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Abstract

N

A widespread, slumped, redeposited, uppermost Cretaceous chalk interval, up to 60m thick, immediately below the Creta-
ceous-Tertiary (K-T) boundary, recognised in oil company boreholes across the central North Sea and a major hydrocarbon
reservoir, we re-interpret as the result of a single, catastrophic event caused by secondary effects related to the bolide impact
at Chicxulub. A thin, dark clay bed immediately above the redeposited chalks, we suggest correlates to the outcropping, Iridi-
um rich, Danish ‘Fish Clay’, rapidly deposited after the impact. Physical effects on sea-floor sediments, caused by the K-T
bolide impact, have not previously been interpreted in the North Sea.
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Introduction

The effects of the end Cretaceous bolide impact, at
Chicxulub, Yucatan, Mexico, on the physical state of
sea floor sediments in the Gulf of Mexico and the
Northwestern Atlantic, far from the impact site, are
only now being identified (eg. Bralower et al., 1998).
Slump scars, recognised in Ocean Drilling Project
Sites 1049, 1050 and 1052 in the Blake Nose area off
eastern Florida, 1600km away from the impact site,
have been convincingly correlated to the Cretaceous-
Tertiary (K-T) boundary event (Klaus et al., 2000),
although un-related slumps may also be present
(MacLeod et al. 2003). More recently, it has been
proposed that slope failure, caused by the shock
waves of the impact, was even more widespread and
extended all along the eastern US seaboard from
Florida to Nova Scotia (Norris et al., 2000). If such a
scale of failure did occur along the entire western
North Atlantic margin, it would have created a signif-
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icant oceanic wave (tsunami) that could have had
huge effects on the eastern, European side of the
North Atlantic, which was closer to the western mar-
gin during the Cretaceous. Slope failure of the east-
ern North Atlantic margin has been recognised in
DSDP Hole 398D on the Iberian Abyssal Plain (Nor-
ris & Firth, 2002) and it is conceivable that at least
parts of the eastern margin of the North Atlantic
would have failed catastrophically. In this paper, we
suggest that the North Sea was also affected by the
consequences of the bolide impact at Chicxulub.

The North Sea chalk basin (Fig. 1), although not
on the North Atlantic margin proper, has been exten-
sively drilled by the oil industry and many boreholes
provide continuous records of the uppermost Creta-
ceous and lowermost Danian, the interval of the K-T
boundary. We re-interpret the extensive, mainly pub-
lished hydrocarbon industry data, to indicate that the
well documented slumping and redeposition of chalks
(D’Heur, 1986; Kennedy, 1987; Bramwell et al.,
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Cretaceous land

Figure 1. The North Sea Chalk basin and land areas at the time of
the K-T boundary (Ziegler 1990). The Greater Ekofisk Area, indi-
cated by the box, contains the principal chalk oil fields and is the
main focus of this paper. The Silverpit Site is the site of the possible
bolide impact (Stewart & Allen, 2002). The national offshore ex-
ploration areas are indicated, UK, United Kingdom: NOR, Nor-
way: DEN, Denmark: GER, Germany: NTH, Netherlands.

Scale Km.

1999; Mackertich & Goulding, 1999; Brasher & Vagle,
1996) in the latest Maastrichtian, are indirectly relat-
ed to disturbances at the Cretaceous-Tertiary (K-T)
boundary and represent a single event.

North Sea stratigraphy across the K-T bound-
ary

The sequence of sediments across the K-T boundary
is familiar to the hydrocarbon industry working in the
North Sea and since the sequence has been cored, the
detailed lithology is known (D’Heur, 1986; Kennedy,
1987; Bramwell et al., 1999; Brasher & Vagle, 1996;
Johnson & Lott, 1993). It consists of chalks all
through the Tor Formation, of latest Cretaceous,
Maastrichtian age, and into the following Ekofisk
Formation of earliest Tertiary, Danian age, although
there are distinct lithological differences between the
two formations (Fig. 2). The uppermost Maastricht-
ian, Tor Formation consists of very pure, pelagic, coc-
colith chalk (D’Heur, 1986; Kennedy, 1987; Brasher
& Vagle, 1996). Geographically it extends over much
of the central and southern North Sea but in the cen-
tre of the chalk depositional basin, especially in the
area of the Greater Ekofisk oil fields (Fig 1), it has
been widely re-mobilised and redeposited. These so
called allochthonous chalks may have been redeposit-
ed in a number of ways; in slides, slumps, debris-flows
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and turbidites (Kennedy, 1987), or even from a sedi-
ment cloud remaining after any of the preceding. The
Ekofisk Formation chalks, which overlie the rede-
posited Tor Formation chalks, are quite distinct and
are mainly well-layered, argillaceous, undisturbed, in-
place periodites (D’Heur, 1986; Kennedy, 1987;
Mackertich & Goulding, 1999), with only isolated al-
lochthonous intervals.

Continuous, geophysical well log records (wireline
logs) allow the chalk formations to be identified
where there is no core and correlated across the basin
(D’Heur, 1986; Kennedy, 1987; Johnson and Lott,
1993). The redeposited Tor Formation has a variable
but often thick development in the Greater Ekofisk
area near the centre of the depositional basin (Brash-
er & Vagle, 1996). Outside the central area, when
present, it is mainly in-place or only slightly slumped.
The succeeding Ekofisk Formation can be followed
over a very large part of the North Sea basin with a
relatively constant character and thickness (Johnson
& Lott, 1993). The chalk of the formation shows a
progressive decrease in clay content upwards as indi-
cated by the similar decrease gamma ray log values
(Bramwell et al., 1999; Johnson & Lott, 1993) but
with the highest amount of clay (and highest gamma
ray value) at the base, in the so called ‘Ekofisk tight
zone’ (D’Heur, 1986; Fig. 2). It represents an abrupt
and marked change in sedimentation from the very
pure Maastrichtian chalks immediately below. The
base of the Ekofisk Formation is generally marked by
a distinct clay layer that has been called a condensed
sequence and considered to have been deposited very
slowly under conditions of anoxic bottom waters
(Kennedy, 1987). We infer it to be the equivalent of
the ‘Fish Clay’ of the Danish Stevns Klint outcrop, as
do previous authors (Mackertich & Goulding, 1999,
Fig. 23; Ziegler, 1990) and so marks the K-T bound-
ary itself. It represents the period immediately after
the Chicxulub bolide impact and most likely accumu-
lated very rapidly (Mukhopadyay et al., 2001) rather
than very slowly, and, although no analyses have yet
been done, it should contain high amounts of Iridium
as it does on land in Denmark (Alvarez et al., 1980)

Mass wasting at the K-T boundary

It is generally considered that the uppermost Maas-
trichtian — lowermost Danian sequence across the
North Sea is incomplete and that there is an uncon-
formity between the two formations (Johnson & Lott,
1993; Hancock and Scholle, 1975; Farmer &
Barkved, 1999). Sea level curves are drawn with a
rapid excursion of shallowing and then deepening
during the late Maastrichtian (Bramwell et al., 1999).
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Depth of deposition before and after this excursion is
considered to have been the same. Although the basin
margin appears to show sea level shallowing in the
late Maastrichtian, at least over onshore Denmark,
the actual K-T boundary shows continuous sedimen-
tation (Surlyk, 1997). Our interpretation of the off-
shore data (not the outcrops) is that it marks the pas-
sage of a tsunami that swept the uppermost sediment
layers from the shallower parts of the basin and
caused significant redeposition in the basin centre.
Sedimentation across the basin was actually continu-
ous but the sediment record at many locations is not,
which is consistent with the observation that the Tor
Formation redeposited chalks are partly sourced with
debris from shallower, marginal areas (D’Heur, 1986;
Kennedy, 1987). That is, there was no unconformity
in the usual sense of a break in sedimentation and
time gap, and there was no longer term sea level
change, only dramatic variations that occurred in a
matter of minutes or hours as the tsunami passed.
Clearly, as the changes in depositional environment
and physical character of the chalks are related to im-
pact effects, they can have no significance in terms of
sequence stratigraphy and long term sea level
changes, as has been suggested (Kennedy, 1987). Al-
so, the variable thickness distribution of the end
Maastrichtian redeposited chalks is related to the
basin topography that existed at the time and is not
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Figure 2. The North Sea stratigraphic section above and below the
K-T boundary. The GR (gamma ray) and porosity curves are
schematic. CHR, chronology: STRAT, litho-stratigraphy. Ca, Cam-
panian: Pa, Palaecocene. No vertical scale.
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controlled by fault activity as proposed (Farmer and
Barkved, 1999). The sea floor following the slumping
and redeposition would have become flat, with topo-
graphical variations at a minimum, which explains
why the basal part of the succeeding Ekofisk Forma-
tion, consisting of laminated periodites (Kennedy,
1987) (the Ekofisk tight zone), is generally undis-
turbed and so widely distributed (Johnson and Lott,
1993).

To the oil industry, the redeposited chalks of the
Tor Formation are of the utmost importance as they
have very high porosity, good permeability, and pro-
vide the principal reservoir over the Greater Ekofisk
area (D’Heur, 1986; Bramwell et al., 1999). They
originally contained billions of barrels of oil, conden-
sate and gas (Bramwell et al., 1999). Only chalks
which have been redeposited have the good reservoir
properties necessary for oil production and contrast
strongly with the basal Ekofisk Formation (the tight
zone) of autochthonous chalks, which have extremely
low porosity and permeability and form a pressure
barrier and seal over the re-sedimented chalk reser-
voir (D’Heur, 1986; Bramwell et al., 1999; Macker-
tich & Goulding, 1999; Fig. 3). Although previous
work created an understanding of this huge difference
between allochthonous and autochthonous chalks,
between reservoir and non-reservoir (Kennedy, 1987;
Bramwell et al., 1999; Mackertich & Goulding, 1999;
Brasher & Vagle, 1996), it was never clear why this
difference had a stratigraphic context, as recognised
(Mackertich & Goulding, 1999), or why redeposition
reached a climax at the end of the Maastrichtian
(Bramwell et al., 1999). We suggest that this is be-
cause the principal interval of redeposited chalk at the
top of the Tor Formation, at the termination of the
Maastrichtian, was indirectly the result of the Chicxu-
lub impact and hence, on such a wide scale
(Bramwell et al., 1999), occurred only once.

Evidence that the redeposition and slumping at the
top of the Tor Formation represents a single event is
based, at this stage of on-going, borehole based re-
search, on the correlation of the diagnostic interval
across the central area (Fig. 3), its stratigraphic posi-
tion and its unique physical (petrophysical) properties
compared to the contiguous Ekofisk tight zone. For
example, plots of porosity against permeability, show
the allochthonous Tor chalks and the immediately
overlying lower, autochthonous Ekofisk Formation,
have completely different, internally coherent popula-
tions, with different depth related compaction trends
(Bramwell et al., 1999; Mackertich & Goulding,
1999). Fracture development also shows a unique,
stratigraphically related development, the Tor Forma-
tion being fractured, the Ekofisk Formation not
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Figure 3. Example geophysical well
SE log based correlation of the K-T, re-
deposited chalk interval (shaded).
The porous, redeposited chalks con-
tain hydrocarbons. Datum for the
correlation is the base of the Ekofisk
Formation, the K-T boundary. Sec-
tion 3km in length across the Edda
Field (Norway, Block 2/7). See Fig-
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(Mackertich & Goulding, 1999). Although there are
redeposited chalks in intervals other than in the top-
most Tor Formation, they are not nearly as extensive
and not uniquely followed in almost every location by
a significant undisturbed interval, in this case the
Ekofisk tight zone. This all suggests a unique, single
event. In addition, dipmeter and electrical image logs
can indicate slump geometry (Kennedy, 1987; Mack-
ertich & Goulding, 1999; Brasher & Vagl, 1996).
When that geometry is consistent, as indicated for ex-
ample on the dipmeter in well 2/7-16 (Kennedy,
1987, Fig. 3), where a strong, NW-SE slump fold axis
is consistent over 30m of vertical section, it is unlikely
to have been caused by separate episodes: this entire
30m thick slump, stratigraphically immediately below
the K-T boundary, represents just one, redeposition
event. Seismic attribute, especially amplitude map-
ping over the Greater Ekofisk area (Bramwell et al.,
1999; Brasher & Vagle, 1996), based on the contrast
of the very porous, redeposited Tor Formation chalks
with the tight basal Ekofisk Formation above, equally
shows the top Tor redeposited chalk to be extensive,
even indicating filled channels (Mackertich & Gould-
ing, 1999). Geophysical well log correlation over the
Greater Ekofisk area shows that the redeposited
chalks immediately below the K-T boundary form a
continuous blanket (Kennedy, 1987) that can be 30m
thick (Fig. 3) and may reach 60m (Brasher & Vagle,
1996). This layer is interpreted by us to represent the
single K-T event.

The Silverpit impact

A recently discovered, circular seismic anomaly in the
Silverpit area of the southern North Sea (Fig. 1), has
a diameter of approximately 20 km and is interpreted

to have been caused by a small bolide impact (Stew-
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Vagle (1996), re-drawn and modi-
fied.

: Redeposited chalk with hydrocarbons

art & Allen, 2002). At present, neither the impact ori-
gin nor the age of this structure (it can be late Creta-
ceous to early Tertiary and so brackets the K-T
boundary) is beyond doubt. Therefore we do not
speculate on its effect in the present context.

Conclusions

In conclusion, important redeposition of the upper-
most Cretaceous chalks in the Greater Ekofisk area of
the central North Sea, is interpreted to have been
provoked by the K-T boundary Chicxulub bolide im-
pact. Bolide impact was therefore the ultimate cause
of the prolific oil reservoirs. Equally, because basin
topography immediately following the event became
very subdued and no slumping occurred during the
early Danian, the impact also had an influence on the
formation of a major reservoir seal, the Ekofisk tight
zone. Further, the unconformity often indicated at
the top of the Maastrichtian, immediately below the
K-T boundary, was in fact caused by the K-T distur-
bances and therefore indicates a very short lived event
and not either a longer term tectonic uplift and ero-
sion or a sequence stratigraphic type event of lowered
sea-level. Our interpretations suggest that large areas
of sea floor sedimentation were affected by impact re-
lated events at the K-T boundary. In the case of the
North Sea chalks it may even suggest new targets for
the hydrocarbon industry, perhaps in the well-ex-
plored area of the North Sea itself but also along the
North Atlantic margins west of Britain and Ireland.
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