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TNTRAPLATE STRESSES AND APPARENT CHANGES IN SEA LEVEL:
THE BASINS OF NORTHWESTERN EUROPE

K unr L¿.N¿eecxl, Sl¡,no CLosrrNcH2 AND Heneenr McQueeN3

AesrRacr

Apparent sea level fluctuations deduced from seismic stratigraphy and facies analyses have been attributed to either global changes in sea
level or to subsidence and uplift of shorelines by tectonic processes. A specific tectonic model is examined in which changes in sea level
relative to land are produced by an interaction between fluctuating horizontal stress fields in the lithosphere and basin subsidence resulting
from lithospheric cooling and sediment loading. Relative changes of a few tens of metres can be produced by changes in the stress regime of
about 100 MPa. If this hypothesis is valid it suggests that regional relative sea level curves can be used as paleostress indicators, and that these
observations contain information on basin formation and basin subsidence mechanisms. The hypothesis has been tested for the region of
northwestern Europe where sea level changes can be associated with rnajor rifting and compressional episodes during Mesozoic and Tertiary
times. The major Tertiary lowerings in relative sea level at the basin margins can be interpreted in terms of increasing horizontal compression;
the major drops in sea level do coincide with the compressive folding phases of the Alpine Orogeny.

The model can be generalized to include basin subsidence produced by lithospheric stretching: an increase in the tensional stress
producing onlap or an apparent rise in sea level at the basin margin, and a decrease in tension producing an offlap or apparent fall in sea level.
The gradual rise in sea level recorded in the northwestern European basins throughout the Jurassic and Cretaceous can then be associated
with the extensional tectonics, and the periods of offlap can be associated with relaxation of the regional stresses as would result locally when
active rifting occurs. Most of the Jurassic and Cretaceous North Sea offlaps do in fact coincide with active rifting episodes.

I¡¡rnooucuoN

The significance of the global cycles of sea level variation
postulated by Vail et al. (1977, 1980, 1984) continues to
attract debate even though there appears to be a general
acceptance of the principles underlying the construction
and interpretation of the sequences of onlaps and offlaps as
apparent sea level markers (e.g. Bally, 1982; Hallam, 1984;
Miall, 1986). Yail et al. (1977) interpret their cyclical se-
quences of apparent sea level in terms of eustatic changes
superimposed upon a gradual basin subsidence due to sedi-
mentary loading or to other slow tectonic processes. This
conclusion is based mainly on the global nature of some of
these changes and partly on the failure of tectonic mecha-
nisms to explain the rapid changes in sea level on time
scales of a few million years. A principal difficulty with the
eustatic interpretation is that the one mechanism that can
most readily produce global changes on these and shorter
time scales, namely, the exchange of mass between oceans
and grounded ice sheets, does not appear to have been
significant throughout Mesozoic and early Tertiary times
(Frakes, 1979) for which major apparent sea level changes
have been reported. Some authors (e.g. Sloss, 1972; 1984)
have correlated major unconformities with globally syn-
chronous episodes of tectonic uplift. Others have corre-
lated these unconfonnities with theYail et al. sea level curve
(e.g. Ziegler,1982), implying thereby a tectonic origin for
the sea level changes. A difficulty with this interpretation
has been the absence of a tectonic process that can produce

sea level changes of up to 100m on time scales of a few
million to a few tens of millions of years (e.g. Pitman and
Golovchenko, 1983).

Much of the data upon which the Vail et al. (1977) results
rest were unpublished, and recent papers (Vail and Todd,
1981; Vail et al., 1984) have not remedied this situation
greatly. For example, as noted by several authors (e.g.
Hallam, 1984), the post-Eocene curve ofYail et al. (1977;Part
4, Figure 5, p.90) is dominated by the North Sea record. In
particular, the rapid drop in sea level in mid-Oligocene time
seen in the global curve appears to be mainly a conse-
quence of the North Sea result. For the Jurassic and lower
Cretaceous, Yail et al.'s (1977), sea level curve can be
interpreted very much as reflecting vertical motions associ-
ated with the breakup of Pangea; possibly the processes
that led to the breakup of the supercontinent have left their
traces in the now more disparate positions of these Mesozoic
basins.

The Vail et al. (I977l,results have also been criticized for
their interpretation of the onlap to offlap transitions in
terms of nearly instantaneous drops of sea level (e.g. Hallam,
1978, 1984), but more recently the results have indicated
that the upper parts of the onlapping sequences are alluvial,
so that sedimentation continues even while sea level is
falling (Vail and Todd, 1981 ;Yail et al. 1984). The result is a
sea level curve that is more comparable with the model by
Hallam (1981) in which the durations of sea level rises and
falls are approximately equal, and in which these two phases
are interrupted by periods of relatively short stillstands.
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We prefer to interpret many of these apparent sea level
fluctuations, or onlap-offlap sequences, as expressions of

regional, and possibly global, tectonic processes rather than
in terms of eustatic change (see also Bally, 1982; Watts,

1982) although we recognise that the latter is always poten-

tially present and that a separation of the two processes

may not be possible without independent supporting evi-
dence on, for example, climatic change. The proposed

tectonic mechanism for generating the apparent sea level
change is a fluctuating horizontal stress field acting within

inhomogeneous lithospheric plates. A specific model ex-
amined by Cloetingh et al. (1985) was that of a passive

margin evolving through time in response to thermal con-
traction and sediment loading, and subjected to a variable,
horizontal, inplane, stress field. This modulation of thermal
subsidence by fluctuating inplane stress is then capable of
producing apparent sea level changes with amplitudes that
are function s, inter ølia, of the mechanical properties of the
lithosphere, of the magnitude of the inhomogeneity, and of
the magnitude of the deviatoric stress field. The essential

aspect of the model, of a time dependent, inplane, horizon-
tal force that modifies the pre-existing lithospheric inhomo-
geneities, is also relevant to other models of basin forma-
tion - in compressional basin formation mechanisms, for

example (Figure 7 of Lambeck, 1983) or in foreland trasin
models.

The choice between eustatic and tectonic control is

ultimately based on whether it is easier to explain one
process or the other, always assuming that the onlap-offlap
sequences are indeed global (see the cautious remarks,
however, by Miall, 1986). It should be noted that the con-
cept of eustasy is not valid when sea level change is a result
of substantial lateral transfer of mass, as between ice sheets
and oceans. Sea level remains an equipotential surface at
all times and its actual shape is controlled in part by the
gravitational attraction of the ice sheets. The response of
sea level to the melting of an ice sheet is therefore quite

different at sites near the ice sheet than at sites farther away.
In addition, the response of the crust to the removal of the
ice load and to the loading by the meltwater results in

differential movement between sea level and land (Farrell

and Clark, 1976). An example of this is illustrated in Figure
1, in which North Sea sea levels are shown lot 20 ka BP,
prior to the melting of the northern ice sheet. A second
example occurs along the east coast of North America,
where sea levels north of Boston were up to 100 m above the
present level, whereas at sites in Florida, sea levels were
about 60 m below the present level (see Fig.22 of Nakada
and Lambeck, 1986).

In this paperwe first examine aspects of a tectonic model
and then apply it to the apparent sea level curves published

for northwestern Europe. We have selected this region
because, in the words of Ziegler (1978) this region is "the

crossroads of orogenic belts and rifts, where orogenic events
have alternated with periods of rifting throughout Phanero-
zoic time". In consequence, basin stratigraphy and appar-

K. LAMBECK, S. CLOETINGH and H. McQUEEN

ou.rF!

Fig, 1. Sea levels (in metres), relative to present day sea level, in
the North Sea twentythousand years ago, priorto the melting of the
northern ice sheets. These resultsare based on the lCEl Laurentide
and Fennoscandian ice model of Peltier and Andrews (1976), a
viscoelastic mantle of uniform viscosity (1021 Pas) and an elastic
lithosphere of 50 km thickness (from Nakada and Lambeck, 1986).

ent sea level curves can be expected to exhibit considerable

variations associated with changes in the stress regime.

Moreover, if the proposed mechanism is accepted, the

apparent sea level curves of the region can be interpreted in

terms of paleostress fields (Cloetingh, 1986).
The proposed model requires that inplane stresses, over

and above those related to lithostatic stress, do indeed exist,
that these stresses are of sufficient magnitude to modify the
deflections caused by other subsidence processes, and that
they vary on time scales of a few million years and longer.
Evidence for these occurrences is summarized briefly below.

A TscroNlc Monsl oF AppARENT Sea LBvBI- CHnNce

Subsidence at an actively rifting margin is controlled
largely by the stretching of the crust and lithosphere. Post-

rift subsidence is controlled by the contraction of the cooling

lithosphere and by the amplifying effect of sediment load-

ing (Sleep, 1971). The subsidence curve is therefore charac-

terized by a decreasing rate with time following rifting; the
magnitude is a function of lithospheric and force parame-

ters, of the rate of cooling, and of the rate of sedimentation.
To model the passive margin process we consider, for con-

venience, a uniform elastic oceanic lithosphere that cools
with time according to the boundary layer model of thermal

conduction in oceanic lithosphere. This layer is loaded
from the shelf to the continental rise by two wedge shaped

loads that represent the growth of the sediment pile through
time (Fig. 2). The shallow water sediment loading on the
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Fig. 2. Model for apparent sea level f luctuations result ing from
variat ions in the inplane stress f ield, The vert ical displacement of
the l i thosphere at a passive margin evolves through t ime because
of the thermal contraction and strengthening of the layer and the
sediment loading (lower figure). The latter is represented by a
wedge of sediments that grows with time (see inset on left for the
posit ion of this wedge on the outer shelf,  slope and r ise). The
l i thosphere is modelled mathematical ly as a uniform elastic layer
overlying a fluid asthenosphere. Differences between continental
and oceanic lithosphere are neglected.

landward portion of the inner shelf is largely ignored, al-
though this is the part of the sedimentary sequence that
provides the seismic stratigraphy and facies information
upon which the relative sea level curves are based. Sedi-
mentation is assumed to be sufficiently rapid to keep up
approximately with subsidence and, because thermal sub-
sidence is proportional to the (age of the lithosphere)k,the
maximum height of the sedimentary wedges grows with the
same time dependence. The maximum sedimentary thick-
ness attained at 100 Ma is 7.3 km (c.f. Turcotte and Ahern,
1977).Details of the finite element modelling of the defor-
mation are given by McQueen (1986).

If at time t ahorizonfal force acts within the lithosphere,
the sediment induced lithospheric flexure is modified by an
amount that is a function of the magnitude and sign of this
inplane force and of the physical properties of the litho-
sphere. Figure 3 illustrates the additional deflection that
results from the inplane force (either one of compression or

Fig. 3. Effect of variations in intraplate stress f ields on the def lec-
tion of a plate with a thickness corresponding to a l ithospheric age
of 30 My. Differential subsidence or uplift (metres) from the def lec-
tion plotted in Figure 2 is given for intraplate stress fields of 1O0
MPa compression (dashed curve) and 1O0 MPa tens¡on (dotted
curve).

of tension) across the basin margins and basin interior. For
compression, the flanks outside the region of major deposi-
tion are uplifted and moved inward and sea level appears to
fall. Within the basin, subsidence occurs, but by an amount
that is small compared with the total sediment thickness.
For a horizontal tensional force, the flanks subside and
move outwards, producing an apparent rise in sea level.
The sign and magnitude of the apparent sea level change
will be a function of the location of the sampling point, and
this may provide a means of testing the model and, inde-
pendently, of distinguishing this mechanism from eustatic
contributions. Figure 4 illustrates the relative movement
between sea level and the crust at the edge of the basin,
immediately landward of the principal sediment load. When
horizontal compression increases, in this case at 80 Ma, the
flexural bulge is magnified and shifts seaward, uplift of the
seafloor occurs, an offlap sequence develops, and an appar-
ent fall in sea level results. Sediments may also be exposed
to produce an erosional or weathering horizon. When
tension increases, subsidence takes place, an onlap sequence
develops, and an apparent rise in sea level results. Renewed
deposition may be accompanied by a facies change, the
nature of which depends, inter alia, on the nature of the
sediment supply.

Figure 5 summarizes the magnitudes of the differential
uplift at the basin ma¡gin as a function of the inplane stress
change and of the thermal age of the lithosphere always for
the elastic model. The margin deflection is positive when
the tensional stress is reduced or compression is applied:
the margin deflection is negative when the tensional stress
is increased or compression is reduced. A change in stress
of 100 MPa produces a relative sea level change of about 15
to 20 m according to this model, comparable to many of the
smaller changes in sea level inferred for the North Sea in
the Tertiary (see below). These magnitudes are increased if
sedimentation rates have been larger than postulated in the
model, as may have occurred in parts of the North Sea in
the Mesozoic and early Tertiary. Rapid sedimentation
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reduced by the effect of the inplane stress driving the
weaker layers up to their yield stress. Also, the magnitudes
of deflection can be enhanced if stress relaxation occurs, in
which case the deflections grow with time. This magnifica-
tion may be significant even on the short timescales of 106
years if subsidence is partly fault controlled. It may also be
important for cycles of sea level change on time scales
longer than 106 years if the lithosphere is young or has been
reheated. Here, the analogy with continental compressional
deformation (Lambeck, 1983) suggests that this magnifica-
tion may be very substantial, upward to an order of magni-
tude, depending on the effective viscosity and on the time
available.
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Fig. 4. ldeal ized strat igraphy at the edge of a basin underlain by
85 My old l i thosphere predicted on the basis of the calculat ions
shown in Figures 2 and 3. (a) Onlap associated with cool ing of the
l i thosphere in the absence of an intraplate stress f ield. The subsi-
dence curve is illustrated on the left. (þ) A transition (in an interval
At) to compression at 80 My induces a short-time phase of offlap
and an apparent fal l  in sea level superimposed on the thermal
cool ing subsidence curve. (c) A transit ion to tens¡on produces an
addit ional short-term phase of onlap at 80 My. The subsidence wil l
appear to be greater than predicted by the thermal cooling subsi-
dence model and this may lead to a lacies change in the sedimenta-
tion. The figures on the left of (b) and (c) represent the incremental
change in the onlap and in apparent sea level.

magnifies the deflection significantly when the effective

age of the underlying basement is young, as would be the

case if recent rifting has occurred. Deflections may be
greater than this elastic model predicts for other reasons as

well. As McAdoo and Sandwell (1985) point out, the effec-

tive elastic thickness of the lithosphere can be substantially
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(c) Fig. 5. Apparent sea level fluctuation lAWl (metres) at basin
edge (position marked by arrow in Fig. 3) due to superposition of
variations in regional stress field on flexure caused by sediment
loading. The lAWl are plotted as a function of the age of the
underlying lithosphere and sediment loading according to the ref-
erence model of Figure 2. Curves give results for stress changes of
50, 10O and 200 MPa, respect¡vely.

HoRrzoNrar- Srness Flslos rN THE LlrHospHsRe

For the model of stress modulation to be successful
requires: 1) that horizontal stress fields are transmitted
through the lithospherc,2) that these stress fields are of
sufficient magnitude to cause significant vertical deforma-
tion of the crust, and 3) that the stress fields are capable of
changing in magnitude over time intervals of a few million
years and longer. That horizontal stresses exist within the
lithosphere is implicit in the predominantly horizontal mo-
tions of the plates. Moreover, there is an abundance of
geological and geophysical indicators that suggest that this
layer can be significantly deformed as a result of such
stresses. Reliable estimates of the magnitudes of these non-
hydrostatic stresses are, however, more difficult to obtain.
The analysis of earthquake fault mechanisms indicates that
stress drops, representing lower limits to the actual deviatoric
stress field, may be as high as 100 to 250 MPa (House and
Boatwright, 1980; Munguia and Brune, 1984) although
usually these estimates are an order of magnitude.less (e.g.
Hanks, 1977). In situ horizontal stress differences reach

o
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values of 20 to 40 MPa at depths down to 5 km (McGarr,

1980) but at these depths, the crust is still relatively frac-
tured and weak and stress differences at greater depths may
exceed these values. Geological stress indicators in mylo-
nite zones have been interpreted in terms of stress differ-
ences of 20 to 200 MPa (e.g. Christie and Ord, 1980;
Kohlstedt and Weathers, 1980), while Mercier et al. (1971)

have reported stress differences of up to 80 MPa in the
lower crust and20 to 30 MPa in the upper mantle (see also
Kirby, 1985).

Gravity anomalies and topography are indicative of stress
differences in the lithosphere, because the occurrence of
both implies a departure from hydrostatic equilibrium. In
some instances these anomalies can be used to infer hori-
zontal stress magnitudes. In central Australia, for example,
the crust seems to be significantly out of local isostatic
equilibrium and the response function is strongly azimuth
dependent, indicating horizontal compressive stresses on
the order of a few hundred MPa (Lambeck, 1983; Stephen-
son and Lambeck, 1985). The apparent warping of the
oceanic lithosphere in the Bay of Bengal has likewise been
interpreted in terms of compressive deformation, with hori-
zontal stresses of a few hundred MPa (McAdoo and Sand-
well, 1985). The formation of sedimentary basins by litho-
spheric stretching requires tensional horizontal stress dif-
ferences of a similar magnitude (Cloetingh and Nieuwland,
1984; Houseman and England, 1986).

The largest inplane stresses may be expected to occur at
convergent plate margins, and a question of some impor-
tance is to what extent these stresses can be transmitted
into the plate interiors. Here the modelling of stresses in the
lithosphere induced by forces on the plate margins yields
some insight. These forces include the ridge push, forces
acting on the subducted slab, basal lithospheric drag and
forces transmitted across plate boundaries. The stress state
within the plate interiors will be governed by the sum of all
these contributions. What these models have shown is that
high magnitude stresses can concentrate within plate interi-
ors and that strong spatial variations in the stress field may
occur, although not neccessarily within all plates (Richardson
et al. 1979; Cloetingh and Wortel, 1985). These stress prov-
inces can vary in size from that of an entire lithospheric
plate to only parts of plates, with dimensions of a few
thousands of kilometres (e.g. Zoback and Zoback, 1980;
Letouzey and Tremolière, 1980). Studies of the temporal
changes in stress fields are less complete. Modelling studies
suggest that rapid temporal changes in stress may occur
through a change in the boundary forces, as in the fragmen-
tation of the Farallon plate (Wortel and Cloetingh, 1983)
and geological evidence also points to episodic tectonic
events on time scales of a few million years (Megatd et al.,
1984);possibly as a response of individual plates to longer
term global readjustments of the plate motion patterns. All
the model-dependent inferences of stress fields are only as
reliable as the necessary assumptions of force fields and
rheological models. A weak plate, of low effective flexural
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rigidity D, with a small inplane force N, for example, will
deform similarly to a strong plate with large N. The re-
sponse of a strong plate with a relatively low stress-relaxation
time-constant ¡ will be similar to that of a weak plate with a
longer relaxation time. Thus it is usually only the combina-
tion Dr/N of plate and force parameters that can be esti-
mated from the analysis of geophysical observations but it
is also this combination that controls the modulation of the
basin subsidence by the inplane forces.

AppnRprur Spa Lsvel. Flucru¡,rrons rru
NoRruwpsrsnN EuRope

The epicontinental North Sea Basin began its major
phase of development in early Mesozoic time and since
then has subsided locally by as much as 10 km. Figure 6
summarizes some of the sea level fluctuations that have
been published for the region. The Tertiary part of these
curves is based on the results from Vail et al. (1977 ,Part 4,
Fig. 5) and appears to correspond to the Moray Firth Basin
(Yail et al., 1977, Part 4, Fig. 4). In this interpretation,
gradual rises are followed by abrupt falls, the largest of
which, in mid-Oligocene, is purported to have had an ampli-
tude of nearly 400 m. As mentioned in the introduction,
these authors have since interpreted these onlap-offlap se-
quences in terms of more gradual drops in sea level and
Figure 6 also illustrates our modification of this curve fol-
Iowing the modifications made by Vail and Hardenbol (1979)

of their global Tertiary curve. There does not appear to be
much support for such a large global sea level drop in
mid-Oligocene, and most recent authors suggest that the
drop was only on the order 50 to 60 m (Watts and Thorne,
1984; Miller and Fairbanks, 1985). In particular, Thorne
and Bell's (1983) histograms of North Sea subsidence are
consistent with these lower estimates of the amplitude of
the sea level change. If this change is of tectonic origin
there is no reason why it should be of the same amplitude
everywhere. In fact, the major lowstand appears to have
occurred earlier on the northeastern Atlantic coast of North
America (Olsson et al., 1980; Miller and Fairbanks, 1985).
Whether or not this particular change is of glacial origin
also remains questionable. Climatological indicators do
suggest that temperatures were sufficiently low for the
onset of glaciation to occur at this time but that major
icecaps did not form (Kennett, 1977). Even if the sea level
change were of glacial origin, some regional difference in
magnitude might be expected.

The Jurassic and early Cretaceous onlap-offlap sequences
have been published by Vail and Todd (1981) (see also Vail
et al. 1984) for two areas: the Inner Moray Firth and the
North Viking Graben (Fig. 6). An independent result, based
mainly on facies analyses, has been published by Hallam
(1978, 19Bl). This is actually a "global" curve, but the
results are very much dominated by northwestern Europe
and the eastern margin of North America prior to the
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Fig. 6. Mesozoic-Cenozoic onlap-off lap curves and apparent sea level variations. Columns from left to right: the Vail et al. (1977)Iertiary
North Sea curve, i ts modif icat ion based on the Vail  and Hardenbol (1979) revised "global" curve; the Jurassic onlap-off lap curves given by
Vail  and Todd (1981) for the Northern Viking Graben and the Inner Moray Firth; the Jurassic sea level curve by Hallam (1 981); the
Cretaceous North Sea curve from Hancock (1984); and the Cretaceous sea level curves for the Paris Basin by Juignet (198O). The last
column is an average Mesozoic-Cenozoic sea level curve for the northwestern European basins based on the information given in the
columns to i ts left .  To establ ish a scale for the sea level change we have adopted a magnitude of 5O metres for the Oligocene lowering in
sea level, a 150 metre rise in the Cretaceous and a further 150 metre rise in the Jurassic. The major fall at the Cretaceous-Tertiary
boundary on the composite curve is a consequence of these adopted scales and of the assumption thatthe Albian-Aptian levels were close
to present day sea level (Hancock, 1984). This fal l  in sea levelwould be signif icantly reduced i f  an Oligocene change of 1O0 m was adopted
instead of 50 m. On the other hand, a late Maastr icht ian fal l  is well  documented (e.9. Hancock and Kauffman, 1979).

Atlantic rifting (Figs. 5-9 of Hallam, 1978) and all the
variations seen in this curve are also seen in his North Sea
data. As such, we adopt this result for comparative pur-
poses. The Hallam and Vail et al. results are in general
agreement (see also Hallam, 1984) although some differ-
ences in detail occur. Hallam, for instance, finds no evi-
dence for the late Hettangian sea level drop in the global
Vail curve, and as it is also negligible on the Vail and Todd
(1981) North Viking Graben and Inner Moray Firth curves
this drop may be local to a region outside Europe. Hallam
(1981) also argues that episodes of sea level rise were more
rapid than portrayed in the Vail curves.

Vail and colleagues have not published Middle and Late
Cretaceous sea level fluctuations for northwestern Europe.
We adopt the results from the studies of Kauffman (1977)
and Hancock and Kauffman (1919) (see also Hancock,
1984) based on facies analyses. Juignet (1980) has published
two similar curves for the western part of the Paris Basin.
He identified seven transgressive phases for this period, six
of which can also be seen in the Kauffman and Hancock
results (Fig. 6). The two drops in sea level in the early

Cretaceous, in the late Aptian and late Albian, can also be
seen in the Vail and Todd (1981) global sea level curve.

Hallam (1984) suggests that the Jurassic sea level rise was
nearly 200 m, and Juignet (1980) suggests a Cretaceous rise
in sea level of about the same amount. As previously noted,
it is important to recognize that if tectonic factors are
responsible for this change, considerable regional variation
in amplitude can occur because the horizontal stress propa-
gation through the lithosphere need not be uniform and the
initial structural perturbations will be variable. A compos-
ite sea level curve from Early Jurassic to Late Miocene is
illustrated in Figure 7 and this should be viewed as indica-
tive of qualitative changes in sea level only. The magnitude
of the sea level changes is scaled such that the Oligocene
fall in sea level is 50 m.

The principal first-order feature of this apparent sea
level curve is the gradual rise throughout Jurassic and Cre-
taceous time, followed by a fall during the Tertiary. This
cycle is usually said to be of global extent even though it
may also be appropriate to associate it with the break-up of
Pangea along the Atlantic Ridge. These changes have been
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Fig. 7. Synthetic paleostress curve derived from the general¡zed sea level curve for the northwestern European basins gíven in Figure
6. Stresses are plotted relat¡ve to an arbitrary present-day stress level. Comparison with columns on the right hand side, which display the
timing of tectonic events ¡n northwestern Europe (after Ziegler, 1982), shows correlat¡on with tectonic phases in the Atlantic, the
northwestern European rift system and the Alpine domain.

attributed to an increase in ocean ridge volume during the
Mesozoic (Hallam, 1963; Pitman, 1978) although Pitman's
model is associated with very considerable uncertainty (Kerr,
1984; Kominz,1984).In particular, it has been pointed out
that an increase in spreading will also result in an increase
in subduction so that the net change in global sea level
could be small (Hager, 1980).

A TecrolJIc INTER PRETATIoN

If the model outlined above is assumed to be valid for the
basins of northwestern Europe, then it becomes possible to
interpret the relative sea level curve of the previous section
in terms of changes in the regional stress state. There are
several complications that call for caution in interpreting
any results of such an inversion. First, in order to obtain
quantitative estimates of stress, the basin formation mecha-
nism must be known, as must be the relevant lithospheric

parameters. Different subsidence mechanisms may have
operated within a given area at different times and it would
be important to examine relative onlap-offlap sequences
from individual basins in the region and even from different
locations within the same basin, rather then examine the
regional curves. In particular, much of the subsidence may
be fault controlled. Second, the relative sea level change is
likely to be a function of both tectonic and eustatic
processes. If both contribute within the same time interval
then the interpretation of the sea level curve becomes
considerably more complex and not all of the fluctuations
will correspond to stress changes.

The tectonic activity of northwestern Europe has been
described in detail by Ziegler (1982). During the Mesozoic,
tectonic activity produced a predominantly horizontal
tensional and stretching regime with the development of
numerous grabens, until a few major grabens developed
upon which much of the subsequent deformation was fo-
cussed. The predominant mechanism of basin formation is



therefore one of crustal stretching and subsidence (e.g.
Sclater and Christie, 1980; Barton and Wood 1984; Gibbs,
this volume). During the Tertiary, the central and northern
North Sea were tectonically calm, and basin evolution,
particularly away from the grabens, was mainly controlled
by subsidence in response to lithospheric cooling. As such,
the Cloetingh et al. (1985) model is appropriate. At the
same time, much of northwest Europe became affected by
compressional stresses during the latest Cretaceous and
Tertiary Alpine Orogeny, producing inversions of basins up
to 1000 km north of the Alpine collision front (Ziegler,1982).

The specific model of Cloetingh et al. (1985) is not appro-
priate for the North Sea during the Mesozoic, when basin
subsidence was primarily driven by extensional tectonics.
Nevertheless, the general concept of a steady subsidence
mechanism modulated by changes in the magnitude of the
horizontal regional tensional force can be applied for this
time interval. Without specifically developing such a model
it is not possible to quantify the stress field. The first-order
cycle of Mesozoic sea level rise and Tertiary fall is consis-
tent with a horizontal stress regime that is predominantly
one of tension during the Mesozoic (Fig. 7), resulting in
subsidence of the basin floor by either graben formation
and subsidence of the graben flanks by sediment loading
(Beaumont, 1978) or through crustal stretching (McKenzie,
1978; Houseman and England, 1986). By late Cretaceous
time, a reduction in tension, or even a change to overall
compression, produced a reversal of this trend. Superim-
posed upon these long term cycles are numerous rises and
falls in apparent (relative) sea level, many of which can be
associated with specific tectonic phases of northwestern
Europe (Ziegler,1982). The earþ Jurassic to earliest Tertiary
tectonic phases (Fig. 7), appear to have been predominantly
tensional events that affected the northwest region of Eur-
ope as awhole and signatures of which are also seen beyond
this region. These events appear as repeated rifting phases
associated with the foundering of Pangea, and this part of
the sea level curve can be interpreted in terms of periods of
regional lithospheric extension and subsidence, followed
by periods of lithospheric relaxation or failure and rifting at
which time stresses are partially released and sea levels at
the edges of the basins appear to fall. The cycle then
repeats itself. Within this framework, periods of sea level
rise are associated with times of buildup of tensional stresses
and stretching, and the lowering of sea level is associated
with the release of tension during discrete rifting episodes.
Most of the Jurassic and Cretaceous North Sea rifting epi-
sodes do in fact correlate well with these apparent lower-
ings in sea level, as already noted by Ziegler (1978). Excep-

. tions do occur. The drops in sea level in mid-Cretaceous
(Cenomanian and Turonian), for example, do not appear to
correspond to North Sea rifting episodes, but they do occur
at a time of active development of the Rockall Tlough and
the opening of the Bay of Biscay (Ziegler,1982).

The major Tertiary lowerings of sea level occur at the
times of various compressive folding phases of the Alpine
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Orogeny. In particular, the mid-Oligocene sea level change
corresponds to one of the main compressive phases of the
orogeny, and the Mid-Paleocene (Laramide) drop may be
more appropriately associated with the first of the three
main orogenic phases than with the mild rifting episode
seen at about the same time in the North Sea.

As may be seen in Figure 5, the change in stress required
to produce the mid-Oligocene drop in sea level of 50 m is
between 200 and 300 MPa. This is very much an upper limit
for the reasons discussed above; stress relaxation and
depth-dependent rheology, an effectively young crust, epi-
sodes of rapid sedimentation and movements on existing
faults all lead to substantially larger deflections than pre-
dicted by the elastic model upon which Figure 5 is based.
The majority of the other apparent sea level changes re-
quire smaller variations in stress, about 50 to 100 MPa, and
are within the range of horizontal stress differences ob-
served in the lithosphere.

CoNcr-usroNs

We propose that much of the apparent regional fluctua-
tions in sea level deduced from seismic, stratigraphic, and
facies analyses are of tectonic origin, the result of the
vertical response of the lithosphere to time-dependent hori-
zontal forces. If correct, the hypothesis has the conse-
quence that relative sea level curves can be used as paleo-
stress indicators and that these observations contain infor-
mation on the mechanisms that lead to basin formation and
also control basin subsidence. The application of the model
to the region of northwestern Europe suggests that the
model has some validity; more rigorous tests, including
other regions, are most desirable.

A quantitative relationship between the vertical displace-
ments of the crust at the margins of basins and inplane
stress is difficult to establish because of the dependence on
the mechanical response of the lithospheric layer and on
the mechanism of basin subsidence, which produces the
lithospheric inhomogeneities that are magnified or reduced
by the stress field. The proposed modulation of the sub-
sidence curve by inplane stress is relevant to any mecha-
nism of sedimentary basin evolution, although we have only
examined the case of a simple passive margin model with
an elastic rheology. Vertical movements of about 50 m at
basin margins result if horizontal stresses are varied by 200
to 300 MPa, but larger movements can be expected if
sedimentary loading in unusually rapid or if stress-differences
relax through creep or brittle failure.

The North Sea sea levels for the Jurassic to Tertiary
exhibit numerous fluctuations on a time scale of 107 years
or less, superimposed upon longer (108 year) fluctuations.
The latter can be attributed to the change in the predomi
nant horizontal stress state of the lithosphere from one of
significant tension and crustal thinning to one of less tension,
or even compression. The shorter period fluctuations can
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be interpreted as the irregular response of the crust, in the
form of rifting episodes or of compressional pulses, to the
more regional stress state. Quantitative estimates for the
changes in stress field required are about 200 MPa for
Tertiary times, but, as previously emphasized, these are
upper limits.
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