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to its depth and orientation. Crustal thinning determined from recent deep reftection and older refraction 
profiles suggest an extension of approximately 2. 0, which is compatible with the observations of total 
subsidence. 
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The Viking Graben is the northern portion of the 
generally north-south trending graben system of 
the North Sea. Underlain completely by con
tinental crust, this oil productive region may be 
classified as an interior fracture basin (Kingston 
et al. 1983) or, in Bally's (1984) terms, a cratonic 
rift basin. Large rotated fault blocks, which pro
vide the major hydrocarbon trapping mechanism, 
are characteristic features of this area. Recently, 
the assumption that the Northern Viking Graben 
is a typical extensional basin has been challenged 
(Beach et al. 1987) because of the discrepancy 
between estimates of extension from basin sub
sidence, crustal thinning, and fault displacement. 

Previous attempts to model the North Sea as 
an extensional basin have concentrated on the 
Central Graben. Stretching models predict a cer
tain amount of subsidence, crustal thinning and 
fault displacement for a given amount of litho
spheric extension (McKenzie 1978). Sclater & 

Christie (1980) made estimates of extension by 
analyzing post mid-Jurassic subsidence observed 
in drill wells. Using seismic refraction data, Bar
ton & Wood (1984) showed that estimates of 
crustal thinning beneath the Central Gra ben were 
compatible with estimates of extension from sub
sidence observations since Jurassic time. Finally, 

Sclater et al. (1986) considered the effects of 
earlier Permian and Triassic phases of rifting. 
Probably the major criticism to the application of 
extensional models to the North Sea has been 
that measurements of extension on observed 
faults have been consistently much smaller than 
extension estimated from crustal thinning and 
basin subsidence (Ziegler 1983). In addition, salt 
diapirism, thick Permian sediments, Jurassic/ 
Cretaceous erosion, basin inversion, and strike 
slip faulting have made the analysis in the Central 
Graben excessively complex. 

The Northern Viking Graben appears to 
display extensional tectonics in a more simplified 
and more easily observable form since it is north 
of the Permian salt basins; it has not experienced 
extensive uplift and erosion during the Mid Jur
assic, and is further north of the major com
pressional effects of the Alpine orogeny (Fig. 1). 

Besides being a good place to test the stretching 
models, the Northern North Sea is of enormous 
economic importance. With estimated recov
erable reserves of 16 billicn barrels of oil, the 
Northern Viking Graben is the most significant 
oil province in Western Europe (Ziegler 1977). 
The discovery of the super-giant Troll gas ti eld in 
1979 has made the region a crucial gas producing 
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Study Area 

Fig. l. Location of study area in relation to Central Graben and 
Permian salt basins. 
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Fig. 2. Map of tectonic elements with locations of analyzed depth 
sections. Northern cross section is named Viking l, southern is 
Viking 2. 
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province as well. A thorough understanding of 
the tectonic and sedimentologic development of 
this basin is of obvious importance. 

In this analysis, careful observations of the 
subsidence history of two depth converted profiles 
from the Northern Viking Graben (Figs. 2, 3) are 
compared with predictions from a uniform, two
phase, time-dependent extensional model. The 
first part of the analysis involves constructing 
geohistory curves and obtaining subsidence obser
vations from the Northern Viking Graben. In 
the following section, the quantitative extensional 
models are introduced. From these theoretical 
models, predictions of basin subsidence may be 
made by inputting certain magnitudes and timings 
for extensional events. Subsidence observations 
are then compared to the predictions of a model 
which has been constrained by the geologic his
tory of the basin. Estimates of extension from 
crustal thinning and fault displacement may then 
be compared with the estimates from the sub
sidence analysis. 

Subsidence observations 

The amount of and manner in which subsidence 
in a sedimentary basin occurs may be determined 
by examining well and seismic data. Burial, 
geohistory, or subsidence curves are commonly 
used to display this data (Van Hinte 1978; Steckler 
& Watts 1978). Depth to a certain horizon, 
basement in this analysis, is plotted against time. 
Simple burial curves require thicknesses of selec
ted sedimentary horizons and theirrespective age 
dates. More detailed and realistic subsidence 
curves require more complex sets of data such as 
water depths of deposition, eustatic changes in 
sea level, and corrections for compaction. The 
effect of each of these factors will be discussed in 
the following observations from two depth sec
tions from the Northern Viking Graben (Fig. 2). 

The general geologic history of the North Sea 
and the Northern Viking Graben has been well 
documented (Ziegler 1981, 1982; Badley et al. 
1987). The basin is underlain by metamorphic 
basement consolidated during the Caledonian 
Orogeny (Silurian). Devonian basins are found 
along the western Norwegian coast and on the 
Shetland Platform, but their extensions offshore 
are unproven. Likewise, Permian sediments are 
very important in the Central and Southern North 
Sea, but the presence of Permian sediments north 
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of 60 degrees is not well recorded. For these 
reasons, the modeling of this basin will not incor
porate pre-Mesozoic tectonism and sedimen
tation. Thermal effects of possible Paleozoic, 
especially Devonian, tectonism are assumed to 
have completely decayed before the onset of 
Mesozoic extension. 

· 

Uncorrected subsidence curves may be derived 
by inputing only two sets of data: (l) age of 
sedimentary horizons, (2) depth to sediment hori
zons (sediment thicknesses). The high density of 
drilling in the North Sea has brought about a 
fairly detailed time scale for the area. Selected 
sedimentary horizons and their age dates are 
taken from Ziegler (1982) and Harland et al. 
(1982) (Fig. 4). 
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Originally, well data were used almost exclus
ively in acquiring stratigraphic thicknesses for 
subsidence analysis (Steckler & Watts 1978; 
Wood 1981). A major problem with well data is 
that it gives us information only in selected areas 
which are commonly clustered around structurally 
anomalous locations. Sawyer (1986) has shown 
the pitfalls of gathering subsidence data from 
structurally complex basement topography. In 
addition, drill wells commonly do not penetrate 
the full sedimentary section. For this reason, 
depth converted seismic sections ( constrained by 
well data) published by Ziegler (1982) are used to 
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obtain depths to dated horizons. Seismic profiles 
have the added advantage of enabling subsidence 
data to be gathered along an entire section. Strati
graphic thicknesses for subsidence analysis are 
extracted at 20 km intervals along each profile 
(Fig. 3). Well and seismic data are ideally com
bined in order to get the best subsidence analysis 
possible. Wells give us the detail, while seismic 
gives us the coverage needed. 

In sedimentary basins such as the North Sea, 
subsidence is caused by three major modes: (l) 
crustal stretching, (2) thermal cooling, (3) sedi
ment loading. In order to determine tectonic sub-
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sidence, which consists of subsidence due to 
crustal stretching and thermal cooling, the effect 
of sediment loading must be removed. This cor
rection may be made by assuming either local 
isostatic or fiexural loading of the lithosphere. 
Watts (1982) argues that an Airy type model 
is adequate during early rifting, while fiexural 
loading becomes more important as a passive 
margin develops. Gravity modeling in the Central 
Graben by Barton & Wood (1984) also supports 
an isostatic loading mechanism. 

Average sediment density (p.) used in the cal
culations is computed by averaging the density of 
each lithologic thickness by assuming a porosity 
vs. depth function taken from Sclater & Christie's 
(1980) analysis in the Central Graben. Present 
average sediment densities for the sediment 
column at positions along the graben axis are 
calculated to be 2.3-2.4 g/cm3• This calculation is 
performed for each point in time plotted on the 
subsidence curve. The sediments are isostatically 
unloaded following Steckler & Watts (1978) and 
the water loaded basement curve is plotted along 
with the sediment loaded basement curve in Fig. 
Sa. 

Water depth of deposition and changes in sea 
leve! may be very important factors in analyzing 
basin subsidence (Steckler & Watts 1978; Wood 
1981). Water depths of deposition of the selected 
sedimentary horizons for this study were obtained 
from P. A. Ziegler and O. Skarbø (personal 
communication) and supplemented by paleo
geographic maps from Ziegler (1982) and Barton 
& Wood (1984). These depths represent a best 
estimate of long-term average values, since only 
first-order variations in water depth are necessary 
for this analysis. The diameters of the circles on 
the subsidence plots represent an uncertainty of 
±1SO m in the water depth estimates. 

The shape of the eustatic curve utilized in this 
analysis was taken from Vail et al. (1977), 
assuming a conservative maximum eustatic rise 
of 100m above present sea level during the Late 
Cretaceous (Watts & Steckler 1979). Although 
the precise magnitude of maximum eustatic sea 
level is debatable (Vail et al. (1977) suggest a 
maximum of 3SO m), some correction should be 
made. 

The basement subsidence curves must be 
adjusted for these water level effects. Sediment 
unloading calculations are also slightly different 
when water level effects are incorporated in to the 
model. The same isostatic principles apply, but 
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two new variables are entered into the cal
culations (Fig. Sb). 

In order to obtain accurate subsidence obser
vations, the effect of sediment compaction due to 
burial must be addressed. Sediment thicknesses 
(S1) measured in a stratigraphic section today do 
not represent actual sediment thickness at the 
time of deposition (S1 *) . For this reason, a quanti
tative method for calculating decompacted sedi
ment thickness must be utilized (Sclater & 
Christie 1980). The initial porosities and com
paction constants for different lithologies are 
taken from Sclater & Christie's (1980) back
stripping analysis in the Central Graben. The 
lithologies for the Viking Graben profiles used in 
this study were derived from Ziegler's (1982) 
paleogeographic maps. 

Fig. Se shows the effect of compaction on 
basement subsidence (water level effects have 
been ignored in order to hetter display the com
pactional effects). The isostatic loading cal
culations are identical to the simple burial curve 
calculations, except now the average sediment 
density (Ps *) must be recalculated each time the 
sediments decompact. This computation results 
in a lower sediment density than in the simple 
burial curve calculations where we did not take 
compaction into account. 

The final burial curve takes into account the 
effects of water depth of deposition, sea-level 
fiuctuations, and compaction (Fig. Sd). The 
unloaded or tectonic subsidence curves will be 
compared to the theoretical curves derived from 
the time-dependent stretching model. 

A few interesting points can be noticed by 
observing the four subsidence curves derived 
using the calculations described above (Fig. S). 
Each curve begins at the same point (248 Ma, O 
depth) and ends at the same point (O Ma, 7200 m
loaded, 3000 m-unloaded). The only difference in 
the curves is the subsidence path the basement 
follows. Therefore, water depths, eustatic 
changes, and compactional effects are crucial in 
determining the path of basement subsidence, 
but not the final subsidence observed. This is 
analogous to the calculation of synthetic sub
sidence curves to be developed in the next section. 
The final subsidence of the synthetic curve is 
solely a function of the total amount of extension, 
not the num ber and duration of extensional events 
experienced. 

Subsidence curves from each selected point 
along the Viking Graben cross sections have been 
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constructed. The total subsidence is clearly the 
greatest in the central portion of the gra ben where 
sediment loaded basement is 8 km deep and the 
calculated water loaded basement is about 3 km 
deep. On the fianks of the graben sediment
loaded basement depth averages 4-5 km, while 
water-loaded basement depth is around 2 km. In 
order to test our model of basin formation, these 
subsidence observations must now be compared 
to the predictions of the time-dependent exten
sional model. 

Extensional models of basin 
forma ti on 

A simplified model of extensional basin formation 
was mathematically formulated by McKenzie 
(1978). A relatively light crust overlying more 
dense mantle material was assumed to have been 
stretched instantaneously and uniformly with 
depth. Hot asthenosphere rises isostatically 
upward to replace the thinned lithosphere and 
then cools and contracts with time. The effects 
on four separate observations may be analyzed 
and related to an extensional parameter f3 (where 
f3 is equal to the ratio of basinal area or length 
after stretching to that before stretching): (l) 
subsidence, (2) heat fiow, (3) crustal thinning, (4) 
brittle extension on faults. 

Subsidence observations and predictions are 
the major topics of this analysis, but the other 
characteristics may be just as important in esti
mating the amount of extension in a basin. The 
relation between heat fiow and extension is very 
important in young basins, but becomes more 
erratic and of lesser use in older basins such as 
the North Sea. For this reason, heat fiow will not 
be discussed in this analysis. Crustal thinning 
deserves detailed attention since it is the absolute 
reason for development of an extensional sedi
mentary basin. Finally, estimates of brittle exten
sion have received much attention recently 
(White et al., in press) since it is the major impedi
ment to acceptance of the extensional models 
(Ziegler 1983). 

Some theoretical subsidence curves for varying 
amounts of extension assuming instantaneous 
stretching and an initial crustal thickness of 35 km 
are shown in Fig. 6a. Equations for initial and 
thermal subsidence are taken from McKenzie 
(1978) with geophysical parameters from Parsons 
& Sclater (1977). Although the model is elegantly 
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presented, the synthetic subsidence curves reveal 
the assumption of instantaneous stretching to be 
unreasonable, especially in the case of the North 
Sea where active extension occurred over many 
tens of millions of years. The basics of this instan
taneous stretching model are essential in under
standing time-dependent mechanics, however. 

The time-dependent extensional model takes 
into account the duration of stretching in the 
idealized model (Jarvis & McKenzie 1980). 
During stretching over finite time (At), some of 
the subsidence caused by thermal cooling occurs. 
Although final subsidence (S") is equivalent in 
both the instantaneous and finite stretching 
models, the proportion of syn-rift and post-rift 
varies. 

The mathematics of solving for syn-rift and 
post-rift subsidence become quite complex, there
fore, a simpler method for deriving these values 
has been deri ved by Sclater et al. (1986). Synthetic 
subsidence curves may be constructed by 
inputting selected values for initiation of rifting, 
termination of rifting, amount of extension and 
initial crustal thickness. An example of some 
time-dependent subsidence curves is shown in 
Fig. 6b. Each curve has an extensional parameter 
f3 of 2.0, but the dura ti on of stretching varies from 
O Ma to 200 Ma. All the curves begin at zero 
depth at 248 Ma and all will finish at a depth of 
4.3 km, although the slow stretching curve will 
get there after a longer period of time. 

Two separate periods of extension may also be 
modeled. The initial stretching event thins the 
crust and causes subsidence. A subsequent exten
sional event will start with a new crustal thickness 
which is computed by knowing the extent of the 
first event. Subsidence due to the second event is 
added to the subsidence caused by the first tec
tonic phase. An example is shown in Fig. 7 where 
an initial extension of f3 = 2.0, At = 50 Ma is fol
lowed by an event with f3 = 1.5, At= 20 Ma. 

Matching of model to observations 

Final corrected subsidence curves from the North
em Viking Graben must now be compared with 
the subsidence predicted from the model. The 
timing and dura ti on of the extensional events used 
in constructing the theoretical subsidence profiles 
must be constrained by the documented geologic 
history of the area. Badley et al. (1984, 1987) have 
recognized two major episodes of rifting in the 
study area, the first during the Triassic and the 
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second during the Late Jurassic/Early Creta
ceous. 

The initiation of the first rift event is dated 
at Late Permian or Early Triassic by sediments 
penetrated in deep boreholes in the region. Block 
faulting of crystalline basement is observed on 
seismic sections from the eastern margin of the 
basin. This extensional event is poorly con
strained since basement refiections may not be 
positively identified throughout the central 
portion of the graben (from l 40' E to 3 30' E). 
However, the poor con tro l of this event should 
not be confused with its importance in explaining 
the subsidence history of the basin. The central 
portion of the Viking Graben and the Horda 
Platform each contain approximately 3 km of Tri
assic sediments (about 4 km decompacted). In 
this analysis, I have taken the initiation of the 
early tectonic event at earliest Triassic time 
(248 Ma). Although the rifting was pro ba bly spor
adic, the termination of tectonism, which is again 
poorly constrained, is taken at the end of Triassic 
time (213 Ma). 

Evidence for the thermal subsidence associated 
with the Triassic rifting has been well documented 
(Badley et al. 1987). Lower Jurassic sediments 
gradually thicken toward the basin center, with 
some local thinning on footwall blocks. Regional 
correlation of Lower to Middle Jurassic strata 
suggests that no significant structural topography 
was present at this time. 

The second majbr rift episode beginning in 
Middle Jurassic time (169 Ma) is much more 
obviously recognized and has been widely publi
cized (Sclater & Christie 1980; Barton & Wood 
1984). Onlapping syn-rift deposits of post Brent 
age (Bathonian) mark the initiation of block 
faulting and rotation of older strata. Limited 
erosion of the Brent Group indicates that the 
crests of some rotated blocks may have been 
emergent, although Ziegler (1981) believes 
erosion/non-deposition during Early Cretaceous 
time to be due to submarine contour currents. No 
regional uplift or pre-rift doming, besides local 
uplift on footwalls, accompanied the extension 
(Badley et al. 1987). Observed faulting in the two 
cross sections probably occurred during this rift 
phase. Most of the tectonic activity ceased during 
the earliest Cretaceous (Berriasian 130 Ma), 
although intermittent tectonism probably con
tinued into middle Cretaceous time. The ter
mination of this second rift phase is taken at 
98 Ma in constructing the predicted subsidence. 
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A second phase of thermal subsidence followed 
this later extensional event leading to a sym
metrical Cretaceous/Tertiary sag basin. This ther
mal subsidence may be a combination of both 
tectonic events if the thermal' anomaly due to the 
Triassic event has not completely decayed by mid
Jurassic time. Most previous workers have 
assumed that most of the post mid-Jurassic sub
sidence is due only to the Late Jurassic tectonic 
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event (e.g. Barton & Wood 1984, Badley et al. 
1987). This may not be the case if the Triassic 
event is of sufficient magnitude. 

A uniform, two-phase, time-dependent model 
consisting of an early event lasting from 248 Ma 
to 213 Ma and a later event lasting from 169 Ma 
to 98 Ma has been matched to the observations 
of subsidence compiled in the previous section. 
An example of a synthetic subsidence curve with 
these constraints is shown in Fig. 7. The initial 
crustal thickness is taken as 35 km following esti
mates for the Fenno-Scandian shield from Cal
cagnile (1982) and Sclater et al. (1986). 

Matches of predicted subsidence to observed 
subsidence for locations along each profile are 
shown in Fig. 8a-8d (backstripped profiles are 
shown again in Fig. 3 for reference). Positions 
within the graben proper (Fig. 8a) show a very 
good fit of predicted and observed subsidence. 
The match was made by first fitting the Triassic 
subsidence and then adding a Late Jurassic phase 
of sufficient magnitude to fit the younger portion 
of the curves. Adjustments were made to the 
relative magnitudes of the two events until a 
satisfactory match was made. The Late Jurassic 
phase is of considerably lesser magnitude at all of 
the backstripped positions within the graben. In 

NORSK GEOLOGISK TIDSSKRIFT 67 (1987) 

addition, these plots reveal that a significant 
portion of the post Mid-Jurassic subsidence is due 
to thermal contraction from the earlier Triassic 
rift event. 

Results from the Horda Platform on the eastem 
part of the southem cross section are shown in 
Fig. 8b. In this portion of the basin, a single 
Triassic rift event can explain almost all of the 
observed subsidence history. Subsidence from the 
easternmost position does not display any effect 
at all of Late Jurassic tectonism. As in the graben 
areas, a simple uniform extensional model is suf
ficient to predict basin subsidence. 

Problems in the matching occur when we look 
at the graben ftanks. Fitting of curves from the 
western ftank of the Viking Graben (Tampen 
Spur) is shown in Fig. 8c. In this case, the immedi
ate subsidence predicted from the model during 
the Late Jurassic rift phase is not noticed in the 
observations. Non-subsidence is the rule in this 
area, not regional uplift. The mismatch is accen
tuated at locations on the crests of the rotated 
fault blocks (viking 1-20 km). Structurally low 
positions, such as viking 1-60 km, also display 
the same mismatch, but to a lesser degree. The 
majority of exploratory wells are drilled precisely 
where the mismatch of the model to the obser
vations is the greatest, therefore serious errors 
may result from relying completely on well data 
in subsidence modeling. The continuous profile 
provided by seismic sections is a distinct 
advantage. 

The eastern ftank of the graben (Sogn Spur, 
Utsira High) shows the same mismatch as on the 
western ftank (Fig. 8d). Non-subsidence during 
Late Jurassic/Early Cretaceous times at these 
locations cannot be explained by a simple uniform 
extensional model. The model predicts sub
sidence and therefore deposition during the Early 
Cretaceous. More needs to be learned about 
Early Cretaceous paleogeography in order to 
understand water depth and sediment deposition 
during this period. 

Uplift of graben ftanks during rifting has been 
noted in studies from the Gulf of Suez (Steckler 
1985), the Pannonian Basin (Royden et al. 1983), 
the Viking Graben (Hellinger & Sclater 1983), 
and the mid-Norway margin (Bukovics & Ziegler 
1985). Most explanations of this phenomenon 
involve a depth dependent stretching model 
where the lower lithosphere is stretched by a 
greater amount than the overlying crust (Royden 
& Keen 1980). The effect of this model is to 
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introduce more heat from the upwelling astheno
sphere into the basin. Thermal expansion of the 
lower lithosphere beneath the graben fianks 
exceeds or at !east counteracts the initial sub
sidence due to crustal thinning. Conservation of 
total lithospheric mass and conceptual reason why 
and how depth-dependent stretching occurs are 
commonly cited problems with the model. In a 
slightly different approach, Buck (1986) and 
Steckler (1985) envision mantle convection due 
to large horizontal thermal gradients at depth to 
be responsible for the input of heat into the rift 
fianks. Passive upwelling of asthenosphere 
material to the crust/mantle interface during 
rifting has also been cited as the reason for 
uplifted flanks (Neugebauer 1983). In summary, 
we know that uplift/non-subsidence of graben 
flanks during rifting occurs, but we don't know 
exactly why (Sclater & Celerier 1987). 

d) east flank 

Two-dimensional plots of stretching factors for 
each cross section are shown in Fig. 9a-b. These 
values are derived from the best fit of predicted 
to observed subsidence. Magnitudes of extension 
for the Triassic and the Late Jurassic events are 
plotted below their respective positions on the 
cross section. Total extension, computed by 
taking the product of the two component phases, 
is also shown. 

In section one, Triassic rifting is concentrated 
in the central portion of the graben. A maximum 
extension of 1.6 within the graben gradually falls 
off to 1.2 to the east and west. This distribution 
may be easily observed in the cross section by 
noting the very thick succession of Triassic sedi
ments interpreted in the graben. 

Section two to the south displays a different 
character for the Triassic event. Tectonism is 
more evenly distributed from west to east, con-



348 J. P. Giltner NORSK GEOLOGISK TIDSSKRIFT 67 (1987) 

Distance (km) o 20 40 60 80 100 120 140 160 

, · . SHETL.ANO .PL.AT.f�R� · 
• 

· • 

Distance (km) o 20 40 60 80 100 
.:.:-· .· . ·. ·  . . . . . . . . .. . . . . . ------ -----------------·-

• • •  o o • • • •  o • 

. . SHETLAND PLATfORM'. ' • .  

Triassic 
.i' 1.6 

2.0 r 
1.2

-
: 

2.0 �r �� Jur as sic 
..;' 1.6 

1.2
_ =� :-00 �:: ;:� ================�:::::::::

T
::o::t

a
=l � 

-12t = ----= 
Fig. 9a-b. Two-dimensional display of estimates of extension for each rifting phase determined from subsidence analysis. Note 
the relatively small magnitude of the Late Jurassic rift event. 



NORSK GEOLOGISK TIDSSKRIFr 67 (1987) 

sisting of two Triassic basins: (l) Viking Graben 
(west), (2) Horda Basin (east). The thinning of 
Triassic strata over the Utsira High suggests that 
this basement feature was a topographic high 
which partially separated the Viking Graben from 
the Horda Platform during Triassic time. In this 
section, the maximum extension is approximately 
1.4 both in the graben and the eastern basin. 

The second extensional event is of much lesser 
magnitude in both sections, with a maximum 
extension of 1.2. Most of the Late Jurassic tec
tonism is concentrated in the western half of the 
study area, without good correlation to the graben 
axis. The density of the observed faulting appears 
to correspond with the magnitude of the second 
event. Faulting above basement is rare in the 
Horda Basin ( section 2), and subsidence modeling 
indicates that Late Jurassic tectonic activity is 
very limited in this area. The Utsira High seems 
to shield the Horda Platform from Late Jurassic 
extension. Some workers (Badley et al. 1987) 
have suggested that the Horda Platform is under
lain by abnormally light crustal material, such as 
a granitic batholith, which inhibits subsidence. 

The total extension estimated from the sub
sidence analysis is dominated by the character 
of the Triassic rift event. This curve shows a 
maximum total extension of approximately 1.8 
along the graben axis in the northern section. 
Total extension is again more evenly distributed 
in section two with a maximum extension of 1.55. 

Estimates of extension from crustal 
thinning and fault geometry 

In order to have good confidence in the validity 
of the stretching model, estimates of f-Xtension 
determined from the amount of crustal thinning 
beneath the graben should be compatible with 
estimates of extension from subsidence analysis. 
Stretching of the lithosphere should leave the 
crust thinned by the factor {3 beneath the basin, 
where final crustal thickness is given by: initial 
crustal thickness/ {3. This final crustal thickness 
will display the cumulative effect of both tectonic 
pulses, therefore estimates of extension from 
crustal profiles should be compared to the esti
mates of extension deri ved from the total present 
subsidence. 

Seismic profiles, both refraction and deep 
reflection, are commonly utilized in resolving 
deep crustal structure (Barton & Matthews 1984). 
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A combination reflection/refraction profile across 
the Viking Graben (Solli 1976) has been widely 
cited in the literature (Ziegler 1977). Assuming 
an initial crustal thickness of 35 km, and taking 
the same crustal thickness beneath the Norwegian 
mainland, extension beneath the center of the 
graben is calculated to be 2.0--2.3. The inferred 
extension decays to the east and west in much the 
same manner as the 2-D plot of total present-day 
subsidence. Estimates of extension from these 
two independent sources are very similar, pro
vi ding excellent support for the fundamental idea 
of lithospheric stretching and subsequent cooling. 

A more recent deep reflection line (Beach et 
al. 1987) shot across the Viking Graben displays 
the same general features as Solli's (1976) line. 
Maximum extension in the center of the graben 
is again calculated to be 2.0--2.3. These additional 
data provide considerably more confidence in 
deep crustal structure beneath the Viking 
Gra ben. Problems in reflection interpretation and 
velocity con tro l make the analysis somewhat com
plex, but the generalized picture is quite clear. 
The crust beneath this basin is thinned to about 
half its original thickness, which is in good agree
ment with the subsidence data. The crust may be 
thinned by a greater amount than that suggested 
by the subsidence data because of possible 
Devonian extension (Beach 1985) not considered 
in the subsidence analysis. 

Probably the major stumbling block to wide 
acceptance of the elegant stretching models has 
been the mismatch of extension measured from 
brittle faulting and extension determined from 
subsidence and crustal structure studies. Ziegler 
(1983} has shown that the observed faulting in the 
Central Graben accounts for only about 30% of 
the total extension estimated from subsidence 
analysis, although obtaining reliable ·estimates of 
extension from fault geometry is controversial 
(Jackson & McKenzie 1983). Better resolution of 
extensional faulting in the Viking Graben, due to 
the absence of salt cover, should allow more 
accurate estimates of extension to be made 
(White, pers. comm.). 

A rough estimate of extension has been made 
by applying a simple domino-type model 
(LePichon & Sibuet 1981) to the rotated fault 
blocks observed in section one. Taking an average 
dip of 10 degrees for the rotated sedimentary 
strata and an average dip of 45 degrees for the 
bounding faults, extension is estimated to be 1.16. 
If the strata dipped at an angle of 15 degrees, 
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extension would be 1.22. Simple addition of the 
heaves on the observed faulting leads to a 
stretching factor of approximately 1.2. In all 
cases, estimates of extension from the faulting are 
much less than estimates from the subsidence 
and crustal thinning analysis. No matter what 
assumptions we make conceming dip of beds, di p 
of faults, compaction, etc., we cannot account for 
the total extension suggested by subsidence and 
crustal thickness data by the observed faulting. 

From subsidence modeling, the amount of 
extension during the Later Jurassic phase of tec
tonic activity has been estimated to be about 
1.1(}...1.20. This is strikingly similar to estimates 
obtained from the observed faulting. It appears 
that only the latest phase of tectonic activity is 
recorded in the seismically resolvable faulting. 
Rotation of the presently observed fault blocks 
and petroleum migration into these structures 
occurred during the Late Jurassic after relatively 
minor extension of approximately 20% ({3 = 1.2). 

Triassic faulting is only positively identified on 
the eastem portion of the Horda Platform where 
the later Jurassic event is not prevalent. In the 
graben axis, Triassic faulting is not observed 
because of its depth and orientation. Initial gra
ben faults formed during the Early Triassic have 
probably been rotated and refaulted a number 
of times during basin evolution. Rotation and 
refaulting of early phase normal faults has been 
documented to occur in the extensional regime of 
the Basin and Range, U.S. (Proffett 1977). Gibbs 
(1984) proposes that lock up of early extensional 
faults may occur after an extensional factor of 
around 1.5, although earlier lock up may occur. 
These early faults become increasingly more dif
ficult to detect as extension progresses. The 
stretching model is found to be consistent with 
brittle faulting because only a small percentage of 
the faults associated with extension are presently 
observed. 

Discussion 

The detailed two-dimensional subsidence analysis 
of this study should be viewed in light of other 
recent attempts to quantify the structural evol
ution of the Northem Viking Graben (Badley et 
al. 1987; Beach et al. 1987; Beach 1985). Mis
match of stretching factors derived from sub
sidence data, crustal thinning, and brittle faulting 
has resulted in increasingly more complex models 
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of basin formation. This work has shown that the 
estimates of extension derived from independent 
criteria are not totally inconsistent and a simpler 
extensional history is plausible. 

Badley et al. (1987) calculated extension factors 
from three separate methods in their analysis: (l) 
displacement on observed faulting, (2) thickness 
of observed syn-rift sediments due to the Late 
Jurassic event, (3) post-Jurassic thermal subsid
ence. Observed faulting and thicknesses of syn
rift sedimentation both indicate stretching factors 
ranging from 1.05 on the basin margins to about 
1.15 in the graben center. Estimates of extension 
from the thermal subsidence associated with the 
second rift episode vary from 1.15-1.35 on the 
basin margins to about 1.5 in the graben center. 
In their view, this significant discrepancy prohibits 
the application of a simple uniform extensional 
model. Calculation of extension from fitting the 
thermal portion of observed subsidence curves to. 
subsidence predicted from theoretical models is 
brought into question. 

The consistency of Badley et al.'s (1987) 
stretching factors derived from fault displacement 
and syn-rift sedimentation is similar to my esti
mates from simplistic calculations of fault 
geometry and from the subsidence analysis; there
fore, extension by a factor of 1.1-1.2 is probably 
about right for Late Jurassic tectonism. In their 
work, the thermal anomal y associated with earlier 
Triassic rifting is assumed to have completely 
decayed befare the initiation of the second rifting 
event. This is probably not the case, especially in 
the graben center where Triassic extension has 
a {3 of approximately 1.5-1.6. The addition of 
thermal subsidence associated with Triassic rifting 
to the post mid-Jurassic subsidence has caused 
overestimation of Late Jurassic extension in the 
Central Graben as well as the Viking Graben 
(Sclater & Christie 1980; Sclater et al. 1986). 

Beach et al. (1987) invoke a strike-slip, pull 
apart basin system which developed during Late 
Jurassic tectonism to explain the discrepancy 
between stretching factors calculated from sub
sidence, crustal thinning, and brittle faulting. 
Their analysis of subsidence suggests a Mesozoic 
stretching factor of at !east 3.0 beneath the graben 
axis, although LePichon & Sibuet (1981) estimate 
continental break-up to occur after extension 
dose to that magnitude ({3 = 3.2). Crustal attenu
ation beneath the graben indicates extension by 
a factor of 2.(}...2.3, as mentioned earlier in this 
paper. Triassic tectonism in a dominantly exten� 
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sional mode, which causes the observed crustal 
thinning, is followed by large-scale linked tec
tonics involving major strike slip displacements 
during the Late Jurassic (Beach 1985). The later 
phase of tectonic activity results in additional 
basin subsidence, but no additional crustal 
attenuation. 

Although the evolution �f the Northern Viking 
Graben is ·surely more complicated than pure 
regional extensional, predictions from a simple 
extensional model are generally consistent with 
the observations. Sclater et al. (1986) have 
reached the same general conclusion in the Cen
tral Graben. Strike slip faulting should be 
expected to occur concurrently with extension as 
so-called transfer faults (Gibbs 1984), although 
they are not reasons for basin formation. 

Crustal detatchment models of extension devel
oped from field studies in the Basin and Range 
of the U.S. (Wernicke & Burchfiel 1982) have 
been applied to the North Sea (Gibbs 1984; Beach 
et al. 1987). These models predict crustal thinning 
where the detatchment fault intersects the crust 
and lower lithospheric thinning where the 
detatchment intersects the lithosphere/astheno
sphere interface. The detailed cross-sectional sub
sidence analysis in this study has shown that 
thermal subsidence associated with lower litho
spheric stretching and initial subsidence associ
ated with upper crustal brittle faulting are both 
generally centered along the graben axis. If exten
sion along a crustal detatchment does occur in 
this area, symmetric initial and thermal sub
sidence must be accounted for. 

Conclusions 

Subsidence observations may be compared to sub
sidence predicted by theoretical stretching models 
in two basic ways: (1) match the subsidence his
tory at a particular point in a basin, (2) compare 
total present-day subsidence with estimates of 
extension from independent observations. Both 
methods have been utilized in this study in order 
to obtain a l:Jetter understanding of the structural 
evolution of the Northern Viking Graben. 

First of all, it has been shown that a uniform, 
two-phase, time-dependent extensional model 
predicts subsidence history very well along the 
graben axis and on the Horda Platform. However, 
uplift/non-subsidence of the gra ben flanks during 
rifting suggests something more complicated may 
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be happening at depth. Depth-dependent 
stretching, mantle convection, emplacement of 
an 'asthenolith', and isostatic uplift of footwalls 
have all been proposed to account for this 
phenomenon since it has been observed in 
numerous rift environments. 

Secondly, estimates of extension from crustal 
thinning (fJ = 2.0) and estimates from total pre
sent-day subsidence (fJ = 1.8) beneath the graben 
axis are compatible. The 'additional' crustal thin
ning may have occurred during the development 
of Devonian basins in the area. From subsidence 
modeling, total basin extension in the graben 
center of 1.8 has been determined to consist of 
Triassic stretching by a factor of about 1.5 and a 
Late Jurassic extension of about 1.2. Measure
ments of observed faulting in the area indicate 
extension by a factor of around 1.1-1.2, which is 
consistent with the Late Jurassic phase of tec
tonism only. Faulting associated with Triassic 
rifting has been rotated and refaulted by later 
tectonic activity and is not resolvable on reflection 
seismic lines due to its depth and orientation. 
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