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Abstract. We present quantitative modeling results of the dynamic interplay
of passive extension and active convective thinning of the mantle lithosphere
beneath intracontinental rift zones investigating the relative importance of thermal
buoyancy forces associated with asthenospheric doming and far-field intraplate
stresses on the style of rifting. To this aim we employ a twodimensional numerical
code based on a finite element method formulation for nonlinear temperature
dependent viscoelastoplastic rheology. Brittle behavior is modeled using Mohr-
Coulomb plasticity. The models support a scenario in which passive stretching
leads to an unstable lithospheric configuration. Thermal buoyancy related to this
asthenospheric doming subsequently drives active upwelling in a lithosphere scale
convection cell. In the late synrift to early postrift the lithospheric horizontal
stresses caused by the active asthenospheric upwelling may start to compete with
the far-field intraplate stresses. At this stage the domal forces may dominate and
even drive the system causing a change from passive to active rifting mode. If this
transition occurs, the model predicts (1) drastic increase of subcrustal thinning
beneath the rift zone, (2) lower crustal flow towards the rift flanks, (3) middle crustal
flow towards the rift center, (4) the coeval occurrence of tensional stresses within
and compressive stresses around the upwelling region, and (5) possible surface uplift.
Late postrift thermal cooling removes the thermal buoyancy forces. At this stage
the far-field forces dominate the stress state again and the lithosphere becomes more
sensitive to small changes in the intraplate stresses. The model results may explain
several key observations that are characteristic of a large number of intracontinental
rift basins. These features include differential thinning of extending lithosphere,
the discrepancy between fault-related extension and crustal thinning, late (end of
synrift to early postrift) mantle related volcanism, surface domal uplift succeeding
rifting, and rift flanks uplift associated with extension of a weak lithosphere.

1. Introduction

Thinning of the lithosphere, rifting and continental
breakup have long been considered in terms of two end-
member groups of models: active rifting models and
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passive rifting models (Figure 1) [Sengor and Burke,
1978; Turcotte and Emerman, 1983]. In the first group,
convective upwelling of the asthenosphere drives rift-
ing, e.g., a mantle plume impinging on the base of the
lithosphere drives continental breakup. In these mod-
els, local buoyancy forces generate the tensional stresses
able to break the lithosphere [Houseman and England,
1986]. In the second group of models, horizontal, in-
plane far-field forces, possibly due to large-scale plate
interactions, initialize and drive lithosphere extension
and rifting [Cloetingh and Wortel, 1986].

The relative timing of rifting and rift-related volcan-
ism was used to discriminate between these two basic

11,271



11,272

Passive Rifting

Asthenosphere

Active Rifting

Figure 1. End-member models of rifting Sengor and
Burke, [1978]. Passive rift models in which the driv-
ing forces are given by far-field extensional stresses and
the space created by lithosphere thinning is passively
filled by the asthenosphere. In passive models the crust
and mantle are expected to thin in a homogeneous way,
and volcanism and doming are expected to postdate
rifting. Active rift models in which the driving forces
providing for extension are generated by active mantle
plume impingement on the base of the lithosphere. In
active models the crust and mantle are not necessarily
thinning in a homogeneous way, i.e., subcrustal thermal
erosion of the mantle lithosphere may be envisaged, vol-
canism and doming are expected to precede rifting.

types of rifting [Sengor and Burke, 1978]. In rift zones
where doming and volcanism precede rifting, an active
mantle plume was believed to act on the base of the
lithosphere. In contrast, in rift zones where volcan-
ism and doming succeed rifting, the asthenosphere was
assumed to play a passive role, filling the space cre-
ated by localized extension. Sengor and Burke [1978]
stated that the passive mode of rifting is by far the
more widespread of the two. The following observations
support this conclusion:

1. Mantle plume-related uplift preceding rifting is
rarely observed in the stratigraphic record [Sengor and
Burke, 1978; Ziegler, 1994]. On the contrary, a num-
ber of rift basins and rifted continental margins show
widespread doming 20 to 60 Myr after the beginning
of extension [Ziegler, 1994; Horvath and Cloetingh,
1996; Delvauz et al., 1997]. Uplift of synrift grabens to
2 km above sealevel attest to these late vertical move-
ments [Karner et al., 1992; Ziegler, 1994].

2. Rift-related shallow asthenospheric volcanism oc-
curs, if at all, late in the synrift and/or postrift evolu-
tion [Latin and Waters, 1991; Wilson, 1993]

3. Rift-related volcanism has a generally enriched
upper asthenosphere or mantle lithosphere signature,
which is not typical for mantle plume-derived magmas
[Wilson, 1993].
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Indeed, a number of observations (i.e., Table 1) sug-
gest that neither of the two end-member models ade-
quately describes real-world rifts. Typically, the obser-
vations 1-3 work well in rejecting the active mode of
rifting, but the magnitude of the postrift doming, the
high amount of shallow mantle volcanism [White and
McKenzie, 1989; Latin and Waters, 1991; Keen et al.,
1994], and the strong differential thinning of the litho-
sphere [Royden and Keen, 1980; Beaumont et al., 1982]
are difficult to explain with models of pure shear exten-
sion driven by far-field forces alone.

Application of the original McKenzie model [McKen-
zie, 1978] to extensional basins showed substantial de-
viations from the model predictions [Royden and Keen,
1980; Sclater et al., 1980; Beaumont et al., 1982; Koos,
1991]. In order to explain minor or absent synrift sub-
sidence and/or very high subsidence in the postrift in
for instance the North Sea, the Labrador Sea, the Pan-
nonian basin, and many other basins, the differential
stretching model was proposed [Royden and Keen,
1980; Beaumont et al., 1982] in which the crust and
the mantle lithosphere are allowed to thin by different
amounts. In general, additional subcrustal heating, i.e.,
mantle lithosphere thinning in the late synrift/postrift
is needed to predict the observed basin stratigraphy.

The listed observations point to latestage activity in
the mantle lithosphere/asthenosphere in the evolution
of rifted basins. These features characterize among oth-
ers the central North Sea basin (Figure 2) [Koos, 1991],
Upper Rhine graben [Ziegler, 1995], the Pannonian
basin [Royden et al., 1983; Horvath, 1993; Huismans,
1999], the North Tyrrhenean sea [Bartole, 1995], the
North Atlantic passive margins [Keen et al., 1994],
Lake Baikal (Figure 3) [Delvauz et al., 1997, the Gulf
of Lyon and the Valencia trough [Bois, 1993], the Alb-
oran Sea [Cloetingh et al., 1995] and the Rio Grande
rift zone (Figure 3) [Davies, 1991] (see also Table 1).

The discrepancy between the predictions of passive
rift models and the observations may be solved by active
destabilization of the mantle lithosphere in response to
the previous passive rift history. The density of the
asthenosphere and the mantle lithosphere is predomi-
nantly governed by the thermal expansion of the rocks.
As a consequence, the mantle lithosphere is in a gravita-
tionally unstable situation (Figure 4). This potential in-
stability has been the subject of various proposed mech-
anisms for mantle lithosphere thinning, among others,
mantle delamination [Bird, 1978], boundary layer in-
stability [Houseman et al., 1981], and diapiric up-
welling of the asthenosphere in a small-scale convective
mode [Marechal, 1983; Buck, 1985; Keen, 1985; Buck,
1986; Dunbar and Sawyer, 1988; Keen and Boutilier,
1995; Huismans, 1999]. The potential of the instability
grows with increasing perturbation. Therefore pertur-
bations created by (mainly) horizontal plate tectonic
deformations have the tendency to be amplified with
time and in the case of passive lithospheric thinning,
active upwelling of the asthenosphere with all related
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Table 1. Features of Pannonian Basin, Baikal Rift, Oslo Graben, and Other Sedimentary Basins®
First Rift ~ Second Rift  Calc Alkaline Alkaline
Basins Jé] é Phase, Myr  Phase, Myr  Volcanics, Myr  Volcanics, Myr
Pannonian Basin 1.6-1.8 8-10 18-14 12-11 18-6 12-0
Baikal rift 1.4-1.6 3-4(7) 24- 6 4-0 ? 20-14
Oslo Graben 1.3-14 4-5 300-270 270-240 ? 280-270
North Sea 1.3-1.6 5-5.5 248-219 166-118 ? 176-163
Upper Rhine Graben 1.1-1.2 3-5(7) 40-23 18-0(?) ? 12-0
Limagne Graben 1.2-1.3 3-5(7) 36-23 10-5 ? 12-0
Gulf Lyon Margin 1.2-2.0 3(7) 23-16 ? 36-30 12-0
Valencia trough 1.2-2.0 4-5 23-16 ? 23-18 10-0
Alboran Sea 1.5-2.5 4-8 23-16 9-5 ? 10-0
Dnepr Don Basin 1.1-1.5 1.1-10 370-362 345-340 ? 363
Postrift Postrift First Rift = Second Rift Coeval
Basins Unconformity Doming Phase Phase Ext. Contr. Reference
Pannonian Basin yes 12-11 Myr T tension P tension yes 1,2
Baikal rift ? 0 Myr T tension P tension ? 3,4
Oslo Graben yes 240-220 Myr T tension P tension ? 5
North Sea yes 183-156 Myr P tension R tension yes (7) 6,7,8
Upper Rhine Graben ? 10-0 Myr P tension T tension ? 9,10
Limagne Graben ? 12-0 Myr T tension ? ? 10
Gulf Lyon Margin no no P tension ? ? 10,11
Valencia Trough ? 15-0(?) Myr P tension ? yes 10,12
Alboran Sea ? 11 Myr T tension P tension yes 13,14
Dnepr Don Basin ? 330 Myr P tension P tension ? 15,16

“Basin features 8 and ¢ are crustal and subcrustal thinning respectively. Timing of rift phases, volcanism, and

postrift doming are given in absolute ages in Myr.

Stress regime for the first and second rift phase, T tension is

trans tension, P tension is pure tension, R tension is radial tension, and Coeval Ext. Contr. is coeval extension and
contraction. References are 1, Royden et al. [1983]; 2, Horvath [1993]; 3, Zorin [1981]; 4, Delvauz et al. [1997]; 5,
Heeremans et al. [1996]; 6, Ziegler [1992]; 7, Latin and Waters [1991]; 8, Kooz [1991]; 9, Ziegler [1995]; 10, Bois [1993];
11, Kooi et al. [1992]; 12, Janssen et al. [1993]; 13, de Ruig [1992]; 14, Weijermars [1991]; 15, van Wees et al. [1997];

16, Wilson and Lyashkevich [1996].

features is expected to follow the first passive rift event
(Figure 5). Here the term active rifting is used in the
sense of buoyant asthenospheric upwelling not necessar-
ily implying the involvement of a deep mantle plume.
Thus the small-scale convective instability of the mantle
lithosphere may solve the (apparent) discrepancy be-
tween passive rift models and observations.

We employ fully dynamic two-dimensional finite el-
ement modeling to study the feedback mechanism be-
tween the thinning of the lithosphere induced by far-
field forces and local buoyancy flows modifying rift basin
morphology. In order to circumvent the limitations of
previous models, thermal buoyancy forces and nonlin-
ear temperature-dependent viscoelastoplastic rheology
are incorporated. The key questions we try to solve are
as follows:

1. Which conditions favor significant diapiric up-
welling and the development of an active stage?

2. What are the stresses generated by an astheno-
spheric dome and how will they compare with far-field
stresses and the strength of the lithosphere?

We will first use simple analytical models to estimate
the amount of rift push force generated upon litho-
spheric thinning. Subsequently, a two-dimensional fi-
nite element model will be used to perform a series
of numerical experiments on the sensitivity of man-
tle lithosphere destabilization to the thermomechanical
structure of the lithosphere and to far-field imposed de-
formation.

2. Rift Push Forces Owing to
Two-Stage Thinning of the Lithosphere

Deformation of the lithosphere changes the lateral
and vertical distribution of crust and mantle lithosphere
materials and the temperature structure of the litho-
sphere, which both will create lateral and vertical den-
sity variations. These generate buoyancy forces (Fg)
that tend to bring the lithosphere into a laterally homo-
geneous and vertically stable state [Artyushkov, 1973].
Under the assumption that density anomalies create to-
pography in local isostatic equilibrium the buoyancy
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Figure 2. (a) North Sea basin features [after Kooi, 1991; Ziegler, 1992]: extent of the middle

to late Jurassic central North Sea dome and broad arch uplift affected the central North Sea
in the mid-Jurassic (183-156 Myr). The amount of uplift is of the order of 0.5-2.5 km. The
doming is associated with a large volcanic center (solid area) at the triple junction of the graben
system. Alkaline volcanism is related to decompression melting of the shallow asthenosphere. The
subsidence analysis, the doming, and the decompression melts show that the second rift phase
was dominated by the effects of mantle lithosphere thinning. (b) Characteristic subsidence curves
of the North Sea basin [after Kooi, 1991] is given for two wells in 2-D best fit forward modeled
stratigraphy. The solid curve gives the subsidence history of the flank region, whereas the dashed
curve gives the subsidence history of the graben area. The rift evolution is characterized by a first
rift phase in the Late Triassic-Early Jurassic (248-219 Myr) with homogeneous extension. In the
mid-Jurassic (166-148 Myr) strong doming occurred due to subcrustal thinning with estimated
relief of 0.5-2 km. Prior to the doming, most alkaline volcanics erupted. A second rift phase
with strong subcrustal thinning and minor crustal extension is placed in the Late Jurassic-Early

Cretaceous (163-118 Myr).

Stretching was nonuniform, especially for the second rift phase.

Subcrustal heating is needed to limit the amount of postrift subsidence.

force can be obtained by integrating the pressure dif-
ference with depth [Fleitout and Froidevauz, 1982; Le
Pichon and Alvarez, 1984]:

VA .
compensation
F Buoyancy /0 Ap(z)gzdz
(1)

Zcompensation
AP(z)dz.
0

There are two components to these pressure differences:
1. Crustal thinning produces a low lithostatic pres-
sure in the lower crust at the rift axis with respect to
the thicker flanking regions due to the lower weight of
- the overlying column of crustal rocks. The effect is that
lower crustal material tends to flow inward from the
sides of the rift zone (Figure 6a).

2. Thinning of the mantle lithosphere and uplift of
the Moho at the rift axis generate a high lithostatic pres-
sure in the thinned column with respect to the flanking
areas. The light asthenospheric material has the ten-
dency to flow upward and sideward to replace colder and
denser mantle lithospheric material in a diapiricmode.
Furthermore, the lower crust tends to flow toward the

.flanking regions in reaction to the Moho uplift.

The buoyancy forces due to crustal and mantle litho-
sphere thinning are thus of opposite sign. Although
the density contrast between crust and mantle is much
larger than the density change due to the temperature
variations in the mantle lithosphere, the contribution
of the latter can be much larger because of the greater
depth extent of the mantle lithosphere.

As shown by Turcotte and Emerman [1984] and Le
Pichon and Alvarez [1984], the buoyancy force, owing to
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a) Lithospheric cross section of the Baikal rift zone
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b) Lithospheric thickness Rio Grande Rift
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Figure 3. (a) Lithosphere structure over the Rio Grande rift zone as documented by teleseismic
travel time residuals [after Davies, 1991]. Mantle tomography over the Rio Grande rift zone shows
strong mantle lithosphere thinning beneath the rift zone from values of 150 to 200 km under the
stable shield to 75 km under the rift zone whereas the crust is thinned by a minor amount. (b)
Lithospheric cross section over the Baikal rift zone [after Zorin, 1981]. Mantle tomography shows
strong upwelling of the asthenosphere beneath the Baikal rift zone. Evidence shows that mantle
lithosphere thinning occurred recently, e.g., late in the rift history [Delvauz, 1997].

lithosphere thinning by a factor 2 (Figure 6a), is of the
order of 2 x 10*> N m~? (Figure 6b). In case of continen-
tal rifting, this results in most cases in a net rift push
force analogous to the ridge push force, which makes
rifting a self-propagating process where the rift push
force has the tendency to accelerate the rifting process,
making it an inherently unstable process. With relax-
ation of the thermal anomaly a decrease takes place of
the tensional component of Fg, and the rift push force
eventually reverses sign, giving way to compression in
the late postrift [Le Pichon and Alvarez, 1984].

Forces and flow directions in rift zones

Lower Crust =i

x t 7

Asthenosphere ¥~

—» v

Flow directions

Figure 4. Far-field forces and buoyancy forces due
to crust as well as lithosphere thinning and their re-
lated potential flow directions. Because of the density
inversion over the lithosphere-asthenosphere boundary
following a passive rift event, active upwelling of the
asthenosphere is expected to occur in the late syn-
rift /early postrift. Buoyancy forces due crustal thinning
tend to drive lower crustal flow toward the rift zone,
whereas the buoyancy forces due mantle lithosphere
thinning, Moho uplift, and possible dynamic pressures
due to upwelling of the asthenosphere beneath the basin
have the tendency to drive the lower crust toward the
rift flanking areas. In the synrift and early postrift, out-
ward flow dominates whereas in the late postrift inward
flow may occur.

If we consider a situation where, following a first pas-
sive rift phase, additional thinning of the mantle litho-
sphere occurs in the late synrift to early postrift, the
tensional buoyancy forces may increase dramatically.
The density distribution in the rift system is signif-
icantly changed by the additional mantle lithosphere
thinning. Consequently the thinned area is uplifted to
lower elevations (Figure 7). This has the effect of de-
creasing and eventually diminishing the compressional
component and increasing the rift push component of
the integrated buoyancy force.

The simple model used above to estimate the buoy-
ancy forces upon lithosphere thinning is employed to
estimate the increase of the buoyancy force owing to
late synrift /early postrift additional mantle lithosphere
thinning. The crust is thinned by a fixed amount,
whereas mantle lithosphere thinning is varied between
the initial fixed amount and complete removal (Fig-
ure 8). At the start, upon homogeneous thinning, the
rift push force is in the range 1 x 10*! — 1.45 x 10! N
m~! (Figure 8), whereas it increases to maximum val-
ues of 1.85 x 1012 — 2.2 x 10'> N m~! upon subsequent
lithosphere thinning.

The integrated yield strength of the lithosphere de-
pends strongly on the thermal structure of the litho-
sphere and the crustal thickness [Cloetingh et al., 1995].
The horizontal force needed to cause significant exten-
sional yielding of the lithosphere can be estimated by
integrating the yield stress with depth. The extensional
strength of lithosphere (F;) with a typical surface heat
flow of g, = 50 x 1073 W m~2 is of the order F; ~ 3 x
10" N'm~!, whereas with a surface heat flow of g, > 75
x 107 W m~2 the force may be less than F, ~ 1 x 10'2
N m~' [Kusznir, 1982]. Since for most rift basins the
surface heat flow g; > 75 x 1072 W m~2 [Vitorello and
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Figure 5. Transition from passive to active rifting
due to small-scale convective destabilisation of the man-
tle lithosphere in the late synrift/early postrift. A hy-
brid alternative to the end-member models of rifting is
shown. Doming and shallow asthenosphere volcanism
are expected to occur in the late synrift/early postrift
eventually associated with a second rift phase.

Pollack, 1980; Morgan and Sass, 1984], we envisage that
the buoyancy forces owing to lithosphere thinning may
well be sufficient to cause significant failure and to drive
a second phase of extension.

According to the estimates given above for the buoy-
ancy forces due to lithosphere thinning twostage de-
velopment of rifting is predicted. The predicted stress
levels are sufficient to produce a second phase of ex-
tension. In addition, the rift push force will generate
not only tension in the rifted area itself but will also
generate compression toward the flanking areas of the
rift zone thus showing a pattern of coeval tension and
compression. This may explain the frequent observa-
tion of laterally changing stress state in arc-backarc en-
vironments and the occurrence of coeval extension and
contraction in these settings (see Table 1 and Cloetingh
et al. [1995]). Thus small-scale convective thinning of
the mantle lithosphere may result in a drastic increase
of the rift push force with stress levels of the order of
plate boundary forces.
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3. Numerical Method

We simulate lithosphere extension using the finite el-
ement method. A new numerical code has been devel-
oped which is based on extension of a twodimensional fi-
nite element formulation for viscous incompressible flow
[Poliakov and Podladchikov, 1992]. We modified the ex-
isting viscous code, adding elastic, plastic, and nonlin-
ear viscous behavior and supplemented it with a ther-
mal routine calculating the thermal field during run
time. The implementation involves solving the static
equilibrium equations:

6o—ij

aZCj

where o;; is the stress tensor, p is the density, g; is
the gravity acceleration, and repeating indexes imply
summation. The deviatoric deformation below plastic
yield is governed by Maxwell viscoelastic rheology:

b= Ty T
Y26 2peg

3)

Here é;; is the deviatoric strain rate tensor, 7;; is the
deviatoric stress tensor, G is the elastic shear modu-
lus, g is the effective viscosity, and 7 is the objective
Jaumann stress rate [Hughes and Winget, 1980]. Tak-
ing the first-order backward difference in time of the
deviatoric stress results in

Tij = Nésj + 7’]97‘31(1,

(4)

where 7 represents an effective viscosity for viscoelastic
flow, n = 1/(1/pegr + 1/AtG), with peg the effective
viscosity, # = 1/2AtG and the supscript old refers to the
previous time step value. The volumetric deformation
of the material is elastic:

oP .
—a? = —Keii = —KVV, (5)

where K is the bulk elastic modulus and Vv is the di-
vergence of velocity. The first order backward difference
is given by

P =Pl _ AtKVv. (6)

Now, since o;; = —Pd;; + 755, we can substitute the
discretized forms of the constitutive relationships (4)
and (6) into the static equilibrium equation (2) which
yields

Vj (27)éij) + vi(ég—va)
(7

= v, pold _ pgi — V;(n07i5).

The system of three equations (6) and (7) for three un-
known functions P,v, and vy, is identical to one for
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a) Pressure difference for thinned lithosphere b) Force level due to Lithospheric thinning
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Figure 6. (a) Illustration of buoyancy force Fp due to lithosphere thinning under the as-

sumption of local isostasy [after le Pichon and Alvarez, 1984; Turcotte and Emerman, 1983]. Fg
is given by the integrated pressure difference with depth. Homogeneous thinning of reference
lithosphere of 10 km thick with a 35-km-thick crust by a factor of 3 = 2. The contribution due
to mantle thinning is larger then the contribution resulting from crustal thinning. This results
in a net tensional rift push force of the order of 1 x 10> N m~!. Average densities are used,
no account is made of the thermal structure of the lithosphere. Crustal density is 2900 kg m 3,
mantle lithosphere density is 3360 kg m™~3, asthenosphere density is 3300 kg m~—3, and infill of
thinned area by sediment of density 2400 kg m~3. (b) Tensional stress level due to lithosphere
thinning [after Turcotte and Emerman, 1983]. Buoyancy forces are calculated by thinning a ref-
erence lithosphere of 120 km thick with a 35-km-thick crust taking account the thermal structure
of the lithosphere under the assumption of local isostasy. By concentrating the buoyancy force

in an elastic plate of 50 km thick, stress levels result of the order of 40-60 MPa.

viscous incompressible media. The only modification
required for existing penalty primitive variables FEM
formulation [Poliakov and Podladchikov, 1992] is that
for the right-hand side vector, providing that the new
definition of the effective viscosity is used. Consecu-
tive updates of the stress components must be done
to discretize in time equations (3) and (5), e.g., using
equations (4) and (6).

The effective viscosity depends on the current strain
rate and temperature:

(1=mn)

Esp  exp(Q/nRT),

A

Heff = ( 5 A> vV
where T is temperature, Esp is the second invariant
of the deviatoric strain rate tensor, @ is the activation
energy, n is the power law exponent, and R is the gas
constant. This type of power law rheology is supported
by laboratory experiments [Carter and Tsenn, 1987].
The values of A, Q, n we chose to correspond to those
for an olivine mantle, a diabase lower crust and a dry
granite upper crust [Carter and Tsenn, 1987] (Table 2).

Brittle deformation is modeled with an elastoplastic
rheology. Plastic flow occurs depending on whether a

(8)

plastic yield criterion is satisfied. The yield envelope
is described by the Mohr-Coulomb criterion for brittle
failure in terms of principal stresses:

F =0, —03Ng +2C+/Ng, (9)

where Ng = (1 +sin®)/(1 — sin®), o7 is the maximum
and o3 is the minimum principal stress, ® is the friction
angle, and C is the cohesion. The angle of internal fric-
tion is setup to follow Byerlee’s law (& = 30°-40°). If
the state of stress lies outside the failure envelope, i.e.,
F <0, plastic flow occurs and stress is reduced accord-
ing to an associative or nonassociative flow law. Consti-
tutive plastic stress-strain relationships can be derived
using the plastic potential G [Cundall and Board, 1988]:

G =01 — 03Ny, (10)
where Ny = (1 4 sin¥)/(1 — sin¥), and ¥ is the di-
latation angle. Note that in nonassociative flow ® # .
The increments of plastic strains in principal stress di-
rections are given by

oG

lastic
AeP = \g—.
¢ s (90'2'

(11)
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Figure 7.
lithosphere. Enhanced rift push due small-scale con-
vective upwelling may generate second phase of exten-
sion. (a) Passive rifting generates moderate extensional

Rift push and twostage extension of the

rift push force of the order of 1. x 10'> N m~!. (b)
Subsequent small-scale convective upwelling of the man-
tle lithosphere beneath the rift basin results in a dra-
matic increase of the rift push force of the order of plate
boundary forces, i.e., 2. x 10'2 N m~*.

Here Aef’lasmc is the plastic strain increment in prin-
cipal stress directions, and A, is the plastic multiplier.
An expression for A\s can be derived using equation (10)

and the condition that F' = 0 after plastic yield
—_— F*

T A- BNy — BNs + ANy Ng ’
Here A = (K +4G/3), and B = (K —2G/3), K is

the elastic bulk modulus, G is the elastic shear modulus,
and F* is the predicted yield. The stresses update rule

As

(12)
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due to plastic relaxation in principal stresses has the
form
(o] =

g1 —AS(A—BN\;')
03 —/\S(B—AN\I;).

(13)
g3 =

The algorithm for Mohr-Coulomb plastic yielding can
be summarized in the following steps: (1) transform
normal stress tensor to principal stresses, (2) check yield
criterion F' (equation (9)), (3) if F' <0, then calculate
Xs (equation (12)), (4) update principal stresses (equa-
tion (13)), and (5) transform principal stress tensor to
normal stresses.

Update of the stresses according to this scheme is
performed every time step, resulting in a stress state
satisfying the Mohr-Coulomb criterion throughout the
computational domain. The advantage of using Mohr
Coulomb plasticity is that dynamic pressure variations
due to tectonic stresses affect failure and amplify the
tendency for localization, which more resembles the
brittle behavior of rocks then when using a pressure-
independent von Mises-type yield criterion. Thus the
above described algorithm realizes the viscoelastoplas-
tic rheology and fulfils the stress equilibrium (equation
(2))-

Because we are studying time-dependent phenomena,
the accuracy of our numerical code is important. Our
time discretization is fully implicit, which implies stabil-
ity, and is second-order accurate. We chose a time step
which is typically At < 0.1 of the dynamically chosen
Courant time step. Decreasing time step size further
does not significantly change the results.

The temperature distribution should be computed
at each stage of the model evolution since powerlaw
creep is a strong function of temperature and the lat-
eral and vertical variations of temperature induce buoy-
ancy forces through the temperature dependence of den-
sity. The 2-D temperature field in the model is obtained
by solving the time dependent heat diffusion equation
[Turcotte and Schubert, 1982]:

Rift push change upon late Mantle lithosphere thinning
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Figure 8. Increase of buoyancy force owing to late mantle lithosphere thinning. For parameters
used see Figure (6). 3 and § are crust and mantle lithosphere thinning factors respectively, note

non-linear scale for mantle thinning factor.
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Table 2. Parameters Used

Symbol Meaning Value

E Youngs modulus 10'° Pa

G shear modulus 10'° Pa

v Poisson ratio 0.25

ng wet granite 3.3

Qc creep 186.5 kJ mole™!

Ag parameters 3.16 x 10726pa~33 ¢!
np dry diabase 3.05

Qb creep 276 kJ mole™*

Ap parameters 3.2 x 10720pg =305 g1
no dry olivine 3.0

Qo creep 510 kJ mole™?

Ao parameters 7x10714pPa=30 g1

1) angle of friction 30°

) angle of dilatation 0°

So cohesion 2 x 105Pa

Puco density U-crust 0°C 2700 kg m™*

Plco density L-crust 0°C 2800 kg m™3

Pmo density Mantle 0°C 3300 kg m 3

a thermal expansion 3.1 x 107%°C™?

k thermal conductivity 2.6 Wm™! °C™!

Cp specific heat 1050 m® s™2 °C™*

H heat production 1.107%W m™?

/)C'p%—jt1 =V (kVT) + H, (14)

where p is the density, C, is the specific heat, T is the
temperature, t is time, k is the conductivity, and H
is the heat production per unit volume. The solution
to this equation is found using a separate finite ele-
ment code that uses the same geometry as the mechan-
ical one. As the thermal field is advected by the dis-
placements of the mechanical grid, the advection term
does not appear in the heat equation. In most slow-
flow problems it is justified to solve the mechanical and
thermal equations sequentially since changes in geome-
try and temperature are small on the timescale of order
of thousands of years. The time step should be taken
small enough to justify this uncoupling of the set of
partial differential equations. Thermal boundary con-
ditions include fixed temperatures at the surface and
the bottom boundary of the model and zero lateral heat
flux through the side boundaries. The temperature de-
pendence of density is included in the form

p=(1-arT)po, (15)

where pg is the density at 0°C and a7 is the coefficient
of thermal expansion.

4. Numerical Model Formulation and
Setup
End-member crust and lithosphere configurations are

used for the initial model geometry. Lithosphere thin-
ning and extensional basin formation occur predomi-
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nantly along preexisting major weakness zones in the
crust as well as in the lithosphere [Dunbar and Sawyer,
1988; Boutilier and Keen, 1994]

Therefore the two chosen model end-member config-
urations, e.g., initial thick crust and normal lithosphere
or homogeneous crust with a thermally perturbed man-
tle lithosphere, may be seen as abstractions of end-
member prerift configurations. Since variations in crust
and lithosphere structure occur primarily across conti-
nental rifts as well as passive continental margins, it
is in a first approach valid to model lithosphere exten-
sion in a 2-D vertical section through the lithosphere
deforming in plane strain.

We used 3600, seven-node isoperimetric triangular el-
ements with a 13-point Gauss integration scheme. Fig-
ure 9 shows the configuration of our model, which is
1000 km wide and 120 km thick. This thickness cor-
responds roughly to isotherms at the base of the litho-
sphere, ranging from 1000°C to 1300°C. The model is
fixed at the bottom in the vertical direction and free to

Geometry and boundary conditions

a) Finite element mesh thick crust model
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Figure 9. Mesh and boundary conditions for the

finite element models. (a) Models of thick crust, char-
acterized by a 200-km-wide zone of 40-km-thick crust
and no or only a small thermal perturbation of 50°C at
the bottom of the model. (b) Models of normal crust,
characterized by a constant crustal thickness of 35 km
and a large thermal perturbation of 150°C at the base
in the center of the model. The base of the models is
fixed in the vertical directions and free to move in the
horizontal one, and the upper surface is free to move.
Extensional boundary velocities are applied at the lat-
eral no-tilt boundaries.
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Horizonial deviateric stress: Sxx [MPa). MODEL 14, Time = 1.6 [Ma]
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Plate 1. Model 1A thick crust, small thermal perturbation, T,=1000°C. Stress plotted on the
deformed grid (top) at 2 Myr and (bottom) at 32 Myr.
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move in the horizontal direction, and the upper surface
is free to move. At these temperatures creep will relax
tectonic stresses in a time small compared with the ge-
ological timescale. Although the lower boundary of our
models is fixed in the vertical direction, by extending
our model to depths of 120-150 km a fluid layer is incor-
porated in the computational domain in which isostatic
compensation takes place.

A constant velocity of 2 x 10719 m s™! is applied to
the right- and left-hand side boundaries of the models.
This is equivalent with a background strain rate of 4
x 10716 s~ Upon localization of deformation in the
200-km-wide center of the model strain rates may go
up to 2 x 10715 s71. Tt has been pointed out that force
boundary conditions may be more relevant to geolog-
ical problems [Kusznir, 1982]. One may argue that
once the lithosphere has been weakened significantly by
rifting, the rate of extension will be controlled in part
by resistance to motion elsewhere in the system of the
plates and kinematic boundary conditions are a reason-
able assumption [Bassi et al., 1993]. The models are
not prestressed; in the first few time steps the model is
loaded only with gravitational forces which establishes
a state of equilibrium.

The temperature is found with the following bound-
ary conditions: (1) radiogenic heat is only produced
in the upper crust where it is constant and equal to 1
x 1078 W m~3, (2) no lateral heat flux is permitted
through the side boundaries, (3) the surface tempera-
ture Tp = 0°C, and (4) constant temperature condi-
tions are imposed on the lower boundary T, = 900°C
(cold model), T, = 1000°C' (intermediate model), and
T, = 1300°C (hot model). With these assumptions the
surface heat flow is within the range 40 — 120 x 1073 W
m~2. This is compatible with observed heat flow values
typical of continental lithosphere [Chapman, 1986).

During the model evolution the temperature is fixed
at the base of the model which remains at a constant
depth. The relative importance of thermal advection
and conduction is determined dynamically inside the
domain and depends on the rate of upwelling, the depth
range, and the thermal diffusivity. Since in general dur-
ing rifting thermal advection is much more efficient then
conduction (e.g., high Peclet number case), the initial
thermal field is effectively contained during the model
evolution. Thus the constant temperature boundary
condition is only important for the initial setup of the
problem and of minor influence during the model evo-
lution.

Increased heat production owing to crustal thicken-
ing increases the geothermal gradient in the center of
the thick crust models. This may result in a thermal
anomaly of the order of 50°C at depths comparable to
the thickness of the lithosphere. Since we choose to use
a Dirichlet boundary condition at the base of the mod-
els (e.g., constant temperature), we apply a thermal
anomaly of 50°C at the base of the thick crust mod-

1
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els to keep the thermal structure consistent with the
increase heat production.

5. Numerical Results
5.1. Models With Thickened Crust

This set of models is characterized by a 350-km-wide
zone of thermally relaxed crust, thickened by 10 km
with respect to the reference crustal thickness of 35 km
(Figure 9a). The mantle lithosphere has a constant
thickness of 120 km. A Gauss-shaped small thermal
perturbation with a maximum of 50°C is applied in the
center at the base of the lithosphere. The crust is com-
posed of two layers, quartzite for the upper 15 km, di-
abase from 15 to 35 km, and the mantle lithosphere is
following an olivine rheology.

5.1.1. Model 1A, thick crust, small thermal
perturbation. The model is characterized by a basal
temperature of T, = 1000°C with a thermal anomaly of
AT = 50°C. Plate 1 shows horizontal deviatoric stress
Tz Dlotted on the deformed geometry of the model,
depth sections of 7., at chosen localities at 2 Myr and
32 Myr. Most of the thermal anomaly in this model is
due to the increased heat production in the thickened
region .

Stress concentration takes place in the upper part
of the mantle lithosphere and in the upper and mid-
dle crust. Deformation takes place in a combination of
plastic and ductile flow. The upper part of the crust
can be seen to follow Byerlee’s law for frictional sliding.
In the lower crust and the lower mantle lithosphere low
viscosity zones are visible (Plate 1) deformation essen-
tially takes place by viscous creep. The higher geother-
mal gradient together with depressing the Moho to a
greater depth reduces the depth range of strong mantle
lithosphere and stress concentration takes place in the
upper part of the mantle lithosphere. The strength of
the lower crust in the thickened region has been reduced
significantly, and a low-viscosity zone can be observed
in the lower part of the upper crust. In the following
stages of the model run, localization of deformation will
take place in the center part of the region.

At 32 Myr (Plate 1 bottom) after 350 km extension,
the rift is in its mature stage. A broad basin developed.
Moderate thinning of the crust is in contrast with very
high thinning of the mantle lithosphere. Small-scale
convection beneath the rift zone has been effective in
redistributing the mass beneath the rift zone and in
producing additional thinning of the mantle lithosphere.
Thickened regions in the lower crust and in the lower
mantle lithosphere can be observed beneath the flank-
ing regions. Significant thermal advection has occurred
beneath the rift zone.

In Figure 10, details of basin subsidence, astheno-
sphere uplift, and thinning history are given. Fast subsi-
dence of the basin center to a maximum depth of 7.5 km
occurred in the first 10 Myr. Subsequently, the basin
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Variables of MODEL 1A
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Figure 10.

- Model 1A, (top) subsidence and rise of the asthenosphere in the center of the

model, (middle) B and § in the center of the rift zone and rise velocity of the asthenosphere, and
(bottom) B and 0 over rift zone. Thinning factors for the crust and mantle lithosphere 8 and §
are defined as the ratio between the initial and the final thickness of the respective layer.

floor was slightly uplifted to shallower depths. Rise of
the asthenosphere beneath the basin occurred over a
longer time period of 30 Myr.

Relative crust and mantle thinning factors, 8 and §,
over the model at 27 Myr show strong differential thin-
ning in the center of the model. Crustal thinning is
distributed over an area of 200 km, whereas strong lo-
calized diapiric upwelling of the mantle lithosphere fo-
cuses mantle lithosphere thinning in a narrow zone in
the center of the model.

The plot of asthenospheric rise shows that after a
short initial phase the asthenosphere diapir departs
from the passive uplift pattern and accelerates. A max-
imum rise velocity of 880 m Myr~! is achieved around
5.5 Myr. After this time, the rise velocity slowly decays.
The three stages shown are typical for diapir growth,
e.g., a first phase of linear growth of the perturba-
tion, followed by a phase of acceleration and nonlinear
growth, and finally the reaching of a limiting boundary
given by the surface or a layer with distinct lower den-

sity at which the diapir stops or extrudes. In the case
considered here, the density contrast between the diapir
and its surroundings is slowly decreasing, and the rheol-
ogy becomes increasingly stronger with increasing uplift
due to the lower temperatures at shallower depths.

5.1.2. Model 1B, effect of increasing litho-
sphere thickness. In this model the effect of increas-
ing the lithosphere thickness to 150 km is studied. All
other parameters remain the same as in the previous
model. Keeping the same basal temperature has the ef-
fect of lowering the geothermal gradient. Therefore the
models are not completely equivalent in terms of the
rheology of the upper part of the system. The change
of Moho temperature is, however, minor.

Mantle lithosphere upwelling is focussed in a nar-
rower, 150-km-wide zone (Figure 11). Crustal layers
have been thinned by a moderate amount of 8 = 2,
whereas the mantle lithosphere has been thinned by a
factor 6 = 4.8. The uplift history of the asthenosphere
diapir (Figure 11) again shows the three typical stages.
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Figure 11.

Effect of variation of lithosphere thickness (model 1B). Upwelling velocity and

thinning factors for model with higher lithosphere thickness. The main effect is to increase the
buoyancy forces. This results in higher upwelling velocity for the asthenosphere and higher total
mantle thinning. Additionally, the region of upwelling is narrower then in the reference case.

At around 7 Myr, mantle thinning can be seen to de-
part from crustal thinning. The average asthenosphere
upwelling velocity has increased in comparison to the
reference model to a value of Vipax = 2.2 km Myr~!.
Compared with the previous model run, much higher
rise velocities are reached. It may be concluded that in-
creasing the mantle lithosphere thickness has the effect
of increasing the buoyancy forces and the potential in-
stability upon mantle lithosphere thinning. Because of
the lowered geothermal conditions acceleration is, how-
ever, slowed down, and it takes more time to reach these
higher velocities. ' '

5.1.3. Effect of asthenosphere temperature.
A series of funs similar in'setup to models 1, with and
without theérmal anomaly at the base, have been per-
formed in order to investigate the dependence of up-
welling velocity on asthenosphere temperature. The

basal temperature is the only variable that is varied.
The results are summarized in Figures 12a and 12b.

The variation of temperature at the base of the model
shows a clear dependence of maximum and average rise
velocity of the asthenosphere upon the ambient tem-
perature (Figures 12a and 12b). The average velocity
is obtained by taking the average on the trajectory of
steady state velocity. At low temperatures, upwelling
is negligible, whereas at higher temperatures rise ve-
locities increase strongly. Models in which the thermal
anomaly is only due to increased heat production in
the thickened region (curve zero T anomaly), show a
more gradual increase of rise velocity than models with
a thermal perturbation at the base. The increase of
rise velocity with temperature may be explained by the
strong dependence of viscosity on temperature and by
the increased buoyancy forces.
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5.1.4. Conclusions from models with thick- 5.2. Constant Crustal Thickness, Thermally

ened crust. The main difference between the mod-
els with and without thermal anomaly is given by the
timescales and velocities of diapiric upwelling beneath
the basin. This is mainly due to the larger buoyancy
force and the focusing effect resulting from the thermal
anomaly at the base in the central part of the model.

In the case of initial thickened crust and no or minor
thermal perturbation of the mantle lithosphere, thin-
ning of the crustal layer occurs in a much wider zone
then mantle lithosphere thinning. This is in agreement
with the results of Buck [1991], which show that increas-
ing the ability of the lower crust to flow in response to
crustal thickness variations, may decrease the ability of
the crust to fail in a localized way, resulting in a wide
rift.

The results here show that wide rifting of the crustal
layer does not necessarily imply wide rifting of the man-
tle lithosphere. On the contrary, narrow mantle litho-
sphere upwelling may be significant below a wide rift.
This may be explained by the fact that mantle thinning
is not only driven by the far-field necking instability but
also by the small-scale convective buoyancy instability.
Thus, in the case of thick crust with a large amount
of low viscous lower crust, the buoyancy instability is
stronger than the necking instability. This is in agree-
ment with results by Bassi and Bonnin [1988], who
performed a linear stability analysis on a layered vis-
coplastic medium in the presence of gravity and density
inversion over the lithosphere asthenosphere boundary,
which showed that the buoyancy-driven flow forms the
dominant instability upon lithosphere thinning.

The effect of increasing basal temperature as well as
lithosphere thickness in both types of models is to pro-
mote the buoyancy instability of the mantle lithosphere.
The model runs show that even in the absence of a ther-
mal anomaly at the base of the lithosphere, the thermal
anomaly due to crustal thickening and due to advection
upon thinning may be sufficient to drive the small-scale
convective instability.

Perturbed Lithosphere Model

This model is characterized by an initial homoge-
neous crustal thickness and a thermally perturbed man-
tle lithosphere, which forms the mechanical weakness
zone at which extensional deformation localizes (Fig-
ure 9b). The amount of weak lower crust is decreased
compared with the previous models.

Large wavelength thermal anomalies (e.g., thickness
variation of the lithosphere), exist on time-scales of 100-
200 Myr. In this respect, the large wavelength thermal
anomaly we apply here at the base of the model may be
interpreted as representing an inherited thickness vari-
ation of the lithosphere. The anomaly we choose corre-
sponds to a thickness variation of the lithosphere of 15
to 20 km.

Model 2 is characterized by a homogeneous crustal
thickness and large thermal perturbation. The astheno-
sphere has an intermediate temperature of 1000°C at
120 km depth. The Gauss-shaped thermal perturba-
tion, applied at the base of the model, now has a maxi-
mum of 150°C, resulting in a temperature of 1150°C in
the center of the model.

Plate 2 shows the situation at 2 Myr and at 24.5 Myr.
Horizontal deviatoric stress 7, is plotted on the de-
formed geometry of the finite element mesh. Deviatoric
stress 7., depth sections are given for chosen localities
(Plate 2, middle).

At 2 Myr, stress concentration takes place in the up-
per part of the mantle lithosphere and in the upper
crust. Deformation takes place in a combination of plas-
tic and ductile flow. The upper part of the crust can
be seen to follow Byerlee’s law for frictional sliding. In
the lower crust and the lower mantle lithosphere, low-
viscosity zones are visible (Plate 2, top) where defor-
mation essentially takes place by viscous creep. Above
the thermal anomaly in the center of the model, where
stresses in the lower mantle lithosphere are relaxed, one
can observe that due to this relaxation stress concen-
tration takes place in the upper mantle lithosphere.
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Horizontal deviatoric stress: Sux [MPa]. MODEL 2, Time = 1.6 [Ma]
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Plate 2. Model 2, constant crustal thickness, thermally perturbed mantle lithosphere,
T,=1000°C. Stress and temperature (top) at 2 Myr and (bottom) at 24.5 Myr.
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Figure 13. (top) Subsidence and rise of the asthenosphere in the center of the model, (middle)
B and ¢ in the center of the rift zone and rise velocity of the asthenosphere (middle panels), and

(bottom) 8 and ¢ over rift zone.

At 24.5 Myr (Plate 2, bottom) the rift zone is strongly
developed. Interestingly, it can be observed that in the
flanking regions the crust as well as the mantle are
thickened in an independent way. The mantle litho-
sphere beneath the flanks has been thickened due to
the mass redistribution by small-scale convection, and
the lower crust beneath the flanking regions has been
thickened due to gravity flow from the uplifted Moho in
the center of the rift zone.

In Figure 13, details of the subsidence, asthenosphere
uplift, and thinning history are given. The center of
the basin subsided rather monotonously from 0 to 20
Myr. Relative crust and mantle thinning factors, 8 and
4, over the model at 27 Myr show strong differential
thinning in the center of the model. Moderate strong
extension of the mantle lithosphere by a factor of § =
4 is in contrast with very strong thinning of the crust
by a factor of § = 9. The thinning of the crust in this
model occurs over a much narrower zone than mantle

lithosphere thinning leading to a much higher g factor
than ¢ factor for the center of the rift zone.

The thickening of the mantle lithosphere beneath
the flank regions shows that the small-scale convec-
tive buoyancy instability drives the localized flow in the
mantle lithosphere. The strong localization in the crust
is caused by the plastic instable necking in response to
the strong mechanical discontinuity created by localized
small-scale convective instability.

6. Phase Diagrams of Lithosphere
Extension Modified for Role of
Small-Scale Convection

Studies distinguishing between the different modes of
rifting concentrated until now, apart from the effects
of lithosphere cooling [England, 1983], predominantly
on crustal architecture of rift basins and rifted mar-
gins [Buck, 1991; Bassi et al., 1993]. Previous ideas on
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the style of lithosphere extension may be modified for
the twostage extension model developed above and for
the potential of small-scale convective behavior of the
mantle lithosphere. Building on the work of Braun and
Beaumont [1987), Buck [1991], Bassi et al. [1993] and
the results presented here, phase diagrams have been
constructed for the dependence of the mode of rifting
on crustal thickness, asthenosphere temperature, and
strain rate, extending the previous results with the ten-
dency for asthenosphere upwelling (Figures 14 and Fig-
ure 15).

These diagrams are of a necessarily qualitative nature
considering the large uncertainties in thermal and rheo-
logical parameters and since a finite perturbation anal-
ysis for this system has not been developed yet. How-
ever, we think it helpful in understanding the dynam-
ics of lithosphere extension to qualitatively discuss the
first-order controls and tendencies of the system and the
distinction between different modes of rifting. Although
it has been demonstrated that linear perturbation anal-
ysis has only limited value for finite perturbation prob-
lems [Buck et al., 1999; Schmalholz and Podladchikov,
2000] and is only strictly valid for infinitesimal strains,
we compare the obtained large deformation results to
the first-order estimates of the scaling estimates of the
linear analysis [Fletcher and Hallet, 1983; Zuber and
Parmentier, 1986; Bassi and Bonnin, 1988; Conrad and
Molnar, 1997).

6.1. Effect of Gravity and Brittle Layer
Thickness

These works [Fletcher and Hallet, 1983; Bassi and
Bonnin, 1988] consider the stability of a rheologically
stratified medium with alternating brittle/plastic and
nonlinear stress and temperature-dependent viscous lay-
ers. Introducing the dimensionless parameter S

H
Sng B

27y, (16)

where p, Hp, and 7, are density, thickness and brit-
tle/plastic yield strength of the layer, respectively, it is
shown that a necessary condition for instability is given
by

Hp
S< 5
where Z, is the length scale for viscosity decay by a fac-
tor e. If the criterion is not met, extension is predicted
to proceed stably without localized necking [Fletcher
and Hallet, 1983]. Whereas S describes the effect of
gravity, which stabilizes the system if gravity increases
with depth, Hg/Z,. gives the ratio between the brit-
tle/plastic stresses and the viscous stresses in the layer.
That is, increasing brittle layer thickness increases the
tendency for localized necking. The linear analysis
showed that the system is very sensitive to the relative
strength of the layers [Fletcher and Hallet, 1983; Bassi
and Bonnin, 1988].

(17)
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Using realistic parameters for lithosphere rheology
and thermal structure [Fletcher and Hallet, 1983; Bassi
and Bonnin, 1988] for the crust S ~ 2.5 — 8.0 and
Hg/Z. ~ 4 —8, whereas for the mantle lithosphere val-
ues where derived of S ~ 3.5—9.0 and Hg/Z, ~ 10—12,
which shows ‘that the crustal layer may show either
stable or unstable behavior, whereas the upper mantle
lithosphere appears to be unstable for most parameter
values [Fletcher and Hallet, 1983].

For the lithosphere-asthenosphere boundary the cri-
terion is always met since S = (p, — p1)gH /21, < 0
[Bassi and Bonnin, 1988]. Here the growth rate of the
instability has been demonstrated [Conrad and Molnar,
1997] to be inversely proportional to p,, the astheno-
sphere viscosity:

Apg
YHa

where ¢ and ¢/ are the dimensional and dimensionless
growth rate, respectively, Ap is the density contrast be-
tween lithosphere and asthenosphere, and v is the in-
verse e-folding length of viscous decay. Thus increasing
asthenosphere temperature decreases the viscosity and
thus promotes growth of the diapiric instability. This
is consistent with estimates derived elsewhere [Huis-
mans, 1999] for the timescale of asthenosphere doming,

q-~ ar, (18)

Effect of gravity-brittle layer thickness

Hg /Ze

Figure 14. Summary of predictions of the linear per-
turbation analysis [Fletcher and Hallet, 1983; Bassi and
Bonnin, 1988]. Relative importance of gravity factor S
versus ratio brittleviscous stresses Hy/Z.. S describes
the effect of gravity, which is stabilizing if gravity in-
creases with depth, whereas H;/Z, is related to the
viscosity contrast between the unstable layer and the
surrounding medium and should for stability to occur
to be as great as possible. Note that for the lithosphere-
asthenosphere boundary, gravity decreases with depth,
and consequently, this boundary is always unstable.
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which is found to depend strongly on the viscosity and
temperature of the asthenosphere.

Summarizing the control of S and Hg/Z,. on the style
of rifting (Figure 14), the linear theory predicts for low
values of Hg/Z, stable extension of the crustal layers,
with the lithosphere-asthenosphere boundary being the
most unstable interface in the system. At higher brittle
layer thickness, unstable necking of the crustal layers
may occur concomitant with diapiric instability of the
lithosphere-asthenosphere boundary.

Qualitatively, this compares well with our results
where crustal localization is sluggish or inhibited in the
case of the thick crust models (e.g., low ratio of brittle to
viscous stresses), whereas in the normal thickness crust
model, strong plastic instabilities develop both in the
crustal and upper mantle lithosphere layer, and diapiric
upwarp of the asthenosphere occurs in both models.

6.2. Effect of Asthenosphere Temperature and
Crustal Thickness on the Style of Extension

Thus at low asthenosphere temperature and normal
crustal thickness, the diapiric tendency of the astheno-
sphere is low and narrow rifts may be formed. Bend-
ing stresses in the upper part of the mantle lithosphere
may result in flexurally supported rift flank uplift (Fig-
ure 15a). At normal to high asthenosphere temperature
and normal crustal thickness, strong localization of de-
formation may be expected in the mantle lithosphere
as well as in the crustal layers. Crustal necking may be
triggered by the strong mechanical discontinuity given
by localized upwelling of the asthenosphere, resulting
in more or less homogeneous thinning of mantle and
crustal layers.

Increasing crustal thickness has the effect of increas-
ing the potential for lower crustal flow in response to
crustal and lithospheric thickness variations and con-
sequently decreases the ability of the crust to deform
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in a localized way. Thus, on a crustal scale, extension
occurs in a wide rifting mode. The mantle lithosphere,
however, may show strong localized upwelling due to
the buoyancy instability. Increasing the asthenosphere
temperature has the effect of increasing the diapiric up-
welling. Thus wide rifts with strongly thinned mantle
lithosphere may result from rifting of thick crust and
a moderate asthenospheric temperature. Whether, ul-
timately, crustal necking may accelerate and lead to
breakup depends, among other factors, on the ability
for the crust to localize deformation.

6.3. Effect of Asthenosphere Temperature and
Strain Rate on the Style of Extension

The relative importance of asthenosphere tempera-
ture and strain rate are summarized in Figure 15b. At
low strain rates and low to moderate asthenospheric
temperature, the effects of thermal conduction may
dominate over the effects of thermal advection. Small-
scale convection in this case is not effective, since the po-
tential for upwelling depends strongly on the size of the
thermal perturbation in the lithosphere. These condi-
tions may result in wide rift mode, with sluggish exten-
sion characterizing crust as well as mantle lithosphere
thinning.

Increasing the asthenosphere temperature has the
tendency to promote the buoyancy instability of the
mantle lithosphere. The low strain rates, however, still
facilitate cooling, and it will depend on the availabil-
ity of a thermal perturbation in the system whether
localized asthenosphere upwelling will occur or not. At
high strain rates and low asthenospheric temperatures
the diapiric instability will be suppressed, and homo-
geneous narrow rift mode extension of the lithosphere
is expected. At high asthenosphere temperature and
high strain rates, a feedback relation exists between the
buoyancy instability and the necking instability of the

Phase diagrams of lithosphere extension
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Figure 15. Phase diagrams of lithosphere extension. (a) The relative effects of asthenosphere
temperature and crustal thickness on the structural style of rifting. (b) Effect of strain rate and

crustal thickness on the style of rifting
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crustal layers. This may result in narrow rifts in the
case of normal crustal thickness and in wide rifts with
localized thinning of the mantle beneath it in the case
of initially thickened crust.

7. Discussion and Conclusion

Some portions of the continental lithosphere appear
to be stable on long timescales and have undergone lit-
tle or no deformation [Hoffman, 1990]. Apparently, an
additional mechanism is required for it to become un-
stable. Other authors have suggested that thickening
of the mantle lithosphere could be one such mechanism
[Houseman et al., 1981]. We suggest here that passive
intraplate driven extension provides an alternative effi-
cient mechanism destabilizing the lower lithosphere.

Our modeling results suggest that the inherent un-
stable configuration, given by the cold and dense litho-
sphere overlying the warm and lighter asthenosphere
together with horizontal plate movements, provides the
main ingredients capable of explaining the observations
in rift basins. Previous studies explained the occurrence
of strong differential thinning, alkaline basaltic magma-
tism, high heat flow values, underplating beneath pas-
sive margins associated with continental rifting, postrift
doming, and related observations in terms of the in-
teraction between mantle plumes and the lower litho-
sphere. The results presented here suggest that there
appears no need to invoke hypothetical plume activity
in explaining these observations.

The previous sections have shown that small-scale
convective upwelling of the asthenosphere following a
phase of passive extension might be a first-order effect
overlooked in previous studies. This change from plate-
mode passive extension to diapiric-mode active exten-
sion might take place in the late synrift and/or postrift
evolution of extensional basins. The predicted morphol-
ogy of rifting with an asthenospheric diapir penetrating
the mantle lithosphere closely resembles the results ob-
tained by kinematic passive differential stretching mod-
els [Royden and Keen, 1980; Sclater et al., 1980; Kooi,
1991].

Asthenosphere upwelling provides a viable mecha-
nism explaining a number of first-order observations in
rift basins which are not explained by the existing clas-
sical models of rifting. These include the frequently
observed high differential stretching, high amounts of
(postrift) volcanics and underplating below rifted mar-
gins, postrift doming 10 to 60 Myr after rifting, postrift
tectonic activity, lower crustal flow toward the rift flanks,
and possibly the coeval occurrence of extension and con-
traction in the late synrift and postrift phase.

The results have shown a strong control of astheno-
spheric temperature and prerift lithosphere configura-
tion on the style of rifting. Narrow rifting is predicted
when extension starts from a normal crustal thickness
and when the mechanical discontinuity is produced by a
thermal anomaly applied at the base of the lithosphere.
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Wide rifting, on the other hand, is predicted when the
prerift configuration is characterized by a region of thick
crust. In both cases the diapiric instability of the as-
thenosphere appears to contribute to thinning the man-
tle lithosphere. In the case of a narrow rift the local-
ization of the necking instability in the crustal layers
is, during the synrift, more efficient than localization of
the buoyancy instability in the mantle lithosphere. The
necking instability nucleates on the strong mechanical
discontinuity given by the focused asthenospheric up-
welling. In the case of wide distributed thinning of the
crustal layers, the buoyancy instability in the mantle
lithosphere is more effective than the necking instabil-
ity. In this case, strong differential thinning of the man-
tle lithosphere is promoted. In both cases the astheno-
sphere may be involved in diapiric upwelling following
the synrift. Whether this is the case depends, among
other factors, on the asthenosphere temperature, the
size of the perturbation created by passive lithospheric
thinning and the lithosphere thickness.

The modeling results predict that with a lithosphere
thickness of the order 120-200 km, the wavelength of
asthenospheric upwelling is in the order of 100 - 200
km. This is consistent with the estimates of linear sta-
bility analysis for wavelength-layer thickness relations,
which give wavelengths of the order of 150 km using
the thickness of the low viscous lower part of the litho-
sphere. However, increasing the thickness of the litho-
sphere does not increase the wavelength of the astheno-
spheric upwelling. This may be interpreted in terms of
the effect of the increasing buoyancy force with increas-
ing layer thickness which exerts a focusing effect on the
upwelling.

The buoyancy forces associated with a first phase
of homogeneous lithosphere thinning are predicted to
result in tensional stress levels of the order of 50-200
MPa tending to propagate the rifting process. Small-
scale convective upwelling of the asthenosphere beneath
the rift basin may result in a dramatic increase of the
rift-related buoyancy forces. Thinning of the mantle
lithosphere is estimated to result in a rift push force
F, ~ 2 — 3 x 102, For most rift basins, with a surface
heat flow ¢; > 75 x 1072 W m™2, this may be sufficient
to cause a second phase of extension. This is consistent
with the general observation of two stage rifting with
a characteristic delay time of 5-60 Myr (Table 1 and
Ziegler, [1994]). Additionally, the rift-related buoyancy
forces generate a rift push which produces compression
toward the rift-flanking regions. This may provide a
mechanisms to explain the coeval occurrence of exten-

"'sion and contraction in regions not very far apart.

The proposed twostage extension model, where a
change from plate-mode passive extension to diapiric-
mode active extension might take place in the late syn-
rift and/or postrift evolution of extensional basins, pro-
vides a viable alternative to the classical end-member
models of rifting.
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Horizontal deviatoric stress: Sxx [MPa]. MODEL 1A, Time = 1.6 [Ma]
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Horizontal deviatoric stress: Sxx [MPa]. MODEL 2, Time = 1.6 [Ma]
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