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ABSTRACT

The elastic thickness of the continental lithosphere is strongly ‘bi-modal’. Foreland basins reflect
this bi-modality with narrow, deep basins (c.g. Apennines) and wide, shallow ones (e.g. Ganges).
The bi-modal distribution cannot be explained by thermal models which describe the
relationship between elastic thickness and plate age in the oceans, suggesting the involvement of
factors other than secular cooling. The high values (80-90 km) are consistent with present-day
temperature gradients of the cratons and the scatter within cratons may be explained by changes
in the radiogenic heat production. The low values (10-20 km), however, are more difficult to
explain. Foreland basins develop by flexure in front of thrust/fold loads as they advance over
former passive margins and onto the cratons. Recent studies suggest that passive margins are
underlain by highly attenuated crust and lithosphere which has a low elastic thickness that
remains low for long periods (> 10® yr) of time. Foreland basins may inherit these low values as
they migrate over a passive margin. Stratigraphic modelling suggests that the low elastic
thicknesses would have a profound effect on the development of foreland basins predicting as
they do the asymmetry, the pattern of onlap and, the transition from the ‘underfilled’ to
‘overfilled’ phase. Why stretched crust and lithosphere is so weak on long time-scales is
enigmatic. Rifting, however, scems to proceed in such a way that the strong uppermost part of
the crust is effectively ‘de-coupled’ from any support that it might otherwise receive from the

strong underlying mantle.

INTRODUCTION

Lithospheric flexure due to sediment loading is one of the
primary factors that determines the overall ‘architecture’
of sedimentary basins. In the case of basins which form by
downsagging of the lithosphere due to orogenic loading,
flexure controls both their width and depth. Narrow, deep
basins such as the Apennine, Ebro and Swiss Molasse are
associated with low values of flexural rigidity while wide,
shallow basins such as the Appalachian and Ganges yield
high values. The role of flexure in the development of rift-
type basins, is, however, more controversial. Models which
assume that the flexural rigidity of the lithosphere increases
with age can account for the dominance of onlap during
the post-rift phase of their evolution. Gravity anomalies
over the North Sea and Baltimore Canyon Trough basins,
however, are small, and require a low value of flexural
rigidity in order to cxplain them. This suggests that rift-
type basins originate cither on a weak lithosphere that is
unable to recover its strength, or on strong lithosphere that
i1s weakened by sediment blanketing, anelastic or other
effects. Irrespective of the actual cause, large lateral changes
would be expected in the flexural rigidity across a stretched

basin. Plate tectonic models suggest that foreland basins
develop on the site of former passive margins. The purpose
of this paper is (a) to review current knowledge of the
elastic thickness (which is determined by the flexural
ridigity) of oceanic and continental lithosphere and (b) to
examine its implications for better understanding the role
of flexure in the development of foreland basins.

LITHOSPHERIC FLEXURE

Oceanic Tg

One of the successes of past occanic flexure studies has
been to demonstrate that the lithosphere responds to long-
term (> 10° years) geological loads as an elastic plate that
increases its strength with age (Watts 1978). Volcanic loads
that form on or near a mid-oceanic ridge crest, for example,
are associated with low values of the elastic plate thickness,
T., while those that form on the ridge flanks have higher
ones. Oceanic flexure studies (e.g. Fig. 1a) show that T, is
given approximately by the depth to the 450°C oceanic
1sotherm suggesting that as they cool the plates progres-
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sively increase their strength with age. In addition, they
have demonstrated that because oceanic loads range in age
from a few Myr to several tens of Myr, T, is in effect
‘frozen in’ at the time of loading and does not change
significantly with time.

Recent studies (e.g. Fig. 1b) have confirmed the increase
in strength of oceanic lithosphere with age but, have shown
some complications with the simple model. Calmant &
Cazenave (1986), for example, have shown that seamounts
and oceanic islands in the French Polynesia region are
associated with a significantly smaller T, than predicted.
The low values correlate with a broad region of relatively
shallow sea-floor, low seismic P-wave velocities and,
isotopic anomalies which McNutt & Fischer (1987) termed
the Pacific ‘superswell’. Calmant & Cazenave (1986)
suggest that the oceanic lithosphere is capable of being
significantly weakened by regional heating from sources
within or below the lithosphere, effectively resetting the
thermal age of the plate. Deep sea trenches (McNutt &
Menard 1982) and large-offset fracture zones (Wessel &
Haxby 1990), on the other hand, reveal T, values that are
significantly larger than are predicted. McNutt (1984)
questioned whether the trench vales were high, suggesting
instead that it was the volcano values that were low because
of local heating of the crust and lithosphere during magma
ascent. While this explanation may account for some of the
differences between the trench and volcano values, it is
difficult to invoke at Hawaii which, despite being located
near the crest of a broad mid-plate swell, has a T, (Watts
& ten Brink 1989) and heat flow (Von Herzen er al. 1989)
that is close to what would be expected on the basis of plate
age.

An alternative explanation has been advanced by Wessel
& Haxby (1990). These authors suggest that the differences
between oceanic island/seamount and other T, values can
be explained by the thermal stresses that arise in the
oceanic plates due to non-uniform cooling. Thermal
stresses generate a bending moment in the plate which will
interact with the bending stresses due to flexure. Wessel &
Haxby (1990) used a yield stress envelope technique to
model the failure of the lithosphere due to the combination
of thermal and flexural stresses. They showed that the
curvature of the flexed plate beneath seamounts is sufficient
to make the platc appear weaker than it actually is whereas
at trenches the opposite effect occurs. Thermal stresses
therefore produce effects that are of the right sign to reduce
the discrepancy between ocean island/seamount and trench
values. However, Wessel (1992) has shown recently that
they may explain only part of the magnitude of the
difference because the effect only seems significant at
young agcs.

Despite re-heating and bias due to thermal stresses,
oceanic T, values show (e.g. Fig. 2) a generally uniform
distribution with most values in the range 10-20 km. This
is attributed to the fact that irrespective of load size or type,
oceanic T, is controlled by the same mechanism of secular
cooling of the lithosphere following its formation at a mid-
oceanic ridge crest. Phenomena such as re-heating and
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Fig. 1 Compilation of T, against age of the oceanic lithosphere
at the time of loading. (a) All values excluding fracture zones and
seamountsfoceanic islands in the French Polynesia region of the
central Pacific. (b) All values. Data sources are as given in Smith
et al. (1989) with additional points from Kuo & Parmentier
(1986), Watts ef al. (1988), Wesse! & Haxby (1990) and Calmant
& Cazenave (1986). The solid lines show the depth to the 300°C
and 600°C isotherms based on a cooling plate model (Parsons &
Sclater 1977) with equilibrium thermal thickness of 125 km.

thermal stresses do not modify this distribution significantly
since they themselves are also controlled, to some extent,
by the same plate cooling mechanisms as determine 7.

Continental T,

Although Karner ez al. (1983) have proposed that secular
cooling may also control continental T, the case is not as
clear as it is for the oceans. One reason is that surface loads
are not as well preserved in the continents because of the
modifying effects of denudation, tectonic erosion, rifting
and orogenisis. These processes may either remove or add
loads and, in some cases, impose new loads within the crust
in such a way so as not to give a surface expression. This
has led to some doubt about the significance of continental
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T, estimates, especially those (e.g. Dorman & Lewis 1970;
Lewis & Dormon 1970 ; McNutt & Parker 1978) based on
spectral studies of gravity anomaly and topography data
which do not take into account the effects of buried loading.

If the discussion is limited to foreland basins and late
glacial lakes where the data are sufficiently good (e.g. raised
beaches, Bouguer anomaly ‘highs’) to define the load
geometry then, continental 7, values (Fig.2) show a
number of differences with the oceans. First, they appear
to have a ‘bi-modal’ distribution with a primary peak at
10-20 km and a sccondary one at 80-90 km. Secondly,
they display a wide range of values (5-110 km). These
observations are difficult , as pointed out by McNutt ez al.
(1988), to explain in terms of a single secular cooling model.
For example, Fig. 3 shows that an oceanic cooling type
model (equilibrium thermal thickness of the lithosphere
=125 km) can account for some continental 7, values but,
a single set of thermal parameters is unable to explain both
the low values at young ‘apparent’ ages and the high ones
at old ages. This suggests that factors other than secular
cooling play a role in controlling continental T..

One possible factor is composition such that, unlike the
oceans, there is a relationship between continental T, and
the present day temperature gradient. Pinet e al. (in press),
for example, uscd heat flow together with other geophysical
data to estimate the gradient in the Grenville and Superior
province of the North American craton. They showed that
the sub-crustal gradients are low enough that the depth to
the 450°C isotherm would be about 70 km which is in
general agreement (Fig. 4) with estimates of T, in the
region. Thus, cratons may appear relatively strong, This is
consistent with yield strength envelope studies that are
based (e.g. Vink et al. 1984 ; Steckler & ten Brink 1986) on
a combination of Bycrlee’s linear frictional law and, quartz
and olivine flow laws for the crust and mantle respectively.
Quartz deforms by ductile flow at lower temperature than
Olivine which has led to the suggestion (e.g. Vink et al.
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1984) that continents are weaker than oceans. However,
this conclusion depends on the temperature gradient in the
oceans and continents being the same (Steckler & ten Brink
1986). As Fig. 5 shows, the temperature gradients deter-
mined by Pinet et al. (in press) are low enough that they
would lead to more involvement of the Olivine layer in the
support of surface loads than would be the case for high
gradients. In fact, the secondary peak in the bimodal
distribution of continental 7, agrees well (Fig. 5) with the
depth depends not only on the strain rate but also on the
size of the load.

Other factors that are related 1o composition such as
lateral variations in radiogenic heat production may help
explain some of the scatter that is observed within cratonic
regions and between the cratons and the adjacent stabilized
orogenic belts. Pinet et al. (in press) have argued, for
example, that the higher heat flow that is observed over the
Appalachians than the North American craton (Fig. 4) can
be accounted for almost entirely by an increase in the
thickness of the heat-producing crustal layers, especially a
lower tonalitic layer. The temperature that is implied for
the crust beneath the Appalachians is about 100°C higher
than beneath the craton suggesting a 7, which is about
25 km lower. This variation in 7 is in agreement in both
sign and magnitude with those estimated by Bechtel et al.
(1990) based on spectral studies (Fig. 4), thereby providing
further support to the suggestion that composition, rather
than secular cooling, may play a major role in determining
continental T,

FORELAND BASINS

It is generally agreed that one of the best measures of
continental T, is the geometry of forcland basins that
develop in front of advancing thrust and fold loads (e.g.
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Fig. 3 Compilation of 7, against age of the continental lithosphere at the time of loading. Data sources are: (a) Foreland basins: Karner
& Watts (1983) — W/E Alps, Appalachians, Ganges ; Lyon-Caen & Molnar (1983) — Ganges, Tarim, Sub-Andean ; Royden & Karner
(1984) - Carpathians, Apennines; Snyder & Barazangi, (1986) - Zagros ; Sheffels & McNutt (1986) - Transverse Ranges: Royden
(1987) - Apennines; Rupple & McNutt (1987) — Caucasas ; Kruse & McNurt (1988) - Urals; Burov ef al. (1990) — Pamir, N/S Tien
Shan; - ‘Ref* W. Alps. (b) Late glacial rebound : Walcott (1970) — Lake Algonquin, Lake Agassiz; McConnell (1968) — Fennoscandia ;
Fulton & Walcott (1975) — Lake Hamilton ; Crittenden (1970) — Lake Bonneville. The heavy lines indicate the depth to the 300°C and
600~C isotherm based on a cooling plate model with equilibrium thermal thickness of 125 km. The cllipses show ‘groupings’ of the
data that are either too low to be explained by the cooling model or too high.

Beaumont 1981 Jordan 1981; Karner & Watts 1983;
Stockmal et al. 1986; Sinclair e af. 1991). Simple models
(Menke 1981) show that irrespective of load shape, T,
controls the width and, to a lesser extent, the depth of a
foreland basin. In general, foreland basin geomertry reflects
the bi-modality of the continental T values with narrow,
deep basins such as the Appennines (Royden & Karner
1984) and Ebro (Zoetemeijer et al. 1990) indicating low T,
and wide, shallow ones ( > 250 km) such as Ganges (Karner
& Watts 1982) and Appalachian (Turcotte & Schubert
1982) a high T.. According to Kominz & Bond (1986), T,
in foreland basins is an inherited feature which is not
modified significantly by orogenic loading.

Evolution from passive continental margin to
foreland basin

Plate tectonic models (c.g. Dewey 1982; Houscknecht
1986 ; Tankard 1986) suggest that foreland basins develop
by flexure in front of thrustffold loads as they advance
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across former passive margins. The palinspastic restoration
of mountain belts (Pfiffner 1986), the analysis of back-
stripped subsidence curves (Homewood ¢t a/. 1986) and
deep seismic reflection profile data (Cook et al. 1981)
suggest a close association between foreland basins and
passive margins. Wats (1981) suggested that during
orogeny the hinge zone (Watts & Steckler 1979) may act
as a ramp which serves to ‘telescope’ individual thrust
shects over and onto the coastal plain of the underlying
passive margin. Stockmal et al. (1986) were the first to
develop a numerical model for thrust loading of the
stretched crust of a former passive margin. They assumed
that the strength of stretched crust increases with age such
that if thrusting developed on thermally young lithosphere
it would inherit a relatively low T, while if it loaded
thermally older lithosphere it would develop on stronger
lithosphere. They found, however, that the 7, of the
stretched crust only slightly affects forcland basin geometry.
This was because they used a model in which 7, is
determined by the depth to the 750°C isotherm which
implies that the strength of stretched lithosphere is greater
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Fig. 4 Summary of principal results of T, and heat flow studies in North America (Bechtel ef al. (1990) ; Pinet et al. (in press)). (a) T,
map of North America based on data sources in (Bechtel ez al. 1990) with additional values by Watts (1988). In oceanic regions it is
assumed that T is given by the thermal structure of the plate. (b) Temperature gradient for the Appalachian and Grenville/Superior
province (i.e. shicld arcas) according to Pinet ef al. (in press). The gradients have been calculated from the measured heat flow and by
estimating the relative contributions of the heat-producing layers in the crust. (¢) Crustal structure assumed by Pinet ef a/. (in press) in
calculating the temperature gradients in (b). The shaded region in (b) indicates the expected range values of T, assuming it to be

controlled by the depth to the 300-600°C isotherm.

than occanic lithosphere of the same thermal age. A high
T, is therefore acquired relatively quickly following rifting
in the Stockmal ef a/. (1986) model and as a result the 7. of
young and old passive margins do not differ significantly.

Passive margin T

Several studies (e.g. Fowler & McKenzie 1989; Watts
1988) have argued, however, that stretched lithosphere is

of significantly /lower strength than oceanic lithosphere.
Beaumont ez al. (1982) and Karner & Watts (1982) showed

that the best fit to observed free-air gravity anomaly data
at the Nova Scotia, South Africa and Coral Sea passive
margins is a model in which T, follows a lower, rather than
higher, controlling isotherm (250°C, 150°C and 150°C,
respectively) than the oceanic lithosphere (450°C). A lower
controlling isotherm might be interpreted in terms of the
average responsc of the margin with the carliest scdiments
loading a weak lithosphere and later sediments a stronger
one. Fowler & McKenzie (1989) have argued, however,
from the sediment ‘starved’ Rockall and Exmouth Platcau
margins that T, of stretched crust is fundamentally low
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Fig. 5 Yield strength envelope for the continents based on data from experimental rock mechanics compared to the continental 7,
estimates. The envelope shows the limits of extensional stress that the crust and mantle can support assuming : Byerlee’s linear
frictional law for low (0.0} and high (0.7) ratios of pore to lithostatic pressure from Brace & Kohlstedt (1980), the flow laws for wet and
dry quartz from Koch ef af. (1990) with activation encrgy, 0, for wet and dry quariz of 160.7 kJ mol ™' and 131.7 kJ mol~ "
respectively. the Dorn and Power laws for olivine from Goetze & Evans (1979) with @ =441 k] mol ™’ the temperature gradient for
shiclds shown in Fig. 4b which is based on Pinet et al. (in press) and a crustal thickness of 35 km. The flow laws have been calculated for
assumed strain rates of 107 %, 107 "5 and 10" s ! and values for the universal gas constant, R, of 8.32 ] °K ™' mol ~'. The shaded
region shows the envelope for a strain rate of 1073 s™1 and a high (0.7) pore 1o lithostatic ratio. Solid vertical lines show the ductile
region and the asterisks indicate the peak values in the bi-modal distribution of continental T, estimates.

and of the order of 5 km. Their results are in accord with
studies of intra-cratonic rifts such as the North Sea (Barton
& Wood 1984) and the Michigan basin (Nunn & Sleep
1984). Watts (1988) carried out an integrated study of
scismic and gravity anomaly data at the East Coast, US
margin and showed that the amplitude and wavelength of
the free-air ‘edge cffect’ anomaly could not be explained
unless the stretched crust was weak as far landward as the
hinge zone and as far scaward as the ocean—continent
boundary. When the results from rhis study are combined
with the results of spectral studies landward of the hinge
zone and occanic flexure studies scaward of the stretched
crust (e.g. IFig. 4), then they suggest large lateral variations
in T, arc possiblc across a passive margin.

The existence of weak stretched crust is not inconsistent
with the observation that rift-type basins are characterized
by progressive onlap of strata onto the basement during
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their post-rift development. Flank uplift, for example, may
restrict the early distribution of sediments in a basin due
either to a relatively high initial T, (Weissel & Karner
1989), thermal effects (White & McKenzie 1988) or some
form of small-scale convection in the mantle (Steckler
1988). As the uplifts gradually disappear due either to
erosion, thermal subsidence or, convective decay then
sediment is gradually deposited over a broader area.

Stratigraphic models

If passive margins are characterised by large lateral changes
in T, as is suggested here, then the stratigraphy of foreland
basins which develop in front of advancing thrust/fold
loads should reflect these changes as they migrate across
them. Figure 6 shows, for example, a simple model for the
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Fig. 6 Plot of the stratigraphy for a simple model of thrust/fold
loads that migrate across the surface of the lithosphere into 6
‘sub-loads’ of density 2700 kg m~3. (a) Constant load that
displaces air on a variable 7, plate. The T, has been chasen to
represent a passive margin with a relatively low value

(T.=>5 km) over stretched crust and a higher one (7. =75 km)
over the craton. 7 is assumed to change linearly across a 75 km
wide hinge zone which separates stretched crust from an
unstretched craton. (b) Same as in (a) except that the first two
loads are assumed to displace sea-water (density = 1030 kg m %)
while the last three loads displace air (density =0 kg m~3).

(c) Same as in (b) except that 7. is assumed to be constant
(T.=75 km) across the plate. The heavy arrow indicates the
direction of thrusting and the shaded region shows the location
of the passive margin hinge zone that separates stretched crust
from the craton.

stratigraphy of the foreland in which it is assumed that
loads move at a constant rate and that 7, of the underlying
margin resembles that at the present day East Coast, US
margin. Because loading occurs initially on 2 weak
lithosphere there is a large amplitude, short wavelength
flexure. As the load moves ontostrong lithosphere, however,
the basin shape shallows and broadens. The fotal basin

Effective elastic thickness of the lithosphere

shape (Fig. 6a) is strongly asymmetrical. Asymmetry is a
characteristic feature of many foreland basins, especially
the Appalachian (Tankard 1990) and the Swiss Molasse
basins (Pfiffner 1990). The basement profile in Fig. 6a has
a distinct curvature which results from a superposition of
flexural effects from the weak and strong region. The
profile would be difficult to account for in terms of a single
T, which may explain some of the difficulties that have
been encountered in the past (e.g. Coakley & Watts 1991;
McNutt ¢t 4/.1988) in modelling the shape of the basement
beneath forelands.

The geometry of a foreland basin that develops on a
passive margin also depends (Stockmal ¢t /. 1986) on the
load configuration. For example, Fig. 6b shows the case of
a lateral change in T, where the initial loads displace water
while later loads displace air. The asymmetry is reduced
and the basement profile would better approximate a single
value of 7. Both modcls show, however, a strong pattern
of onlap in the deeper sections of the basin and a less well
developed one in the upper sections. This is in contrast to
the uniform 7, model (Fig. 6¢), which shows a more limited
pattern of onlap.

Although Fig. 6 assumes that sediments infill to a
constant (horizontal) pre-deformation surface, it is likely
that lateral variations in 7. would influence the actual
environments of deposition. Initial loading on weak
lithosphere, for example, would result in a large flexural
depression bencath the load, an increase in ‘accomodation
space’ above it, and a tendency for sedimentation to be
outpaced by tectonics. In the terminology of Allen et al.
(1991) the basin would then be said to be ‘underfilled’.
However, as the depocentre moves onto high T, lithosphere
there will be less flexure and an increased likelihood that
sediments will ‘overfill’ the basin. This may help explain
the general observation in foreland basins of a transition
from the flysch (underfilled) to the molasse (overfilled)
stage although, as pointed out by Stockmal ez af. (1990), the
inherited bathymetry of the passive margin may also be a
factor that determines the onset of this transition. Other
factors such as changes in the rate of advance of the load,
vertical uplift of the wedge, erosion rate and, changes in
sediment flux may also (e.g. Allen ez al. 1991) contribute.

DISCUSSION

The thermal and mechanical properties of passive margins
may help to explain the bi-modal distribution of continental
T, values (Fig. 2), most of which come from modelling
basement geometry beneath foreland basins. In particular,
basins that develop on stretched crust inherit low T,values
and therefore will be narrow and deep while basins that
develop more on the high 7, cratonic interiors will be wide
and shallow. The contrast in T, is large enough that it
should easily be possible to distinguish between basins
which develop on stretched and unstretched crust.
Foreland basins develop in response to a migrating load
and so there will be cases where an individual basin
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develops initially on weak stretched crustand then gradually
moves onto more rigid lithospheres as thrusting encroaches
on and crosscs the passive margin hinge zone. The
progression from weak to strong lithosphere will, as shown
in Fig. 6, give a characteristic flexural shape to the foreland
basin. The bi-modal distribution suggests, however, that
few basins actually show evidence for progressive flexure.
Rather, the evidence points to ¢ither narrow, deep or wide,
shallow basins suggesting other factors may be involved.
For example, basins may appear narrow and deep because
erosion has removed the wide shallow part (e.g. Anadarko
Basin). Alternatively, basins appear wide and shallow
because the narrow, deeper, part is too deeply buried to be
visible in seismic, well or other data (e.g. Ganges Basin).

The stratigraphic features predicted by the models in
Fig. 6 may not, of course, be preserved in ancient foreland
basins because new loads are likely to modify, by thrusting
and folding, the flexural depressions and uplifis of previous
ones. Fig. 6 schematically shows the surface of the last
‘thrust’ which if it cuts the infill and flexure of the previous
loads could significantly ‘distort’ the geometry of the basin.
However, irrespective of such distortions, the asymmetry,
distinct curvature, relative onlap patterns, and facies
transition should still be seen in the regions immediately
flanking the thrust/fold loads.

The conclusion that 7, exerts a strong influence on
foreland basin stratigraphy differs from that of Stockmal et
al. (1986) who suggested that load size was more important.
The main difference between this model and that of
Stockmal et a/, (1986) is in the assumptions that are made
concerning the spatial and temporal variations in 7, of the
crust and lithosphere that underlies a foreland basin. Here,
a model is assumed, based on studies of present-day passive
margins, in which stretched crust is fundamentally weak
and is unable to recover its strength by cooling following
rifting. Large lateral changes in 7', are therefore implied in
foreland basins, irrespective of the age of the underlying
passive margin. Stockmal et 4/. (1986), on the other hand,
assumed that stretched crust acquires a high T relatively
rapidly after rifting such that large lateral differences may
exist for young margins but not for old ones.

The ‘Wilson cycle’ (e.g. Dewey 1982) suggests that a
considerable amount of time (up to a few hundred Myr)
may elapse before a passive margin becomes the sitc of
foreland basin development. It is believed (e.g. Wartts 1988)
that large lateral changes in 7, persist at passive margins
and that they will continue to influence foreland basin
stratigraphy, irrespective of the amount of time that elapses
between rifting and orogeny. In this sense, T.. of stretched
crust is ‘frozen in’ and does not change significantly with
time. Unfortunately, there is not much evidence for such
behaviour in the continents. However, the argument that
T, is low at the East Coast, US margin, which received a
significant proportion of its sediment 100-180 Myr afier
rifting, together with the ability of the shield areas to
support gravity anomalies for long periods of time, are
strong arguments that T, of continents, like thar of the
oceans, does not change significantly as the load ages. In
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other words, the lithosphere appears to behave elastically
and not viscoelastically, as proposed by Beaumont (1981).
What is not known is whether in response to a new load
there is any increase in strength of the continental
lithosphere, in the meantime, due to secular cooling, as is
known to be the case for the oceans

Irrespective of the ability of the continental lithosphere
to acquire strength by cooling, if T, is frozen in then we
should be able to use the 7T, values inferred from flexure
studies to infer, in the absence of other information, the
tectonic setting of ancient foreland basins. For example,
the low 7, determined by Grotzinger & Royden (1990) for
the Kilohigok Basin may reflect its formation on stretched
continental crust. Another possibility is that the basin
formed by progressive flexure and that the upper wide part
has subsequently been removed by erosion. In neither case,
however, it is necessary to invoke that Archean lithosphere
as a whole is fundamentally hot and weak as proposed by
Grortzinger & Royden (1990).

Although we may therefore better understand the
architecturce of foreland basins, several questions remain
concerning the long-term mechanical properties of the
continental plates. The most important of these concern
why, in contrast to the oceans, the continental lithosphere
is capable of exhibiting both great strength and weakness.
The high values appear to be associated with cratons and
presumably reflect the low temperature gradients that have
been inferred for these regions. For example, a 7, of 80 km
would imply an equilibrium thermal thickness of about
250 km which although twice that of oceanic lithosphere is
not in marked disagreement with the seismic thickness of
the lithosphere as revealed in P-SV data (Lerner-Lam &
Jordan 1987). Why stretched crust is so weak is still
unexplained. It most probably reflects fundamental differ-
ences between the way that the lithosperc responds to ‘side-
driven’ loads of rifting and the surface loads of flexure.
Continental 7T, estimates suggest that stretched crust
responds to sediment loads, as well as subsequent thrust/
fold loads, as a thin elastic sheet. A comparison of these
estimates to continental yield strength envelopes (e.g.
Fig. 5) suggest that the stresses associated with loading are
concentrated in an upper quartz-rich layer. Thus, the
strong upper crustal layer has, in effect, been ‘de-coupled’
from any support it might have otherwise have received
from the underlying strong olivine-rich mantle layer. The
heating associated with continental rifting and the forma-
tion of new ocean basins is an appealing way to reduce the
strength of the mantle and may explain why stretched crust
is associated with 7, values that resemble those from
volcanic loads that form on or near mid-ocean ridges.
Compositional effects such as increases in quartz content
and, possibly, radiogenic heat production may further help
isolate the strong upper part of the crust from the mantle.
However, once stretched crust cools, it should regain its
long-term strength. Thermal effects cannot therefore
explain why stretched crust once it is weakened apparently
remains so. It is speculated that during rifting other,
chemical processes, such as the introduction of water, play



a much greater role in permanently weakening the mantle
than prevously thought.
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