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Quantitative Analysis of North Sea Subsidence’
JULIAN A. THORNE® and ANTHONY B. WATTS’

ABSTRACT

Stratigraphic and geophysical maps of the northern
and southern North Sea basin are used to study mecha-
nisms of intracratonic basin formation. These maps
include (1) tectonic subsidence for ten stratigraphic units,
(2) predicted and observed sediment overpressure, (3)
geographic variation of compaction constants, (4) net
basement fault extension, (5) free-air gravity, (6) flexural
rigidity, (7) heat flow, and (8) predicted hydrocarbon
maturation,

In northern areas of the North Sea, observed
basement-fault extension, crustal thinning, present-day
flexural rigidity, and tectonic subsidence are predicted
reasonably well by a simple stretching model of basin for-
mation with rifting phases during the Triassic and mid-
Jurassic/Early Cretaceous. In southern areas of the
North Sea, however, a similar analysis suggests that other
non-extensional rift-related processes dominated basin
evolution, The effects of anomalously active aesthenos-
pheric convection, coupled with basalt-eclogite and
deep-crustal dewatering reactions, are considered as pos-
sible additional mechanisms.

The troughlike form of Quaternary tectonic subsi-
dence suggests a new phase of rifting may be starting in
the North Sea. The importance of such thermal rejuvena-
tion is borne out by the association of areas of differen-
tial subsidence with high heat flow and low flexural
rigidity. One component of tectonic reactivation during
this period may be due to thermally induced isostatic
reequilibration of older tectonic loads.

INTRODUCTION

The North Sea is a Paleozoic to Holocene multistage
rift basin situated within the northwestern European cra-
tonic block. The large amount of exploratory drilling in
the area has provided a relatively thorough structural and
stratigraphic description of this important hydrocarbon
province (e.g., Woodland, 1975; Illing and Hobson,
1981; Ziegler, 1982). A major controversy exists, how-
ever, concerning the role of various lithospheric and
crustal processes in causing the subsidence of the area.
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One school of thought, mainly within academic circles,
believes that subsidence of the North Sea is mainly in
response to some form of crustal extension (e.g., Sclater
and Christie, 1980; Dewey, 1982; Wood and Barton,
1983: Barton and Wood, 1984; Beach, 1986). The other
school, however, argues that reflection seismic data
acquired by the petroleum industry precludes large
amounts of crustal extension across the North Sea
(Smythe et al, 1980; Ziegler, 1983).

Published isopach and structure contour maps, strati-
graphic cross sections, as well as gravity, refraction.
reflection, and well data in the public domain, can be
used to test the applicability of the crustal extension
model to the North Sea. Tectonic subsidence, extension
on basin faults, thermal gradients, hydrocarbon matura-
tion, and changes in crustal structure and lithospheric
flexural rigidity are predicted by simple theoretical
models of crustal extension during and after each rifting
event (McKenzie, 1978; Sclater and Christie, 1980; Watts
etal, 1982). In this study, we compare these predictions to
the observed geologic history of the North Sea.

TECTONIC SUBSIDENCE

One problem in the development of geophysical
models to describe the North Sea is that the preserved
stratigraphic record only indirectly reflects the tectonic
processes responsible for basin evolution. Geohistory
analysis (Van Hinte, 1978) can correct for compaction
and paleowater depth to reconstruct the burial history of
the sediments. The technique of backstripping (Steckler
and Watts, 1978; Guidish et al, 1985), additionally evalu-
ates the effects of eustatic sea level and the subsidence
due to sediment loading. Each of these factors adds a
component of subsidence to the primary tectonic driving
force of basin subsidence. If the response to sediment
loading is assumed to be local Airy isostasy, the tectonic
subsidence, AY, for any interval of basin subsidence can
be written

AY = (p — pg)/ (b — PIAR + AW + AWD +
pm/(pm - pw)ASLs (l)
where p,,, p,, and p,, are the densities of mantle, average
rock matrix, and water; AR is the observed solid isopach
thickness (interval thickness normalized to 0% porosity);
and AW, AWD, and ASL are the interval differences in
net thickness of water in the sediment column, water
depth, and eustatic sea level, respectively.
An analysis of the subsidence recorded in a small
group of North Sea wells made by Sclater and Christie
(1980) and Wood (1982) illustrated the importance of
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Figure 1—Location of structural features mentioned and cross sections used in this study. Names of features are from Day et al
(1981) and Ziegler (1982). Cross sections and supplementary isopach maps from Caston, 1977; Day et al. 1981: Donatto, 1981:
Finstad, 1975; Glennie et al, 1981; Heybroek, 1974, 1975; Pegrum et al, 1975; Pannekoek, 1954: and Ziegler, 1980.
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Figure 2—(a) Approximations to equivalent tectonic subsi-
dence of (b), as determined by Wood (1982) by best-fitting a
theoretical subsidence curve through backstripped subsidence
determined using technique of Sciater and Christie (1980). (b)
Stratigraphic section through wells analyzed by Wood (1982).
Note that relative thickness of deeply buried to shallow units is
greatly increased in (a).

backstripping. Figure 2a is a cross section (line LL in Fig-
ure 1) of the supra-Triassic sediments through the wells
analyzed by Wood (1982). Figure 2b is a similar cross sec-
tion where units of present-day thickness have been con-
verted to units of tectonic subsidence using the
porosity/depth relationship adopted by Sclater and
Christie (1980). The relative importance of the Tertiary
to the sub-Tertiary sediments is dramatically different
after backstripping. In a reevaluation of North Sea
porosity data, we will show, however, that the approxi-
mations made by Sclater and Christie (1980) may overes-
timate the effects of compaction in the North Sea.

Errors in Estimating Tectonic Subsidence

Errors in estimating tectonic subsidence arise from
uncertainties in any of the four terms on the right side of
equation 1. The solid isopach thickness, AR, is computed
from stratigraphic age horizons and the average interval
porosity, and AWD is computed from paleontological
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paleodepth indicators. Thus, AR and AWD are, in princi-
ple, directly observable from wireline logs, cuttings,
core, or outcrop; but, in practice, AR and AWD are
clearly subject to errors in interpretation. Eustatic sea
level, ASL, can be taken from one of the several pub-
lished sea level curves in the literature (e.g., Watts and
Steckler, 1979; Watts and Thorne, 1984; Hag et al, 1987).
The uncertainty of this term can be important when
studying the tectonic subsidence at a single well. The geo-
graphic pattern of tectonic subsidence for any interval,
however, is not affected by the sea level correction term.
AW is obtained by estimating the total amount of pore
fluids contained in the sediment column as a function of
time. This quantity cannot be directly measured but can
be estimated by choosing a reasonable geologic model for
compaction.

The size of AW is greatly affected by the overpressure
gradient within the basin and the total thickness of the
sediment column. The interval tectonic subsidence of a
meter of slate, for example, can range between =0.3 m
(AW = 0m)and =3.3 m (AW = 3 m)depending on the
average overpressure gradient and the depth to basement
during deposition (see Appendix 1).

Biostratigraphic and Downhole Geophysical Data

Biostratigraphic, lithological, and downhole geophys-
ical information for over 200 wells in the North Sea area
(Figure 3) have been digitally processed to prepare maps
of tectonic subsidence. Isopach maps and cross sections
published by various authors were used to supplement
this information. Cross sections used in this study are
shown in Figure 1. Equally spaced isopach values were
computed on a Lambert’s conic conformal projection at
27.8-km grid spacing. Our collected well data, where not
overly influenced by salt diapirism, were weighted highly,
compared to the supplementary sources within 55.6 km
of each well.

Compaction and Water-Depth Corrections

We made water-depth corrections to tectonic subsi-
dence only for Cenozoic time-stratigraphic units. Cor-
rections are based on the paleogeographic maps of
Ziegler (1982), and calibrated by the minimum water-
depth estimates in 19 wells from Wood (1982) and 16
wells from Berggren and Gradstein (1981).

Decompaction corrections made during backstripping
consist of two parts: determination of porosities at the
present time and extrapolation of these porosities into
the past. Present-day porosities can be determined with a
minimum of assumptions from downhole sonic or den-
sity logs. Extrapolation into the past when sediments
were shallower is a more difficult problem.

Numerous review papers and texts have described the
factors involved in loss of porosity in sediments undergo-
ing burial (e.g., Rieke and Chilingarian, 1974; Magara,
1978). Loss of primary porosity is known to be a compli-
cated process involving a combination of diagenetic
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Figure 3—Location of 200 deep offshore wells used in this study. Offshore contours are of bathymetry in meters; onshore contours
are of base Jurassic. Note that data density is greatest in axial regions of North Sea.
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effects and mechanical compaction. The overall change
in net porosity of a sedimentary basin, however, must
simply be related to mechanical compaction because the
pressure responsible for the expulsion of water from a
sedimentary basin as a whole is derived only from sedi-
ment loading. A model based on mechanical compaction
thus is appropriate in calculating tectonic subsidence,
which requires a measure of AW, the amount of pore flu-
ids added, with additional deposition, to the entire sedi-
ment column.

Mapping Present-Day Porosity

The simplest parameterization of mechanical compac-
tion consists of empirical laws that relate average poros-
ity to (maximum) burial depth and overall lithology (e.g.,
shale, sandstone, or chaik). Porosity in the North Sea
cannot simply be predicted from these relationships
because the same lithology at the same depth in different
parts of the basin may have significantly different poros-
ity (e.g., see Scholle, 1977). We instead have mapped
porosity variations across the North Sea on the basis of
downhole wireline logs. Porosity is derived mainly from
sonic logs calibrated by density logs, cores (Hobbs and
Long, 1977), and well-velocity surveys (United Kingdom
Department of Energy open files).

Experimental work on the mechanical compaction of
sediments (Poskitt, 1969; Skempton, 1970; Rieke and
Chilingarian, 1974) as well as theoretical considerations
(Biot, 1941; Lade, 1980) have shown that porosity, ¢, is
simply related to effective pressure, p, by

oz
1 - ¢z

= a(z) + b(z)log,O[P-g—)] =

6b(z) + b(z)logm[%l, @

where a(z) and b(z) are compaction coefficients as a func-
tion of depth and g is the acceleration of gravity. The
approximation a(z) = 6 b(z) is made based on data in
Skempton (1970) for a wide range of North Sea sedi-
ments. The coefficient b(z) can be found as a continuous
function of depth by back substituting measurements of
downbhole porosity and formation pressure. In practice,
the function b(z) is noisy, expressing variations that may
have little to do with mechanical compaction. We have
suppressed this noise by first averaging over depth by
time/stratigraphic unit, and second, modally averaging
over the area between well-control points. Maps of the
variation of compaction constant b have been prepared
for ten stratigraphic units, two of which, the Eocene and
Upper Cretaceous, are shown in Figure 4. These maps
can be thought of as ‘‘compaction facies’’ maps showing
the variation of lithology that leads to changes in com-
paction properties. Skempton (1970) also found a range
of variation of compaction coefficient b from 0.25 to
0.75.

Quantitative Analysis of North Sea Subsidence

Modeling Overpressure

A simple finite difference solution to the equations
governing one-dimensional consolidation theory with
overpressure is given in Appendix 1. Thus, the extent of
overpressuring throughout basin history can be predicted
from the previously described maps of sediment thick-
ness and compaction constants, and the permeability
constants given in Table 1. In Figure 5, a contour map of
the predicted overpressure at the base of the Triassic at
the present time is compared to individual downhole
measurements. Appendix [ lists predicted vs. observed
downhole overpressure in six wells. The apparent success
of the model indicates that, to a first order, burial rate
probably is the key factor in the development of over-
pressure in the North Sea.

Summary of Backstripping Procedure

Recent descriptions of the backstripping method can
be found in Guidish et al (1985) or Bessis (1986). The pro-
cedure followed here involves several modifications as
described in the previous sections. Briefly summarized,
determining tectonic subsidence involves the following
steps: (1) determine present-day stratigraphic thickness S;
and paleowater depths, (2) estimate compaction coeffi-
cients b; (equation 2) from present-day porosity and pres-
sure data, (3) estimate solid isopach thickness AR,
(equation 1) from interval thicknesses AS, and compac-
tion coefficients b;, (4) model development of overpres-
suring within each interval from the loading history of
the sediments and estimated interval permeabilities as a
function of porosity (Appendix 1), (5) repeat steps two
through four, changing estimates of interval compaction
and permeability coefficients until a best fit is obtained to
present-day observed pressure and porosity, (6) repeat
step four one last time; with the application of each sedi-
ment load AR;, compute the change in effective pressure
within each interval and, thus, the net change of water
within the sediment column AW;, and (7) compute at
each step the interval tectonic subsidence AY; from AR;,
AW, AWD,, and ASL, (equation 1).

TECTONIC SUBSIDENCE MAPS

Ten maps of tectonic subsidence are presented in Fig-
ure 6. These maps form the basis of a quantitative
description of North Sea subsidence from the Triassic to
the Holocene. The accuracy of these maps is hard to
assess because the sources of error take many forms,
ranging from uncertainties in the biostratigraphic infor-
mation to uncertainties in the gridding, contouring, and
interpolation procedures.

Two tests demonstrate that, on the whole, errors in
backstripping are small. Figure 7a is an observed section
across the Viking graben. The Tertiary, on the western
flank of the basin, rests unconformably on metamorphic
basement, and, in the center of the basin, the Tertiary is
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Figure 4— Variation of compaction coefficient b(z) determined from porosity logs in wells shown in Figure 3. (a) Compaction coef-
ficient for Eocene. (b) Compaction coefficient for Upper Cretaceous. Data have been smoothed and averaged as described in text.
Variations in compactability represent changes in ciay type in Eocene and chalk facies in Upper Cretaceous.

underlain by a thick sedimentary section. Backstripped
tectonic subsidence sections, using Sclater and Christie’s
method (Figure 7b) or the method presented here (Figure
7¢), show contrasting results. Because of the strong effect
of compaction corrections in Figure 7b, the tectonic sub-
sidence of the Tertiary is higher on the west flank of the
basin where it rests on basement than in the center. This

Table 1. Permeability Constants

A* B*
Time Interval (from eq. 8A) (from eq. 8A)
Quaternary - 4.0 1
Pliocene - 4.0 1
Miocene —13.5 3
Oligocene —13.5 3
Eocene —13.5 3
Paleocene -13.5 3
L. Cretaceous —11.5 3
E. Cretaceous —-11.5 3
Jurassic -13.5 3
Triassic -13.5 3
Permian (Zechstein) -12.5 0

*Determination of constants is from clay mineral analysis of Karlsson (1978).

tectonic ‘“inversion’’ is probably an artifact of the back-
stripping method used. Following the procedure of back-
stripping outlined in the previous section, however, the
maximum tectonic subsidence occurs, as expected, in the
graben region (Figure 7c).

Backstripping a sedimentary column is intended to
recover the equivalent subsidence in water without the
effects of sedimentary loading. The Quaternary subsi-
dence presents an ideal case to test this equivalence and,
therefore, the accuracy of our backstripping procedures.
The tectonic subsidence map for the Quaternary (Figure
6a) shows a through-going trough running from north to
south. Although this feature appears continuous, the tec-
tonic subsidence in the north has been recovered mainly
from an increase of water depth, whereas in the south,
the reverse is true; sediment accumulation has recorded
most of the tectonic subsidence. The magnitude of tec-
tonic subsidence in the north is well known (the Pliocene
was approximately at sea level and the present water
depth can be measured directly). The magnitude of tec-
tonic subsidence in the south, therefore, is constrained by
the continuity of the feature observed in Figure 6a. The
corrections made in determining tectonic subsidence,
involving compaction of the entire sedimentary section,
are consistent with this independent test.
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TESTING CRUSTAL EXTENSION MODEL

The evolution of a rift basin in which crustal extension
plays a dominant role has been studied theoretically by a
number of authors (e.g., Beaumont, 1978; McKenzie,
1978; Royden and Keen, 1980; Le Pichon and Sibuet,
1981: Watts et al, 1982). In the following section, we sum-
marize briefly some of the concepts emerging from this
work that can be used to quantitatively analyze the tec-
tonic subsidence of the North Sea.

Generally, basin history can be divided into two styles
of subsidence: (1) a rift phase of fault-controlled subsi-
dence associated with active basin extension, and (2) a
postrift phase of regional thermal subsidence due to cool-
ing of the lithosphere. For the simple case of one short-
lived rifting stage the approximate volume of tectonic
subsidence in these two phases is given by equations 3-5
(modified from Le Pichon and Sibuet, 1981)

Vi(t = 0) = 3.61E, 3)
V,(t = ») = 4.22E, )
Vi =V, + Vy(t = =) = 7.83E, ©)

where E is the amount of crustal extension across the
basin, tis the time since rifting, V, and V, are the volumes
of tectonic subsidence per linear length of rift for the first
and second phases respectively and the initial crustal
thickness is 30 km. Equations 3 and 4 are not applicable
to basins with a protracted rifting history in which exten-
sion may occur in several episodes. In this case , however,
equation 5 holds for total extension and tectonic subsi-
dence summed over all rifting stages.

The general trend of the subsidence is a rapid deepen-
ing during the rifting stage followed by a period of expo-
nential decrease in the tectonic subsidence rate. A good
test of the importance of thermal subsidence during the
postrift phase is to match the one-dimensional solutions
of McKenzie (1978) to observed subsidence by varying
the parameter 3: the ratio of the initial lithospheric thick-
ness to the thickness after extension. If the width of the
rift basin is narrow (< 50 km), however, significant cool-
ing occurs by horizontal flow of heat. Loss of heat both
horizontally and vertically accentuates the exponential
character of basin subsidence (Steckler, 1981; Cochran,
1983).

An equally effective test for thermal subsidence is to
measure quantitatively the tendency of subsidence to
accelerate or decelerate with time. A particularly useful
parameter is given by

¢ = [ avias) - aen - 1, ©

where C is the concavity index of subsidence between t,
andt,, t’is normalized time,t ' = t/(t, — t,), and a(t) and
a(t) are the accumulation and accumulation-rate func-
tions of tectonic subsidence. C has the advantage of

being defined for any subsidence curve whether of ther-
mal form or not. The index is positive for decelerating
subsidence and negative for accelerating subsidence. The
expected value of C for postrift thermal tectonic subsi-
dence for any S curve is given by (to within 5%)

C = 0.004t*°, %)

where t is greater than 15 m.y. and is time, in m.y., after
rifting.

Extension models of basin formation also predict an
elevation of the M-discontinuity (Moho) beneath graben
areas of a rift basin. By simple isostatic arguments we can
write

M = (o = pu)/(pm = POV = 2.83V7, @®

where p_, 0, o, are the crust, water, and mantle densities,
respectively, M and V are the volume of M-discontinuity
topography and total tectonic subsidence per linear
length of rift. From equations 5 and 8 we have

M = 22.17E. ®

Rifts with large amounts of crustal extension are also
characterized by a diagnostic thermo-mechanical history.
The role of lithospheric flexure, in particular, varies as a
function of both time and position during the formation
and decay of the thermal anomaly associated with basin
rifting. To understand this, one must realize the litho-
sphere’s ability to support vertically acting loads by
bending stresses (its flexural rigidity) diminishes if heat-
ing of the lower crust or upper mantle allows high-
temperature creep of quartz and olivine to occur (e.g.,
Kusznir and Karner, 1985). Rigidity also decreases where
basin sediments are thick because elastic stresses relax
quickly within sedimentary rocks (Warpinski, 1986).
Laboratory experiments on creep and observations of
flexure where the temperature structure is reasonably
well known (Watts, 1978; Karner et al, 1983) have shown
that flexural rigidity, D, is controlled by the depth below
sedimentary basement of the 450°C isotherm, Z .,
such that

Z,sooc(km) = 2.24E-9D' + B, Q10
where D is in dyne/cm and B is the depth to basement.
This relationship can be used to compare predicted
depths to the 450°C isotherm and estimates of flexural
rigidity D at various times during basin evolution. A
good approximation of the depth to the 450°C isotherm
in the axial regions of a graben where stretching factors
are large (8> 2) is given by

Zysoec(km) = 2.8VT, a1
where t is greater than 20 m.y. and is the time, in m.y.,
after cessation of rifting (Jarvis and McKenzie, 1980).
During the postrift thermal subsidence stage, for exam-
ple, the depth to the 450°C isotherm beneath the rift
gradually increases as the lithosphere cools. Associated
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Figure 6—Maps of tectonic subsidence for Cenozoic and Mesozoic units contoured at 100 m intervals. Location of 0 m contour is
approximate. Water depth corrections have been made for Cenozoic units.

with this deepening of the 450 °C isotherm is a progres-
sive increase in the flexural rigidity of the lithosphere.

Estimates of D can be made from either of two meth-
ods: (1) free-air gravity and geoid anomalies (e.g., Watts
et al, 1982; Barton and Wood, 1984) or (2) basin-load
shape analysis (Haxby et al, 1976; Nunn, 1981; Ahern
and Mrkvicka, 1984; Garner and Turcotte, 1984; Thorne,
1985).

In method one, a flexural rigidity is found such that
predicted gravity anomalies arising from a flexural com-
pensation model for basin sediments best fit the observed
gravity variations across the basin. The inferred rigidity
from this method reflects the average degree of isostatic
compensation for sediment loads. As such, no informa-
tion is obtained as to the time history of basin rigidity.

However, load-shape analysis, method two, can obtain

rigidity estimates for different time/stratigraphic inter-
vals. Rigidity is inferred from observed basin stratigra-
phy by a variety of methods. A brief description of three
methods of load-shape analysis is given in Appendix 3.

In the next section, we analyze North Sea basin evolu-
tion using equations 3-11 to evaluate the applicability of
simple extension models in this area. The Central and
Viking grabens are discussed separately to underscore the
differences between these two areas.

CENTRAL GRABEN EVOLUTION
Rift Stages

The first step in quantitative subsidence analysis is to
divide basin evolution into periods characterized by
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Figure 7—(a) Cross section through Viking graben (at 59 °N latitude) extrapolated from equally spaced biostratigraphic informa-
tion described in text. (b) Observed stratigraphy backstripped using method of Sclater and Christie (1980). (c) Observed stratigra-
phy backstripped by method presented in this paper. Note anomalous inversion structures in (b) introduced as artifact of

backstripping.

fault-controlled subsidence and periods characterized by
regional subsidence. The timing of major periods of fault
movement in the Central graben has been established by
many writers using seismic reflection profiles across the
basin (e.g., Maher, 1981; Hamar, 1983; Michelson and
Anderson, 1983; Skjerven et al, 1983; Glénnie, 1984;
Gowers and Saeboe, 1985). Figure 8 schematically illus-
trates the results of these studies. Two phases of exten-
sional faulting are distinguished. The first, occurring
during the Late Permian to Early Triassic, appears on the
cross section to be of greater importance than a second
extensional stage from the mid-Jurassic to earliest Creta-
ceous. To our knowledge, no study has been done to
quantitatively compare the amount and timing of fault
extension on a regional basis.

The tectonic subsidence map of the Quaternary (Fig-
ure 6a) shows a broad trough-shaped region of subsi-
dence greater than 100 m/m.y. This north-
northwest-trending feature appears to reactivate the
Central graben and Central Netherlands basin (see Fig-
ure 1). Other reactivated features include renewed subsi-
dence in the Norwegian-Danish Trough and uplift of the
Sole Pit basin.

Regional Subsidence

The Upper Cretaceous and Tertiary of the Central gra-
ben area, in contrast, form a broad regional sag roughly
centered over the underlying graben system. The change
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from fault-controlled to regional subsidence is dated as
Albian to Aptian (Kent, 1976). Major periods of normal
faulting also were absent during the mid-Triassic through
Early Jurassic, and during the Early Permian (Ziegler,
1982).

Thus, the history of the Central graben area appears to
alternate between periods of localized graben formation
and periods of regional basin subsidence. Rifting stages
since the Permian are most likely the Late Permian
through Early Triassic, the mid-Jurassic through earliest
Cretaceous, and, tentatively, the Quaternary.

Crustal extension models, as discussed earlier, predict
a period of regional subsidence following each rifting
event. In this respect, the models match well the observed
alternation of subsidence styles in the Central graben
area. Early modeling studies (Beaumont, 1978; Sclater
and Christie, 1980; Donato and Tully, 1981) included
only one Jurassic/Cretaceous event. Wood and Barton
(1983) recognized two phases of extension in Central gra-
ben evolution. J. C. Sclater and J. O. Salvesen (1987,
personal communication) consider a third earlier phase
in the Carboniferous. Unfortunately, the more phases of
extension that are included, the more poorly constrained
are estimates of the timing and magnitude of extension
during the various rift phases. Therefore, we must look
at the other evidence for crustal extension within the Cen-
tral graben.

Basement Extension

In basins dominated by crustal extension, total exten-
sion on basement faults, E (measured in kilometers), and
tectonic subsidence, Vi (measured in cubic kilometers
per unit length of rift), arc related by equation S. We have
used this relationship in the Central graben area by esti-
mating E and V; between 54°N and 58°N. The total
extension is obtained by mapping the fault planes of
major Central graben faults. The total east-west exten-
sion of the basal Zechstein across the North Sea is esti-
mated at every one-quarter degree of latitude as shown in
Figure 9a. A discussion on the accuracy of this procedure
is given in Appendix 2. The volume of tectonic subsi-
dence is estimated from Figure 6a and b. Figure 9b shows
the ratio of predicted subsidence from equation 5 to
observed subsidence from latitudes 54 °N to 58 °N. Maxi-
mum and minimum estimates of this ratio are used
because of uncertainties in estimating the extension on
normal faults (see Appendix 2).

Figure 9b shows that the percentage of extension
accounted for by observed basement extension between
latitudes 54°N and 58 °N, within the bounds of error, is
uniformly low, on the order of 10%. The tectonic subsi-
dence north of 56 ° includes the Norwegian-Danish basin
(see Figure 1). This basin adds significantly to the total
tectonic subsidence but not to our estimates of east-west
extension across major basement faults. These results
suggest that other mechanisms of basin formation have
contributed to subsidence in this area, particularly within
the Norwegian-Danish basin.
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Figure 9—(a) Total extension as function of latitude in Central
graben, Two scales are given depending on assumed average dip
at base Zechstein level of major faults accommodating exten-
sion. Reconstruction of faults is based on structure contour
maps of Day et al (1981), published cross sections listed in Fig-
ure 1, and average dip angle on major faults from Blair (1975),
Gibbs (1983), and Halstead (1975). See Appendix 2 for discus-
sion of this procedure’s accuracy. (b) Ratio of predicted subsi-
dence from equation 5 to observed subsidence from latitudes
54°N to 58 °N. Maximum and minimum range is placed on esti-
mates of this ratio because of uncertainties in estimating exten-
sion on normal faults (see Appendix 2). Percentage of extension
accounted for by observed basement extension is uniformly
low,

Crustal Structure

The amount of extension across the Central graben
should be reflected in shallow depths to the M-
discontinuity beneath the rift. Seismic reflection and
refraction profiling has been carried out by Christie and
Sclater (1980) across the Witch Ground graben (line KK
in Figure 1) and the Central graben (Barton and Wood,
1984). The profile across the Central graben (line LL in
Figure 1) shows significant elevation of the M-
discontinuity particularly in narrow region close to the
graben axis (Figure 10). The volume/linear length of rift
of the relief of the M-discontinuity, M, and tectonic sub-
sidence, Vi, across this section are approximately 800
and 1,000 km’, respectively. The crustal extension model
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Figure 10—Residual gravity over Central graben refraction line (Barton and Wood, 1984) obtained by correcting observed free-air
gravity for gravitational attraction of sediments (density and porosity as determined by Appendix 1 method), and M-discontinuity
topography. Resulting anomaly is strongly positive, suggesting deep crustal positive density anomalies are present, particularly in
eastern part of cross section. Refraction velocities obtained by Barton and Wood (1984) also support this variation in crustal struc-

ture. Zech. = Zechstein.

from equation 8 predicts far less tectonic subsidence for
the observed Moho topography. This result suggests that
other causes for basin tectonic subsidence may also be
important in the evolution of the central region of the
North Sea.

The refraction seismic interpretation of Barton and
Wood (1984) shows significant variations in velocity
structure consistent with large changes in crustal density
from west to east across the Central graben. Figure 10
shows a residual gravity anomaly profile across the Cen-
tral graben along the seismic refraction line obtained by
correcting the observed free-air gravity anomaly for the
effects of changes in water depth, sediment load, and the
M-discontinuity. This anomaly, therefore, reflects lateral
density distributions in the crust and upper mantle that
cannot be explained in terms of undulations of the M-
discontinuity.

Form of Post-Jurassic Subsidence

Various authors (Sclater and Christie, 1980; Wood and
Barton, 1983; Barton and Wood, 1984) have suggested
that the post-Jurassic tectonic subsidence of the Central

graben can be largely accounted for by thermal cooling
of the lithosphere following Jurassic rifting. The tectonic
subsidence maps of Figure 6, however, do not approxi-
mate simple postrift thermal subsidence. The rate of tec-
tonic subsidence within the graben area, from the Early
Cretaceous to Pliocene, does not decline, as is typical of
thermal subsidence, but, based on concavity index,
remains nearly constant or accelerates (Figure 11).

The maps of Cretaceous and Tertiary tectonic subsi-
dence (Figures 6a, b) show few periods of tectonic quies-
cence during postrift basin evolution. Major tectonic
subsidence centers appear and disappear within relatively
short periods, e.g., the Ergesund basin in the Late Creta-
ceous or the upper Central graben in the Miocene. As dis-
cussed earlier, the Quaternary appears to represent a new
phase of basin subsidence. These results suggest that
thermal subsidence is only one component of basin evo-
lution during the Cretaceous and Tertiary of the Central
graben.

Flexural Rigidity

An estimate of the rigidity of the Central graben region
has been obtained (Barton and Wood, 1984) by compar-
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Figure 11—Regions of accelerating (dotted), decelerating
(hatched), and nearly linear (unshaded) tectonic subsidence
between Early Cretaceous and Pliocene, contoured at 10 X the
concavity index C. Thermal subsidence hypothesis is rejected
due to observed linear to accelerating subsidence in Central gra-
ben. Concavity index of accumulation function a(t) is defined
in text.

ing observed free-air gravity (derived from altimetry
data) to modeled gravity for differing degrees of flexural
compensation to the tectonic subsidence and sediment
loading since the Cretaceous. The best-fitting value of D
= 10® dyne/cm (from equation 10) places the depth to
the 450°C isotherm 5 km below sedimentary basement B
during or after the majority of sediment and tectonic
loading. The effective rifting age to account for the
observed rigidity from equation 11 is less than 20 m.y., a
value not at all expected if the last thermal event in the
Central graben occurred during earliest Cretaceous rift-
ing.

One possible explanation, however, for the observed
low rigidity is thermal rejuvenation of the Central graben
during the late Cenozoic. To examine this possibility, we
used load-shape analysis to estimate average flexural
rigidity during the emplacement of ten increments of tec-
tonic loading as amplified by sediment fill from the Tri-
assic to the Quaternary. The results of this analysis by
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Figure 12—Determinations of rigidity for ten time-
stratigraphic units. Quaternary rigidity is based on free-air
gravity (see text). For other intervals, three determinations are
shown. First determination (solid arrows) compares shape of
succeeding units to determine relative change in flexural
response from unit to unit. Histogram shows determinations by
minimum moment and minimum upward force methods (see
Appendix 3). These methods invert subsidence response of each
unit for an applied flexural load. Assumed rigidity is lowered
for each inversion until predicted load is of reasonable shape,
i.e., load is concentrated at one or several depocenters (mini-
mum moment) or has only small component acting in upward
direction.

three different methods are shown in Figure 12 (see also
Appendix 3). With the exception of the Quaternary, the
derived rigidities show good agreement between the vari-
ous methods. (We show in Appendix 3 that all three
methods of load shape analysis most likely have failed to
recover an accurate rigidity for the Quaternary.) The
rigidity estimates (Figure 12) show a consistent decrease
from the Upper Cretaceous through the Pliocene. The
low rigidity value derived from the gravity study of Bar-
ton and Wood (1984) is consistent with this progressive
lowering of flexural rigidity during the Tertiary. We sug-
gest that thermal rejuvenation has led to ongoing iso-
static reequilibration of the Central graben and thus, at
the present time, nearly complete isostatic compensa-
tion. The low rigidity estimates from gravity studies
probably reflect this last phase of reequilibration.

VIKING GRABEN EVOLUTION

The Viking graben has long been recognized as a rift-
type basin. Alvarez (1985), in a study of the subsidence of
the northern North Sea between 59°N and 62°N, pro-
duced maps of tectonic subsidence for seven time/
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stratigraphic intervals within the basin. The timing of
major periods of fault movement in the Viking graben
has been established by many writers working with seis-
mic reflection profiles across the basin (Halstead, 1975;
De’Ath and Schuyleman, 1981; Eynon, 1981; Gray and
Barnes, 1981; Hallet, 1981; Harding, 1983). Figure 13
schematically illustrates the results of these studies.
Three phases of extensional faulting can be distinguished
in this figure: Early Triassic, mid-Jurassic through earli-
est Cretaceous, and latest Cretaceous through Paleo-
cene.

Triassic Subsidence

The Triassic phase of subsidence consists of a down-
dropped axial graben 50-km wide set within a broad
basin of regional subsidence. Reconstruction of this sec-
tion and others (Fisher, 1984; Glennie, 1984) shows
approximately 20 km of basement extension across the
Viking graben by normal faulting during the Triassic.

A comparison of predicted (using equations 3-5) and
observed (from Alvarez, 1985) tectonic subsidence for
the Triassic is given in Table 2. The observed value of tec-
tonic subsidence is significantly larger than the predicted
syn-rift subsidence, but approximately equal to the total
predicted tectonic subsidence. This difference suggests
that the postrift stage of thermal subsidence is an impor-
tant component in Triassic subsidence. The observed
basin stratigraphy is, in fact, quite similar to the two-
dimensional extension models of narrow rift structures
of Cochran (1983), which show that a significant percent-
age of thermal subsidence can take place during the rift-
ing stage of a narrow graben system.

Jurassic and Early Cretaceous Subsidence

By far the most fault extension across the Viking gra-
ben took place during the mid-Jurassic through Early
Cretaceous (Figure 13). Characteristic fault-block geom-
etry involves large rotation on normal listric faults and
associated strike-slip movement (Halstead, 1975; Hay,
1978). Basement extension distributed across a 200-km
wide rift basin averages approximately 45 km (estimated
from cross sections from Eynon, 1981; Ziegler, 1982;
Glennie, 1984; Fisher, 1984). The section shown in Figure
13 shows Early Cretaceous differential subsidence across
major growth faults. Sections from the United Kingdom
sector at 62°N (Vail and Todd, 1981), however, show
strong phases of growth faulting in the mid-Jurassic.

A comparison of predicted (from equation 3) and
observed (from Alvarez, 1985) tectonic subsidence dur-
ing the mid-Jurassic through the Early Cretaceous is
given in Table 2. The observed value of tectonic subsi-
dence is approximately equal to the predicted syn-rift
subsidence. This suggests that the mid-Jurassic/Early
Cretaceous rifting phase in the northern North Sea can be
largely accounted for by observed crustal extension dur-
ing this period.
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Late Cretaceous and Tertiary Subsidence

Various writers (Donato and Tully, 1981; Dimitro-
poulos and Donato, 1982; Alvarez, 1985) have suggested
that Late Cretaceous and Tertiary subsidence of the
northern North Sea can be largely accounted for by ther-
mal cooling of the lithosphere following or during rift-
ing. The concavity of tectonic subsidence between the
Paleocene and the Pliocene, correcting for eustatic sea
level changes (Figure 14), ranges between 0.2 and 0.4
within the Viking graben, consistent with a thermal cool-
ing origin for subsidence during this period. Unfortu-
nately, the concavity of tectonic subsidence within the
Late Cretaceous cannot be assessed from the present
data. With this limitation in mind, using 0.3 from Figure
14 as the average concavity of postrift subsidence in
equation 7 places the start of thermal subsidence at 121
Ma (within the Early Cretaceous).

Quaternary Subsidence

The tectonic subsidence map of the Quaternary (Fig-
ure 6a) shows an elongate riftlike form on the eastern
flank of the Viking graben. Possible Quaternary rifting is
also indicated by present-day seismicity (Browitt and
Newmark, 1981), which shows larger than normal mag-
nitude events associated with the margins of strong Qua-
ternary subsidence.

Crustal Structure and Flexural Rigidity

The amount of crustal extension across the Viking gra-
ben can be determined from the elevation of the M-
discontinuity beneath the rift. The 2,000 km®
(volume/linear length of rift) of Moho topography
above 30 km, M, is observed on the refraction profile of
Solli (1976) across the Viking graben (line JJ in Figure 1).
The predicted total volume/linear length of rift of tec-
tonic subsidence from equation 8 is 700 km’ and is
derived from

M(2.000 km?) = 2.83 * V(700 km?).

The crustal extension model is strongly supported, there-
fore, by the approximate agreement between this result
and the estimated observed total tectonic subsidence of
510 km? (Table 1).

An estimated rigidity for the Viking graben of D =
10 dyne/cm is obtained by comparing observed free-air
gravity (Figure 15) to modeled gravity for differing
degrees of flexural compensation to the tectonic subsi-
dence and sediment loading since the Triassic. By substi-
tuting this value into equation 10, the depth to the 450°C
isotherm is predicted to be 22 km below sedimentary
basement B. The effective rifting age to account for the
observed rigidity, with B equal to 8 km from equation 11,
is 117 Ma (within the Early Cretaceous). Thus, the
observed rigidity of the Viking graben is consistent with a
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Table 2. Northern North Sea: Extension vs. Tectonic Subsidence
E (km) V,(km?) V,(km?) Vo(km?) V(km?
(observed) (fromeq. 3) (fromeq. 4) (fromeq. 5) (observed)
Triassic 20 70 90 160 180
Mid-Jurassic/Early Cretaceous 45 160 — — 130
Total 65 — 500 510

Late Jurassic/earliest Cretaceous rifting phase in which
crustal extension within the graben played a dominant
role.

Quaternary Rejuvenation

Our analysis of northern and southern North Sea sub-
sidence indicates that the Quaternary was a period of
anomalously high rates of regional tectonic subsidence
associated with anomalously low values of flexural rigid-
ity.

Depocenters of Quaternary subsidence apparently
reactivated earlier trends. Features present in both the
Quaternary and Lower Cretaceous, for example, include
differential subsidence of the West Netherlands basin,
Egersund subbasin, Horda platform, and Central graben
as well as differential uplift of the English subbasin.

One possible explanation for Quaternary subsidence is
that the Quaternary formed in response to regional heat-
ing, allowing isostatic reequilibration of previously
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Figure 14—Concavity index of tectonic subsidence between
Paleocene and Pliocene in northern North Sea as in Figure 11.
Eustatic sea level correction has been added to tectonic subsi-
dence using sea level curve of Watts and Thorne (1984).
Observed concavity supports thermal subsidence hypothesis.

applied (e.g., Lower Cretaceous) sediment and litho-
spheric loads. The magnitude and extent of thermal reju-
venation should be reflected in regional maps of heat
flow, gravity, and present-day flexural rigidity.

A heat-flow map of the North Sea (Figure 16) has been
prepared based on published information on geothermal
gradients and borehole temperatures (Cornelius, 1975;
Norwegian Petroleum Directorate, 1976; Carstens and
Finstad, 1981). The variation of heat flow shown in Fig-
ure 16 agrees well with the work of Andrews-Speed et al
(1984) in the western North Sea. These writers showed
that heat flow is significantly different above and below
the upper kilometer of sediments. Their variation of heat
flow below the upper kilometer of sediments agrees sub-
stantially better with the heat flow given here (Figure 16).

The pattern of Quaternary tectonic subsidence (Figure
6a) appears to correlate with variations of heat flow (Fig-
ure 16). The West Netherlands basin, the lower and upper
Central graben, the eastern flank of the Viking graben,
and Horda platform are all Quaternary subsidence cen-
ters and heat-flow highs. However, a heat-flow high at
=54 °N 2 °E (English subbasin) is associated with a local
minimum of Quaternary subsidence. Barnard and
Cooper (1983) suggested that the stratigraphy of the
English subbasin indicates a recent phase of structural
inversion (uplift) since the latest Pliocene,

The association of differential Quaternary subsidence
or uplift with areas of anomalously high heat flow sug-
gests that the Quaternary is a period of active thermal
rejuvenation. Depending on the tectonic setting, thermal
heating is apparently associated with either accelerated
subsidence or structural inversion. Further support for
this tectonic interpretation comes from an analysis of
North Sea gravity data.

Figure 15 shows a free-air gravity anomaly map of the
North Sea basin compiled using available submarine
(Collette, 1960) and surface-ship measurements. Much
of the short wavelength energy in the free-air gravity of
the North Sea is probably caused by granitic and mafic
plutonic intrusions (Collette, 1960; Donato and Tully,
1982). Threlfall (1981) showed the location of basic igne-
ous intrusions identified on the basis of aeromagnetic
surveying in the central and northern North Sea. Four of
these proposed bodies can also be identified on the free-
air gravity anomaly map of Figure 15.

Intermediate wavelength (> 50 km) gravity anomalies
are generally associated with flexural compensation of
surface loads (e.g., McKenzie and Bowin, 1976; Karner,
1982). For gravity anomalies over a sedimentary basin, a
measure of the load is provided by the total deflection of
the crust by the weight of the sediments. A matrix rela-
tionship between the intermediate wavelength compo-
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Figure 15—Free-air gravity anomaly map of North Sea contoured at 10-mgal intervals. Gravity measurements (shown as dotted
lines) have been compiled from Lamont-Doherty Global Gravity Data Bank supplemented by other published maps in the Dutch
North Sea (Strang van Hess, 1981), Moray Firth (1.G.S. of Britain map series), and southern North Sea (Day et al, 1981). Proposed
basic intrusions are located at 62°N 0°15'E, 60°N 1°30 'E, 58°30 'N 2°W, and 56°30 ‘N 2°E.
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Figure 16—Basement heat flow contoured at 0.2 HFU deter-
mined from borehole temperature gradients (largely from Cor-
nelius, 1975; Carstens and Finstad, 1981). Borehole
temperatures were increased by 15% to approximately counter-
act the cooling due to mud circulation. This approximation is
appropriate to mean circulation time of 10 hr (Carstens and
Finstad, 1981). Heat flow is given by average temperature gra-
dient multiplied by average thermal conductivity. Thermal con-
ductivity was assumed to range linearly between 0.0015
cal °Clem'sec™, the conductivity of water, and 0.005 cal °C-
“tem'sec™!, conductivity of grains, depending on porosity.

nent of free-air gravity and the depth to basement
obtained by Thorne (1985) can be used to invert for flex-
ural rigidity and its spatial variation in plan view.

The variation of present-day flexural rigidity across
the North Sea derived from this inversion technique (Fig-
ure 17) shows, as expected, low values of flexural rigidity
associated with areas of higher than average heat flow.
Areas with high values of flexural rigidity, however, are
associated with lower heat flow. The troughlike form of
maximum Quaternary subsidence in several places devi-
ated around crustal blocks of high flexural rigidity. A
rigidity high of 10* dyne/cm in the lower Central graben,
for example, remained a relatively positive feature dur-
ing Quaternary subsidence.

Both gravity and heat-flow data in the North Sea sug-
gest that thermal rejuvenation with associated reduction
of flexural rigidity played a role in Quaternary subsi-
dence. The similarity of the form of Quaternary subsi-
dence with other time intervals, particularly the Early
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Figure 17—Present-day flexural rigidity derived from inversion
of gravity and total tectonic subsidence. Contours are as fol-
lows: 28 = 10%® dyne/cm, 29 = 10*° dyne/cm, etc. Variation of
rigidity is reflection of thermal rejuvenation during Neogene
and Quaternary.

Cretaceous, suggests a reactivation of previous tectonic
loading centers.

The progressive lowering of flexural rigidity during the
Cenozoic (Figure 12) and the tectonic subsidence during
this period suggest that thermal rejuvenation and tec-
tonic reactivation began early in the Tertiary. The Qua-
ternary, in this context, represents a culmination of this
tectonic phase. However, a geophysical model quantita-
tively relating thermal rejuvenation to tectonic reactiva-
tion remains to be developed.

DISCUSSION

Implications for Rift Models

The question arises as to whether the contrasting rift
styles of the northern and southern North Sea can parti-
ally be explained by fundamental differences inherited
from their Caledonian and Variscan stages of develop-
ment. The crystalline basement of the northern North
Sea consists mainly of high-grade metamorphic rocks of
a northeast-trending branch of the Caledonides, and the
basement of the southern North Sea is formed by a gener-
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ally low-grade (greenschist facies in samples recovered
from wells) east-west-trending branch of the Cale-
donides (Frost et al, 1981; Ziegler, 1981). These differ-
ences in underlying metamorphic grade and structural
grain may have been one controlling factor in the post-
Paleozoic evolution of the North Sea. Several writers
have suggested, for example, a control of northern North
Sea rift structures by the grain of the underlying Caledo-
nian basement (Blair, 1975: Halstead, 1975; Ziegler,
1975; Johnson and Dingwalil, 1981; Threlfall, 1981). In
the southern North Sea, however, regional linear fracture
zones, graben boundary faults, and inversion axes
appear to be affected by a northwest Variscan structural
trend (Dikkers, 1977; Glennie, 1984).

Falvey (1974) and Middleton (1980) have suggested
that deep-crustal metamorphism may be the cause for a
large part of the tectonic subsidence of a passive margin
or intracratonic basin. The northern North Sea, under-
lain by high-grade Caledonian basement, is clearly not a
candidate for this subsidence mechanism. This mecha-
nism, however, may have contributed to subsidence of
the southern North Sea during Cenozoic thermal rejuve-
nation of the area. The time history of subsidence due to
crustal metamorphism would be affected by such poorly
known factors as (1) the kinetics of the limiting metamor-
phic reactions, (2) the net volume change of the reaction
greenschist — amphibolite + water, and (3) how long
metamorphic fluids takes to percolate from within the
crust to the surface of the basin.

During the Late Carboniferous, the southern North
Sea became a foreland to the Variscides farther to the
south. Recent studies of the Hercynian (Variscan) orogen
indicate a regime dominated by a complicated interplay
of extensional, compressional, and wrench tectonics
coupled with regional thermal metamorphism, associ-
ated uplift, erosion, and basic volcanism (Dewey, 1982;
Ziegler, 1984; Wickham and Oxburgh, 1985). The evolu-
tion of the continental crust of the southern North Sea
during this period may involve the intrusion of large vol-
umes of basic magma into the lower part of the continen-
tal crust (McKenzie, 1984; Jowett and Jarvis, 1984;
Ziegler, 1984). One component of subsidence in the
southern North Sea may involve, therefore, the progres-
sive transformation of crustal gabbro to eclogite. Fowler
and Nisbet (1984) suggested that either prolonged (> 100
m.y.) or initially rapid tectonic subsidence can be caused
by such an intrusion depending critically on the
temperature/time history of the emplaced mafic body.

The large lateral changes in crustal-density structure
across the Central graben inferred from the refraction
study of Barton and Wood (1984) also indicate that den-
sity changes associated with greenschist — amphibolite
and basalt — ecologite metamorphism may be important
crustal processes. To a certain degree, variations in den-
sity structure may be inherited from Caledonian and
Hercynian crustal evolution. However, the fact that these
variations compensate, to a large part, the continuing
tectonic subsidence of the southern North Sea (Figures 6,
10) indicates that crustal-density changes have been an
ongoing process.

Ziegler (1982, p. 101), speculating as to the cause of
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several distinct cycles of rifting in the basins of western
and central Europe, suggested a fundamental control by
periods of anomalously active aesthenospheric convec-
tion. During such periods, in his view, mantle convection
exerted a tensional rift-forming stress on the overlying
plate, and at the same time, the ascent of hot aesthenos-
pheric material to the crust-mantle boundary caused the
upward displacement of the crust-mantle boundary by
‘“‘thermally-induced physico-chemical processes’’ affect-
ing the lower crust.

Unfortunately, the qualitative model of Ziegler (1982)
is hard to test on a quantitative basis. A first attempt to
model the suggested processes was made by Thorne
(1985). This numerical model examined the subsequent
basin evolution after a short-lived period of anomalously
active aesthenospheric convection by adding the effects
on tectonic subsidence of crustal/lithospheric stretching,
densification due to greenschist-amphibolite and basalt-
ecologite metamorphism, and heating and cooling within
the aesthenosphere. Although the modeled stratigraphy
(Figure 18) resembles similar cross sections through the
Central graben, the many unknown parameters needed
to quantitatively specify these effects render any pre-
dicted stratigraphy rather nondescript.

Predicting Thermal Maturation

Geophysical basin subsidence modeling is often
attempted to predict the timing and extent of source rock
maturation (e.g., Royden et al, 1980; Sclater and Chris-
tie, 1980; Nunn et al, 1984; Watts and Thorne, 1984;
Guidish et al, 1985). Welte et al (1983) described an inte-
grated three-dimensional numerical model incorporating
fluid flow, tectonic basin modeling, and organic geo-
chemistry to predict hydrocarbon maturation. The ques-
tion, however, for basin modelers is whether
sophisticated models can avoid the inherent uncertainties
involved in predicting temperature and maturation his-
tory.

The North Sea is in many ways an ideal basin for matu-
ration modeling. Dominant source rocks for major oil
fields have been identified (Barnard and Cooper, 1981,
1983; Cornford, 1984) and are few in number (i.e., the
Kimmeridgian Clay for the Viking and Central grabens
and the Westphalian Coal Measures for the southern gas
fields). Moreover, the clear association of hydrocarbon-
prone areas and burial depth of the Kimmeridgian
(Cornford, 1984) suggests that vertical rather than lateral
migration has been the main path for generated oils.

Model fits to maturation data in the North Sea have
been achieved without burial-history compaction correc-
tions (Mackenzie and McKenzie, 1983: Rénnevik et al,
1983) using constant or variable heat flow (Goff, 1983),
and time-independent maturation (Fisher and Miles,
1983). Goff (1983), for example, matched vitrinite reflec-
tance in the Viking graben either by a model allowing for
heat-flow variations given by the crustal-extension model
of McKenzie (1978) or by a model using constant heat
flow with time. In either case, a recalibration of the rela-
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Figure 18—Model basins for southern North Sea assuming (a) stretching and flexure, (b) basalt/eclogite and greenschist/
amphibolite densification reactions, and (c) stretching, flexure, densification and active heating by asthenospheric convection.
Time lines are labeled in m.y. Complete description of numerical model used in these simulations is given in Thorne (1985).
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Figure 19—Predicted and observed maturity of Upper Jurassic rocks shown as contours of oil gravity (API gravity). Observed
maturity is after Barnard and Cooper (1981) and is based on recovered hydrocarbons. Predicted maturity is calculated from our
mode! using a technique commonly used in conjunction with backstripping studies (Royden et al, 1980) assuming that heat flux is

constant with time as shown in Figure 16.

tionship between computed maturation index and vitrin-
ite reflectance allowed for a good fit to the maturation
data. We have repeated this experiment in the southern
and northern North Sea based on our mapped variations
of heat flow, subsidence history, and compaction coeffi-
cients (Figure 19). Computed values of Lopatin’s matu-
ration index are used to predict the generation of oils of
various grades based on the calibration of Waples (1980).
Within the uncertainty of model parameters, however,
neither a constant nor variable heat-flow model can be
ruled out on the basis of the present-day distribution of
oils of varying grades.

The apparent ability of simple and sophisticated
models alike to match maturation data indicates the need
for model calibration on a test data set followed by rigor-
ous testing of model predictions on data in other areas.
Almost any model, simple or complicated, generally can
be calibrated to (made to fit) the maturation data at one
or several wells. The most geologically correct model
should best be able to predict the expected variation of
maturation away from the well used for calibration.

For example, Quaternary thermal rejuvenation, as
suggested earlier, may have significantly altered the vari-

ation of heat flow across the North Sea. Quaternary vari-
ations should, however, have only a small time-
integrated effect on the present maturity of buried source
rocks and no effect on the distribution of mature hydro-
carbons that have migrated from depth in the Tertiary.
Some suggestion of this effect is seen in the data of Mac-
kenzie and McKenzie (1983) on aromatization of hydro-
carbons (Figure 20).

The Norwegian Sea north of the Viking graben is cur-
rently a frontier basin of active exploration interest. High
Quaternary subsidence rates in the Mdre and Véring
basins of the Norwegian margin (Bden et al, 1984;
Bukovics et al, 1984) suggest the possible extension of
Quaternary thermal rejuvenation into this area. Maps of
sub-Quaternary burial depth of potential source rocks,
therefore, may be better indicators of potential maturity
than present burial depth.

SUMMARY

In this study, we investigated aspects of basin subsi-
dence in the southern and northern North Sea through a
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Figure 21—Subsidence, observed and predicted overpressure for six North Sea wells. Well numbers are as in Figure 3. Observed
overpressure is determined from integration of drilling-mud weight with depth. Predicted overpressure is determined by one-
dimensional porous flow model as described in text, Solid line = subsidence, dotted line = observed overpressure, dashed line =

predicted overpressure.

quantitative analysis of tectonic subsidence and other
geophysical data in these areas. Animportant stage in the
analytical procedure is determining the compaction coef-
ficients relating porosity to effective pressure from
downhole geophysical information and numerical mod-
eling of the development of sediment overpressures. Sev-
eral conclusions can be reached from the data presented.

In northern areas of the North Sea, a multistage rifting
history dominated by processes involving crustal/
lithospheric stretching is largely responsible for the tec-
tonic subsidence. Observed basement fault extension,
crustal thinning, present-day flexural rigidity, and tec-
tonic subsidence are predicted well by a simple stretching
model of basin formation with rifting phases during the
Triassic and mid-Jurassic-Early Cretaceous.

In southern areas of the North Sea (e.g., the Central
graben), crustal stretching appears to play a less impor-
tant role. The observed basement fault extension, crustal
structure, time history of flexural rigidity, and tectonic

subsidence suggest that other rift-related processes have
contributed significantly to basin evolution. Possible
additional mechanisms include the effects of anoma-
lously active asthenospheric convection coupled with
basalt-eclogite and deep crustal dewatering reactions.

Tectonic reactivation of the North Sea appears to be
taking place in the Neogene and, to a greater extent, in
the Quaternary. The importance of thermal rejuvenation
during this phase is borne out by the association of areas
of differential subsidence with high heat flow and low
flexural rigidity. One component of tectonic reactivation
may be due to thermally induced isostatic reequilibration
of older tectonic loads. However, the troughlike form of
Quaternary tectonic subsidence suggests a new phase of
rifting may be starting in the North Sea. Similar Quater-
nary reactivation also occured in the Mdre and Vdring
basins of the Norwegian margin. Recognition of this
phase of tectonic development may significantly affect
exploration in these areas.
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Figure 20—Maturity of organic-rich shales in western North Sea from Mackenzie and McKenzie (1983) are plotted with an H for
higher than predicted aromatization (2 measure of maturity) oranL for lower than predicted aromatization. Predicted aromatiza-
tion is based on present-day temperature and two kinetic reaction rate constants for aromatization. However, areas only recently
elevated in temperature (rejuvcnated) should have lower degree of maturation relative to their present-day temperature than pre-
dicted. Locus of Quaternary thermal rejuvenation (Figures 6, 16, and 17) east of points plotted, therefore, may explain why L
points occur consistently east of H points. Contour interval = 0.5 km. Dotted line marks boundary of region where Tertiary sec-

tion is believed complete.
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Appendix 1: Overpressure

Compaction can be viewed most simply as the contraction of a spring
(the rock matrix) due to an applied load (the weight of the rock per unit
area). In a saturated medium, part of the load is supported by the rock
matrix, L., part by buoyancy, L,, and part by any excess pore pressure
in thesystem, L,. Theeffective pressure p, causing mechanical compac-
tion is the net effect of these loads: p, = L, — L, — L. Void ratio e
(volume of water/volume of solids) and porosity ¢ (percent water by
volume) are experimentally (e.g., Rieke and Chilingarian, 1974) and
theoretically (Biot, 1941; Lade, 1980) related by

e = ¢/(1 — ¢) = ¢, — cyllog,g(pe)],

1<p, <1072, (1A)
where e, and ¢, are compaction coefficients.

Average overpressure gradient X is equal to the ratio L,/(L, — Lp).
When A is close to 0, excess pore pressure is also close to 0, and rocks
normally consolidate. When sediments are buried with X close to 1, p,
approaches 1 and log,4(p,) approaches 0 and, thus, from equation 1A,
no change of porosity will occur with depth.

The magnitude of X is critical in determining interval tectonic subsi-
dence from equation | (see main text). To illustrate this concept, con-
sider the tectonic subsidence represented by interval A: a 1-m thickness
of slate (0% porosity) originally deposited as mud with an initial void
ratio, ¢, of 3 (initial porosity, ¢,, of 0.75). To simplify matters, assume
that sediments stratigraphically below interval A consist of sediments
of the same lithology as interval A and have a total thickness of S. Set-
ting the change in water depth and sea level to 0, and Pms Pg» Py, 10 3.33,
2.65,and 1.03 g/cm’, respectively, the tectonic subsidence during inter-
val A from equation | is

AY, = 0.3AR, + AW,. 2A)
The solid rock isopach, AR 4, is determined from the thickness of inter-
val A normalized 1o 0% porosity which, in this case, is also the present
thickness of 1 m. The difference in net thickness of water in the sedi-
ment column, AW 4, depends, however, on X and S, the total thickness
of sediments below interval A. The total thickness of water below inter-
val A before depositionis W, = ¢, S* where ¢,, is the average porosity
and S* is the depth to basement at the time of deposition of interval A.
When A = I, the pore water W, remains in the basin and, thus, the total
thickness of water after deposition of interval A is W, = ¢,.S* +
€,AR 5, where ¢ AR 4 is the added water contained in interval A, If A =
0, however, the porosity depth curve, down to depth S* must be the
same before and after deposition of interval A. The total water in the
sediment column is the sum of the water above depth S* and the water
present in sediments buried below depth S* with the deposition of inter-
val A. If A = 0, W, is thus given by
Wy = 6,,5* + ARu{e, — cyllog;glo,eS)]}, (3A)
where we have used equation 1A to determine the void ratio at depth S*.
The tectonic subsidence as a function of S and \ from equation 2A,
therefore, is
AYA =03 4+¢, - (1 - )\)czllogw(pggS)]. (4A)

We next develop the theory for determining pore pressure in a sedi-
mentary column. Using Terzaghi and Peck’s (1948) theory of one-
dimensional consolidation the basic equation of diffusion of excess
pore pressure is

3/9z(adu/az) = du/dt, (5A)
where u is excess head (pressure divided by fluid-unit weight) and ais a
diffusion coefficient in cm®/sec™!. Note that the coefficient & must be
taken inside the first derivative. Because the medium deforms during
consolidation, the spatial derivatives contain a hidden advective com-
ponent.

The diffusion coefficient « can be evaluated from measurements of
permeability, k, in darcys by

o = k/u(1/E, + ¢/E,), (6A)
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where E; and E, are the bulk moduli of solid and water, u is the viscosity
of water, and ¢ is the porosity.

The solution of equation 5A describes a simple exponential decay of
any initial pressure conditions. Sedimentation adds a driving force
equal to the weight of the sediments not supported by buoyancy. In the
absence of any other driving mechanism, e.g., aquathermal pressuring,
the full equation is

3/9z(adu/9z) = du/dt — (p; — p,)dS/dt, (7A)
where dS/dt is the rate of change of thickness of the sediment column.
Boundary conditions are that of no excess head at the surface and no
downward flow at the bottom. This second condition is rigorously true
only when an impermeable base, such as salt caprock, floors the basin.
Solutions to this problem, except for a few special cases, can be
obtained only numerically using a modified Crank-Nicholson method
(Von Rosenberg, 1977; Thorne, 1985).

The excess pressure gradient is often low in the first kilometer of bur-
ial due to the relatively high porosity and permeability of sediments at
these depths. With increasing burial, both porosity and permeability
decrease in compacting shales commonly causing the development of
excess pore pressures. No theoretical relationship has been established
that relates porosity and permeability in shales; however, a strong
dependence does exist (Von Engelhardt, 1973; Abbott et al. 1981). We
have chosen a linear relationship to express this dependence of the
form:

logglks) = A + Be(l + ¢). (8A)
Values of constants A and B for each time unit can be found in Table 1.

In Figure 21 we show the results of overpressure simulation using
these constants for six represcntative wells. A close comparison
between predicted and observed (integrated mud weight) overpressures
supports the model assumptions.

Appendix 2: Estimating Basement Fault Extension

The accuracy of estimates based on regional seismic lines (Christie
and Sclater, 1980; Barton and Wood, 1984) on the amount of fault
extension across North Sea graben structures is open to some question
(Smytheetal, 1980; Ziegler, 1983). Le Pichon and Sibuet (1981) showed
that a good cstimate of extension factor 8 is

B; = sin(a;)/sin(e; + 6;), (9A)
where 8, is the present angle of tilting of the ith bedding plane, o; = 180°
— ¢, and ¢ is the dip of the fault plane with respect to the bedding
plane. Generally, 8 can vary with each bedding plane. The question,
then, is whether the resolution of North Sea seismic data is sufficient to
determine angles § and a.

Consider the case in which many small faults break the bedding plane
into many small (<200 m) steeply dipping segments forming a saw-
tooth bedding plane surface. In this case, the seismic wavefront will not
see the individual segments. The seismically determined angle of dip, 0
can, therefore, be quite different from the true angle of bedding plane
dip 6.

To rule out this possibility in the North Sca we have compared, at a
number of wells, the seismically determined angle of dip 8, on the base
Zechstein reflector from Day et al (1981) with the true angle of dip 6
determined from dipmeter logs of Rotliegendes sandstones. Our initial
study shows a good agreement between 8, and 8 in the wells studied.

The apparcnt agreement between the angle of dip of the Rotliegendes
determined seismically and from dipmeter logs suggests that faults
within the North Sea are mappable with seismic data. The relative
uncertainty in estimating extension from equation 8A is probably dom-
inated by errors in estimating angle a.

Seismic observation of the angle a is complicated because normal
faults in the North Sea are generally listric so that the angle a increases
with depth. Listric normal faults present in the southern North Sea sole
out at two different depths: within the Zechstein (Heybroek, 1975) and
at a deep crustal detachment zone (Gibbs, 1983; see also Beach, 1986).
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Those faults that sole out within the Zechstein are not directly responsi-
ble for crustal extension and, therefore, are not relevant to the problem
at hand. The angle «, of the later type of listric fault at the base Zech-
stein level is hard 1o obtain directly from seismic profiles. Heybroek
(1975) estimated extension of supra-Zechstein sediments across the
Dutch Central graben by balanced reconstruction of regional seismic
profiles (G, H, and [ in Figure 1). By making the assumption that the
extension of the base Zechstein sediments, however, should be equal to
the extension of the supra-Zechstein sediments, Gibbs (1983) recon-
structed the geometry of basement faults beneath the Zechstein. The
angle , is found to vary between 120 and 135 °. Equivalently, the dip
angle of the basement faults ranges between 45° and 60°. The range of
uncertainty shown in Figure 9 corresponds to this range in angle o,

Appendix 3: Load-Shape Analysis

A full description of load-shape analysis is given in Thorne (1985). In
this section we give only a brief summary of the theoretical concepts
involved.

Various estimates of the flexural rigidity, D;, of a sedimentary basin
during any time interval, i, generally can be determined from contour
maps of sedimentary infill, w;, and/or free-air gravity. In the first case,
various characteristics of the shape of the sedimentary infill, w;, and the
tectonic load, q;, added between times t; and t; , |, can be used to deter-
mine the rigidity during the interval t; to t;, . By comparing successive
depositional units, a time history of rigidity can be found. In the second
case, free-air gravity anomalies are proportional to the degree of iso-
static compensation of each of the loads g;. When a basin is thermally
rejuvenated, all of the loads, q;, isostatically adjust in response to the
lowering of flexural rigidity. Thus, during a period of thermal rejuvena-
tion, free-air gravity anomalies directly reflect the rigidity of the basin
during rejuvenation.

If we know the load, q, and the rigidity, D, the thin elastic plate the-
ory predicts the infill, w. Conversely, if we know q and w, we can invert
for D, orf if we know D and w, we can invert for q. In load-shape
analysis, w is determined from isopach maps after correcting for com-
paction, The load, g, or the rigidity, D, cannot directly be determined.
However, if we make an additional constraining assumption about the
shape of q we can find a best-fitting D. Different assumptions about q
distinguish the various methods for estimating rigidity.

Three possible assumptions about the load are (1) the load shape
remains relatively constant when comparing one stratigraphic unit to
the next, (2) basin-forming loads (except for erosion) apply only a
downward (not an upward) deflecting force to the basement surface,
and (3) loads should be concentrated at one or a few depocenters (the
moment of the load(s) about the depocenter(s) should be minimized).

Approximating the degree of crror is difficult when estimating rigid-
ity in this way. If the assumptions.about the load are correct for any
time period, then the derived rigidity will be correct. If the assumptions
fail, the derived rigidity will be incorrect. One case in which the assump-
tions are incorrect is during thermal rejuvenation. The load, in this
case, will probably resemble a combination of all previously applied
loads (not just the immediately preceding load) due to reactivation of
previous basin depocenters. An additional component of the load will
be an upward force due to thermal expansion of heated lithosphere.
The resulting combination of loads is not likely to meet any of the three
assumptions.
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