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ABSTRACT 
If the lithospheric mantle is stretched over a wider region than 

the crust, postrift stratigraphic onlap will occur at basin margins, 
giving rise to a "steer's head" geometry. Space problems are avoided 
by making the total amount of extension in the lithospheric mantle 
equal to that in the crust. The predicted pattern of onlap agrees well 
with that observed if the lithospheric mantle is stretched over a frac-
tionally wider region than is the crust. Thus, extensive stratigraphic 
onlap can be produced easily without recourse to sea-level rise or 
flexural rigidity. 

INTRODUCTION 
It is now generally accepted that the lithospheric stretching model 

(McKenzie, 1978) can explain, at least in outline, the main features of 
some but not all (e.g., Hajnal et al., 1984) continental sedimentary basins 
and passive margins (Sclater and Christie, 1980; Sclater et al., 1980; Le 
Pichon and Sibuet, 1981; Royden et al., 1983; Barton and Wood, 1984; 
Ye et al., 1985). Several observations cannot, however, be easily explained 
by the model in its simplest form. One of the more important of these is 
postrift stratigraphic onlap at basin margins. Such onlapping or transgres-
sive sequences give rise to the so-called steer's head or Texas longhorn 
basin geometry (Dewey, 1982; Fig. 1). Suggested explanations for this 
geometry include global or eustatic sea-level rise (Vail et al., 1977; Haq et 
al., 1987) and increasing flexural rigidity of the continental lithosphere 
after rifting (Watts, 1982; Watts et al., 1982; Beaumont et al., 1982). As 

discussed below, there are problems associated with both of these mecha-
nisms. An alternative explanation based on a two-layer lithospheric 
stretching model is, however, compatible with all of the observations. 

SEA-LEVEL CHANGES 
Sea level has undoubtedly fluctuated through geologic time. There is 

considerable debate concerning the magnitude and frequency of these 
changes and how they affect the geologic record. Originally, Suess (1906) 
postulated that transgressive and regressive sedimentary sequences could 
be attributed directly to sea-level rise and fall. Transgression during the 
Cretaceous was thought to have been so widespread that it implied a 
global or eustatic rise in sea level. Vail et al. (1977) used patterns of onlap 
and offlap on seismic-reflection data to construct a curve of global sea-
level change with time. Their methodology has subsequently changed, 
although the global curves that they obtained remain virtually unchanged 
(Vail and Todd, 1981; Haq et al., 1987). However, as Pitman (1978), 
Watts (1982), and others have emphasized, there are difficulties in distin-
guishing sea-level changes from tectonic uplift and subsidence. The few 
careful attempts that have been made to separate the effects of sea-level 
fluctuation from tectonic subsidence suggest that if fluctuations occur they 
are gradual and have amplitudes of less than 150 m (Watts and Steckler, 
1979; Watts and Thorne, 1984). Such small changes cannot account for 
the scale of stratigraphic onlap frequently observed. In Figure lb, for 
example, the vertical component of onlap is approximately 2 km. This 
corresponds to about 600 m of unloaded subsidence. Therefore, eustatic 

Figure 1. a: Idealized steer's head basin 
geometry showing postrift stratigraphic onlap 
at basin margin. W is horizontal extent of 
onlap; D is maximum thickness of onlap. Re-
drawn from Dewey (1982). b: Line 2 of North 
Sea Deep Profiles (NSDP) group shoot survey, 
acquired and processed by Geophysical 
Company of Norway (GECO), in which British 
Institutes Reflection Profiling Syndicate 
(BIRPS) participated. Most recent rifting took 
place at end of Jurassic. Shaded area = post-
rift or thermal subsidence that began about 
late Early Cretaceous and still continues. In 
west, stratigraphic onlap extends across East 
Shetland terrace. Geometry of eastern margin 
of basin is more complicated, mainly because 
of Tertiary uplift of Norway. 
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sea-level changes alone cannot explain the steer's head geometry of exten-
sional basins, although the internal geometry of the postrift sediments is 
probably affected by small fluctuations in sea level. 

FLEXURE 
A more recent explanation for postrift stratigraphic onlap relies on 

the response of the continental lithosphere to sedimentary loads (Watts, 
1982; Watts et al., 1982). Studies of seamounts and oceanic islands show 
that the elastic thickness of the oceanic lithosphere, Te, depends on its age 
at the time of loading (Watts, 1978). Thus, loads formed on young oceanic 
lithosphere yield small values of Tt and those formed on older oceanic 
lithosphere give larger values. The elastic thickness of 100 Ma oceanic 
lithosphere is 30-40 km. Watts (1982) and Watts et al. (1982) argued that 
stretched continental lithosphere should respond in a similar fashion. As it 
cools down after stretching, the continental lithosphere should become 
increasingly rigid in its response to sediment loading. Calculations carried 
out by Watts et al. (1982) show that the resultant pattern of onlap agrees 
well with observation. Similar data were used by Vail et al. (1977) to infer 
sea-level rise. Independent estimates of the elastic thickness of the litho-
sphere can be obtained by using perturbation theory to relate free-air 
gravity anomalies and load topography (Lewis and Dorman, 1970; 
McKenzie and Bowin, 1976). Although values for Te in the continental 
lithosphere are fewer in number and are less well determined than those 
obtained in the deep oceans, several recent studies of passive continental 
margins and sedimentary basins indicate that T t remains less than 5 km 
during the postrift phase (Nunn and Sleep, 1984; Barton and Wood, 1984; 
Fowler and McKenzie, in prep.). Such values are significantly smaller than 
those of coeval oceanic lithosphere, where Te is approximately the depth 
to the 450 °C isotherm (Watts, 1978). Other studies suggest that in some 
regions the continental lithosphere may have a much larger elastic thick-
ness (Ahern and Mrkvicka, 1984; Bechtel et al., 1987). 

A difference between the elastic behavior of continental and oceanic 
lithosphere after a stretching event is not unexpected. The rheological 
behavior of a material is principally controlled by r, the ratio of the 
temperature of a material to that of its melting point, both measured in 
Kelvin (Ashby and Verrall, 1977; Weertman, 1978). Materials can only 
maintain stresses over geologic time if r is less than about 0.4. For oceanic 
lithosphere this approximately corresponds to the 450 °C isotherm, in 
agreement with Watts (1978). If the rheology of the upper continental 
crust corresponds to that of wet granite, then r = 0.4 corresponds to a 
temperature of about 100 °C. Although this estimate is not accurate, it 
implies that only the top few kilometres of the continental lithosphere can 
maintain elastic stresses over significant periods of time. Therefore, the 
flexure model is not in good agreement with observations from some 
passive margins and sedimentary basins or with the expected behavior of 
the continental lithosphere in such areas. 

TWO-LAYER STRETCHING 
Given the difficulties associated with the mechanisms discussed 

above, an attempt is made here to explain the steer's head geometry of 
basins such as the North Sea solely in terms of a modified stretching 
model. One simple modification is to use a two-layer stretching model in 
which stretching in the crust and in the lithospheric mantle are distributed 
differently (Sclater et al., 1980; Royden and Keen, 1980; Hellinger and 
Sclater, 1983; Rowley and Sahagian, 1986). A feature of many of these 
calculations is that the lithosphere mantle is stretched more than the crust. 
In order to generate the steer's head basin geometry, the lithospheric 
mantle beneath the basin flanks must be stretched and the resultant synrift 
uplift rapidly eroded away. There are several difficulties with such propos-
als. The most serious objection is that severe space problems arise if the 
lithospheric mantle is stretched by a greater amount than the crust. Con-
siderable amounts of uplift followed by rapid erosion are also required 
(Hellinger and Sclater, 1983). In a variation of the two-layer stretching 
model that avoids these problems, the total amount of extension is the 

same in the crust and lithospheric mantle, but it is distributed differently in 
each. 

As before, the lithospheric mantle is stretched over a wider region 
than is the crust. To avoid the space problems inherent in the standard 
two-layer model, however, the total amount of stretching in the crust and 
in the lithospheric mantle are required to be equal. The model we propose 
is thus similar in some respects to that of Rowley and Sahagian (1986). If a 
Gaussian function is used to describe the variation of /3C, the stretching 
factor in the crust, and /Jm, the stretching factor in the lithospheric mantle, 
with distance x from the basin center, then 

- x 2 

& = 1 + (fico ~ 1) e xP —2)' W 

and 

An = 1 + ( — ) (fico - 1) exp . (2) 
°m 2am 

The variable CTc and a m govern how quickly /?c and /3m decrease with 
distance from the center of the basin. At the center of the basin, /?c = (¡m 

and /Jra = 1 + (a c /am ) (Pm - 1). If the mantle is stretched over a wider 
area than the crust, then a m must be greater than ac. This result requires 
/3m to be less than /3C in the central part of the basin (see Fig. 3a). In fact, as 
discussed below, the difference between the two needed to account for the 
observations is small. 

The values of fic and j3m at any point can now be used to calculate 
both the initial subsidence and the time-dependent thermal subsidence. 
The necessary equations are similar to those derived by Sclater et al. 
(1980). The resultant basins have all been instantaneously loaded with 
sediment. Airy compensation is assumed to apply everywhere. If a m = ac, 
then the uniform stretching model applies and, as shown in Figure 2b and 
2c, there is no synrift uplift and no postrift onlap at the basin margins. If, 

a 

2.5 • 

2.0-P 

1 .5 • 

1.0-

stretching in crust and upper mantle is identical. In center of basin, = /3m 

= 2.5. b: Initial subsidence immediately after stretching. Basin has been 
loaded with sediment having density of 2.0. Other parameters 
have same values as in McKenzie (1978). c: Total subsidence 150 m.y. 
after rifting. Thermal subsidence is represented by time lines drawn 
every 25 m.y. Thermal subsidence dies out at same position as initial 
subsidence. 
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however, a m > ac, a different basin geometry is obtained (Fig. 3). After 
instantaneous stretching, minor uplift occurs adjacent to the flanks of the 
basin (Fig. 3b). This behavior is in agreement with observations from the 
margins of very young rift zones such as the East African Rift and the Gulf 
of Suez (Morgan, 1983; Steckler, 1985). In older basins (e.g., the North 
Sea) synrift uplift is inferred from the geologic record (Ziegler, 1982; 
Leeder, 1983). As the thermal anomaly produced by stretching the mantle 
decays, stratigraphic onlap is generated at the flanks. The total subsidence 
in Figures 2c and 3c is identical, because this is only governed by crustal 
thickness. The only difference is the distribution of initial and thermal 
subsidence. In Figure 3b, the basin flanks are initially uplifted, even though 
the crust beneath has been stretched by a small amount, because the effect 
of stretching the lithospheric mantle by a greater amount is to cause uplift 
first and subsidence later. The resultant basin geometry is similar to that 
calculated by assuming a postrift increase in elastic thickness (Watts et al., 
1982). In the model presented here, however, it is assumed that the elastic 
thickness of the continental lithosphere is negligible. No erosion of the 
basin flanks is required to generate considerable onlap. 

DISCUSSION 
Figure 4a shows how the horizontal extent, W, and the maximum 

depth, D, of the postrift onlap varies with a c and am , the two parameters 
that determine how rapidly and fim decrease away from the center of 
the basin. Clearly, significant values of W and D can be obtained if the 
ratio F(= a c / a m ) is only fractionally less than 1.0. It is unlikely that the 
small difference between /3C and /Jm in the center of the basin could be 
detected using the standard techniques (Sclater and Christie, 1980; Le 
Pichon and Sibuet, 1981; Barton and Wood, 1984). In the northern North 

Uplift Uplift 

Vertical Exaggeration 
X 1 0 

Figure 3. a: j3c, stretching factor in crust (solid line), and /3m, stretching 
factor in upper mantle (dotted line) are plotted as function of distance 
using equations 1 and 2 (see text); am = 60 and oc = 30, as in Figure 2. In 
center of basin, ft. = 2.5 as before, but now /3m = 1.75. All other parameters 
are identical to those used in Figure 2. b: Initial subsidence immediately 
after stretching. Note localized uplift along flanks of basin, c: Total 
subsidence 150 m.y. after rifting. Thermal subsidence is represented by 
lines drawn every 25 m.y. Onlap produced by thermal subsidence at 
basin margin results in steer's head geometry. W is horizontal extent of 
onlap and D is its maximum thickness. Note that total subsidence in 
Figures 2c and 3c is identical; only difference is relative proportion of 
initial subsidence to thermal subsidence. 

Sea, minor amounts of extension are observed in the basin flanks. This is 
consistent with the model presented above. 

Basin geometry is generally more complicated than shown in Figures 
2 and 3. Other factors such as sediment supply, sedimentation rate, and 
compaction all affect the stratigraphic pattern. Therefore, the results shown 
in Figure 4a cannot be compared directly with observation. Figure 4b 
shows some observed values of W plotted against corresponding values of 
D. Shallow and deep seismic reflection data from the northern North Sea 
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Figure 4. a: Horizontal extent of postrift stratigraphic onlap, IV, is plot-
ted against D, maximum thickness of onlap for different values of oc and 
om. Each solid curve corresponds to particular value of F, where F= oc/om. 
Broken lines indicate different values of oc ranging from 20 to 80. Cutoff 
of 10 m onlap was used in calculating IV. b: Observed values of IV 
plotted against corresponding values of D. Values have been obtained 
from interpreted seismic-reflection profiles from northern North Sea 
(provided by Norwegian Exploration Consultants [NOPEC a.s.] and by 
British Institutes Reflection Profiling Syndicate [BIRPS]). 
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were used for this purpose. All measurements were made on the western 
side of the basin because the geometry of the eastern margin has been 
complicated by the uplift of Norway during the Tertiary (Fig. lb ; Ziegler, 
1982). The calculations yield values of W a n d D that are comparable to 
those observed (cf. Fig. 4a and 4b). D is larger than expected. This is not 
surprising because the effect of flank erosion was ignored in the calcula-
tions. D will also tend to be larger than expected if the initial subsidence 
basin is not completely filled with sediment immediately after extension. 

C O N C L U S I O N S 
The steer's head geometry of extensional sedimentary basins is usu-

ally explained either by a large eustatic sea-level rise or by a significant 
postrift increase in the flexural rigidity of the continental lithosphere. Both 
of these mechanisms are inconsistent with several observations. Here a 
simple thermal model, based on two-layer lithospheric stretching and con-
sistent with observations, is proposed. Postrift stratigraphic onlap is gener-
ated when the lithospheric mantle is stretched over a wider region than is 
the crust. Only a small amount of basin-flank uplift occurs, and no erosion 
is required. The space problems typical of most two-layer stretching mod-
els are also avoided. The lithospheric mant le need only be stretched over a 
region fractionally wider than is the crust to result in significant vertical 
and horizontal components of onlap. Although these calculations cannot 
be compared directly with observation, the calculated values of horizontal 
extent and m a x i m u m depth of onlap agree with data from the northern 
North Sea. 
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Reviewer's comment 

This paper raises some important questions about the magni tude of rigid-
ity in continental lithosphere and, especially, about evidence f rom basins 
bearing on rigidity. 

Gerard Bond 
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