-
sic-Early Cretaceous tectonic episode. The base Cretaceous re-
flector (Fig. 5) shows that this episode created a tectonic surface
comprising many structural features. Some of these have been
given formal names by Gabrielsen et al. (1984). Because the
Véring Basin was poorly known at that time, we have had to use
several names not formally recognized.

The seismic data and drilling results document the existence
of earlier basins between Norway and Greenland in which con-

siderable sediment thicknesses had been deposited (Rénnevik
and Navrestad, 1977; Bukovics et al., 1984; Larsen, 1987; Dal-
land and Worsley, 1988). The seismic resolution deteriorates be-
low the base-Cretaceous level in the Véring Basin, although a se-
quence of subparallel reflectors is observed. Within this se-
quence reflector E, of probable middle Jurassic age (Jérgensen
and Navrestad, 1981), is recognized (Fig. 5). A minimum of 3
km pre-Cretaceous sediments is inferred from the seismic pro-
files and seismic velocity measurements (Eldholm and Mutter,
1986). Thus, the pre-Cretaceous thickness in the Véring Basin
might be comparable with the eastern platform region (Hol-
lander, 1984). This region documents several tectonic events
prior to the Cretaceous period. These are the early Carbonifer-
ous to Permian and the Triassic/Early Jurassic to middle/Late
Jurassic rift episodes (Bukovics et al., 1984; Brekke and Riis,
1987). We believe that the deep part of the basin contains a se-
ries of pre-Cretaceous, probably Permian to Jurassic, deposits
that were part of the older epicontinental basin.

We do not recognize reflectors that could represent a deep
crystalline basement in the Véring Basin. However, a strong
continuous lower crustal reflector (LCR) at about 12-15 km
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Figure 3. Track chart showing location of single and multichannel seismic profiles and DSDP/ODP drill sites used in this study. Area
opened for commercial exploration indicated by the box in the lower right hand corner. VPE: Vdring Plateau Escarpment. Other abbrevia-

tions as in Figure 2.

depth is observed locally beneath the Sméla Rift, a short dis-
tance east of the Véring Plateau Escarpment (Fig. 5).

The base-Cretaceous reflector (Fig. 5) shows that the surface
created by the late Jurassic-early Cretaceous extensional episode
later experienced differential subsidence. At the Nordland Ridge,
the Halten Terrace and the eastern flank of the Véring Basin,
the reflector is an erosional unconformity that is truncating the
Jurassic fault blocks, thus postdating the actual faulting. Brekke
and Riis (1987) show that this region stayed relatively elevated
until middle Cretaceous times, when the entire Tréndelag Plat-
form and Halten Terrace was tilted to the west causing a con-
temperaneous transgression. In the central and western part of
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the Véring Basin the base Cretaceous reflector is offset by the
Late Jurassic-Early Cretaceous faults revealing an early Creta-
ceous subsidence without appreciable erosion (Fig. 5). A conse-
quence of our mapping, as well as of earlier studies, is that the
reflector is slightly time-transgressive out of the basin in the
east. Although the character changes over the basin, it is gener-
ally easy to follow because of the high amplitude and the fact
that it is the first strong, continuous horizon below the base of
the Tertiary (Fig. 6).

The Late Jurassic-Early Cretaceous tectonism formed a num-
ber of well-defined intrabasinal structures (Figs. 4, 5). The east-
ern basin province includes the Traen Basin, the Halten Trough
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Figure 4. Isochrone and structural map at the base-Cretaceous level, reflector D. Areas of Paleogene doming are superimposed on the base-Creta-
ceous relief. Contour interval 0.5 s. Abbreviations in Figure 2.
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Figure 5. Interpreted seismic sections in the Vdring Basin. Paleocene sediments indicated by shading and intrusives in the Cretaceous
sequence dotted. Selected tectonic subsidence curves calculated at pseudowells in the vicinity of profile C-164 from Pedersen and
Skogseid (this volume). Profile locations in Figure 3. Note that profiles B-9-81 and C-174 are strike lines along the outer Véring Basin.
Abbreviations as in Figure 2. For reflector nomenclature, see text.
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Figure 6. Seismic sections demonstrating the contrast between the outer and inner Véring Basin sedimentary sequences. Profile location shown in

Figure 3. For reflector nomenclature, see text.

and the Halten Terrace bounded eastward by a major fault sys-
tem along the outer flank of the Nordland Ridge. To the west,
the Halten Trough and the Traen Basin terminate against the
Molde high and Bodé high respectively. The highs forms a
prominent ridge system across the entire Véring Basin separat-
ing the eastern basin province from the Smdla Rift and a sepa-
rate, extensional depression farther north which we have named
the Fleina Rift. These rifts constitute the western basin prov-
ince. The Fleina Rift is a northeasterly plunging rift depression
north of 66°50'N. In the south it is a single narrow rift becom-
ing broader and more complex to the north (Figs. 4, 5). Note
that the Bodd high includes a sharp synclinal feature, earlier
named the Rdst Syncline (Rénnevik et al., 1983; Bden et al.,
1984) and the Rést Sub-basin (Gabrielsen et al., 1984), along its
entire length. Also note that the term Molde high was first used
by Hamar and Hjelle (1984) to describe a dome mapped by
Hinz et al. (1982). Later, Bukovics et al. (1984) and Brekke and
Riis (1987) applied it to a structure at the reflector D level partly
below the dome. We have continued this intrabasinal high north-
ward, thus giving the Molde high a more regional extent than
previously inferred.

The Late Jurassic extensional surface was smoothed by sedi-
mentation in the Early Cretaceous, although local highs stayed
emerged as late as mid-Cretaceous time (Fig. 5). Subsequent re-
gional subsidence created conditions for increased deposition
and a 1- to 2- s thick section, with maximum thicknesses in the
Halten Trough and Fleina Rift, was laid down since middle Cre-

taceous time. The total Cretaceous sediment thickness, however,
exhibits a maximum in the eastern basin province.

The absence of regionally continuous reflectors within the
Cretaceous sequence and the regional setting indicate homoge-
neous sediments, probably a considerable component of marine
shales. On the other hand, Hastings (1986) reports reflective Ce-
nomanian sandstones within the shales at the Halten Terrace. We
have traced a middle Cretaceous marker (reflector D', Fig. 5),
across the Halten Trough and the Traen Basin toward the Molde-
Bodd high, showing that the highs are without a Lower Creta-
ceous cover. Within the western rifts there is again an increase in
internal reflectivity that might reflect coarser sediment compo-
nents, possibly derived from erosion of the adjacent highs.

Throughout the Cretaceous period the Halten Trough and
Traen Basin were the main depocenters, whereas the western ba-
sin province had subsided less. However, the Cretaceous sedi-
ment thickness increases in the Fleina Rift region (Fig. 5). We
believe this reflects the structural division of the Vdring Basin by
the Molde-Bodd high (Fig. 4). In the south, maximum Late Ju-
rassic crustal extension probably took place landward of the
Molde high. Farther north, the main area of extension was west
of the Bodé high, which established the Fleina Rift as the main
depocenter.

Cenozoic Basin

The Cenozoic tectonic and depositional history is closely
linked to the phase of renewed crustal extension leading to con-

999



J. SKOGSEID, O. ELDHOLM

tinental separation between Norway and Greenland during the
earliest Eocene. The extensional event was initiated a few mil-
lion years, possibly as much as 10 m.y., prior to the final conti-
nental separation marked by the formation of oceanic crust
57 Ma. During this period the outer Vdring Basin, particularly
the Sméla and Fleina Rifts, experienced structural deformation,
uplift, and erosion. Later, thermal subsidence led to deposition
of a 1.0- to 1.5-s thick sequence of Paleogene sediments. How-
ever, the inner part of the Véring Basin was not affected by the
extension nor by the subsequent subsidence (Figs. 5 and 6).
Consequently, we divide the Paleogene Véring Basin into an
outer Tertiary marginal basin characterized by differential ex-
tension and subsidence, and an inner relatively stable region.
This configuration is expressed by the base Tertiary contours
(Fig. 7) showing that the marginal basin is bounded to the east
by a distinct gradient 100-150 km east of the Véring Plateau Es-
carpment.

The extension of the outer basin is also documented by a lis-
tric fault system deforming the Cretaceous sediments in the
Smdla and Fleina Rifts. The fault geometry is typical for detat-
ched normal faults (Harding and Lowell, 1979). The width of
the structural deformation increases northward, extending land-
ward to the eastern rift flanks (Figs. 5, 7). The listric fault
planes are detatched within the Cretaceous sediment sequence
without observed reactivation of the underlying older struc-
tures.

The early Tertiary uplift is particularly well expressed in the
Sméla Rift. Here, the uplift increased the tilt of the older base-
Cretaceous fault blocks and caused doming of the weak intra-
Cretaceous reflectors (profile B-12-81, Fig. 5). The time-trans-
gressive base Tertiary reflector truncates the faulted surface and
the absence of lowermost Tertiary sediments (Fig. 8) suggests
that the inverted area stayed emergent for some time. From the
seismic data, however, it is difficult to determine whether the in-
version was contemporaneous or postdated the listric faulting.

Farther east in the basin a different kind of Cenozoic defor-
mation is characterized by two structural components, a com-
plex reversely faulted core overlain by unfaulted updomed beds
(Fig. 4). The faults are observed at the base Tertiary, locally also
the lower Eocene, and deeper levels (Fig. 5). This implies a latest
Cretaceous to earliest Tertiary age of the deformation. The stress
system probably had a primary strike-slip component. The de-
formation, observed in seismic cross sections, is expressed by
west-facing reverse faults (Fig. 5), but locally includes normal
faults along the eastern flank of the domes. The faulting was
followed by a period of gentle updoming lasting until Miocene
time, perhaps later in the north where it triggered local diapirism.
Profile B-9-81 (Fig. 5) documents that the doming and the early
Tertiary uplift in the western basin were caused by two separate
stress systems. However, they interacted at the junction between
the Sméla and Fleina Rifts, partly causing the complex structur-
ing in Figure 9.

Figure 4 shows that the main doming is restricted to an elon-
gate north to south antiform crossing the entire Véring Basin.
The dome province has been recognized for some time but its
nature and evolution is poorly understood (Eldholm et al.,
1984). The main area of deformation lies within the Halten
Trough north to 66°25'N where it is interrupted by the Bodd
high, continuing in the transitional region between the Smdla
and Fleina Rifts toward the Védring Plateau Escarpment. The
dome shallows northward, giving rise to pronounced local dia-
pirism reaching the sea floor in the Fleina Rift (Figs. 8, 9). We
have named the feature north of the Bodd high the Vema Dome
in recognition of its discovery during R/V Vema Cruise 27. We
have also mapped some local elliptical domes following the
trend of the Traen Basin (Fig. 4). These are recognized as gentle
doming in the base-Tertiary horizon. A similar feature exists
over the Bodé high.
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Despite the Paleogene deformation, regional subsidence and
sedimentation characterize the evolution of the Véring Plateau
Margin after the continental breakup in the earliest Eocene. In
particular, there is a clear relationship between sedimentation
and subsidence. The map of the base Tertiary reflector (Fig. 7)
generally corresponds to previous work (Bden et al., 1984; Mut-
ter, 1984; Bukovics and Ziegler, 1985; Hagevang and Rénnevik,
1986), except in the Tertiary marginal basin where we infer a
slightly deeper level for the horizon. In the vicinity of the
Véring Plateau Escarpment the base Tertiary reflector is an ero-
sional unconformity truncating the inverted rotated fault blocks
in the Smdla and Fleina Rifts (Fig. 5), becoming conformable
with the underlying beds east of the rifts. Moreover, it is partic-
ularly well-defined below the expanded Paleogene section in the
marginal basin, but exhibits much poorer reflectivity to the east
where the Paleogene sediments are much thinner (Fig. 6).

The lower Eocene reflector (Fig. 8) has been tied to wells on
the shelf where it correlates with a regional marker of ashes and
tuffs which are known from wells in the northern North Sea and
adjacent areas (Jacqué and Thouvenin, 1975; Knox, 1984; Malm
et al., 1984). Recent work of Knox and Morton (1988) shows
two distinct volcanic episodes. They correlate the lower mixed
rhyolitic-basaltic ash layers with Paleocene explosive volcanism
in the Hebridean region, whereas the upper late Paleocene-earli-
est Eocene basaltic ashes are associated with the generation of
oceanic crust in the North Atlantic. The seismic marker lies in
NP Zone 10, hence we assign an earliest Eocene age for reflec-
tor TP. It is distinct in the eastern basin province, losing sharp-
ness and changing into a narrow band of continuous seismic
signals on top of a more transparent sequence westward (Fig. 6).
Within the Tertiary marginal basin we notice peculiar, up to 2
km wide, conic depressions at the level of TP. Some of these
features are associated with small local domes in the above-lying
sediments (Figs. 8, 10), often also with deeper faults and/or
sills. A few features of this kind are observed within the C-TP
sequence, but none above reflector TP.

The Paleocene sequence (C-TP) onlaps the base Tertiary ho-
rizon in the western Vdring Basin (Figs. 5, 8) except in the
southwest where TP extends as far as the Vdring Plateau Es-
carpment, and onlaps the basement high of the Central Jan
Mayen Fracture Zone. In this part of the basin reflector TP lies
above the inner flow horizon (Fig. 10). Over the Tertiary domes,
TP locally onlaps the base Tertiary horizon, but is also trun-
cated by younger erosional unconformities. This indicates a
base-Tertiary relief prior to deposition of TP and that the mag-
nitude of the Tertiary doming was variable in time and space
(Fig. 8).

The middle Oligocene reflector A’ (Fig. 11) is an erosional
unconformity east of the Tertiary marginal basin where the en-
tire pre-Pliocene Cenozoic section is condensed and A’ trun-
cates the older sediments. On the other hand, A’ is cut by the
lower Miocene horizon. Within the marginal basin, A' forms
the top of a band of reflectors conformable with the underlying
beds. In this region it is the uppermost reflector of good conti-
nuity contrasting with those above which are disturbed by set-
tling features, shallow gas, and ice-rafted material in the upper-
most section (Fig. 6). We believe this in part reflects a deposi-
tional transition from shallow marine to hemipelagic and
pelagic conditions during the late Oligocene.

The lower Miocene reflector A (Fig. 12) is recognized over
the entire study area. Although it is broken into numerous short
segments in the western Véring Basin, lateral correlation is nor-
mally maintained (Fig. 6). The seismic continuity improves over
the highs and in the eastern basin where the horizon is erosional
and truncated by the base Pliocene horizon locally.

The base Pliocene erosional unconformity, reflector O' (Fig.
13), marks the base of a huge sequence of Pliocene-Pleistocene
sediments prograding westward and downlapping onto O'. How-
ever, the unconformity gradually loses distinction and the over-
lying sediments thin towards the western basin where the base
Pliocene and upper Pliocene reflectors merge. The latter hori-
zon is mapped over the entire margin.
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Figure 7. Isochrone and structural map at the base-Tertiary level, reflector C. Contour interval: 0.1 s. Abbreviations as in Figure 2.
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seaward of the Véring Plateau Escarpment. Abbreviations as in Figure 2.
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ever, the unconformity gradually loses distinction and the over-
lying sediments thin towards the western basin where the base
Pliocene and upper Pliocene reflectors merge. The latter hori-
zon is mapped over the entire margin.

ODP/DSDP Site Correlation

The principal drilling results (Eldholm et al., this volume)
have been correlated with the most adjacent MCS profiles. All
four drill sites in the Véring Basin (Fig. 3) have limited penetra-
tion, the maximum 456 m at DSDP Site 341. The cored depths
have been converted to reflection times using a velocity of 1.6
km/s.

ODP Site 644 was drilled in a region of well-defined horizon-
tal layers (Fig. 14). Reflector UP corresponds to the base of the

glacial sequence at the transition between lithologic Units I and
11 in the upper Pliocene. At this level there is a typical decrease
in sediment bulk density (Eldholm, Thiede, Taylor et al., 1987).
At both Sites 642 and 643, UP marks a hiatus which is not
present at Site 644, The band of reflectors above UP is associ-
ated with the large concentrations of biogenic gas between 50
and 140 mbsf.

DSDP sites 339 and 340 were drilled in the diapir province
over the Vema Dome, each reaching just below 100 m total
depth. Pliocene-Pleistocene sandy muds and diatom oozes over
lower to middle Oligocene diatom oozes and muds were recov-
ered from Site 339, located in a saddle between two diapirs. At
Site 340, on top of a diapir rising 150 m above the sea floor, ho-
mogeneous diatom ooze of mixed upper and middle Eocene age
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Figure 10. Seismic section illustrating the various volcanic signatures and the stratigraphic relations between reflectors C (base Tertiary), IF (inner flow) and TP (lower Eocene). The arrows indicate
probable fissure vents (craters) at the level of reflector TP. Location given in Figure 3. For reflector nomenclature see text.
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Figure 12. Isochrone map of reflector A, lower Miocene. Contour interval 0.1 s. Abbreviations as in Figure 2.
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Figure 13. Isochrone map of reflector O', base-Pliocene in the Véring Basin and reflector UP, upper Pliocene seaward of the Vdring Plateau Escarp-
ment. Contour interval 0.1 s. Abbreviations as in Figure 2.
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below a 10-m veneer of Pleistocene mud was sampled (Talwani,
Udintsev et al., 1976). No MCS line crosses the sites but the
structural position is shown in Figure 9.

DSDP Site 341, which was drilled about 17 km northwest of
the diapir field in undisturbed Neogene sediments, terminated
in middle Miocene mudstones (Fig. 15). Reflector O’ corre-
sponds to the hiatus near the top of lithological Unit III, sepa-
rating middle Miocene calcareous diatomite and diatomaceous
mudstone from the Pliocene-Pleistocene muds, sandy muds,
and calcareous oozes of lithological Unit II. Reflector UP origi-
nates from within Unit II.

OUTER VORING PLATEAU SEDIMENTS

The most prominent seismic horizon seaward of the Véring
Plateau Escarpment is the high-amplitude, smooth acoustic base-
ment reflector EE originating at the interface between the Ceno-
zoic sediments and the underlying flow basalts. At the outer
flank of the plateau, reflector EE changes into irregular oceanic
basement. The basement depth and character are shown in Fig-
ure 8. Here, we first describe the sediments above reflector EE
and oceanic basement, later returning to the underlying vol-
canic series at the marginal high and the extrusives and intrusive
rocks in the Vdgring Basin.

The early single-channel seismic profiles demonstrated that
the sedimentary sequence could be separated in an upper and a
lower unit separated by a distinct regional reflector (Talwani and
Eldholm, 1972; Eldholm and Windisch, 1974). Caston (1976)
gave it a middle Oligocene age, primarily by correlation to
DSDP Site 338. However, he pointed out that the dating was
ambiguous because several closely spaced reflectors, ranging in

C-174

TWT

age from early Eocene to Oligocene/Miocene, were drilled at
the site. Later investigators have accepted the interpretation,
and related the unconformable reflector to the middle Oligo-
cene global fall in sea level (Hinz et al., 1984; Mutter, 1984). Us-
ing ties to the continental shelf Skogseid (1983) and Skogseid
and Eldholm (1987) suggested that the unconformity actually
corresponded to the lower Miocene level (reflector A) of Rén-
nevik et al. (1979) and Jérgensen and Navrestad (1981). This in-
terpretation was supported by the Leg 104 results (Eldholm,
Thiede, Taylor et al., 1987).

The present interpretation started with a transect of three
MCS profiles (BGR-1, NH-1, and NOR-JM-10, Fig. 3) located
over, or very close to, ODP Sites 642 and 643. By correlating
seismic and drilling results and tying the reflectors across the es-
carpment, we obtained a stratigraphy consistent with that in the
Véring Basin. Then, the transect horizons were extended over
the entire outer plateau and tied to the DSDP sites using both
MCS and single-channel lines.

Reflector A separates a lower sequence of relatively regular
depositional patterns from a more irregular and locally dis-
turbed upper sedimentary sequence (Fig. 16). It is also the up-
permost unconformity that reflects erosion of large areas of the
marginal high (Fig. 12); probably at relatively shallow water
depths, causing redeposition of a considerable amount of vol-
canic and volcaniclastic material.

A primary result of this interpretation is the understanding
that the region west of the Vdring Plateau Escarpment has been
relatively high during much of the Cenozoic time, governing
sediment deposition in the Vdring Basin as well as in the grow-
ing oceanic basins (Fig. 16). The sediments above reflector A

0 5Km

Figure 15. Multichannel seismic profile C-174 (time section) near DSDP Site 341. Location as in Figure 3. Lithological units (center) from Talwani,
Udintsev et al. (1976). UP: upper Pliocene, O': base-Pliocene, A: lower Miocene, A': middle Oligocene, TP: lower Eocene tuff, C: base-Tertiary,

TD: total depth.

1009



o101

SP
13000 12000 11000 8000 1000 2000
: ; P :

W [ B-g-81 ' [ c-167 —E

6000 5000 1000

4 e =) i g;_j-‘dgw"wﬂ;
VPE 1 — // “

6 6
0 v A —————— || === | - e - 1na 1] F~—
-
E ' nt:u_cn , 5000 1000 2000 3000
| BGR-79-5

&

m
'___,_._.——-—-‘"_'_-_’—__-—-_ =
———
[ -|_Ill.ﬂ————-—-—i~— n—e=1- 64|V - 1B

- A || —=— | —

/] 50 Km

643 paa

o 25 Km
[ —
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appear to have been deposited in deeper waters, but still reveal a
depositional configuration that is not unlike that of a subsiding
margin in more coastal environments. In describing the sequences,
we have therefore applied some of the terms introduced by Vail
et al. (1977), now commonly used in sequence stratigraphy.

ODP/DSDP Site Correlation

Site 642 confirms that reflector EE corresponds to the top of
the flow basalts. Reflector A is correlated with the unconform-
ity between lithologic Units III and IV at 277.6 mbsf (Fig. 17)
where there is a a clear change in acoustic impedance (Hempel
et al., this volume). The overlying biogenic sediments are of
lower Miocene age, and Figures 12 and 18 show that large parts
of the pre-lower Miocene sequence is absent in areas of shallow-
ing EE.

In the Neogene section there is good correlation of reflectors
and lithology. The uppermost, irregular reflector (UP, Fig. 17)
is related to the change from glacial/interglacial sandy muds to
predominantly nannofossil oozes at the boundary between lith-
ologic Units I and II. Reflector MM at about 200 mbsf appears
to reflect a change from siliceous muds to oozes within litho-
logic Unit 11 at the lower to middle Miocene transition.

The correlation in Fig. 17 results in a low average velocity,
approximately 1.60 km/s, for the section above EE. Due to the
small thickness of the A-EE sequence it is not meaningful to
calculate a separate interval velocity for the pre-Miocene sedi-
ments. We stress that these estimates are uncertain and that pre-
cise values require seismic modeling, but available work at Site
642 (Hinz et al., 1987; Theilen et al., 1987; Hempel et al., this
volume) has not addressed this problem. Low seismic velocities
were also inferred from the sonic log and measured in the recov-
ered cores (Eldholm, Thiede, Taylor et al., 1987).

Site 643 is located slightly off profile NH-1, and reached
basement rocks at a shallower depth than anticipated. In fact,
the total depth is close to the top of the sidesweep in Figure 19.
At the actual site, a basement reflector at this depth was con-
firmed by the much poorer quality profile NOR-IM-10 (Fig.
19). Site 643 did not sample solid basement rocks due to severe
infilling of the hole near the total depth. However, the rock as-
semblages and tholeiitic basalt fragments sampled at the bot-
tom of the hole are interpreted as a basal sequence resting on
oceanic basement (Eldholm, Thiede, Taylor et al., 1987). This
site also yields low sediment velocities. Values of 1.57 and 1.67
km/s are calculated above and below A respectively, correspond-
ing to velocities measured in the cores (Eldholm, Thiede, Taylor
et al., 1987).

Reflector UP (Fig. 19) correlates with the upper Pliocene to
Pleistocene hiatus between lithological Units I and II, and re-
flector MM originates from within the diatom oozes of litho-
logical Unit III in sediments dated to about 16 Ma (Goll, this
volume). Local deviations in velocity and porosity values are
measured at this level (Eldholm, Thiede, Taylor et al., 1987).
Figures 16 and 19 show that the lower Miocene unconformity
truncates the beds below. It is associated with the transition
from lithological Units III to IV that marks a major change in
consolidation history. In particular, Unit IV reveals an unusu-
ally high degree of consolidation with complex diagenetic alter-
ations below about 300 mbsf. At this level the physical proper-
ties reach new and stable values (Pittenger et al., this volume).
We correlate reflector A with this change in the uppermost part
of lithologic Unit 1V.

The approximately 100 m of lower Miocene sediments below
reflector A correspond approximately to the lowermost Miocene
dinocyst A. granosa Zone (Manum et al., this volume). Thus,
the lower Miocene unconformity covers a much shorter time
span than at Site 642. The change from lithological Unit IV to
V at the Oligocene/Miocene boundary correlates with a weak

reflector directly overlying a better-developed horizon (TO and
A', Fig. 19). The latter, which is still better developed farther
east and trunctated by A just west of Site 643, is dated as middle
Oligocene from the dinocyst zonations of Manum et al. (this
volume). Their Oligocene stratigraphy is also compatible with
an unconformity at this time. Finally, reflector ME might be as-
sociated with the upper to upper middle-Eocene hiatus pro-
posed by Manum et al. (this volume). On the other hand,
Kaminski (1987) proposed that the sediments below reflector A
are predominantly Oligocene with a 50-m basal section of lower
Eocene age. This does not change the reflector ages in a major
way, but we consider the age of the pre-lower Miocene sedimen-
tary sequences uncertain.

By tying the regional seismic makers to DSDP sites 338, 342,
and 343 (Fig. 16), we obtain a reasonable correspondence with
lithology and biostratigraphic ages (Talwani, Udintsev, et al.,
1976). Unfortunately, Site 338 (Fig. 20) was drilled in an area
where the Miocene and upper Oligocene section is severely dis-
turbed, making a direct seismic correlation difficult (Caston, 1976).
The sediments near the site show evidence of probable current
scouring and erosion leaving redeposited drifts and mounds. In ad-
dition, Caston (1976) documented diapirism, reaching almost to
the sea floor, originating from the sequence between the middle
Oligocene and lower Miocene reflectors.

The seismic data document recent erosion and downslope
mass movements at the lower outer flank of the plateau. In par-
ticular, the pronounced middle Eocene to Pliocene hiatus en-
compassing the lower Miocene unconformity at Site 343 (Fig.
21) suggests that erosion might have been active also prior to the
Pliocene.

Post-lower Miocene Sediments

Four regional sequences characterize the different deposi-
tional regimes above the lower Miocene unconformity (Figs. 16,
18). The upper, Sequence 1 between the sea floor and reflector
UP, consists of Pleistocene-upper Pliocene glacial deposits. The
cores reveal glacial-interglacial cycles of alternating dark, rela-
tively carbonate-poor, and light, carbonate-rich layers of mud,
sandy mud, and sandy calcareous mud (Eldholm, Thiede, Tay-
lor et al., 1987). The sediments are eroded at the sea floor, both
at the highest part of the plateau west of the escarpment and at
the slope towards the Lofoten Basin (Fig. 13). The reflection
patterns show a general onlap in the eastern direction and a sea-
ward downlap onto reflector UP to the west.

The next unit, between reflectors UP and MM, has been di-
vided into two depositional sequences, 2 and 3, by a sequence
boundary at the upper flank of the plateau (NH-1 shotpoints
8825-9225, Fig. 16). This boundary is traced from the change in
depositional patterns only, whereas reflector MM at the base of
sequences is a strongly undulating horizon. Sequence 2 is char-
acterized by westward progradation. The beds toplap the upper
Pliocene reflector and downlap onto the lower sequence bound-
aries westward (Fig. 16). The clinoforms are steepest in the east,
where we recognize several subsequences, becoming gradually
gentler at the western plateau. Site 642 results reveal that the
sediments are biogenic siliceous muds and oozes with some cal-
careous material in the uppermost part. Site 643 recovered simi-
lar sediments from Sequence 3. Here, the beds onlap the lower
sequence boundary in the east, changing to downlap farther
west.

Sequence 4, between reflectors MM and A, is particularly ir-
regular and disturbed (Figs. 16 and 18). The top of this se-
quence is truncated and shows local channel erosion, and the
upper part progrades westward, whereas the lower part onlaps
the lower Miocene unconformity toward the east. The entire se-
quence, consisting of biogenic diatom muds and oozes, appears
to be deformed by settling and differential compaction (Fig.
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Figure 17. Multichannel seismic profiles BGR-1 (migrated time section) and NOR-JM-10 (time section) in the vicinity of Site 642.
Location given in Figure 3. Lithologic units (center) from Eldholm, Thiede, Taylor et al. (1987). UP: upper Pliocene, MM: middle
Miocene, A: lower Miocene, EE: lower Eocene flows. Reflector K marks the change from UP: upper volcanic series to LS: lower

volcanic series. TD: total depth.

18). The deformation is only observed above reflector A, how-
ever.

In terms of sediment deposition, we interpret the basal part
of Sequence 4 to represent a period of gradually decreasing sedi-
mentation rates relative to subsidence, causing the landward on-
lap on reflector A. This period was followed by a phase of in-
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creased sediment input, keeping pace with subsidence and caus-
ing a seaward progradation accompanied by local erosion and
redeposition. At Site 642 this depositional change might be re-
flected in the abnormal decrease in bulk density and porosity
with depth and high water content in lithological Unit I1I. More
importantly, the undrained shear-strength measurements show
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Figure 18. Seismic section showing the Cenozoic stratigraphy and post-Oligocene deformation at the outer Véring Plateau. Location given in Figure 3. UP: upper Pliocene, MM: middle Miocene,
A: lower Miocene, A': middle Oligocene, ME: middle Eocene, EE: lower Eocene flow basalts.
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Figure 19. Multichannel seismic profiles NH-1 and NOR-JM-10 (time sections) in the vicinity of Site 643. Location given in
Figure 3. Lithologic units (center) from Eldholm, Thiede, Taylor et al. (1987); C marks the top of the over-consolidated sedi-

ments. UP: upper Pliocene, MM: middle Miocene, A: lower Miocene, TO: top-Oligocene, A': middle Oligocene, BM: oceanic
basement, TD: total depth.
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Figure 20. Multichannel seismic profile C-165 (time section) near DSDP sites 338 and 342. Location given in Figure 3. Note that the sites are lo-
cated slightly off profile C-165. Lithological units (center) from Talwani, Udintsev et al. (1976). UP: upper Pliocene, A: lower Miocene, A’: mid-
dle Oligocene, EE: lower Eocene flow basalts, TD: total depth.

0 5 Km
(I |
Cc-167 SP
1200

4 __ e o i :||I |'||F l I |
2]
}— -_—
=
h
5 . ,“';., ; ) a ¥
RO -'.». M\&W"&« 4&}"‘4"; Y

Figure 21. Multichannel seismic profile C-167 (time section) near DSDP Site 343. Location given Fig. 3. Lithologic units (center) from
Talwani, Udintsev et al. (1976). UP: upper Pliocene, A: lower Miocene, A’ : middle Oligocene, BM: oceanic basement, TD: total depth.
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a normal consolidation history in Sequences 1 and 2, whereas
Sequence 4 is clearly undercompensated, possibly associated
with diagenetic processes acting in the smectite and ash frac-
tions. Similar, although slightly less pronounced, trends are re-
vealed by the physical properties measurements in Sequence 4 at
Site 643 (Eldholm, Thiede, Taylor et al., 1987; Pittenger, this
volume). We believe these conditions are responsible for the in-
ternal deformation and mass movements within Sequence 4 as
well as the slumping in front of the prograding shelf edge (Fig.
16). Toward the middle Miocene the sediment flux again de-
creased and the outbuilding ceased. The sea floor became ex-
posed to erosion over most of the outer plateau, resulting in a
system of current channels transporting sediments to the west
and constructing the deep marine fan/lowstand wedge in Se-
quence 3.

Subsequent to Sequence 3 formation a new pulse of sediment
input from the elevated northern plateau and the Vema Dome
moved the depocenter to the east. Sediment supply kept pace
with subsidence and Sequence 2 prograded westward. Finally,
Sequence 1 was laid down under quiet conditions. Significant
erosion, probably by contour currents, took place on the steep
outer flank during deposition of both Sequences 1 and 2 and is
still active.

Pre-lower Miocene Sediments

The sediments between the lower Miocene unconformity and
the acoustic basement (Fig. 22) form three main depositional se-
quences separated by the middle Oligocene unconformity and
the middle Eocene reflector. The latter horizon is only mapped
south of the Véring Fracture Zone.

The lowermost Sequence 7 is only observed below reflector
ME within a fault controlled local basement depression at the
southwestern marginal high. The depression is bounded to the
east by a steep fault zone at the western termination of the sea-
ward-dipping reflector wedge (Fig. 16). The fault zone also
marks the change from a smooth reflector EE to an irregular
oceanic basement surface, near the Zone III/IV transition (Fig.
8). Reflector ME has a distinct character and is easily recog-
nized despite few tie lines, onlapping the basement highs on ei-
ther side of the depression. Site 643 results indicate that Se-
quence 7 contains zeolitic mudstones and altered volcaniclastic
sediments, and we infer a middle Eocene age for ME. We also
note that the sequence overlies the oldest oceanic crust at the
Véring Plateau (Skogseid and Eldholm, 1987). Absence of fault-
ing in the sediments indicates that the structuring occurred prior
to the deposition of Sequence 7, possibly associated with the
westward shift in the plate boundary just prior to anomaly 23
time (Hagevang et al., 1983).

The basement depression is also reflected in the depositional
pattern of the two subsequent sequences, 5 and 6, bounded by
reflectors A-A' and A'-ME, respectively. Both sequences are
eroded over the flanks of the depression with redeposition in the
central part. There is outbuilding from the east, forming nu-
merous subsequences of prograding wedges interfingering with
transgressive units and associated onlapping sequences (Fig. 16).
In the western part, on the other hand, the prograding clino-
forms are steeper and of limited extent, indicating a local and
less significant source region. At Site 643, Sequence 5 consists
of compacted laminated mudstones with some chalk and sili-
ceous mudstone grading into the zeolitic mudstones of Sequence
6 at the base. The configuration of this sub-basin lasted proba-
bly into the earliest Miocene. A change in relative subsidence
during the deposition of Sequence 5 is reflected by a change
from westward progradational downlap to eastward transgres-
sive onlap east of sp. 8900, profile NH-1 (Fig. 16).

North of the Vdring Fracture Zone the sediment thickness
decreases over the summit of the marginal high (profiles C-165
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and C-167; Figs. 16, 22), suggesting that subsidence and sedi-
mentation was delayed with respect to the southern plateau.

Correlation Across the Véring Plateau Escarpment

We had encountered few problems in correlating the gener-
ally continuous, Neogene reflectors from the Vdring Basin to
the outer Véring Plateau. However, most of the deeper reflec-
tors are interrupted by the escarpment or the structural high on
its seaward side (Figs. 5, 16). The middle Oligocene reflector is,
however, continuous over the southernmost part of the escarp-
ment (Fig. 16). Thus, with the exception of reflector ME, we
have been able to tie all sedimentary reflectors mapped west of
the Véring Plateau Escarpment to those in the Vidring Basin.

East of the structural high just seaward of the escarpment
there is a small sequence, or wedge, of pre-lower Miocene de-
posits. Drilling at Site 338 (Figs. 16, 20) have confirmed that
this sequence, at least locally, contains Oligocene and older sed-
iments.

EARLY TERTIARY VOLCANICS

The large amounts of volcanic rocks recovered at Site 642 at-
test to the volcanic nature of the Véring Plateau marginal high.
The top of the flows were earlier correlated across the escarp-
ment extending 30-40 km into the Vdring Basin (Talwani et al.,
1983; Hinz et al, 1984). This horizon, denoted the inner flows,
is also found landward of the Faeroe-Shetland Escarpment at
the Mdre Margin (Fig. 1). Actually, a series of volcanic features
have been recognized in the outer Mére Basin (Smythe, 1983;
Gatliff et al., 1984; Price and Rattey, 1984; Gravdal, 1985),
whereas similar features in the western Vdring Basin have previ-
ously attracted little attention. Now, we first summarize the
structure of the Vdéring marginal high, then discuss the inner
flows as one element of a complex volcanic sequence in the
western Véring Basin.

A zonation based on the signature of the acoustic basement
surface and sub-basement features, originally suggested by Hinz
et al. (1982) and Talwani et al. (1983), is commonly used to
characterize the margin. This concept, with the zonations of
Skogseid and Eldholm (1987), is applied in Figures 8 and 16.

Véring Plateau Marginal High

The elevated basement surface at the marginal high includes
some oceanic crust (Zone 1V) and two zones of different sub-
basement structuring beneath reflector EE (Zones Il and III,
Figs 8 and 16). We stress, however, the diachronous nature of
EE, which is documented by flow fronts offlapping in a seaward
direction. At the southern plateau there are also excellent exam-
ples of younger lavas overflowing older sediment covered extru-
sives (Skogseid and Eldholm, 1987).

Zone III is underlain by the seaward-dipping reflector se-
quences, whereas Zone II forms a 10- to 40-km wide area west
of the escarpment in which reflectors of poor continuity are
sub-parallel to EE or dip gently landward. The transition be-
tween the zones is placed at the apex of the seaward-dipping
wedge. Between the Lofoten and Vdring fracture zones a more
poorly developed outer wedge (111B) is mapped west of the main
inner wedge (II1A) (Figs. 8 and 16). A band of high-amplitude,
low-frequency reflectors of which the upper is denoted K (Hinz
et al., 1982), marks the base of the sub-basement reflectors at
the innermost high. The seismic record is indistinct with poor
continuity below K. Skogseid and Eldholm (1987) noticed that
K could only be traced 10-30 km beneath the most landward
wedge, losing its character a short distance east of the onset of
magnetic anomaly 24B. The seaward-dipping wedges exhibit a
series of beds often becoming steeper with depth. Individual
beds onlap K locally or pinch out within the wedge. Neverthe-
less, the detailed chronostratigraphy of the wedge is not fully



SEISMIC INTERPRETATION, STRATIGRAPHY, VERTICAL MOVEMENTS

ISOPACHS A-C, A-EE
PALEOGENE SEDIMENTS

e
¢
66
|
|
\
650 3
4 5
] n .
—_— —_— e
MAIN STRUCTURAL FEATURE
—SE— SHELF EDGE bk FLOW LIMIT (ZONE 1)
BA TR’ SDP/ODP DRI
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as in Figure 2.
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understood, but truncations and unconformities suggest an epi-
sodic construction and varying relative subsidence.

The Leg 104 drilling answered many questions related to the
crustal nature and structure of the marginal high. The results of
Site 643 (Fig. 19) are compatible with lower Eocene oceanic
crust near the total depth. More importantly, Site 642 drilled
through the entire dipping sequence, recovering two distinctly
different series of predominantly flow basalts and interbedded
volcaniclastic sediments emplaced in a terrestrial environment
(Fig. 17). The upper and lower volcanic series have been related
to initial sea-floor spreading and late rifting-type volcanism re-
spectively (Eldholm, Thiede, Taylor, et al., 1987; Eldholm et
al., this volume).

At Site 642, the upper part of the sub-EE seismic sequence
exhibits seaward-dipping reflectors of poor to moderate conti-
nuity (Fig. 17). Acoustically, this unit is the continuation of the
better-developed part of the wedge sequence farther west. The
onset of the low-frequency band of reflectors at the base of the
wedge has been correlated with the tuffaceous unit at 1093 mbsf
that marks the change between the two volcanic series. Thus, re-
flector K is associated with the top of the lower volcanic series.
Eldholm, Thiede, Taylor, et al. (1987) estimated a reflection co-
efficient of about -0.30 at this level, a magnitude that is ex-
pected to produce a prominent reflector in the seismic record.
This interpretation yields an interval velocity of about 4.4 km/s
for the dipping sequence. It corresponds with ESP and sono-
buoy solutions (Mutter et al., 1984), but is slightly higher than
preliminary estimates from the VSP experiment. Rb-Sr dating
suggests ages of 57.8 and 54.5 Ma for the upper and lower se-
ries, respectively (LeHuray and Johnson, this volume), and di-
noflagellates in the lower series sediments correspond to nanno-
plankton zones NP9 and NP10 at the Paleocene/Eocene bound-
ary (Manum et al., this volume).

Véring Basin

In the seismic record we have identified several regional fea-
tures that are of probable igneous origin (Fig. 10). These are:
sills, or low-angle dikes, within the Cretaceous sediments; a sill-
flow complex (Zone I or inner flows); a large number of small
craters at the level of reflector TP; and the lower Eocene tuffs,
reflector TP (Fig. 8). The mapping is based on seismic signa-
ture, stratigraphic setting, and comparison with volcanics west
of the Véring Plateau Escarpment. We have also been guided by
similar seismic features in the same stratigraphic and structural
setting along the margin northwest of Great Britain, where drill-
holes have confirmed their volcanic nature (Gibb et al., 1986;
Hitchen and Ritchie, 1987; Jenyon, 1987; Mudge and Rashid,
1987).

The sills appear as sharp seismic signals of excellent continu-
ity, in general terminating abruptly within the transparent and
weakly layered Cretaceous sediments (Fig. 10). Locally, the reflec-
tors are oblique with respect to a poorly developed stratification.
Some intrusives disturb the base Cretaceous reflector, while none
are observed in the sediments below reflector D or above the
lower Eocene tuff. The intrusives both cut and follow the lower
Tertiary listric fault planes, implying emplacement after the
faulting. Moreover, the sills in the western Sméla and Fleina
Rifts gradually migrate up in the section, approaching the bound-
ary of the inner flows.

The top of the sill-flow complex, or the inner flows, consti-
tutes the most prominent reflector in the Vdring Basin, effec-
tively masking all underlying features. Profile B-9-81 (Fig. 5)
shows that there is no seismic penetration below the flows,
whereas 2-4 s of section is recognized where the profile crosses
bights in the flow edge. The flows have a clear, lobate eastern
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limitation (Fig. 8) reflecting the topography of the base Tertiary
horizon, which the flows onlap (Fig. 7). Moreover, the relief of
the flow surface reveals individual fronts withdrawing towards
the west. The interrelationship of the flows and sills make us
prefer the term sill-flow complex to characterize Zone 1. We be-
lieve the flows represent the endmember of a volcanic succession
gradually changing from intrusive to extrusive character. This
configuration, with flows overlying sills, might explain the strik-
ing seismic difference between the opaque inner flow sequences
and the more transparent signature of the single, locally com-
posite, sills farther east in the Véring Basin.

The onlap of the flows onto base-Tertiary unconformity and
the fact that they are located just below the lower Eocene reflec-
tor in the southwestern Véring Basin, lead us to suggest that the
sill-flow complex probably was emplaced at the transition be-
tween the Paleocene and Eocene epochs and/or in the earliest
Eocene. This reasoning is, of course, only valid if the flows in-
deed are of extrusive nature in the southwestern basin. We favor
an extrusive emplacement mainly because the flows, which fill
in the base-Tertiary relief, are seismically similar and contiguous
with those farther north. This suggests a genetically similar vol-
canic complex east of the entire Véring Plateau Escarpment. It
is natural to speculate that the emplacement of the volcanic
complex is related to the two volcanic series drilled by ODP Leg
104 (Eldholm, Thiede, Taylor, et al., 1987). The composition of
the youngest tuffs (Knox and Morton, 1988) indicates that they
might be contemporaneous with the upper volcanic series in Site
642, hence deposited after the onset of subaerial sea-floor spread-
ing. In view of the time-transgressive nature of the flows on ei-
ther side of the escarpment, we suggest that the inner flows, at
the top of the flow-sill complex, are slightly older than those at
the top of the marginal high. Thus, the inner flows were laid
down during the time period between the emplacement of the
lower volanic series and the uppermost upper series. A maxi-
mum time of about 3 Ma is estimated for the emplacement of
both volcanic series at the marginal high, although the entire
upper series may in fact have been extruded over a much shorter
time period (Eldholm et al., this volume).

The formation of the small eruptive vents or craters at the
level of the lower Eocene horizon is not fully understood, but
they were probably conserved due to a marine environment.
Many of the features are similar to disturbances associated with
volcanic sills and low-angle dikes off the U.S. East Coast (Jansa
and PePiper, 1988). The craters probably reflect extrusive fissure
vents, but a relationship with local sedimentary gas accumula-
tions cannot be ruled out.

The different volcanic features in the Vdring Basin have a
distinct but separate geographical distribution (Figs. 8, 23).
Whereas the tuffs have been observed in large areas of the
northeast Atlantic region (Knox and Morton, 1988), the sills
and craters are restricted to the Tertiary marginal basin. Finally,
the sill-flow complex is only observed in a 10- to 40-km wide
zone just landward of the Véring Plateau Escarpment. We be-
lieve, however, that the flow-sill complex is similar to the vol-
canic succession east of the Faeroe-Shetland Escarpment (Smy-
the et al., 1983; Gibb et al., 1986; Gibb and Kanaris-Sotiriou,
1988).

DISCUSSION

The seismic mapping revealed a series of sedimentary, vol-
canic, and structural units that is important for understanding
Cenozoic margin evolution. The spacial relationship between
the main regional structural and volcanic features are shown in
Figure 23. Seaward of the Véring Plateau Escarpment, we note
the distribution of the various sub-basement reflectors (Zones 11
and III) and the structural high (Zone II) just west of the es-
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Figure 23, Main regional Mesozoic and Cenozoic features of the Véring Plateau rifted volcanic continental margin. Volcapic
zonation I-IV from Skogseid and Eldholm (1987). COB: continent-ocean boundary, TP: Tréndelag platform, VPE: Véring

Plateau Escarpment. Other abbreviations as in Figure 2.

carpment (Fig. 16). The Véring Basin is divided into two prov-
inces by the Molde-Bodd high. The western province comprises
the Smdla and Fleina Rifts, whereas the eastern rift province in-
cludes the Traen Basin, Halten Trough, and Halten Terrace.

The Véring Plateau margin has often been considered a non-
extensional type of continental margin (Hinz et al., 1987; Mut-
ter et al., 1988). We now document early Tertiary extension re-
stricted to a 100- to 150-km wide region in the western Véring
Basin, the Tertiary marginal basin (Fig. 23). The early Tertiary
igneous activity is also restricted to this basin and the Véring
Plateau marginal high.

Pre-Cenozoic Basin Evolution

Although we recognize a considerable pre-Cretaceous sedi-
mentary section in many of the seismic profiles, we concur with
Bukovics and Ziegler (1985) and Hagevang and Rénnevik (1986)
that there is insufficient seismic resolution and penetration to
make a contribution towards the pre-Cretaceous configuration
of the Vdring Basin. In fact, most investigators have relied on
data from Greenland and commercial wells at the Norwegian
shelf to infer the early history of the deep Mdre and Véring ba-
sins (Larsen, 1987; Brekke and Riis, 1987).
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The Véring Basin is primarily a Cretaceous basin developed
by regional subsidence. The Late Jurassic-Early Cretaceous ex-
tensional episode that structured the entire Norwegian margin
might actually be slightly time- transgressive northward (Gud-
laugsson et al., unpublished data). Brekke and Riis (1987) pro-
posed that the main structural pattern to a large extent reflects
older, long-lived structural elements. The geometry of the Halten
Terrace and the syncline within the Bodé high (Fig. 4), as well as
observations from exploration on the shelf (Gabrielsen and Rob-
inson, 1984; Gowers and Lunde, 1984; Price and Rattey, 1984)
may be interpreted in terms of small magnitude strike-slip mo-
tions accompanying and/or postdating the extension.

The separation of the basin into two provinces by the Molde-
Bodd high (Fig. 23) has governed the Cretaceous sedimentation
and subsidence of the Véring Basin. During the Early Creta-
ceous, erosion took place both at the Tréndelag Platform and
the intra-basinal highs. Most of the sediments were redeposited
in the eastern province, whereas the Sméla and Fleina Rifts ap-
pear to have received less Lower Cretaceous sediments. The ba-
sin subsidence continued into the mid- and Late Cretaceous,
and sediments covered the existing relief, establishing the re-
gionally subsiding Véring Basin. Under these conditions one
would expect a dominance of Lower Cretaceous coarse clastic
sediments flanking the highs and marine facies in the deeper ba-
sins, changing into basin-wide marine sedimentation in the Late
Cretaceous (Larsen, 1987).

Early Cenozoic Rift-drift Events and Intra-basinal
Deformation

The two different lava series recovered at Site 642 were em-
placed subaerially or in shallow waters (Eldholm, Thiede, Tay-
lor, et al., 1987). Thus, the Védring Plateau did not experience a
phase of rapid initial subsidence during the time of late rifting
or early sea-floor spreading. However, simple thermomechan-
ical models for crustal breakup assuming uniform extension re-
veal that the direction and magnitude of the initial subsidence is
dependent on the crust-lithosphere configuration prior to rift-
ing (McKenzie, 1978; Le Pichon and Sibuet, 1981). As the pre-
rift crust becomes thinner, one would expect diminishing base-
ment-involved faulting and subsidence associated with the new
initial rift phase. In fact, uplift might take place under certain
conditions.

At the Vdring margin two major rift episodes, the Late Ju-
rassic-Early Cretaceous and the early Tertiary, are evident in the
seismic record. In addition, the Late Jurassic crust between
Norway and Greenland was probably thinned by previous rift-
ing (Bukovics and Ziegler, 1985; Brekke and Riis, 1987; Larsen,
1987). The concept of rifting within much thinned continental
crust was applied by Skogseid and Eldholm (1987, 1988) to the
Véring margin. Using available estimates of the Late Jurassic-
Early Cretaceous extension (Bden et al., 1984; Bukovics et al.,
1984, Gravdal 1985), they showed that initial uplift or nonsubsi-
dence could have taken place in the early Tertiary, causing the
formation of a volcanic margin.

The present seismic interpretation has allowed new extension
estimates of the Late Jurassic-Early Cretaceous and the early
Tertiary rift episodes. Calculations by Pedersen and Skogseid
(this volume) indicate differential extension across the Véring
Basin and that previous stretching factors for the Late Jurassic-
Early Cretaceous rifting probably are too high. They suggested
the maximum pre-Cenozoic extension took place in the eastern
Véring Basin and computed a stretching factor of 1.9 for the
southern Traen Basin, decreasing to 1.3 and 1.5 at the Molde
high and Sméla Rift respectively (Fig. 5).

The small amount of pre-Cenozoic extension in the western
Véring Basin would probably not have produced initial uplift in
the early Tertiary assuming a uniform extension model. On the
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other hand, models introducing differential extension (Skogseid
and Eldholm, 1988) or partial melting (White et al., 1987; Mut-
ter et al., 1988; Pedersen and Skogseid, this volume) could ac-
count for the anomalous level of crustal generation. In particu-
lar, the existence of large volcanic edifices at the Véring margin
and other margins in the North Atlantic makes partial melting
attractive. Although initial uplift at the Véring Plateau is con-
sistent with data and geodynamical models, its magnitude is
poorly constrained because the volcanics hide much of the un-
derlying structural and stratigraphic record.

The stratigraphy of the outer Véring Basin reveals that the
base-Tertiary reflector can be considered a rift-unconformity,
associated with uplift and erosion during the early Tertiary. The
reflector is an erosional unconformity in the entire basin west of
the Molde-Bodd high, and the Paleocene and lower Eocene sed-
iments are absent in a 10- to 50-km wide region east of the
Véring Plateau Escarpment (Figs. 24, 25). The unconformity
truncates and smooths the relief of the near base-Tertiary listric
fault blocks, disappearing under the inner flows. Subsequent to
uplift, the basin started subsiding with sediments onlapping the
base-Tertiary horizon during a westward transgression of the
shoreline. The early Eocene situation is shown in Figure 8. We
infer that most of the Paleocene sediments in the western Véring
Basin (Fig. 24) were derived from the elevated region in the
west.

During the Early Eocene there was an additional pulse of up-
lift at parts of the Smdla and Fleina rifts (Figs. 5, 25). It is par-
ticularly evident within the southern Smdla Rift where the base-
Tertiary unconformity (Fig. 7) overlies a northeast-trending
ridge, the Lovund Ridge of Bukovics et al. (1984). The well-de-
fined sediment minimum in Fig. 22 documents that the ridge
has been a positive structure during Paleogene times. From
stratigraphic considerations we estimate that as much as 800 m
of Upper Cretaceous sediments may have been eroded locally at
the inverted Sméla Rift.

The listric fault deformation of the Cretaceous sediments in
the Sméla and Fleina rifts conflicts with the idea of a nonexten-
sional Véring margin. While these faults are prominently devel-
oped, they only exist within the older Late Jurassic-Early Creta-
ceous rifts (Figs. 5, 7), implying that the early Tertiary extension
only developed prominent faults in the thickest Cretaceous sedi-
ments. On the other hand, the underlying Late Jurassic-Early
Cretaceous faults show no significant reactivation.

Our interpretation of the listric fault system implies that the
observed extension is mainly taken up by ductile deformation of
the sedimentary rocks, possibly by over-pressured shales in the
Lower Cretaceous section. The main question is, however, how
to create extension without involving an observable deformation
of the pre-Cretaceous sediments. If the listric faults only existed
above the local domes, they might simply reflect collapse struc-
tures related to the doming (Shelton, 1984), but the seismic data
show a wider region of deformation (Fig. 5). Furthermore, re-
gional crustal extension must have taken place to account for
the postrift marginal subsidence. Pedersen and Skogseid (this
volume) have shown that the early Tertiary rift episode yields
differential crustal extension across the Tertiary marginal basin,
and a stretching factor of 1.6-1.9 is calculated in the Smdla
Rift. "We therefore relate the extension to lithospheric thinning
and development of a thermal anomaly at the base of the crust.
Brun and Choukroune (1983) have shown that an increased
thermal gradient could cause a brittle-ductile crustal transition
to take up lateral displacement. We do not believe that the main
level of crustal detachment lies within the sediments, but the
model explains how a thin segment of the upper crust may be
left relatively stable between an upper ductile shale and a deeper
main zone of detachment caused by the thermal anomaly (Smith
and Bruhn, 1984). On the Norwegian shelf Gabrielsen (1986; in
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press) has demonstrated that older zones of weakness are often
reactivated, causing deformation within the sediments without
observed offset of the older structures. The sedimentary defor-
mation normally develops listric faults, whereas the deeper and
older faults tend to have planar, steep surfaces.

The igneous activity postdates the listric faulting in the Cre-
taceous sediments. In general, the volcanic intrusives in the Ter-
tiary marginal basin show a geometrical relationship with the
Late Jurassic-Early Cretaceous fault fabric (Fig. 8). Probably,
the old zones of weakness have guided the upward flow of the
melts.

Returning to the mechanism responsible for the initial uplift,
most of the observations can be explained by a uniform exten-
sion model with partial melting. Using parameters from Skog-
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seid and Eldholm (1987) and this study, Pedersen and Skogseid
(this volume) predicted extension in a 150- to 200-km wide area
landward of the continent/ocean boundary. Their model im-
plies early Tertiary uplift of the entire basin west of the Molde-
Bodé high, and the continent/ocean boundary could have been
elevated as much as 900 m above sea level. Moreover, melt was
produced in decreasing amounts away from the incipient plate
boundary, relative to the rate of extension.

There is an apparent correlation between the lower crustal re-
flector (LCR, Fig. 5) and the parts of the Mesozoic Smdla and
Fleina Rifts that experienced maximum uplift in the earliest Ter-
tiary. Possibly, the thin pre-Cenozoic crust below the rifts acted
as a trap for low-viscosity melts underplating the crust during
rifting, causing the local changes in relative uplift. If so, reflec-
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tor LCR is a remnant of the pre-Cenozoic base of the crust.
Nevertheless, most of the melt was concentrated in the region of
continental breakup. During breakup, the volcanic extrusion
rate became much larger than during the previous rifting stage.
This subaerial volcanic surge created the dipping-reflector se-
quences as well as the tuffs in the Véring Basin. The onlap of
the tuffs onto the base-Tertiary unconformity east of the Véring
Plateau Escarpment shows that the marginal high and western
Véring Basin stayed above the erosional base until after the tuffs
had been deposited.

The Vema Dome and its continuation south of the Molde-
Bodd high (Fig. 23) are the main areas of Cenozoic intra-basinal
deformation in the Véring Basin. These features have been de-
scribed as caused by igneous intrusives in the Cretaceous sedi-
ments, mobilization of pre-Kimmeridgian evaporites or deep
crustal movements (Hinz et al., 1984). On the other hand, Mut-
ter (1984) suggested deformation throughout the Cretaceous
reaching its final stage in the Oligocene. He proposes a diapiric
origin for the movements, whereas Rénnevik et al. (1979) re-
lated the domes to shear zones in conjunction with plate tec-
tonic events in the Norwegian-Greenland Sea. Most investiga-
tors concur, however, that the main doming took place during
Oligocene to early Miocene times (Bden et al., 1984; Bukovics
et al., 1984; Hinz et al., 1984). On the adjacent continental
shelf there is evidence of Oligocene wrench movements resulting
in folding, reverse faulting, and reverse rejuvenation of normal
faults in a north-northwest direction (Gabrielsen and Robinson,
1984; Gowers and Lunde, 1984; Larsen and Skarpnes, 1984).

The composite nature of the domes lead us to propose a two-
stage evolutionary model. A latest-Cretaceous to early Tertiary
strike-slip regime responsible for the reverse faulting was fol-
lowed by gentle flexural updoming ending during the early Mio-
cene. Locally, the domes created a surface relief that has guided
sedimentation until present time. We believe the deformation of
the Cretaceous sediments was initiated by dextral strike-slip tran-
spression associated with the early Tertiary rifting episode, proba-
bly including minor reactivation of some of the older Mesozoic
lineaments (Fig. 23). The deformed sediments, probably marine
shales, were subsequently mobilized by the strike-slip move-
ments. During the Paleogene the doming kept pace with sedi-
mentation, but ceased during the early Miocene. Nevertheless,
diapirsm has continued locally over the Vema Dome, where a
large number of mud diapirs, drilled during DSDP Leg 38 (Tal-
wani, Udintsev, et al., 1976), pierce the sea floor (Fig. 9).

The Vema Dome is best developed in the southern part of the
Fleina Rift where the doming is superimposed on the early Ter-
tiary local inversion of the rift (Fig. 5). Profile C-165, which
crosses the rift, probably reflects four tectonic events (Fig. 9).
First, the Late Jurassic-Early Cretaceous graben was formed.
Then, there was Late Cretaceous to early Tertiary extension ex-
pressed by listric faults, whereas the steeper reverse faults imply
that the extension was accompanied by transpression. Finally,
large-scale doming was initiated continuing through Paleogene
times. The transcurrent stress regime may also be responsible
for the distinct syncline along the Bodé high. Although the
dome over the Halten Trough is less spectacular than the Vema
Dome, it has a clear subsurface expression. We do point out,
however, that much of its prominence may be ascribed to differ-
ential subsidence during the Tertiary (Fig. 25).

The scenario above can be summarized in the following evo-
lutionary steps, noting that the ages are considered relative only
(Fig. 25):

155-140 Ma.  Structuring of the incipient Véring Basin by the Late
Jurassic-Early Cretaceous tectonic episode.
140-100 Ma. Early Cretaceous differential subsidence and sedimen-

tation. Local highs remained emerged. Main depocen-

ter east of Molde-Bodé high. Enhancement of the
horst-graben relief.

Regional basin subsidence and high sediment influx
smoothing the basin relief.

Extension causing asthenospheric doming, listric fault-
ing, partial melting, and melt migration towards the base
of the crust. Initiation of intrusive activity. Regional
uplift of the outer Véring Basin and local inversion
within the Late Jurassic-Early Cretaceous Sméla and
Fleina Rifts. A strike-slip stress regime causes reverse
faulting and initiation of large intra-basinal doming.
Continued thinning of the lower crust and emplace-
ment of intrusives within the Véring Basin sediments.
The volcanism is most intense west of the Véring Pla-
teau Escarpment where dikes cut through a much
thinned crust to the surface, constructing the lower vol-
canic Series. Sills, dikes, and some extrusives build up
the core of the flow-sill complex of Zone I in the adja-
cent Véring Basin.

Continental breakup releasing large amounts of
magma, initiating Icelandic-type sea-floor spreading.
Icelandic-type spreading produce a volcanic complex of
flows and interbedded sediments comprising the sea-
ward-dipping reflector sequences in Zone I1I as well as
flows above reflector K in Zone II, and some flows in
Zone 1. Ashes and tuffs deposited over a wide region.
Intrusive activity ceases in the Véring Basin.

The volcanic surge decreases and the spreading axis
subsides causing a change in mode of crustal generation
from Icelandic to normal oceanic crust.

100-65 Ma.
65-58 Ma.

58-57 Ma.

57 Ma.

57-54 Ma.

Post-54 Ma.

Post-rift Sedimentation

After the initial breakup the margin subsided primarily due
to thermal cooling of the lithosphere. The subsidence and sub-
sequent sedimentation is presently reflected in the relative distri-
bution of the postrift sediments (Figs. 8, 11-13, 22, 24, 26).

The distribution of Paleogene and Paleocene sediments (Figs.
22, 24) illustrates the westward migration of the main depocen-
ter since the time of rifting. During the late rifting stage, ero-
sional products from the emerged Véring Basin west of the
Molde-Bodé high were transported to the east, building the
thick (maximum 1.2 s) Paleocene-lower Eocene sequence in the
vicinity of the Molde-Bodé high (Fig. 24). The Paleocene iso-
pachs also show the local inversion of the Fleina Rift, leaving
depocenters on either side of the structure (profile 165, Fig. 5).
After breakup, the Tertiary marginal basin subsided most rap-
idly, with sediments transgressing westward reaching the Vdring
Plateau Escarpment during the middle Eocene.

The relief of the Tertiary marginal basin became gradually
smoother during the Paleogene and Miocene. The Véring Basin
east of the Tertiary marginal basin experienced a relatively small
amount of subsidence and sedimentation during this period
(Figs. 5, 22). In this area deposition took place at shallow water
depths throughout the Tertiary, allowing erosion of all horizons
from the lower Eocene to the base Pliocene (Figs. 8, 11-13).

We recognize a post-Miocene phase of increased subsidence
and large-scale sedimentation reflected by a thick sequence over
the Tréndelag Platform and the inner Véring Basin (Fig. 26).
The sequence contains a number of prograding units which have
built out the shelf edge to its present position where the sedi-
ments have a maximum thickness of about 1.2 s. The upper-
most part of the sequence is, however, toplapped by flat-lying
Quaternary beds becoming 0.2-0.4 s thick east of the shelf
edge. West of the shelf edge the post-Miocene sediments thin
rapidly, leaving only 0.1-0.3 s of conformable layers east of the
Véring Plateau Escarpment. The origin of this post-Miocene
event, which is observed along the entire eastern Norwegian-
Greenland Sea continental margin (Eldholm et al., 1984), is
poorly understood but might be a response to a late Cenozoic
uplift of the Fennoscandian landmass.
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Figure 26. Isopach map of post-Miocene sediments. includes the section between reflector O’ (base Pliocene) and the sea floor in the Véring Basin,
and between UP (upper Pliocene) and the sea floor west of the Véring Plateau Escarpment. Contour interval 0.1 s. Abbrevations as in Figure 2.
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At the Vdring marginal high, the subaerial sea-floor spread-
ing had left behind a volcanic edifice including huge wedges of
seaward-dipping reflectors towards the end of the early Eocene.
The westward jump in the spreading axis just prior to anomaly
23 time (Fig. 2) is reflected by the old rift depression south of
the Véring Fracture Zone. In the early to middle Eocene the west-
ern part of the marginal high submerged and the basaltic base-
ment became covered with a succession of Eocene and younger
sediments. Terrigenous material, mainly derived from the still
elevated eastern part of the marginal high, dominates the basal
section, gradually changing into hemipelagic and pelagic com-
positions (Talwani, Udintsev, et al., 1976; Eldholm, Thiede,
Taylor et al., 1987). The summit region of the high stayed ele-
vated without receiving appreciable sediments before early Mio-
cene time (Figs. 22, 27). Thus, the varying sediment load might
have contributed to the differential subsidence across the outer
margin.

The depositional evolution of the outer Véring Plateau is
summarized below, illustrated by a transect through the ODP
drill sites south of the Véring Fracture Zone (Fig. 27). The re-
gion north of the fracture zone has been discussed by Caston
(1976).

1. Early Eocene. Erosion of the young lavas and redeposition of vol-
caniclastic sediments in the adjacent landward basin and in the rift de-
pression at the western marginal high (Sequence 7).

2. Middle Eocene to middle Oligocene. The relief of the rift depres-
sion is maintained during regional subsidence, causing transgression
and progressive deposition of zeolitic mudstones (Sequence 6) derived
from source areas on either side of the rift.

3. Middle Oligocene to early Miocene. Except for the summit area
the marginal high is covered by sediments (Fig. 12). During this period
the outer plateau started subsiding more rapidly than the inner part,
leaving the eastern summit region as the main source area. This resulted
in deeper marine chalks and siliceous mudstones at the outer plateau,
while the zeolitic mudstones, derived from the still exposed lavas and re-
deposition of older sediments, dominate farther east (Sequence 5). Ero-
sion at the lower Miocene unconformity and a high thermal gradient,
may account for the distinct diagenetic boundary observed at Site 643.

4. Post-early Miocene. The continued regional subsidence caused a
rapid transition from shallow to deep marine environments over the en-
tire plateau. However, depositional patterns reflect periods of both local
and regional erosion and redeposition. As these processes occurred dur-
ing times of ample biogenic supply, we relate them to changes in current
patterns at the young margin, possibly influenced by sea-level fluctua-
tions. The disturbed, poorly consolidated middle to lower Miocene dia-
tom muds and oozes of Sequence 4 were laid down during a period of
rapid progradation. The deformation (Fig. 18) might be syn-deposi-
tional or related to the later overburden of the prograding, mainly bio-
genic sediments in Sequences 2 and 3, initiating differential loads caus-
ing local mass movements in the water-rich muds below. There is poor
seismic resolution in the uppermost glacial-interglacial sequence, but we
document strong current-induced erosion of these, as well as the under-
lying sediments at the flanks of the plateau.

A primary observation is the existence of exposed flow ba-
salts at the summit of the Véring marginal high during the early
Miocene. However, sediments gradually onlap and also cover
these lavas. The northern part of the high stayed without sedi-
ments for the longest time (Figs. 13, 16, 22), becoming com-
pletely covered during the late Pliocene. It is therefore likely
that the summit was a source region for parts of the prograding
Neogene sequences observed at the west and northwest flanks
of the plateau.

Véring Plateau Escarpment

The escarpment is a spectacular linear feature along the en-
tire Véring Plateau. In our maps we have marked it at the maxi-
mum gradient change or eastern termination of reflector EE.
Although the detailed expression of the escarpment varies lo-

cally, Hagevang et al (1983) demonstrated that it is associated
with a continuous, sharp negative magnetic anomaly at the pla-
teau proper. The nature and origin of the escarpment has been
much debated after Talwani and Eldholm (1972, 1973) described
it as a first-order geological feature related to the continent-
ocean boundary. From the preceeding discussion a relationship
with the transitional crustal region is evident, although it may
not represent the actual line of early Tertiary breakup.

By analogy with the Faeroe-Shetland Escarpment, Smythe
et al. (1983) proposed the escarpment to be a flow edge separat-
ing terrestrially erupted basalts on top of Mesozoic sediments
from a restricted shallow shelf, thus being a paleo-shoreline. In
contrast, Talwani et al. (1983) and Mutter et al. (1984) main-
tained the relationship with the continent/ocean boundary. There
is also little agreement about the relative movements along the
escarpment. Caston (1976) proposed that it has acted as a nor-
mal fault throughout the Tertiary, and Theilen et al. (1987) indi-
cate recent activity. Mutter (1984), on the other hand, precludes
significant movement after the end of the early Eocene. Re-
cently, Skogseid and Eldholm (1987) have suggested that the es-
carpment might represent a reactivated Late Jurassic-Early Cre-
taceous fault leaving a strongly contaminated continental block
between the escarpment and the continent/ocean boundary lo-
cated beneath the innermost wedge of the seaward-dipping re-
flectors.

We note that thé Mesozoic faults at the western flanks of the
Smdla-Fleina Rifts probably exist beneath the flow-sill complex
adjacent to the escarpment. Using a schematic section across
the Smela Rift we suggest the following evolution (Fig. 28):

1. Paleocene. Listric faulting within the Sméla and Fleina Rifts. Re-
gional uplift centered west of the rifts with contemporaneous erosion
and redeposition of sediments farther east in the Véring Basin.

2. Paleocene-Eocene. Extensive volcanic intrusions and some extru-
sive activity emplacing the lower volcanic series. Toward the end of the
period there is reactivation of Mesozoic faults, bringing the western
blocks above sea level.

3. Earliest Eocene. Continental breakup. Emplacement of upper
volcanic series, terminating with reflector EE and the inner flows on ei-
ther side of the escarpment. Fault movements continue, diminishing to-
ward the end of the volcanic surge.

4. Eocene-Oligocene. Regional flexural subsidence is amplified by a
differential component due to sediment loading on either side of the es-
carpment.

5. Post-Oligocene. Continued regional subsidence.

SUMMARY AND CONCLUSIONS

In conjunction with ODP Leg 104 drilling at the Véring Pla-
teau we have interpreted a large amount of regional seismic data
from the Véring Basin and the Véring marginal high to study
the evolution of the volcanic Vdring Plateau margin. By tying
the seismic data to ODP and DSDP drilling results at the Véring
Plateau as well as to information from commercial drilling on
the continental shelf, we have established a regional framework
for the margin evolution. Although ambiguities still exist, the
interpretation has provided much new information constraining
the geological models for the Vdring Plateau margin. Further-
more, the relationship between structural, volcanic, and deposi-
tional events documented during the late rifting to early drifting
stages might have bearings on volcanic passive margins in gen-
eral.

The Cenozoic Véring Plateau margin lies within a post-Cale-
donian basinal region between Norway and Greenland that ex-
perienced several tectonic episodes prior to Late Jurassic time.
We have little information from the Véring Basin during these
times, but periods of extension may have left a thinned crust.
During the Late Jurassic renewed extension took place, culmi-
nating in the Late Jurassic-Early Cretaceous tectonic episode
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Figure 27. Evolutionary time slices showing the Cenozoic development of the outer Véring Plateau. Numbers 1 to 7 refer to the depositional se-

quences discussed in the text. VPE: Véring Plateau Escarpment.

that structured the entire continental margin off Norway. This
event was predominantly extensional but strike-slip components
are observed locally. The Vdring Basin developed during the
Cretaceous when it experienced large-scale subsidence with re-
spect to the Tréndelag Platform farther east. During that period
the basin was divided into two provinces by the central Molde-
Bodd high (Fig. 23), which governed both the Cretaceous sedi-
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mentation and the extent of the later crustal extensional regime
associated with the opening of the Norwegian-Greenland Sea.

At the end of the Cretaceous period the stable, gently subsid-
ing basin again came under tension followed by upwelling of as-
thenospheric material. This resulted in regional uplift of the
outer basin province from the beginning of the Tertiary to the
early Eocene. The crustal extension is expressed by listric faults
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Figure 28. Schematic evolutionary time slices showing the development of the Véring Plateau Escarpment (VPE). Arrows show rela-
tive vertical movements, COB: Continent/ocean boundary, SL: sea level, A’: middle Oligocene, TP: lower Eocene, IF: inner flows,
EE: lower Eocene flow basalts, K: boundary between upper and lower volcanic series, C: base Tertiary, D: base Cretaceous.

within the Cretaceous sediments, intrusive activity and local in-
version of parts of the Late Jurassic-Early Cretaceous Smdla
and Fleina Rifts. These observations appear to rule out the con-
cept of the nonextensional volcanic rifted margin. The early
Tertiary extension and volcanism were, however, restricted to the
outermost 150-200 km of the Véring Basin, the Tertiary mar-
ginal basin. Moreover, the Tertiary extension was differential
across the outer margin, increasing toward the Vdring Plateau
Escarpment.

The extensive igneous activity in the Tertiary marginal basin
is manifested by intrusive low-angle dikes and sills, explosive
craters or fissure vents, extrusive flows, and tuffs and ashes. Ini-
tially, the intrusives penetrated the stretched continental crust
over a wide zone, gradually moving up-section approaching the
10- to 40-km wide flow-sill complex just landward of the Véring

Plateau Escarpment. At time of crustal breakup, the main in-
jection zone was at or above sea level. The abnormal elevation,
coupled with a high rate of injection, caused the formation of
the Véring Plateau marginal high. The initial sea-floor spread-
ing was of the Icelandic-type, constructing the wedges of sea-
ward-dipping reflectors as documented by the upper volcanic se-
ries at Site 642. We believe the intrusives in the Vdring Basin
represent pre-opening basalts similar to the andesitic magma of
the lower volcanic series at Site 642, although some of the sills/
dikes near the escarpment may contain mixed or upper series
magma. The flow-sill complex is interpreted to comprise both
lower and upper series volcanics, but the inner flows at the top
are probably older than the youngest flows at the marginal
high. The upper Paleocene-lower Eocene tuff horizons recog-
nized in large regions of the North Atlantic show affinities to
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the lower-upper series succession at Site 642. Thus, the lower
Eocene tuff marker in the Véring Basin is associated with the
upper volcanic series at the marginal high.

The post-opening sedimentation is primarily governed by the
thermal subsidence of the Tertiary marginal basin and the sub-
mergence of the Vdring marginal high. At the high, the oldest
sediments above the basalt are of terrigeneous origin, gradually
changing to hemipelagic and pelagic compositions covered by a
sequence of glacial deposits. Local disturbances in the sedi-
ments reflect local instability due to overpressure as well as in-
tense erosion and redeposition. The main seismic unconformity,
earlier associated with the middle Oligocene drop in sea level, is
redated to the lower Miocene. The sediment distribution is com-
patible with an extinct early Eocene rift south of the Vdring
Fracture Zone. A most important observation is that the sum-
mit of the southern marginal high was not sediment covered be-
fore the early Miocene and that the region north of the Véring
Fracture Zone became completely covered during the Pliocene.

The Véring Plateau Escarpment is a volcanic front represent-
ing the landward termination of the massive volcanic edifice
emplaced subsequent to the time of breakup. The rifting pro-
cess may have reactivated some older Late Jurassic-Early Creta-
ceous lineaments, perhaps creating an uplifted block as sug-
gested by Schuepbach and Vail (1980). This would enhance the
relief of the escarpment. Its expression has further been ampli-
fied by Cenozoic differential sediment loading.

Within the Véring Basin we have mapped a zone of north-
trending domes originating from dextral transcurrent intraplate
forces creating local reverse faulting at the time of the Cenozoic
rifting. These movements mobilized shales resulting in contem-
poraneous doming and sediment deposition into the early Mio-
cene. Local diapirism still continues at the Vema Dome. A late,
post-Miocene, pulse of increased subsidence and sediment de-
position is centered around the present shelf edge and is part of
a regional event observed along the entire eastern Norwegian-
Greenland Sea margin.
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