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Abstract

Sedimentary basin migration caused by low lithospheric extension rates is investigated using a two-dimensional
dynamic numerical model of the lithosphere. We find that continental breakup will eventually occur when larger
extension velocities are used. The duration of rifting prior to continental breakup is dependent on the extension
velocity. Stretching the lithosphere with lower velocities does not lead to breakup. Instead, the locus of maximum
extension migrates. Deformation localizes outside the first formed basin that is in turn uplifted. This basin then
becomes a ‘cold spot’ in the area. In this case, syn-rift cooling predominates; the lithosphere regains its strength
during stretching instead of becoming weaker, and the lithosphere necking zone becomes stronger than surrounding
regions. The transition velocity is, for the cases studied, about 8 mm/yr, while the locus of maximum thinning
migrates after about 50^60 Myr. A comparison with observations of the mid-Norwegian, Galicia and ancient South
Alpine margins shows a close resemblance of important features. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Numerous examples have been described in the
literature of extensional regions in which the main
locus of extension shifted in time (e.g. [1^4]). In
these areas, typically several sedimentary basins
are found that are closely located, with more or
less the same orientation of the basin axes, and a
time of formation often several tens of millions of
years apart. The centers of lithosphere thinning in
these areas seem to have migrated in time.

A well documented example of such an area is
the mid-Norwegian passive continental margin.

Prior to the ¢nal Late Cretaceous^Early Tertiary
rifting event that led to continental breakup, the
mid-Norwegian VÖring margin was a¡ected by
several rifting events ([1,3,5]). These resulted in
the formation of several sedimentary basins posi-
tioned on the passive margin between the Norwe-
gian mainland and the continent^ocean boundary
(Fig. 1). On a basinwide scale the margin may be
divided in the Permo-Triassic TrÖndelag Plat-
form, situated in the east, the Jurassic^Cretaceous
VÖring Basin, in the center of the margin shelf,
and a western extended zone related to the ¢nal
stretching event that resulted in continental break-
up at the Paleocene^Eocene transition [4,7,8], ad-
jacent to the ocean^continent boundary. The
Nordland Ridge and VÖring Marginal High are
uplifted structures. Although there still exist thor-
ough uncertainties on the deeper structures of the
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mid-Norwegian margin, and the a¡ected width of
the pre-Jurassic extension phase remains unclear
[9], the locus of extension is often suggested to
have shifted westward in time, from the TrÖnde-
lag platform to the VÖring margin to the margin
edge (e.g. [3,4,7]).

Other areas where basin depocenter shift has
been observed are the nonvolcanic Galicia margin
and the passive rifted ancient South Alpine mar-
gin (e.g. [10,11]). On the Galicia margin the loca-
tion of rifting shifted from the location of the
Interior Basin towards the site of future breakup,
on the South Alpine margin from the Lombar-
dian Basin towards the future breakup location.

1.1. Hypotheses of rift migration

Several hypotheses exist on causes of rift migra-
tion, based on the principle that rifting occurs at
locations where the lithosphere is weakest. A
mechanism for limiting extension at one location
has been studied by, for example, England [12],
Houseman and England [13], and Sonder and
England [14]. They found that cooling of the con-
tinental lithosphere during stretching might in-
crease its strength, so that the locus of deforma-
tion may shift to a region of low strain [14]. With

this mechanism, other in£uences like changes in
plate boundary forces are not needed to explain
observations of basin migration.

Migration of the locus of extension is fre-
quently suggested to be the consequence of multi-
ple stretching phases, with intermediate periods in
which the lithosphere is not under tensile stress.
Hereby, the weakened lithosphere resulting from
the ¢rst stretching phase needs time to cool su⁄-
ciently and regain enough strength before the on-
set of the next stretching event. This explanation
requires, therefore, a long period of tectonic qui-
escence between successive rifting events. It was
shown by Bertotti et al. [11], in a model of the
thermomechanical evolution of the South Alpine
rifted margin, that the thinned parts of the margin
could indeed be stronger than the rest of the mar-
gin. An explanation for this is that, after litho-
spheric thinning, the proportion of stronger man-
tle material vs. weaker crustal material is larger in
comparison to non-thinned lithosphere [11]. This
hypothesis goes together with a sudden time-de-
pendent change in the magnitude of the intra-
plate stress ¢eld, causing the di¡erent stretching
and non-stretching phases.

Steckler and Ten Brink [15] concluded, from
considering lithospheric strength variations in
the northern Red Sea region, that the strength
of the lithosphere controls the locations of rifting
and possibly new plate boundaries. For the north-
ern Red Sea region this includes a shift in the
location of maximum deformation during time.
Strength variations in this area are in£uenced by
several factors, like thickness and composition of
the crust, sediment thickness, and geotherm. Saw-
yer and Harry [16] modeled rift migration in the
USA Baltimore Canyon trough by including the
asymmetry of the pre-rift geometry. Laterally o¡-
set pre-existing weaknesses in crust and upper
mantle resulted, when the lithosphere was ex-
tended, in a shift of the rift location.

Manatschal and Bernoulli [10] found that rift-
ing migrated during Galicia and ancient Adria
margin formation in the direction of future break-
up. They proposed that cooling and strengthening
of the lithosphere during rifting forced a shift in
the rift location to previously not or basely
thinned areas. The process of syn-rift cooling

Fig. 1. Sketch of three rift zones of the mid-Norwegian mar-
gin (after [6]).
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has also been proposed to explain the formation
of some of the narrow^wide margin pairs of the
South Atlantic [17] and basin migration on the
ancient South Alpine passive rifted margin [11].

1.2. Migration by continuous slow lithospheric
extension

In this study basin depocenter migration by
continuous slow lithospheric extension is investi-
gated. When the lithosphere is extending fast, the
upwelling of warm mantle material in the area
undergoing lithosphere necking is almost adia-
batic. When the lithosphere is stretched with low-
er rates, syn-rift (lateral) cooling of the necking
area will play a more important role. Intuitively,
it can be reasoned that a set of conditions may
exist where syn-rift cooling prevails. This would
be the case when the lithosphere is stretched with
progressively smaller rates. At some point, the
lithosphere would regain its strength upon stretch-
ing rather than further losing it, and the necking
zone could become stronger than its surrounding
regions [12^14]. Hence, during continued stretch-
ing, migration of the necking area could be ex-
pected [14].

In this study, the lithosphere possessing an ini-
tially symmetric upper mantle weakness is ex-
tended in a visco-elastic plastic ¢nite element mod-
el. When large extension velocities are used,
focusing of deformation takes place, causing neck-
ing and eventually continental breakup. This will
hereafter be referred to as ‘standard’ rifting. A
di¡erent evolution of localization takes place
when the lithosphere is extended with smaller ve-
locities. In these cases, the necking area may start
migrating, and hence, prevent continental break-
up. The results of the modeling will be compared
to observations of basin migration at the mid-Nor-
wegian, Galicia and ancient South Alpine margins.

2. Modeling approach

To study lithosphere extension, a two-dimen-
sional ¢nite element model is used [18,19]. The
program is based on a Lagrangian formulation,
which makes it possible to track (material) bound-

aries, like the Moho, in time and space. A draw-
back of the Lagrangian method is that it is not
suitable for solving very large grid deformation
problems. This is a problem in analysis of exten-
sion of the lithosphere, which is often accompa-
nied by large deformations. The elements might
become too deformed to yield accurate or stable
solutions. In order to overcome this problem the
¢nite element grid is periodically remeshed.

2.1. Lithosphere deformation

In the numerical model the base of the litho-
sphere is de¢ned by the 1300‡C isotherm. Under
such conditions, approximately the upper half of
the thermal lithosphere behaves elastically on geo-
logical time scales, while in the lower half stresses
are relaxed by viscous deformation. This visco-
elastic behavior is well described by a Maxwell
body [20], resulting in the following constitutive
equation for a Maxwell visco-elastic material :

_OO ¼ 1
2W

c þ 1
E

dc
dt

ð1Þ

in which _OO is strain rate, W is dynamic viscosity, c
is stress and E is Young’s modulus [20]. For a
Newtonian £uid the dynamic viscosity W is con-
stant. In the lithosphere, however, non-linear
creep processes prevail [21,22], and the relation
between stress and strain rate can be described
by:

_OO ¼ Ac
n exp

3Q
RT

ð2Þ

where A, n and Q are experimentally derived ma-
terial constants [21,22], n is the power law expo-
nent, Q is activation energy, R is the gas constant
and T is temperature.

The state of stress is constrained by the force
balance:

9 Wc þ bg ¼ 0 ð3Þ

where g is gravity and b is density.
In this model it is assumed that mass is con-

served and the material is incompressible. The
continuity equation following from the principle

EPSL 6187 26-4-02 Cyaan Magenta Geel Zwart

J.W. van Wijk, S.A.P.L. Cloetingh / Earth and Planetary Science Letters 198 (2002) 275^288 277



of mass conservation for an incompressible me-
dium is:

9 v!¼ 0 ð4Þ

In the model, the density is dependent on the
temperature following a linear equation of state:

b ¼ b 0ð13KTÞ ð5Þ

where b0 is the density at the surface, K is the
thermal expansion coe⁄cient and T is tempera-
ture.

Besides visco-elastic behavior, processes of frac-
ture and plastic £ow play an important role in
deformation of the lithosphere. This deformation
mechanism is active when deviatoric stresses reach
a critical stress level. Here the Mohr^Coulomb
criterion is used as a yield criterion to de¢ne the
critical stress level. The Mohr^Coulomb strength
criterion is de¢ned as:

Md nM9c3c n tan B ð6Þ

where dn is the shear stress component, cn is the
normal stress component, c is the cohesion of the
material and B is the angle of internal friction
[23]. Stresses are adjusted every time step when
the criterion is reached. Frictional sliding and
fault movement are not explicitly described by
this criterion, analogous to [24].

The displacement ¢eld is obtained by solving
Eqs. 1^6. We used 2560 straight-sided seven-
node triangular elements, with a 13-point Gaus-
sian integration scheme. As the time discretization
schemes used are fully implicit, the system is un-
conditionally stable. However, the exactness of
the solution remains dependent on the time step
size, which is why the Courant criterion was im-
plemented.

Processes like sedimentation and erosion are
not incorporated in the modeling. They do a¡ect
the evolution of a rift basin and rift shoulders, and
can change the strength of the lithosphere [25].

2.2. Thermal evolution

The temperature ¢eld in the lithosphere is cal-

culated every time step using the heat £ow equa-
tion:

bcp
dT
dt
¼ D jkD jT þH ð7Þ

where the density b is de¢ned by Eq. 5, cp is
speci¢c heat, k is conductivity and H is crustal
heat production. Temperatures are calculated on
the same grid as the velocity ¢eld, and advection
of heat is accounted for by the nodal displace-
ments.

2.3. Con¢guration and initial and boundary
conditions

The model domain is divided into an upper
crust, a lower crust and a mantle lithosphere
part (Fig. 2). The layers have been assigned di¡er-
ent rheological parameters; a granite upper crust,
diabase lower crust and olivine mantle were chos-
en [22]. The rheological parameters are listed in
Table 1. In order to facilitate localization of de-
formation, the crust is thickened by 2 km in the
center of the domain. The imposed Moho surface
is assumed to be a linear feature parallel to the
future basin axis. This dip in the Moho causes a
local weakness in the upper mantle and locally
reduces the lithospheric strength. Henk [24] de-
scribes rifting of a lithosphere with this con¢gu-
ration as postconvergent extension that occurs
after thermal equilibration of the thickened crust.
In the mid-Norwegian margin the Caledonian Or-

Fig. 2. Initial model con¢guration and horizontal deviatoric
stress ¢eld. vext is extension velocity. Upon stretching of the
lithosphere, the width of the model domain increases while
its thickness decreases, preserving volume.
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ogeny probably resulted in a crust that was thick-
ened before the onset of rifting [5].

The model is not pre-stressed; deformation is
driven by velocity boundary conditions. The right
and left sides of the model domain are pulled with
a constant velocity v (Fig. 2). This constant veloc-
ity boundary condition implies that the strain rate
decreases with time, which is representative for
basin-forming processes. The range of the con-
stant extension rates tested is between V3 and
V30 mm/yr. This falls within the range of
present-day plate velocities as obtained by using
the Global Positioning System [26]. The surface is
unconstrained and on the base of the model a
vertical velocity component is prescribed calcu-
lated from the principle of volume conservation.

Temperatures are calculated using the heat £ow
Eq. 7. The initial geotherm is in steady state. The
temperature at the surface is 0‡C, and at the base
of the model (125 km depth) it is 1333‡C. The
heat £ow through the right and left sides of the
domain is zero. The crustal heat production is
constant (Table 1).

3. Results

Several tests were performed in which the litho-
sphere was extended with di¡erent constant veloc-
ity boundary conditions ranging from rather large
velocities of V30 mm/yr to extension velocities of
V3 mm/yr. In these tests the model setup (see
Fig. 2) is similar. The results suggest that two
principally di¡erent patterns of development ex-
ist : when the lithosphere is extended with a total
velocity less than V8 mm/yr, localization of de-
formation evolves distinctly di¡erently from when
the lithosphere is stretched with higher rates.

To check the possibility that the horizontal size
of the model domain might control any of the
processes, some tests were performed with much
larger horizontal model sizes as well. The horizon-
tal size of the model domain proved to be of no
in£uence on the results.

3.1. Rifting resulting in continental breakup

3.1.1. Evolution of lithosphere deformation
As the rift structures resulting from the larger

boundary velocity models (‘standard necking
cases’) do not di¡er signi¢cantly, one representa-
tive test in which the lithosphere was stretched
with a total velocity of about 16 mm/yr is dis-
cussed here. When the lithosphere is extended,
the deformation localizes in the center of the do-
main where the initial mantle weakness was intro-
duced. Thinning of the crust and mantle litho-
sphere concentrates here, and mantle material
starts to well up (Fig. 3). Thinning of the crust
and mantle lithosphere continues, eventually re-
sulting in continental breakup, after V27 Myr
of stretching. Continental breakup is here de¢ned
as occurring when the crust is thinned by a factor
20, but another factor or another de¢nition for
continental breakup could also have been chosen.
This de¢nition corresponds to about 40^50% of
extension of the model domain at continental
breakup. The thinning factors of the crust (L)
and mantle (N) parts of the lithosphere are shown
in Fig. 4. The base of the mantle lithosphere is the
1300‡C isotherm, and L and N are de¢ned to be
the ratio between the initial and the present thick-

Table 1
Material parameter values

Parameter Value

Density 2700 (u.c.), 2800 (l.c.), 3300
(m.l.) [kg/m3]

Thermal expansion 1U1035 [K31]
Crustal heat production 1U1036

[W/m3]
Speci¢c heat 1050 [J/kg/K]
Conductivity 2.6 (crust), 3.1 (mantle)

[W/m/K]
Bulk modulus 3.3U1010 (crust), 12.5U1010

(mantle) [Pa]
Shear modulus 2U1010 (crust), 6.3U1010

(mantle) [Pa]
Power law exponent n 3.3 (u.c.), 3.05 (l.c.), 3.0 (m.l.)
Activation energy Q 186.5 (u.c.), 276 (l.c.), 510 (m.l.)

[kJ/mol]
Material constant A 3.16U10326 (u.c.), 3.2U10320

(l.c.), 7.0U10314 (m.l.) [Pa3n/s]
Friction angle 30‡
Dilatation angle 0‡
Cohesion factor 20U106 [Pa]
(Initial) thickness of model
domain H

125 [km]
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ness of the crust or mantle lithosphere respec-
tively.

The total (integrated) strength of the litho-
sphere during rifting is shown in Fig. 5. The cen-
ter of the model domain where the initial mantle
weakness was imposed is the weakest part ; this
continues to be so until breakup. The values of
the integrated strength of continental lithosphere
vary between 1012 and 1013 N/m, the higher values

characterize Precambrian shields [21,27]. The
strength of the lithosphere in the model falls with-
in this range. The strength decreases with time,
caused by thinning and heating of the lithosphere
as a consequence of stretching, the non-linear
rheology, and decreasing strain rates.

3.1.2. Relation between rift duration and extension
velocity

The evolution of the localization of deforma-
tion in other cases with higher constant boundary
velocities is comparable to that discussed above.
One zone develops where deformation concen-
trates, and thinning continues, eventually result-
ing in continental breakup in all cases. The dura-
tion of rifting until the breakup depends on the
extension velocity. When the lithosphere is
stretched with larger velocities, it takes less time
to reach continental breakup (Fig. 6). When the
total extension velocity is less than V8 mm/yr,
stretching of the lithosphere does not lead to con-
tinental breakup. This is discussed in more detail

Fig. 4. Evolution of thinning factors of crust (L) and mantle
lithosphere (N) for case vextW16 mm/yr. Breakup after V27
Myr. Width of the model domain (horizontal axis) vs. time
(vertical axis). The width of the model domain increases as
the lithosphere is extended.

Fig. 3. Thermal evolution of lithosphere for case vextW16 mm/yr, 2, 10 and 20 Myr after stretching started. Note the changing
horizontal and vertical scales in the panels indicating the changing sizes of the model domain upon stretching.

Fig. 5. Evolution of lithosphere strength (vH0 c(z) dz), in N/
m, for case vextW16 mm/yr.
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in Section 3.2. The dependence of rift duration on
potential mantle temperature is discussed in Van
Wijk et al. [28]. The shape of the rift shows no
clear dependence on the velocity boundary condi-
tion tested here (see also Bassi [29]).

The tendency for the lithosphere to neck (or to
focus strain) is weaker with decreasing extension
velocity. When the stresses exerted on the litho-
sphere are smaller, the rate of localization is also
slowed down. The mantle upwelling is slower and
syn-rift lateral conductive cooling plays a more
important role. When the lithosphere is stretched
at high rates, the upwelling of mantle material is
fast (almost adiabatic) with little or no horizontal
heat conduction. The fast rise of hot material fur-
ther reduces the strength of the lithosphere in the
central region, with the consequence that defor-
mation and thinning are even further accelerated.
The result is a short rifting period and rapid con-
tinental breakup.

3.2. Rift migration

3.2.1. Thermal evolution
When extension is characterized by lower veloc-

ities, the lithosphere reacts di¡erently. The results
of one representative test (total extension rate of
V6 mm/yr) have been selected to illustrate this.
The lithosphere is stretched relatively slowly in
this case for a period of more than 100 Myr.
The thermal evolution of the lithosphere is shown
in Fig. 7. During the ¢rst 30 Myr after onset of
stretching, deformation localizes in the center of
the domain where the lithosphere was initially

weakened (Fig. 2). Mantle material wells up and
a sedimentary basin is formed. Then, as litho-
spheric stretching proceeds, temperatures begin
to decrease (see panels 45 Myr and 50 Myr;
Fig. 7), in contrast to what happened in the stan-
dard necking case shown in Fig. 3. Development
of the upwelling zone ceases and the lithosphere
cools in the center of the domain. Cooling of the
central zone continues, while after 70 Myr an in-
crease in temperature is visible on both sides of
the central zone. These new upwelling zones fur-
ther develop (Fig. 7, 110 Myr panel) and two new
basins are formed adjacent to the ¢rst basin. Tem-
peratures in the lithosphere below the ¢rst-stage
basin are now lower than temperatures in the sur-
rounding lithosphere; a ‘cold spot’ is present in
an area that previously underwent extension (see
also Fig. 8). Surface heat £ow values re£ect this
thermal structure; the surface heat £ow values are
lower in the ¢rst-stage basin (66 mW/m2) than in
the surrounding areas (75 mW/m2) at 110 Myr.

3.2.2. Lithosphere thinning
The thinning factors of the crust and mantle

lithosphere are shown in Fig. 8. Thinning of the
crust starts in the central weakness zone of the
domain, as expected. One basin is formed, with
a maximum thinning factor of V1.85 for the
crust. Crustal thinning in the central basin contin-
ues until about 65 Myr after the onset of stretch-
ing, at which time the locus of thinning shifts
towards both sides of the ¢rst basin. The loci of
maximum thinning of the new ‘rifts’ are at a dis-
tance of about 500 km from the center of the ¢rst
rift. The ¢rst necking zone is not further thinned,
although stretching of the lithosphere continues.
Instead, two new basins have developed, below
which further thinning of the lithosphere is ac-
commodated. The thinning factor of the mantle
lithosphere re£ects this behavior. During the V45
Myr after stretching started the upwelling mantle
material causes N to be larger in the central zone
of the domain than in its surroundings. After this
time, however, temperatures decrease rapidly in
this area (see also Fig. 7). New upwelling zones
develop on both sides and N decreases in the re-
gion of the ¢rst basin and increases where the new
basins develop.

Fig. 6. Rift duration to continental breakup as a function of
total extension velocity (stars). Rifting eventually results in
breakup at larger extension rates, while at lower rates syn-
tectonic cooling prevails and the rift migrates before breakup
is reached (see text).
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Fig. 9. (A) Evolution of relative surface topography for mi-
grating rift case, vextW6 mm/yr. Gray lines indicate the posi-
tions of the corresponding synthetic subsidence curves de-
rived from this panel, shown in B. (B) Synthetic subsidence
curves for three locations indicated in A: in the ¢rst-stage
basin (right panel), outside this basin but in the new basin
(left panel) and in the transition zone (middle panel).

6

Fig. 8. Evolution of thinning factors for crust (L) and mantle
lithosphere (N) for case vextW6 mm/yr. No continental break-
up. The asymmetry (upper panel) is caused by the asymme-
try of the ¢nite element grid that was used. We used triangu-
lar-shaped elements that resulted in a not perfectly
symmetric mesh and initial Moho topography. The wiggles
in the lines (lower panel, upper right) are due to interpola-
tion inexactnesses while calculating the mantle thinning.

Fig. 7. Thermal evolution of lithosphere for migrating rift
case, vextW6 mm/yr, times in Myr after stretching started.

Fig. 10. Lithosphere strength evolution for migrating rift
case, vextW6 mm/yr.
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3.2.3. Tectonic subsidence
The relative topography of the surface and tec-

tonic subsidence curves for three di¡erent loca-
tions are shown in Fig. 9. The central basin
reaches a maximum depth of about 760 m. This
tectonic subsidence would be further ampli¢ed by
sedimentation. The basin is at its maximum depth
V35 Myr after stretching started. Then the basin
subsidence commences and at both sides of the
basin surface subsides. Ziegler [30] de¢ned basin
inversion as the reversal of the subsidence pat-
terns of a sedimentary basin in response to com-
pressional or transpressional stresses. Following
this de¢nition, no basin inversion takes place
here as the lithosphere remains in a tensional re-
gime. The synthetic tectonic subsidence curve for
this basin (right panel) shows a clear reversal of
the subsidence pattern. Here, basin uplift thus
takes place in a stretching regime. The relative
uplift is considerable; with values, depending on
the location in the basin, of approximately 800^
1700 m. The left panel in Fig. 9B shows the sub-
sidence curve at the location of the migrated rift.
After about 50 Myr subsidence starts. The central
panel shows the subsidence curve for the ‘transi-
tion zone’ between the original basin and the ba-
sin formed after migration. This area displays
continuous uplift.

3.2.4. Lithosphere strength
The total strength of the lithosphere, obtained

by integrating the stress ¢eld over the thickness of
the lithosphere [21], is shown in Fig. 10. The cen-
tral part of the model domain is weaker than else-
where until about 55 Myr after stretching started.
Its minimum strength value is already reached by
30 Myr. Thereafter the strength increases, but re-
mains less than for the rest of the domain. From
55 Myr, the smallest values of lithospheric
strength are found on both sides of the central
basin. By comparing the strength with the thermal
structure of the lithosphere (Fig. 7), the strong
dependence of the strength on the temperature is
easily demonstrated.

3.2.5. Lithosphere deformation
The horizontal and vertical components of the

velocity ¢eld are shown in Fig. 11, for several time

intervals. These were corrected for the kinematic
velocity ¢eld. In the ¢rst panels, from 25 Myr
after stretching started, one strong central upwell-
ing zone is present (see the vertical z component
of the velocity ¢eld) with two weaker downwelling
zones on either side. Material for the upwelling
zone is drawn into the zone from deep in the
lithosphere; in the horizontal or x component ve-
locity panel it is visible that mantle material
moves towards the left on the right side of the
center and towards the right on the left side of
the center, so the movement of the material is
towards the center, deep in the lithosphere. The
thickness of this horizontal convergence zone is
about 20 km.

By 50 Myr after stretching started, the upwell-
ing zone becomes split into two zones. While the
lithosphere is still extending with the same veloc-
ity, the maximum velocities in the horizontal and
vertical direction become reduced by almost one
order of magnitude. Mantle material still wells up,
but the upwelling is considerably weaker. After 60
Myr two separate, new upwelling zones are active,
and the upwelling region has been reversed to
form a downwelling zone. In the horizontal veloc-
ity component panel a similar split is visible ; two
converging zones have developed. By 110 Myr the
two upwelling zones are fully developed, and the
horizontal and vertical velocities are once again
increasing. The x component of the velocity ¢eld
shows that the ¢rst-stage basin that was formed is
eventually uplifted with respect to its surround-
ings; as part of the two upwelling systems, crustal
and mantle material converges in the area of for-
mer basin formation. The response of the litho-
sphere to other low extension velocities is similar
to the case described above. The single upwelling
system eventually splits into two new upwelling
zones. The ¢rst-stage basin is uplifted and two
separate, new rifts are formed.

3.2.6. Sequence of events
Comparing Figs. 7, 10 and 11, we observe that

the strength in the center of the domain already
starts to increase (at 35 Myr), while the upwelling
zone does not split into two zones until V50 Myr
after stretching began. Temperatures in the up-
welling area start to drop from 35 Myr, which
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initiates the re-strengthening of the thinned litho-
sphere. Considerable syn-rift conductive cooling
of the warm upwelling mantle material seems to
cause this reduction in temperature. The upwell-

ing is so slow that syn-rift cooling can play a
major role. The strength of the lithosphere, how-
ever, attains its minimum value in the center part
of the domain until the upwelling zone has begun

Fig. 11. Corrected velocity ¢eld (see text) in the lithosphere at 25, 50, 60 and 110 Myr after stretching began, for migrating rift
case, vextW6 mm/yr. (A) Horizontal component of the velocity ¢eld. Velocities are positive to the right, negative to the left.
(B) Vertical component of the velocity ¢eld. Velocities are positive upwards, negative downwards. Velocities in m/s. 1e-10 means
1U10310. Note that a larger part of the model domain is shown here than in the other ¢gures for a better illustration.
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to split up, and crustal thinning in this region
continues until V60 Myr. Renewed crustal thin-
ning on both sides of the ¢rst basin is delayed for
V20 Myr. It starts when the two new upwelling
systems have fully developed.

3.3. Multiple rifts

In the model, rifting in the original basin is
taken over by rifting in two new zones. This is
the case in an almost perfectly symmetric litho-
sphere con¢guration. In the Earth however, such
perfectly symmetric situations are very unlikely
(e.g. because of pre-existing structural inhomoge-
neities, deep crustal structures, etc.). Therefore,
renewed rifting is likely to take place at one pre-
ferred side of the original basin.

When the rate at which the lithosphere is ex-
tended is larger than a certain ‘critical’ value, ex-
tension may eventually end in continental break-
up. Smaller extension rates will not result in
breakup, instead, when extension continues, the
locus of maximum extension shifts, the old basin
is abandoned and rifting concentrates in other
areas. This may lead to a region of lithosphere
extension with several rifts. The basin that is
formed ¢rst is (partly) uplifted while the next ba-
sin is formed. This cycle can be repeated one or
several times, resulting in, for example, a third
basin. Between the cessation of rifting in the
¢rst-stage basin and the onset of rifting in the
second-stage basin a period of some tens of mil-
lions of years is predicted with the setup and
rheological parameters used. The rifts may almost
border on one another; a small zone without sig-
ni¢cant subsidence or uplift and an inverted or
uplifted region separate the basins. The critical
extension rate which separates the two localiza-
tion modes (resulting in continental breakup and
resulting in rift migration) is about 8 mm/yr. The
dependence of these parameters on initial and
rheological conditions, however, needs further in-
vestigation.

While in the modeling the lithosphere under-
goes constant extension, separate periods of local-
ized deformation or necking can be distinguished.
From the ¢nal situation alone it is di⁄cult to
determine whether the area of lithosphere exten-

sion with multiple rift zones is the result of one
stretching episode or multiple stretching phases.
In order to generate rift migration, sudden
changes in the intra-plate stress ¢eld are not re-
quired, provided that the rate at which the litho-
sphere is extended is low.

The results of this study are qualitatively in
agreement with previous studies on limited exten-
sion (e.g. [12^14]). Sonder and England [14] found
that just after the onset of extension the strength
of the lithosphere decreases slightly, while after
some time cooling increases the strength. Breakup
is expected at high strain rates, the locus of de-
formation shifts at lower strain rates. The transi-
tion is predicted between strain rates of 10314 and
10316 s31. England [12] found that the duration of
rifting until breakup is probably less than 10^20
Myr, our modeling study predicts that longer rift
durations are possible. Houseman and England
[13] predicted that the maximum extension factor
before extension ceases is probably 6 1.5; we ¢nd
slightly larger values before migration takes place
(LW1.85). Shifting of the location of extension is
also found in modeling studies by Bassi [29,31],
Bassi et al. [32] and Hopper and Buck [33], on
smaller scales and time spans.

4. Comparison with observations of migrating rifts

In the mid-Norwegian margin, three rift zones
are present (see Fig. 1); these formed during a
Permo-Triassic episode (290^235 Ma), a Late Ju-
rassic^Early Cretaceous episode (170^95 Ma) and
a Late Cretaceous^Early Tertiary episode (75^57
Ma) [3,5,7], respectively, all under E^W to SE^
NW directed extension [9]. The time gap between
the successive rifting events was V20^60 Myr.
Maximum crustal thinning factors range from
1.6 for the Permo-Triassic TrÖndelag Platform,
to about 2.6 for the Late Jurassic^Early Creta-
ceous VÖring Basin [6]. In comparison with the
modeling results, the time gap between the succes-
sive rifting events is of the same order, and the
crustal thinning factors also correspond favorably.

The model experiments predict an uplift of
(part of) the ¢rst-stage basin, and re-thickening
of the thinned crust. On the mid-Norwegian mar-

EPSL 6187 26-4-02 Cyaan Magenta Geel Zwart

J.W. van Wijk, S.A.P.L. Cloetingh / Earth and Planetary Science Letters 198 (2002) 275^288 285



gin both the Nordland Ridge and the VÖring
Marginal High are uplifted structures, as well as
the western part of the VÖring Basin (Fenris Gra-
ben, Hel Graben and Fulla Ridge) and the west-
ern part of the TrÖndelag Platform [5]. The Nord-
land Ridge and western part of the TrÖndelag
Platform experienced uplift probably in the Early
Cretaceous [5,8]. This uplift is suggested to be rift-
£ank uplift from the VÖring Basin formation [5].
The VÖring Marginal High and the western part
of the VÖring Basin experienced regional uplift
probably in the Early Tertiary [5]. This uplift is
frequently suggested to be related to the thermal
(or magmatic underplating) in£uence of the Ice-
land mantle plume during continental breakup
(e.g. [34,35]). The observed inversions and uplifts
are considerable; maximum estimations range
from 1500 (Nordland Ridge) to 2400 m (VÖring
Marginal High). The modeling predicts uplift,
starting at the end of the formation of the ¢rst-
stage basin and continuing during the ¢rst part of
the formation of the second-stage basin. These pre-
breakup uplifted structures of the mid-Norwegian
margin may have experienced basin shift-related
uplift. Other pre-breakup contractional structures
at the Norwegian continental shelf have been sug-
gested to be related to the Alpine Orogeny [36].

On both the Galicia and South Alpine margins,
rifting migrated after about 20^30 Myr of exten-
sion to the location of eventual sea£oor spread-
ing. The Interior and Lombardian basins attained
crustal thinning factors of about 1.4^1.5
[10,11,37], before the basins migrated. These ex-
tension factors and rift durations are smaller than
the modeling predictions. On the Galicia margin,
extension of the new (second-stage) basin was
contemporaneous with uplift continentward (the
Galicia Bank) [10], and Manatschal and Bernoulli
[10] suggested that this might be a breakup-re-
lated isostatic edge e¡ect. The similarity with the
model-predicted uplift suggests that it is possibly
basin migration related. Below the Lombardian
basin, cooling started soon after the onset of rift-
ing [38]. This is in agreement with the modeling
results. The modeling results con¢rm the explan-
ations of basin depocenter shifts on these margins
by [10,11], who found that syn-rift cooling of the
lithosphere led to strengthening, which eventually

forced the locus of thinning to migrate to weaker
and less extended areas.

The importance of understanding the interplay
between extensional basins and inversion tectonics
and uplifted structures has been addressed by
Cloetingh et al. [39]. This study shows that these
features, which are often related to compressional
regimes, may also occur in extensional regimes.

5. Conclusions

This modeling study predicts that basin migra-
tion can be the result of constant stretching of the
lithosphere with low rates. As the lithosphere is
extended at progressively high rates, continental
breakup eventually occurs. The duration of rifting
prior to continental breakup is dependent upon
the extension velocity; the larger the extension
velocity, the sooner continental breakup will oc-
cur. When the lithosphere is stretched with a ve-
locity lower than a ‘critical’ velocity, continuing
stretching will eventually no longer result in con-
tinental breakup. Instead, syn-rift cooling starts
to play a major role causing the originally devel-
oped necking zone to cease and new necking
zones to develop. Deformation then localizes out-
side the ¢rst formed basin that is, in addition,
uplifted. This basin becomes a ‘cold spot’ in the
area. A qualitative comparison with observations
of the mid-Norwegian, Galicia and ancient South
Alpine passive continental margins shows a close
resemblance of important features. Particularly
interesting are the observed uplifted structures;
they are predicted by the modeling as well. An-
other outcome of this modeling study is that one
lithospheric extension episode appears to be su⁄-
cient to explain separate rift locations and epi-
sodes present in a single extensional area. Slow
lithospheric extension appears to be a possible
cause for basin migration.
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