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Abstract

Four intracratonic basins of North America, the Hudson Bay, Michigan, Illinois and Williston basins, have similar
ages and are close to one another. Yet, they exhibit different subsidence histories characterised by different time-scales
and sediment thicknesses. They can be explained by local lithosphere thinning and by the cooling of the induced thermal
anomaly. Within the framework of 1D thermal models for vertical heat transport, each basin requires a different
lithosphere thickness or a different boundary condition at the base of the lithosphere. Heat flow and seismic studies
show that, beneath the North American craton, the lithosphere is too thick for the assumption of purely vertical heat
transfer to be valid. Thermal models are developed to account for finite thermal anomaly width and for two types of
basal boundary conditions, fixed temperature or fixed heat flux. Different subsidence histories are explained by deep
lithospheric anomalies of different sizes. The stability of thick continental roots requires the mantle part of the
lithosphere to be compositionally buoyant with respect to `normal' convecting mantle. Localised lithospheric thinning,
due for example to plume penetration, results in the emplacement of compositionally denser mantle into the lithosphere.
This represents a load which drives permanent flexure. The cooling time and the characteristics of flexure allow
constraints on the dimensions of these deep lithospheric anomalies. There are no solutions for lithosphere thicknesses
less than 170 km. The Williston and Illinois basins are associated with wide (V200 km) and thin anomalies (V100 km),
whereas the Michigan and Hudson Bay are located on top of narrow (V100 km) and tall (V200 km)
anomalies. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is considerable debate about the structure
of the continental lithosphere and estimates of its
thickness vary within a large range of about 120^

400 km [1^4]. These estimates have been obtained
using di¡erent geophysical techniques and corre-
spond to di¡erent features of the boundary layer
at the top of the convecting mantle. For example,
the downward extrapolation of crustal geotherms
deal with the upper part where heat transport
occurs by conduction, whereas seismic models
provide constraints on the whole boundary layer,
which, by de¢nition, is thicker. An alternative
method is to use the time-dependent behaviour
of continental lithosphere following a thermal
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perturbation, which is sensitive to thickness. Such
transients have been studied using the subsidence
of intracratonic basins located away from active
plate boundaries [4^6].

In North America, it has been proposed that
the thickness of the continental lithosphere is
about 115 km beneath the Michigan basin and
270 km beneath the Williston [4,6]. For two ba-
sins of similar age located on the same Precam-
brian continent, such a large di¡erence is surpris-
ing. This motivated Hamdani et al. [7,8] to
investigate the in£uence of thermal boundary con-
ditions at the base of the lithosphere. They
showed that subsidence is slower for a ¢xed £ux
than for a ¢xed temperature and hence attributed
di¡erent subsidence behaviours to di¡erent ther-
mal processes at depth. However, they provided
no explanation for such di¡erences. All these
studies rely on 1D thermal models for purely ver-
tical heat transfer and hence require an anomaly
of horizontal extent much larger than the litho-
sphere thickness. The Michigan and Williston ba-
sins have been attributed to a large part to plate

£exure driven by a deep load [4^6,9]. This load is
related to the initial thermal anomaly and has a
radius of about 120 km beneath the Michigan
basin [4], which is smaller than the thickness of
the lithosphere beneath the North American cra-
ton [10^12]. Under these conditions, the assump-
tion of purely vertical heat transfer is not tenable
and the thermal models must be reevaluated.

In this paper, we study the behaviour of the
lithosphere following a deep thermal event, such
that part of the lithosphere is replaced by mantle
material from below. We account for the ¢nite
lateral extent of the thermal anomaly. We use
thermal and £exural models to determine the di-
mensions and density of the new material incor-
porated into the lithosphere beneath four intra-
continental basins of North America, the
Hudson Bay, Michigan, Illinois and Williston ba-
sins. These basins are of similar age and are lo-
cated on lithospheres of similar age and composi-
tion (Fig. 1). Subsidence data are available for all
of them (Fig. 2 and Table 1). The analysis leads to
constraints on lithosphere thickness. The results

Fig. 1. Four Phanerozoic intracratonic basins of North America: Hudson Bay, Illinois, Michigan and Williston.
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are discussed in terms of the physical mechanisms
responsible for basin formation.

2. The intracratonic basins of North America

2.1. Subsidence mechanisms

Beneath each basin, the present-day sedimenta-
ry in¢ll requires a permanent load to drive litho-
sphere £exure. For such old basins, thermal
anomalies have long decayed away and hence
the load must have a compositional origin. One
possibility is that there has been an episode of
uplift before subsidence, leading to erosion and
hence to a local reduction of crustal thickness.
However, there is no evidence for signi¢cant crus-
tal thinning beneath the Williston and Michigan
basins [17,18]. One alternative is to invoke crustal
metamorphism. Several reactions with di¡erent
density changes have been used: gabbro to eclo-
gite, greenschist to amphibolite and gabbro to
garnet^granulite [4,8,9]. However, the extreme

heterogeneity of crustal assemblages [19] implies
that only part of the crust has the right starting
composition and may undergo the phase change.
The average density increase is smaller than
postulated by an unknown amount, which makes
this subsidence mechanism di¤cult to test. Direct
veri¢cation requires detailed knowledge of crustal
structure beneath the basins, which is not avail-
able [13].

The Michigan basin provides a good example
of the problems encountered when setting up a
physical model for subsidence. An early short-
lived phase of subsidence started at about 520
Ma and lasted for about 20 Myr only. Sedimen-
tation was interrupted for about 60 Myr before
the onset of the major phase which led to the
accumulation of more than 3 km of strata. The
¢rst subsidence phase has been attributed to crus-
tal metamorphism activated by a deep heating
event and the second one to the ensuing thermal
relaxation [20,9]. However, this model cannot be
applied to the neighbouring Illinois basin, where
there has been no interruption of subsidence. In
fact, the two subsidence phases of the Michigan
basin correspond to separate events because they
are also recorded on distant continental margins
[5].

In this study, we propose a single framework to
account for both subsidence and emplacement of
a permanent load. To generate a thermal anomaly
in the deep lithosphere, one must invoke the pen-
etration of a mantle plume, a delamination event
or some form of deep stretching. In all cases, a
volume of lithosphere is replaced by mantle ma-
terial from below. It is now established that the
continental lithosphere is thick and colder than
the surrounding mantle, which requires a compo-
sitional contrast between the two [1,21]. Thus, the

Fig. 2. Evolution of sedimentation in four intracratonic ba-
sins of North America (see Table 1 for references). In the
Williston, a late phase of sedimentation starting at about 100
Ma is attributed to western Canadian foreland subsidence.

Table 1
Data for four intracratonic basins of North America

Parameter Hudson Bay Michigan Williston Illinois

Total sediment thickness, wo (km) 1.3 3.4 3.4 3.0
Flexural parameter, Q (km) W130 90 130 W90
Time for 90% subsidence, d90 (Myr) 100 110 420 240
Point load, Qo (U1018 N) 1.2 1.5 3.1 1.3

Subsidence data are extracted from [5,13,14]. Flexural parameters for Michigan and Williston from [6,9]. For Illinois and Hud-
son, the £exural parameter is evaluated from the equivalent radius in the structural maps given in [15,16].
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new lithospheric material is both hotter and com-
positionally denser than the material it replaces.
With time, the thermal anomaly disappears due to
di¡usion, but the compositional anomaly remains
and hence the net result is a permanent load re-
sponsible for subsidence. Thermal and composi-
tional e¡ects are directly related and the observa-
tions can be used to characterise the deep
lithospheric anomalies required beneath the ba-
sins. In turn, these results may be used to assess
plausible mechanisms for intracratonic basin for-
mation.

2.2. Parameters extracted from the subsidence
record

The relaxation of a thermal perturbation is a
realistic mechanism for subsidence over large
times, but a detailed ¢t to the preserved sedimen-
tary record involves many additional e¡ects, such
as global sea level variations and tectonic events,
some of which are ill-constrained [22]. We take a
simpler approach and extract two parameters
from the sedimentary record (Table 1): the dura-
tion of subsidence, which characterises thermal
relaxation, and the total sediment thickness, which
is related to a permanent load at depth. In order
to compare the di¡erent cooling histories, we de-
¢ne subsidence duration by the time needed to
achieve 90% of the ¢nal subsidence, denoted by
d90. Sediment thicknesses are extracted from pre-
vious studies (Table 1). For the Williston basin,
following [6], we do not take into account a recent
widespread episode of carbonate sedimentation.
For the Michigan basin, we focus on the major
subsidence phase starting at 460 Ma, as in [5].

2.3. Lithosphere £exure

We consider permanent lithosphere £exure due
to a deep disk load of radius a and hence do not
account for transient e¡ects associated with creep
in the lower lithosphere [5]. We use the classical
thin elastic plate model [23,4], which introduces
the £exural parameter, Q :

Q � �Eh3

12�13X 2� vb sg

� �
1=4 �1�

where h is the elastic thickness of lithosphere, E is
the bulk modulus, X is Poisson's ratio and g is the
acceleration of gravity. In this equation,
vbs = bm3bs, where bm is the mantle density at
the Moho, set to 3300 kg m33, and bs is the aver-
age sediment density. For a uniform load, Po,
applied between r = 0 and r = a, the plate vertical
de£exion w is [23]:
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where ker, ber, kei and bei are Kelvin^Thomson
functions [24, p. 383].

The amplitude of £exure is proportional to Po.
Scaling the local sediment thickness, w(r), by the
maximum thickness at the centre leads to a di-
mensionless basin shape which depends only on
ratio a/Q. The basin shape is almost the same as
that for a point-load for values smaller than
about 1.2. For larger values of a/Q, the basin de-
velops a £at £oor which is not consistent with the
observations, as will be shown below. We shall
thus use the constraint that a/Q is less than 1.2.
In this case, the basin width is approximately
eight times the £exural parameter [4]. We have
used this relationship for the Illinois and Hudson
Bay basins. For the Williston and Michigan ba-
sins, we have taken the values of the £exural pa-
rameter at the end of subsidence given in [6,9].

For given sediment density, values of sediment
thickness and basin width only allow an estimate
of the equivalent point load, Qo = Za2Po. The
average density of the Michigan basin sedimenta-
ry strata is well constrained [25] at the value of
2610 kg m33 and we have adopted it for all ba-
sins. Our values of Qo are slightly smaller than
those of previous authors who used a smaller
sediment density of 2500 kg m33 [4,6]. For a de-
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tailed £exure analysis, one must specify the anom-
aly radius a, which will be obtained from a ther-
mal model.

3. Thermal model for subsidence

3.1. Basic equations

We consider a lithosphere of thickness l with a
cylindrical thermal anomaly of radius a between
depths l and b (Fig. 3). At the surface (z = 0), the
temperature is ¢xed at To. At steady-state, the
base of the lithosphere is at T = To+vT. We as-
sume that the thermally perturbed region is at a
uniform temperature To+vT. We write tempera-
ture as the sum of the equilibrium temperature
and a dimensionless perturbation:

T�r; z; t� � To � vT
z
l
� a �r; z; t�

h i
�4�

where r is the radial distance. a is a solution of the

heat di¡usion equation and we scale time using
the vertical di¡usion time-scale :

d � l2

U
�5�

where U is thermal di¡usivity (set at 1036 m2 s31).
Dimensionless variables are t* = t/d, z* = z/l, r* =
r/a and the anomaly dimensions de¢ne two di-
mensionless numbers:

j � b
l
; h � a

l
�6�

Temperature is ¢xed at the top of the litho-
sphere. At the base, we consider either a ¢xed
temperature or a ¢xed heat £ux. Thermal pertur-
bations are required to vanish at large radial dis-
tances.

3.2. 1D solution aZ(z*,t*)

The initial condition is such that:

a Z�z�; 0� � z � 1
j
31

� �
; for z �9j �7�

a Z�z�; 0� � 13z�; for z �vj �8�

For ¢xed basal temperature, aZ(1,t*) = 0, the so-
lution is [26, p. 94] :

a Z�z�; t�� �

Xr
n�1

2
j �nZ�2sin�nZj � sin�nZz�� exp�3n2Z2t�� �9�

which shows that the time-scale for thermal decay
is dT = l2/Z2U. For ¢xed heat £ux at the base, DaZ/
Dz*(1,t*) = 0, the solution is [26, p. 113]:

a Z�z�; t�� �
Xr
n�0

2
2n� 1

2
Z

� �
2

sin
2n� 1

2
Zj
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j

3�31�n
2664

3775

sin
2n� 1

2
Zz�

� �
exp 3

2n� 1
2

� �
2
Z2t�

� �
�10�

for which the proper time-scale is dQ = 4l2/Z2U= 4
dT. Cooling and subsidence are much slower than

Fig. 3. Schematic representation of the lithosphere and of
the deep temperature anomaly at di¡erent stages of cooling.
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in the previous case because heat is continuously
brought into the lithosphere.

Subsidence is proportional to the amount of
contraction in the lithosphere. The ¢nal, and to-
tal, amount of contraction, So, is :

So � KvTl
Z 1

0
a �z�; 0�dz� � KvTl

13j
2

�11�

with K the coe¤cient of thermal expansion. The
dimensionless subsidence, S*(t*) = S(t*)/So, is :

S � �t�� �
KvTl

Z 1

0
�a �z�; 0�3a �z�; t���dz�

So
�

13
2

13j

Z 1

0
a �z�; t��dz� �12�

The solution depends weakly on the anomaly
depth, j. Fig. 4 shows the ratio between values
of subsidence time d90 for anomalies at the base
of the lithosphere (j= 1) and extending to depth
j. For ¢xed temperature boundary conditions, the
thermal anomaly gets dissipated at similar rates
through the top and bottom. The closer the
anomaly is to one of the boundaries, the larger
is the heat loss and hence the faster is thermal
relaxation. For ¢xed basal heat £ux, the anomaly
decays only through heat loss at the top. For in-
creasing j, the anomaly is increasingly farther
from the top and hence the cooling time increases.

Observed variations of subsidence time

amongst the four basins studied here, which
amount to more than a factor of two, cannot be
accounted for by di¡erences of anomaly depth.
We do not favour the explanations put forward
by previous authors, which are to invoke di¡erent
basal boundary conditions or large variations of
lithosphere thickness [4,6,8]. A simpler hypothesis
is to invoke deep lithospheric anomalies a¡ecting
the same lithosphere but with di¡erent widths.

3.3. Horizontal heat transport

For the boundary conditions of this problem,
one may write the temperature perturbation as
follows [26, pp. 33^35] :

a �r�; z�; t�� � a Z�z�; t��a R�r�; t�� �13�

The vertical component, aZ, is the same as before
and the radial component, aR, satis¢es:

a R�r�; 0� � 1; for r �91 �14�

a R�r�; 0� � 0; for r �s1 �15�

a R�r�; t�� ! 0; as r� ! r �16�

The corresponding solution is [26, p. 260]:

a R�r�; t�� �

exp�3r � 2=4t � h 2�
2t � h 2

Z 1

0
exp 3

r � 2

4t � h 2

� �
Io

rr�
2t�
� �

rdr

�17�

with Io the Bessel function of the ¢rst kind and
order 0. For this solution, the size of the heated
region next to the anomaly is small and temper-
atures there remain small at all times. At the
centre

a R�0; t�� � 13exp 3
1

4t�h
2

� �
�18�

which provides a simple measure of the accelera-
tion of cooling due to horizontal heat loss. For
thermal anomalies with elliptical or rectangular
planforms, lateral heat transfer is dominated by
the smallest horizontal dimension.

Fig. 4. Subsidence duration, d90 (see text for de¢nition), as a
function of anomaly height for 1D thermal model. The sub-
sidence time is scaled to the value for j= 1, corresponding to
an anomaly at the base of the lithosphere.
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We denote by d1 and d2 the 1D and 2D values
of the subsidence time d90 respectively. Fig. 5
shows the ratio between these two times as a func-
tion of dimensionless anomaly radius. In the ¢xed
£ux case, horizontal heat losses remain important
up to a/l = 3. For the sake of example, Fig. 6
compares the Michigan basin subsidence record
to the predicted thermal contraction with one par-
ticular 2D thermal model in the isostatic approx-
imation.

4. Deep lithospheric anomalies beneath
intracratonic basins

4.1. Lithosphere thickness and anomaly width

For each basin, we ¢rst ¢x j= 0.5 and calculate
the radius of the thermal anomaly which accounts
for the observed subsidence time d90 as a function
of lithosphere thickness (Figs. 7 and 8). For very
thick lithosphere, the subsidence time is much
smaller than the vertical di¡usion time-scale d.
In this case, cooling is achieved predominantly
by horizontal heat loss and hence is mostly sensi-
tive to the anomaly radius. For given subsidence
time, the anomaly radius increases as the litho-
sphere thickness is decreased. With decreasing
lithosphere thickness, the anomaly width tends
towards in¢nity as the 1D cooling time tends to-
wards the observed subsidence time. This de¢nes
the thinnest lithosphere which can account for the
observations. This lower bound is a function of
the basal boundary condition.

The Williston basin has the longest subsidence
history and hence provides the most stringent
constraint on lithosphere thickness. For ¢xed tem-
perature at the base (Fig. 7), there is no solution
for this basin if the lithosphere thickness is small-
er than 200 km. For ¢xed heat £ux (Fig. 8), litho-
spheres thinner than 125 km are ruled out. If we

Fig. 7. Anomaly radius as a function of lithosphere thickness
for ¢xed basal temperature and for j= 0.5. For each basin,
the subsidence duration d90 must be equal to the observed
one. For large lithosphere thickness, lateral heat transport
dominates and the anomaly radius is almost constant. For
thin lithosphere, the anomaly radius increases as the time-
scale for 1D thermal relaxation tends towards the observed
subsidence time.

Fig. 6. Thermal model for subsidence in the Michigan basin
for ¢xed basal heat £ux. The lithosphere thickness is set at
300 km and the anomaly radius is 30 km. The curve pre-
dicted by a 1D model is given for comparison.

Fig. 5. The acceleration of subsidence as a function of anom-
aly width h for the two basal boundary conditions. The di-
mensionless anomaly depth, j, is set at 0.5. Acceleration is
given as the ratio between the times needed to achieved 90%
of the total subsidence in 2D and 1D models.
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add the constraint that a/Q is less than 1.2, which
was discussed above, values of the £exural param-
eter in Table 1 imply that a is smaller than about
160 km. This implies in turn that the lithosphere
thickness is larger than 300 and 170 km for ¢xed
temperature and ¢xed heat £ux, respectively (Figs.
7 and 8).

For ¢xed lithosphere thickness, subsidence du-
ration leads to an estimate of load radius a and
hence, for given Q, to a predicted basin shape. All
else being equal, the width of the anomaly is
much smaller for the ¢xed heat £ux model than
for the ¢xed temperature one. This is because the
1D cooling time is much larger in the former
model, which requires an enhancement of hori-
zontal heat loss to achieve the same subsidence
duration. Fig. 9 shows a cross-section through
the present-day Williston basin, from [6], as well
as the £exure pro¢le predicted from the two ther-
mal models for 250 km-thick lithosphere. The
¢xed temperature case requires too wide an anom-
aly and implies a basin £oor which is much £atter
than observed. The ¢xed heat £ux case, however,
provides a solution which is consistent with the
observations. Furthermore, this case is the most
realistic from a physical point of view because it
accounts for the limited thermal e¤ciency of man-
tle convection. Models for lithosphere stabilisa-
tion rely on small-scale convection to provide
the deep heat £ux required for thermal steady-
state [27,3]. In the ¢xed temperature solution,
the mantle below the lithosphere is required to
sustain a speci¢c heat £ux variation as a function
of time.

4.2. Anomaly depth and compositional density
contrast

In the following, we ¢x the lithosphere thick-
ness at 250 km, following [3]. The anomaly radius
can be determined from the thermal model and
hence the known value of point load Qo (Table
1) leads to an estimate of the load per unit area,
Po. For an anomaly of height H = l3b,
Po =vbcgH, where vbc = bm3bl and bl is the den-
sity of the continental lithosphere. For given H,
the thermal model is run for the corresponding
value of j to produce an estimate of the anomaly
radius a. This leads to values for Po and vbc. The
relationship between vbc and H is illustrated in
Fig. 10 for the Michigan basin.

Fig. 9. Dimensionless surface displacement due to a deep
lithospheric anomaly beneath the Williston basin. The plain
and dashed curves correspond to the ¢xed £ux and ¢xed
temperature solutions for l = 250 km. The crosses correspond
to stacked sedimentary pro¢les from deep boreholes, from
[6].

Fig. 8. Same as Fig. 7 for a ¢xed heat £ux basal boundary
condition.

Fig. 10. Compositional density contrast in the deep litho-
spheric anomaly as a function of anomaly height. Parameters
are those of the Michigan basin and the lithosphere thickness
is set at 250 km.
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Xenolith studies indicate that the magnitude of
chemically induced density variations in the man-
tle part of the lithosphere may be as large as 110
kg m33 [1]. Within this range, the value of 100 kg
m33 for vbc allows a solution for all basins and is
consistent with the magnitude of gravity anoma-
lies (see below). We adopt this value and list re-
sults for the ¢xed heat £ux thermal model only.
For the Michigan basin, the anomaly height is
220 km and the associated radius is 50 km (Fig.
10). For the Williston basin, the longer subsidence
history implies a wider anomaly, with 110 km
radius and 105 km height.

We also use gravity anomalies to obtain an in-
dependent relationship between vbc and H. Pre-
vious authors used thin and shallow disk loads
[4,5], interpreted as dense crustal material due to
phase changes, and adjusted the load radius in
order to ¢t the observed gravity signal. Here,
the load radius is constrained by the thermal
model, and the same gravity signal can be gener-
ated by a narrow anomaly over a large height. In
[5], a rough ¢ltering procedure allows an estimate
of about +5 mgal for the gravity anomaly above
the Michigan basin. A global look at the four
basins indicates that their net gravity anomalies
are small, if they exist at all. To allow for errors
in gravity analysis, we look for solutions such that
the net anomaly is 0 þ 10 mgal. We calculate the
solution for a buried cylinder and keep the same
density contrast of 100 kg m33. For the Michigan
basin, we ¢nd that H must be larger than 210 km,
which is consistent with the previous results. The
half-width of the gravity anomaly is about 90 km,
which is in agreement with observation [4,5].

5. Discussion

5.1. Lithospheric anomalies beneath the North
American craton

Results for the four North American basins are
illustrated in Fig. 11, for a lithosphere thickness
of 250 km, ¢xed basal heat £ux and vbc = 100 kg
m33. We found two types of anomalies: wide and
thin for the Williston and Illinois basins, narrow
and tall for the Michigan and Hudson Bay basins.

Interestingly, this grouping also corresponds to
the onset of subsidence (Fig. 2), which occurred
at the same age of about 520 Ma in the Williston
and Illinois basins, in contrast to the younger age
of about 460 Ma for the Michigan and Hudson
Bay. The tall and narrow intrusion shape found
here is very similar to a cylindrical anomaly de-
tected beneath the Trans-Hudson Orogen, which
has a radius and height of about 60 and 160 km,
respectively [28].

Errors on these results arise from several sour-
ces. We equate the uncertainty on subsidence du-
ration to the longest discontinuity in the sedimen-
tation record, which amounts to about þ 10%.
For the thermal model, this implies an error of
þ 5% on the anomaly width. The error on intru-
sion height is due to uncertainties on both the
sedimentary load and intrusion width and the cu-
mulative e¡ect is about þ 20%. The same error
a¡ects the compositional density contrast esti-
mate.

5.2. Plume penetration into the lithosphere?

The simplest explanation for intracratonic ba-
sins is the penetration of mantle plumes into the
continental lithosphere. Current models have been
developed for thin oceanic lithosphere, and thick
continental lithosphere introduces important ef-
fects. Within the lower lithosphere, stresses at
the top of the plume may drive signi¢cant local
return £ow, which reduces the amount of dynamic
uplift. A key feature is that the density contrast

Fig. 11. Predicted shapes of deep lithospheric anomalies for
four intracratonic basins of North America in 250 km thick
lithosphere.
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between plume material and surrounding conti-
nental mantle is the sum of compositional and
thermal components, such that its net buoyancy
is small initially, implying a small amount of sur-
face uplift after emplacement. Further, the width
and ascent rate of the £ow are likely to depend on
thermal structure and hence thickness of the litho-
sphere, with important implications for the evolu-
tion of plume temperature and decompression
melting. Laboratory experiments and simple the-
oretical arguments on plume interaction with
thick lithosphere have been developed to address
these issues (Kaminski and Jaupart, 2000, in prep-
aration). A complete test of the plume hypothesis
is outside the scope of this paper and we only
discuss two issues: the buoyancy required to drive
plume penetration and the anomaly shape.

The compositional and thermal components of
plume density, vbc and vbT, are such that the
former is positive and the latter negative. The
present-day Hawaiian plume is about 300 K hot-
ter than `normal' convecting oceanic mantle [29].
Such a plume would need to rise ¢rst through the
convective boundary layer at the base of the litho-
sphere, across which there is a temperature di¡er-
ence of about 200 K [3]. Thus, it would reach the
base of the lithosphere with a temperature con-
trast of about 500 K. For a thermal expansion
coe¤cient of 4U1035 K31 and an average mantle
density of 3.5U103 kg m33 at 250 km depth,
vbTW370 kg m33. For the plume to rise through
the continental lithospheric mantle, it must be
buoyant with respect to it, i.e. such that
vbc+vbT 6 0. In the solutions above,
vbcW100 þ 20 kg m33, which is close to this re-
quirement. The `cratonic' plumes beneath North
America could have been hotter than the Hawai-
ian plume. There may also be an additional load
beneath the basins due to a small amount of
phase change or of erosion. For example, a local
crustal thinning of 4 km, which may exist under
the Williston basin [17], would lower the deep
lithospheric compositional density contrast to
about 85 þ 20 kg m33.

The two types of deep lithospheric anomalies
(Fig. 11) may be explained in two di¡erent
ways. One may envision plumes with di¡erent
buoyancy £uxes, with the weaker ones being un-

able to penetrate deep into the lithosphere and
pooling at its base. Alternatively, one may invoke
plumes with di¡erent lifespans, with only the
long-lived ones being able to a¡ect the lithosphere
over large thicknesses.

5.3. Subsidence analysis

In subsidence analysis, one must distinguish be-
tween thermal, tectonic, metamorphic and eu-
static controls using the speci¢c features of each
one. For example, Bond and Kominz [30] rely on
the assumption that the continental lithosphere
has a characteristic cooling time of about 60
Myr, following the in£uential paper by Sleep
[31]. Therefore, they attribute subsidence phases
which last signi¢cantly longer than this to other
e¡ects, such as renewed tectonic activity for exam-
ple. Such explanations are not warranted for thick
continental lithosphere with large thermal re-
sponse time, as illustrated in the present study.

6. Conclusion

Thermal models illustrate how the width of a
deep lithospheric anomaly controls the time-scale
of subsidence in thick lithosphere. It is not possi-
ble to account for subsidence data in the four
intracratonic basins of North America if the litho-
sphere is thinner than 170 km. If the cratonic
lithosphere is thick, the inevitable consequence is
that the mantle part of the lithosphere must be
compositionally buoyant with respect to the con-
vective mantle below. In turn, this implies that the
emplacement of deep mantle material into the
lithosphere leads: (1) to a thermal anomaly induc-
ing contraction and subsidence and (2) a perma-
nent positive density contrast driving steady-state
£exure. The dimensions of the deep lithospheric
anomalies which underlie these basins should
prove useful for investigating the physical mecha-
nism of basin formation.
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