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ABSTRACT

Classical models of lithosphere thinning predict deep synrift basins covered by wider and thinner

post-rift deposits. However, synextensional uplift and/or erosion of the crust are widely docu-

mented in nature (e.g. the Base Cretaceous unconformity of the NE Atlantic), and generally the

post-rift deposits dominate basins fills. Accordingly, several basin models focus on this discrepancy

between observations and the classical approach. These models either involve differential thinning,

where the mantle thins more than the crust thereby increasing average temperature of the litho-

sphere, or focus on the effect of metamorphic reactions, showing that such reactions decrease the

density of lithospheric rocks. Both approaches result in less synrift subsidence and increased post-

rift subsidence. The synextensional uplift in these two approaches happens only for special cases,

that is for a case of initially thin crust, specific mineral assemblage of the lithospheric mantle or

extensive differential thinning of the lithosphere. Here, we analyse the effects of shear heating and

tectonic underpressure on the evolution of sedimentary basins. In simple 1D models, we test the

implications of various mechanisms in regard to uplift, subsidence, density variations and thermal

history. Our numerical experiments show that tectonic underpressure during lithospheric thinning

combined with pressure-dependent density is a widely applicable mechanism for synextensional

uplift. Mineral phase transitions in the subcrustal lithosphere amplify the effect of underpressure

and may result in more than 1 km of synextensional erosion. Additional heat from shear heating,

especially combined with mineral phase transitions and differential thinning of the lithosphere,

greatly decreases the amount of synrift deposits.

INTRODUCTION

McKenzie’s (1978) highly influential study ‘Some

remarks on basin formation’ explains how extensional

basins evolve in two phases. First rapid stretching and

thinning of the lithosphere (and most importantly, its

crustal part) forms the synrift part of a basin. The second

part includes contraction of the lithospheric rocks as they

cool towards thermal re-equilibration, which causes ther-

mal subsidence of the lithosphere and formation of the

post-rifting part of a basin. The concepts of synrift sedi-

mentation, often associated with normal faulting, and

post-rift sedimentation, guided by thermal subsidence,

have been applied worldwide (see review in Ziegler &

Cloetingh, 2004), and represent the basic consensus and

numerical basis in most basin models implemented in

petroleum exploration (e.g. Hantschel & Kauerauf, 2009).

Although the simple McKenzie (1978) model can pre-

dict qualitatively the evolution and structure of basins,

the quantitative predictions often fail (Ziegler & Cloet-

ingh, 2004). A typical observation is that the rift episodes

are not accompanied by significant synrift subsidence and

the basins are dominated by post-rift sediments (Royden

& Keen, 1980; Sclater et al., 1980; Beaumont et al., 1982;
Spadini et al., 1997; Walker et al., 1997). A second com-

mon observation is that rifting is immediately followed or

partly synchronous with surface uplift. A prominent

example of this is the Base Cretaceous unconformity in

the North Atlantic (Surlyk, 1991; Brekke et al., 2001;
Hartz et al., 2001; Kyrkjebø et al., 2004). This superre-
gional erosional unconformity marks the end of rifting,

and thus uplift at a time where classic models of passive

rifting suggest the most rapid subsidence. In the NE

Atlantic synextentional uplift is repeated during Late

Cretaceous-Palaeocene rifting (Ren et al., 2003). A third

discrepancy can be inferred from close inspections of sub-

sidence curves published in several areas (White &

McKenzie, 1988; Gabrielsen et al., 2001; Ziegler &
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Cloetingh, 2004) that suggest that subsidence accelerates

during post-rifting phase (Middleton, 1980; Hamdani

et al., 1994), at a time where classic models suggest that

subsidence should slow down.

Figure 1 illustrates these three points. The thin Juras-

sic synrift is overlain unconformably by massive amounts

of Cretaceous post-rift. The Base Cretaceous unconfor-

mity indicates that the late synrift was eroded before the

post-rift was deposited. The case is even more extreme

for late Cretaceous rift, which essentially did not leave a

trace apart from a massive post-rift package.

In this study we elaborate on two approaches that have

been developed to explain these phenomena, either dis-

cussing the effects of differential thinning (e.g. Royden &

Keen, 1980; Beaumont et al., 1982; Rowley & Sahagian,

1986) or mineral phase transitions within the lithosphere

(e.g. Podladchikov et al., 1994; Yamasaki & Nakada,

1997; Petrini et al., 2001; Kaus et al., 2005; Simon &

Podladchikov, 2008).

Models focusing on differential thinning advocate that

the crust is less thinned than the underlying lithospheric

mantle. The effect of differential thinning is that the

amount of synrift sediments is reduced by the counter

effect of the additional buoyancy of the hot lithospheric

mantle and elevated asthenosphere. Consequently, post-

rift sediments dominate, as the increased thermal pertur-

bation of the sub-crustal mantle in the synrift leads to

subsequent increased thermal subsidence. Such models

either suggest that a major low-angle extensional detach-

ment separates the less stretched crust and the highly

thinned mantle (Wernicke, 1985) or, alternatively, the

models focus on the ‘steer-head’ geometry of rift basins,

where the post-rift basin covers a far wider area than the

rift. These contributions advocate that the mantle is

stretched over a wider area, which thereby will subside

beyond the rift by widespread thermal subsidence (White

&McKenzie, 1988).

Mineral phase transitions have a strong effect on the

evolution of basins given that minerals in the mantle may

significantly decrease their density as pressure drops in

thinned lithosphere and temperature increase (Podlad-

chikov et al., 1994; Yamasaki & Nakada, 1997; Petrini

et al., 2001; Kaus et al., 2005; Simon & Podladchikov,

2008). The decreasing density of the mantle lower the

lithospheric weight, causing additional isostatic uplift,

decreasing the package of the synrift sediments and

increasing the post-rift package (Petrini et al., 2001;

Simon & Podladchikov, 2008). In some extreme cases the

models can even result in synrift uplift (Kaus et al.,
2005).

Most of the above-mentioned studies consider 1D

basin formation. Additional theoretical work was done

with 2- and 3-D analytical and numerical models that

bring the understanding to a new level considering, for

example, flexural and brittle behaviour of lithosphere (e.g.

Braun & Beaumont, 1989; Weissel & Karner, 1989; Huis-

mans & Beaumont, 2002; P�erez-Gussiny�e et al., 2006;
Burov & Gerya, 2014) and applying the models to real

examples (e.g. Ebinger et al., 1991; Wolfenden et al.,
2005; P�erez-Gussiny�e et al., 2006). To identify key pro-

cesses of basin evolution and reduce number of variables,

we concentrate on 1D modelling.

We also exclude two processes that may change the

style of basin evolution dramatically. Active rifting

Fig. 1. Profile across the Viking graben of northern North Sea (modified from Christiansson et al., 2000). The onset of the main rift-

ing event is somewhat enigmatic, but the sedimentary packages clearly grow in the Upper Jurassic and faults generally die out in the

Lower Cretaceous. Sediments older than this are referred to as prerift, and sediments younger are referred to as post-rift. A later,

Palaeogene, rifting limits the duration of the post-rift sequence. The synrift sequence is significantly thinner than the post-rift sedi-

ment package, with a thickness ratio of k< 0.5 for most of the cross-section. Significant erosion is marked by the Base Cretaceous

unconformity below the post-rift sequence. This is also evident from the subsidence curves for several synthetic wells (inlet, modified

from Gabrielsen et al., 2001). The well positions are marked by triangles with corresponding colours on the top of the profile. The

duration of the main rifting event and the later Palaeogene rifting are marked by darker and lighter grey boxes correspondingly.
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involving significant additional heat flux from mantle and

melting of the lithosphere denominates some natural rift

systems, as, for example, the East African Rift System

(Ziegler & Cloetingh, 2004; Wolfenden et al., 2005; Keir

et al., 2009). Serpentinisation of the uppermost mantle

controls other natural systems, as, for example, the hyper-

extended Iberian margin (P�erez-Gussiny�e et al., 2006;

Peron-Pinvidic et al., 2013). These two effects require

special thermal and pressure conditions and fluid avail-

ability (Ulmer & Trommsdorff, 1995; P�erez-Gussiny�e
et al., 2001; Herzberg et al., 2010). Our study is deliber-

ately not designed to reach these extreme conditions and

applies to more general situations.

In our study we attempt to find simple causes for the

three phenomena that contrast classic subsidence models

(McKenzie, 1978): (i) synrift uplift, (ii) domination of

post-rift sediments in extensional basins and (iii) post-rift

acceleration of subsidence. We also analyse how these

departures from the classical model affect the petroleum

potential of sedimentary basins.

MODEL

Model formulation

The temperature evolution is computed based on the

energy balance in a 1D Lagrangian system

qcp
oT
ot

¼ o
oz

k
oT
oz

� �
þ Q ð1Þ

where T = T(z,t) is the unknown temperature that

depends on the Lagrangian coordinate z and time t; q is

the density, cp is the heat capacity and k is thermal conduc-

tivity. Q is a heat source related to the radioactive heat pro-

duction, A, and the dissipation caused by shear heating:

Q ¼ Aþ _ertectonic ð2Þ
_e is the strain rate, and rtectonic is the tectonic stress

(Hartz & Podladchikov, 2008) that is required to deform

the lithosphere. During the phase of active deformation,

we specify _e in terms of deformation in Lagrangian coor-

dinates:

o2Z
ozot

¼ _e� 1

q
oq
ot

ð3Þ

meaning that the rate of relative change in any small seg-

ment with the vertical coordinate Z in the lithosphere depth

equals to the prescribed strain rate minus the relative den-

sity change. The first term in the right-hand side specifies

the prescribed kinematics, the second term controls mass

conservation in the system. The tectonic stress in eqn. (2)

is calculated using power-law viscous rheology for litho-

spheric rocks and Byerlee’s friction law (Byerlee, 1978):

rtectonic ¼ min ½2lðI2;TÞ _e;rByerleeðPÞ� ð4Þ
where the effective viscosity l is a power-law function of

the second invariant of the strain-rate tensor I2 and an

exponential function of temperature. The Byerlee’s stress

rByerlee is a piece-wise linear function of the pressure P.
Pressure is related to the density structure in the litho-

sphere. The most simplified models assume that density

depends linearly on temperature (e.g. McKenzie, 1978).

More complex models also take into account a linear

dependency on the pressure:

q ¼ q0 � aTðT � T0Þ þ aPðP � P0Þ
aT ¼ 3� 10�5K�1; aP ¼ 10�11Pa�1

ð5Þ

where aT is the thermal expansion coefficient, aP is rock

compressibility and T0 and P0 are the conditions at which

the reference density q0 was measured. In reality the den-

sity of rocks undergoes rapid changes at phase and reac-

tion boundaries that are controlled by temperature,

pressure, composition and fluids. The latter introduce a

large uncertainty concerning the density structure of the

crust, which is why we consider here only mantle phase

transitions (similar to Petrini et al., 2001; Kaus et al.,
2005). To this end we use precomputed density maps

q = q (P, T) (Kaus et al., 2005; Simon & Podladchikov,

2008).
An often made approximation for pressure is that it is

equal to the lithostatic pressure:

PlithosðzÞ ¼
ZS

z

qgdz ð6Þ

where S is the upper surface and g is acceleration due to

gravity. The lithostatic pressure is a good estimate for

pressure under static conditions. In the deforming litho-

sphere, however, the total mechanical pressure deviates

from the lithostatic (e.g. Schmalholz et al., 2014). Follow-
ing Petrini & Podladchikov (2000), we assume that the

vertical normal stress is equal the lithostatic pressure,

rzz = �Plithos, and the horizontal normal stress is

rxx = �Plithos + rtectonic. The resulting pressure then is

calculated for the 2D plane-strain case as:

P ¼ �rxx þ rzz

2
¼ Plithos � rtectonic

2
ð7Þ

The difference between pressure and lithostatic pressure

is usually termed ‘overpressure’ (Mancktelow, 2008; Sch-

malholz et al., 2014). In the context of this study where

we consider extension it would be more appropriately ter-

med ‘underpressure’, considering that this term makes

absolute value of pressure smaller than lithostatic pressure

(Fig. 2).

The original analytical solution of McKenzie (1978)

was based on simplifications of the model described

above, ignoring heat source term Q in eqn. 1, assuming

instantaneous thinning of the lithosphere (infinite strain

rate in eqn. 3) and assuming density dependence on tem-

perature only (cf. eqn. 5). Numerical approaches to the

problem allow for more realistic parameters of the model,

accounting for radioactive heat production (eqn. 2), finite

strain rate of the active phase of rifting and density
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depending on lithostatic pressure (eqns 5 and 6), and

even models in which density accounts for mineral phase

transitions. In the following we refer to these models as

‘standard’ (e.g. Petrini et al., 2001; Kaus et al., 2005). In
terms of the above formulation (eqns 1–7), these standard
models ignore shear heating in the balance of energy

(eqns 1 and 2) and use lithostatic pressure as approxima-

tion to pressure (eqns 6 and 7, Fig. 2). Furthermore, we

compare the standard models with ‘mechanical’ models,

in which we implement and analyse shear heating and tec-

tonic pressure. Note that this approach is based on the

quantification of the stresses involved (eqn. 4) and, thus,

in contrast with most of previously used 1D conceptual

models of basin evolution, relies on the rheological prop-

erties of the lithospheric materials.

Numerical implementation andsetup

Our calculations are performed using updated version of

LiToastPhere, originally developed by Hartz & Podlad-

chikov (2008). The underlying numerical scheme is a 1D

finite difference method. We use a Lagrangian approach

that avoids explicit advection in a deforming domain. The

deformation consists of two components: (i) the applied

kinematic thinning, and (ii) the effect of local, Airy iso-

static compensation. The grid spacing is variable to pro-

vide the highest resolution where required. We use 2500–
3000 Lagrangian points spaced initially 50 m from each

other in the top 120 km of the model lithosphere and less

dense below. For each time step, the geometry is updated

first with a prescribed strain rate (eqn. 3 with ignoring

the density variations), then the temperature is updated

(eqn. 1), then the geometry is updated again accounting

for the density changes (eqn. 3 with ignoring the pre-

scribed kinematics) and the system is adjusted to fulfil the

isostasy condition (constant pressure at the compensation

level of 120 km) by vertical shifting and applying surface

processes (sedimentation or/and erosion). In all presented

models we apply an instantaneous sedimentation model,

in which we fill the entire accommodation space as soon

as the upper surface subsides below the sea level. In some

models we also employ infinitely fast erosion where we

instantly remove all material above sea level at any given

time. Thus, even though the sediment density model

assumes pores filled with water, the water depth is always

zero.

The total model depth is 250 km, has a surface temper-

ature of 2 °C and an asthenospheric temperature of

1330 °C that is assigned to the mantle between 120 and

250 km depth (assuming that highly conductive astheno-

sphere has enough heat to support increased heat flux

during rifting). Initially the model consists of four layers

with rheological properties described in the correspond-

ing references: the uppermost 18 km is the upper crust

(wet quartz, Carter & Tsenn, 1987), between 18 and

30 km is the lower crust (dry mafic granulite, Wilks &

Carter, 1990) and below 30 km is lithospheric mantle and

asthenosphere (dry dunite, Chopra & Paterson, 1981).

The reference density q0 (eqn. 3) for the layers described
by eqn. 5 is 2600 kg m�3 (upper crust), 2900 kg m�3

(lower crust) and 3355 kg m�3 (lithospheric mantle and

asthenosphere). Some of our models use nonlinear model

density model in the mantle part of the model. The sedi-

ments are described by the rheological properties of wet

quartz (Carter & Tsenn, 1987) and the compaction model

of Sclater & Christie (1980) with a matrix density of

2300 kg m�3, surface porosity of 0.49 and a porosity

decrease e-fold length of 3.7 km. Given the expected

depth of the resulting sedimentary basin (7.2 km), the

density variations in sediments are in the range 1650–
2200 kg m�3.

The heat capacity cp is 1000 J kg�1 K�1 for all the

materials. The thermal conductivity k is 3 W m�1 K�1

in all the layers except mantle part, where it is

4.5 W m�1 K�1. The radioactive heat production is

10�7 W m�3 for all layers except the upper crust and the

sediments, where it is 10�6 W m�3.

The model is simplified in several aspects. Thus, even

though we consider density variations in sediments, we

ignore potential variations in rheological and thermal

properties of sediments caused by porosity changes with

depth. The numerical models presented below are

designed to investigate the importance of the various

modelled components. All models undergo two phases of

evolution. The initial rift phase with a stretching rate of
_e = 4.5 9 10�15 s�1 until the crust thinned by factor
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Fig. 2. Relation among tectonic stress (eqn. 4), lithostatic pres-

sure (eqn. 6) and pressure (eqn. 7). Note that the pressure in

our models can be significantly smaller than the lithostatic pres-

sure.
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b = 2 takes ca. 5 Myr (the effects of variations in the rift

duration are presented in the Discussion). The post-rift

thermal relaxation is modelled for 180 Myr to ensure

thermal re-equilibration (well above 60 Myr, the time

scale of thermal anomaly decay suggested in Jarvis &

McKenzie, 1980). If not specified otherwise, the models

assume the uniform stretching of the entire lithosphere.

We also present models with nonuniform stretching,

characterised by parameter d, the ratio of strain rate in the
mantle to strain rate in the crust.

Interestingly, all models result in an identical total sedi-

mentary thickness of 7.2 km. One reason for this is that

we use a simplified single lithology infill. The other one is

that variations in differential thinning, duration of active

deformation and consideration of shear heating and

underpressure are only of temporary importance but do

not affect the final geometry of the crust and thermal

steady state of the lithospheric mantle. In the case of mod-

els including mineral phase transitions slight adjustments

(<1%) had to be made to the published density models to

obtain the same 7.2-km basin depth as for the models

described by eqn. 5. This was done to facilitate compar-

ison between our models and can be justified given the

uncertainty of mantle density structure.

The internal structure of modelled basins is, however,

not the same for all the cases. We analyse the resulting

sedimentary basins by calculating sediment ratio k, the

ratio of thicknesses of synrift to post-rift sediments at the

end of the experiment. We also analyse the evolution of

basin maturity based on the Easy%Ro algorithm of Swee-

ney & Burnham (1990).

RESULTS

Standardmodels

In this section we present the standard models, that is the

ones that do not incorporate rheology-dependent

mechanical components. We separate them into models

that consider density that is linearly dependent on pres-

sure and temperature (eqn. 5) and models that implement

precomputed phase transitions for the mantle densities

(e.g. Simon & Podladchikov, 2008). Furthermore, we

investigate the effect of differential thinning on all model

configurations.

Linear pressure dependence

The effect of uniformly thinning the lithosphere to half

its original thickness in a standard model with a density

that is linearly dependent on pressure and temperature is

shown in Fig. 3. Panel A illustrates the evolution on a

lithospheric scale. The model undergoes thinning over

the first 5 Myr, followed by a 180 Myr long post-rift per-

Fig. 3. Evolution of the model with linear dependence of density on pressure and temperature. The main plot and full lines illustrate

uniform thinning (d = 1), whereas stippled lines marks differential thinning (d = 4). (a) Density evolution of the model. Shades of

grey mark density changes in the basin due to compaction. The density of the mantle changes significantly and illustrated by the colour

bar. (b) Thermal evolution of the upper 8 km of the crust. Red line marks oil window (q = 0.7). Yellow line is a 150 °C isotherm of

the model with d = 4. Right: Evolution of the crust (c) and subcrustal lithosphere (d) in a pressure–temperature diagram, contoured

with rock density
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iod that ensures thermal equilibrium at the end of calcula-

tions. As the timescales of syn- and post-rift are different

we use a logarithmic scale to better capture their details.

One of the main effects of the rifting is a significant

heating of the model. This can be inferred from panels C

and D where we plot the pressure and temperature state

of the crust and mantle parts of the domain correspond-

ingly. The blue lines show the state right at the end of the

synrift, which is substantially hotter than the initial and

the final pressure and temperature state. Due to this heat-

ing the rock densities in the model are reduced, which

reduces the synrift subsidence and causes the post-rift

subsidence when the rocks cool and contract again. Note

that the density variations in the crust are only minor (20–
30 kg m�3) because of the limited thickness of the crust.

Variations in density in the sub-crustal lithosphere are

much greater (hundreds of kg) and thus these variations

dominate the evolution of the lithospheric column.

A zoom into the uppermost part of the model is shown

in panel B where we plot the temperature field of the

upper crust and the developing sedimentary basin

together with the evolution of the sediment–basement

interface, the interface between synrift and post-rift sedi-

ments and the oil window indicator. The latter is com-

puted based on the Easy%Ro algorithm of Sweeney &

Burnham (1990) and assigned to a synthetic vitrinite value

of 0.7. The temperature field shows that the initial (0–
2 Myr) response to rifting in the uppermost part of the

model is minor cooling. This is related to the rapid sedi-

mentation of relatively cold sediments (thermal blanket-

ing, Wangen, 1995). This phase of cooling is then

followed by a phase of heating, which is driven by the

overall heating of the system during the synrift. However,

only towards the end of the synrift has the heat from

below propagated far enough to start to affect the sedi-

ments. In fact, the phase of elevated sediment tempera-

tures is mostly related to the early post-rift. This

sediment heating is also seen on the oil window curve.

The Ro 0.7 value is reached by the deepest synrift sedi-

ments right at the beginning of the post-rift at a depth of

ca. 5 km. The additional heat from below reduces the

depth of the oil window to ca. 4 km. With the thermal

relaxation of the model system the oil window becomes

eventually controlled by burial and is finally located at ca.
4.5 km depth. As expected from a McKenzie (1978) type

model the bulk of the sediments are deposited in the syn-

rift. The synrift to post-rift sediment thickness ratio is

k = 1.7. A model with infinitely fast rifting, that is a close

analogue of the original McKenzie (1978) model, would

result in k = 1.6, whereas models with slower rifting (du-

ration of rifting more than 11 Myr) result in k > 2.

Superposed on the plots for the uniform stretching

model we also show some key results from a differential

stretching model where we stretch the mantle four times

more than the crust (d = 4). As the mantle is thinned

more, the asthenosphere–lithosphere boundary is

advected closer to the surface and the model is overall

hotter. This can be seen with the white-blue dashed lines

on panel D as well with the 150 °C isotherm on panel B.

The consequence is that the densities are reduced even

more than in the models with uniform stretching, whereas

the system is at elevated temperatures, which leads to a

reduced synrift. High elevation of temperature during

synrift leads to more significant post-rift relaxation and an

increased amount of post-rift sediments. The sediment

ratio k is 0.83. The oil window is again reached by the

deepest synrift sediments at the beginning of the post-rift,

albeit at a depth of only ca. 3.7 km. Similar to the uniform

stretching model the sediments are at elevated tempera-

tures in the early post-rift, whereas the final stages are

controlled by burial. The final sediment thickness and

depth of the oil window are identical to the uniform

stretching model. The reason for this is that the altered

temperature state due to the differential stretching is only

of transient nature and we use a simplified basin infill. If

we would use a heterogeneous basin infill with different

properties especially in the synrift and the post-rift, then

differences could be observed between the different mod-

els, but these are not the focus of this contribution where

we investigate only first-order effects.

Mineral phase transitions

The results of the uniform stretching standard model

with mineral phase transitions in the mantle are shown in

Fig. 4. Similar to previous models, we utilise the linear

density model for the crust which is reflected in the

smooth density plot (C), whereas the mantle densities (D)

show sharp jumps across phase boundaries. The phase

diagram used here is the Hawaiian pyrolite of Simon &

Podladchikov (2008) and the mantle density jumps take

place when the peridotite shifts from the stability condi-

tions of garnet (densest) through spinel to plagioclase

(lightest).

The consequence of using a more realistic model for

the mantle densities is shown in panel A, which illustrates

the complexity of the mantle density state in space and

time. Compared to the linear pressure dependence model,

this results in reduced densities and, thus, in reduced sub-

sidence in the synrift and early post-rift. The sediment

ratio is k = 0.77, which is less than the one with linear

pressure-dependent model with differential thinning

(k = 0.83, Fig. 3). The oil window in this model is

reached only far into the post-rift (ca. 10 Myr), that is

towards the end of the rifting-related sediment heating

period. Together with the more rapid (late) post-rift sub-

sidence, the result is that we observe no temporary shal-

lowing of the oil window.

Introducing differential thinning into this model with

mineral phase transitions results in a further reduction in

the synrift subsidence, with k = 0.19. The main reason

for this is that substantial parts of the mantle are hot

enough to be in the plagioclase stability field (see panel

D). Due to the reduced synrift sedimentation the oil win-

dow is shifted farther into the post-rift and reached by

deepest sediments only at ca. 25 Myr. This is the first
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model in our series of experiment where we observe a

minor (3 m) synrift uplift. As it is so small it does not

result in a substantial uplift even if erosion is activated.

Mechanicalmodels

In this section we repeat the set of standard model with

the added mechanical effects. Based on the rheological

parameters of the model and rate of extension, we com-

pute shear heating and pressure that is based on stress that

includes the tectonic component. For the prescribed

strain rate and rheological parameters of the model we

compute the tectonic stress required for deformation

(eqn. 4). The stress then is used to calculate the shear

heating term in the energy balance (eqns 1 and 2) and to

calculate the underpressure part of pressure (eqn. 7).

Linear pressure dependence

The results of considering the mechanical effects in a uni-

form stretching model with density depending linearly on

pressure and temperature are shown in Fig. 5. The pres-

sure–temperature–density pathway (panels C and D) is

considerably more complex compared to the standard

models. The main cause for this is the development of

underpressure during the phase of active deformation,

which results in decreased pressure in the strongest parts

of the crust and mantle by 0.2–0.3 GPa. Shear heating

brings an additional rise of temperature in the system by

ca. 30–40 °C around the strongest parts of the crust and

mantle. The consequence is that the densities during rift-

ing are reduced resulting in less synrift sediments. The

sediment thickness ratio is k = 1.44, decreased from the

value of 1.7 in the standard model. Despite the complex

pressure–temperature–density evolution during the syn-

rift, this model is altogether quite similar to the corre-

sponding standard model. The same holds when we

introduce differential thinning into the mechanical model.

One notable difference compared to the standard mod-

els is that the uniform and differential stretching mechan-

ical models result in a synrift uplift of 110 and 130 m,

respectively. If we, in addition, activate erosion then the

corresponding uplift amounts are substantial, that is 620

and 670 m. This amplification of the uplift by erosion is

caused by the equilibration of the modelled lithospheric

column due to local isostasy. Interestingly, the synrift to

post-rift sediment thickness ratio is almost unaffected by

the erosion. This is because the uplift and erosion occur

in the early phases of rifting, which leaves the erosion

models enough time to deposit a similar amount of synrift

sediments, compared to models without erosion. Note

though that in the case of active erosion the total subsi-

dence is different than in all other models (7.4 km vs

7.2 km in the models without erosion) as the removal of

crust leads to an altered isostatic balance. This makes

model comparison more difficult, which is why we do not

report further details of the erosion models.

Mineral phase transitions

Both, shear heating and tectonic underpressure change the

PT conditions in the lithosphere. Thus, when combined

with MPT the effect on the basin evolution is dramatic

(Fig. 6). The model is characterised by significantly smaller

Fig. 4. Evolution of the model with mantle density (d) controlled by mineral phase transitions. See Fig. 3 for other details of design.
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thickness of the synrift package and, correspondingly, a

smaller k = 0.48. The model also demonstrates uplift dur-

ing initial phase of up to 200 m. When combined with ero-

sion this uplift is amplified to 1150 m.

Introducing differential thinning to this model results

in lowered pressures in the mantle during the synrift and

an overall additional heat input during the synrift and

early post-rift. The synrift to post-rift package thickness

ratio is reduced to 0.16, that is there is almost no synrift

record in the sediment sequence. The uplift without ero-

sion is 280 m, which is amplified to 1850 m when erosion

is active. The uplift in this model extends over most of

the synrift.

DISCUSSION

The classical McKenzie (1978) model explains rift basins

that are characterised by a dominant synrift and a minor

post-rift package and shows a continuous subsidence, that

is no uplift. As discussed in the Introduction, many basins

do not conform to this model. Table 1 summarises our

results and shows that including more relevant physics

yields models that differ substantially from the McKenzie

model.

Synrift to post-rift sediment thickness ratio, k

The dominance of the synrift sediment thickness package

is restricted to models that include neither differential

thinning nor mineral phase transitions. Resolving the lat-

ter two processes results in basins that show a larger post-

rift than synrift package (Fig. 7A,B). Accounting for the

mechanical effects further reduces k, but only by a mod-

erate amount (Fig. 7C).

Assuming uniform stretching the most extreme synrift

to post-rift thickness ratio k is 0.48 (Table 1, experiment

f in Fig. 7C), which results from the mechanical model

with mantle phase transitions, that is the post-rift is twice

as thick as the synrift. Assuming differential thinning

with d = 4 but no mineral phase transitions results in

k = 0.83 if mechanical effects are not included (experi-

ment c in Fig. 7B). Combining these two scenarios, that

is differential thinning and mineral phase transitions,

results in a ratio of 0.16, that is a basin that is almost

entirely filled with post-rift sediments (Table 1).

We observe that the most important parameter reduc-

ing the synrift package is the inclusion of mineral phase

transition mantle density maps. Different maps have been

proposed over time. Kaus et al. (2005) calculated a map

for the Hawaiian pyrolite that showed relatively extreme

effects (line 5 in Fig. 7). Simon & Podladchikov (2008)

published a whole suite of maps for different mantle com-

positions (lines 2–4 in Fig. 7). In our studies we use

mainly the Hawaiian pyrolite of Simon & Podladchikov

(2008). As shown in Fig. 7 all phase transition mantle

density maps exhibit similar effects on the synrift to post-

rift thickness ratio and the models presented in our

‘Results’ section bracket the series of other density maps.

Figure 7 also demonstrates the importance of an addi-

tional key parameter, the rift duration. With increasing

duration of the rift the synrift sediment thickness

Fig. 5. Evolution of the mechanical model with linear dependence of density on temperature and pressure. See Fig. 3 for other

details of design.
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increases relative to the post-rift. The reason for this is

that in the models with a slower rift less heat is advected

to the shallower parts of the model and counteracted by

synrift diffusion of the heat. This reduces the potential

for post-rift thermal subsidence. The results in Fig. 7 are

compatible with Jarvis & McKenzie (1980) who found

that the original McKenzie model with instantaneous

thinning is a good approximation for systems with rift

durations up to 20 Myr. The almost linear scaling of k
with rift duration can be used as a guideline to extrapolate

our other model results where we kept a rift duration of

5 Myr.

Uplift

Uplift during the synrift is a rather intriguing observation

in a system that undergoes active extension. However,

even the original, uniform stretching McKenzie model is

capable of producing uplift if the initial crust is extremely

thin (<15 km, Fig. 8). If the mantle is thinned more than

the crust then uplift results also for thicker crust. How-

ever, no uplift occurs for crust of initial thickness 30 km

or more within this model (Royden & Keen, 1980).

Kaus et al. (2005) demonstrated that uplift is also possi-

ble in uniform stretching models when mantle phase tran-

sitions are accounted for. They inferred that the minimum

stretching factor for uplift to occur must be >3. Interest-
ingly, the uplift reported by Royden & Keen (1980) model

occurs in the early synrift, whereas the one observed by

Kaus et al. (2005) occurs in the late synrift stage.

The standard models of our study do not result in

uplift as long as we consider uniform stretching. The

reason for this is that our stretching factor is only 2.

In addition, we use a mantle phase transition map that

exhibits less extreme differences between the different

stability fields than the one employed by Kaus et al.
(2005). Standard models with differential stretching

d = 4 do result in a small (ca. 3 m) uplift if mantle

phase transitions are considered (Fig. 4). This amount

of uplift is so small that the introduction of erosion

does not have a substantial effect (ca. 5 m uplift).

Extreme differential stretching (d≥6) of such models

may increase uplift, but only up to minor amount

(50–70 m, Fig. 8).

Uplift is the parameter that best illustrates the impor-

tance of considering mechanics in our models. Even the

model with density only linearly depending on pressure

and temperature shows 110 m of uplift, whereas the

model with mantle phase transitions results in 200 m of

uplift. Curiously, the additional consideration of differen-

tial thinning does not alter these values significantly. Con-

versely, the introduction of erosion introduces a positive

feedback loop and uplift amounts of more than 600 and

1100 m, respectively.

The main contribution to the uplift stems from our

consideration of nonlithostatic pressure. When rifting

starts, the system goes into tension and underpressure

develops especially in the strongest part of the model

(Fig. 2). This leads to a reduced average density of the

lithospheric column and related uplift in both models

Fig. 6. Evolution of the mechanical model with mantle density (d) controlled by mineral phase transitions. See Fig. 3 for other details

of design.
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with and without mineral phase transitions as even our

simplest model considers the pressure dependence of

density.

Similar to uplift due to differential thinning the phase

of active uplift in our models is the early synrift. In the

most extreme models sedimentation only becomes active

towards the end of the synrift. However, even in these

cases the resulting synrift to post-rift thickness ratio is

almost the same compared to models without erosion,

which is due to more rapid sedimentation over the

remaining synrift.

We demonstrate how forces moving the rifting process

lead to establishing of the underpressure, decrease in rock

density and consequent uplift. The same way the end of

intra-plate extension removes acting forces and increase

pressure by removing underpressure, this phenomenon

may be responsible for subsidence acceleration in the

post-rift (Middleton, 1980; Hamdani et al., 1994). We

did not give this phenomenon special consideration and

leave it to future study.

Our study presents a mechanism of early synrift uplift

caused by density changes in the underpressurised man-

tle. Synrift uplift may be related to other mechanisms,

such as serpentinisation and partial decompression melt-

ing, which may dominate over the one suggested in this

study under specific conditions. In contrast with the other

mechanisms, the one suggested in our study has a much

broader applicability range.

Table 1. Comparison of the key parameters of the different models.

Models Standard Mechanics

PT dependence of density Linear MPT Linear MPT

Shear heating and underpressure No No Yes Yes

Results (d = 1, no erosion)

Thickness of synrift sediments, km 4.53 3.14 4.25 2.34

Thickness of post-rift sediments, km 2.67 4.06 2.95 4.85

Syn-/post-rift sediments ratio, k 1.7 0.77 1.44 0.48

Max. elevation, km 0 0 0.11 0.2

Results (d = 4, no erosion)

Syn-/post-rift sediments ratio, k 0.83 0.19 0.77 0.16

Max. elevation, km 0 0.003 0.13 0.28

Results (d = 1, infinitely fast erosion)*

Syn-/post-rift sediments ratio, k 1.7 0.77 1.48 0.52

Amount of erosion/max uplift of the basement, km 0 0 0.62 1.15

Results (d = 4, infinitely fast erosion)*

Syn-/post-rift sediments ratio, k 1.7 0.77 0.81 0.20

Amount of erosion/max uplift of the basement, km 0 0.005 0.67 1.85

Note that the erosion models, marked with *, result in a different total subsidence due to the erosion of crustal material, which leads to a different

isostatic equilibrium.
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Fig. 7. Syn- to post-rift sediment thickness ratio for variable rates of active phase of rifting for different mantle density models: (1)

linear pressure- and temperature-dependent density; (2) Hawaiian pyrolite of Simon & Podladchikov (2008); (3) and (4) two composi-

tions of Ronda peridotite (Frey et al., 1985; Simon & Podladchikov, 2008) and (5) Hawaiian pyrolite of Kaus et al. (2005). Three dif-
ferent types of experiments are presented: (A) standard models with d=1 (see details of experiments (a) and (b) in Figs 3 and 4); (B)

standard models with d = 4 (see details of experiments (c) and (d) in Figs 3 and 4, stippled lines); (C) mechanical models with d = 1

(see details of experiments (e) and (f) in Figs 5 and 6).
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Temperature and source rockmaturity

The effect of thinning the crust and the lithospheric man-

tle on temperature is to heat the overall system. However,

if we focus only on the uppermost crust and the sediments

then we can observe more differentiated details. The early

synrift (0–2 Myr) is characterised by only minor tempera-

ture variations in the uppermost crust. This is followed

by a phase of rift-related heating lasting from the middle/

late synrift to the early post-rift. The final stages of the

model are then dominated by a cooling towards the bur-

ial-dominated equilibrium temperature configuration. If

we follow the depth of individual isotherms through this

model evolution we observe substantial changes, for

example ca. 1 km for the 100 °C isotherm. This is rele-

vant for modelling the temperature state in petroleum

system analysis.

The picture drawn of the temperature evolution so

far is an Eulerian one where the reference frame is

depth and all models yield a similar overall develop-

ment. If we analyse the depth of the oil window then

we need to consider the (Lagrangian) path of individual

sediment packages as vitrinite records the time–temper-

ature evolution. The details of this depend on the rate

of heating versus the rate of subsidence. In the models

with density only linearly depending on pressure, the

oil window (Ro%=0.7, Sweeney & Burnham, 1990) is

reached by the oldest sediments right at the synrift-

post-rift transition at a depth of almost 5 km in the

case of uniform stretching and 3.5 km in our differen-

tial stretching model. Over the next 5–10 Myr the

depth of the oil window becomes progressively shal-

lower, 4 and 3 km, respectively, due to the input rift-

related heat. The final stages are dominated by burial

and the depth of the oil window will be lowered 1.5–
1 km, respectively. The inclusion of mechanical effects

has essentially no influence on the development of the

oil window.

Conversely, the inclusion of mantle phase transitions

substantially changes the oil window evolution. In the

case of uniform stretching the oldest sediments do not

reach the oil window before 10 Myr, that is 5 Myr into

the post-rift. As the rift related heat has started to diffuse

away and due to post-rift sediment accumulation, the oil

window deepens during next ca. 80 Myr. A minor shal-

lowing towards the end of the model is caused by the long

exposure to constant temperatures. Differential thinning

moves the start of the oil window even farther into the

post-rift (ca. 20 Myr), but with an initial occurrence at a

shallower depth (3.5 km vs 4 km) due to the additional

heat of the differential stretching model. The final path of

the oil window is identical in all models as it is entirely

burial controlled.

Relative importanceof underpressureand
shear heating

Our mechanical models consider two separate mechanical

components, that is underpressure and shear heating. To

not further increase the numbers of (sub)models to dis-

cuss, we have refrained from studying them separately.

Underpressure is clearly the dominant one of the two and

plays a key role for uplift. Shear heating is similar to dif-

ferential stretching as both bring additional heat into the

system. However, it must be kept in mind that our

mechanical model is a simplified, semi-kinematic 1D

model. It is known that shear heating may play a crucial

role in mechanically self-consistent models where shear

heating may determine the overall style of deformation

(e.g. Minakov et al., 2013).
From a mechanical point of view both underpressure

and shear heating must be considered. There are still ongo-

ing discussions regarding the importance of these compo-

nents, but mounting evidence indicates that they cannot be

ignored (Hartz & Podladchikov, 2008; Gerya, 2015). This

study is another manifestation of this observation.

Robustness

We only present a small fraction of the more than 105

models that we run with different initial conditions,

boundary conditions, rheological and thermal parameters,

mineral phase transition models and rift duration. Per-

haps of particular interest is that our results do not

depend strongly on rheological input values. For example,

even if we limit shear heating and tectonic underpressure

by cutting rock strength to half, the models still return

the same overall tendencies.

The thermal properties of the sediments play a crucial

role in the basin development. A constant thermal

conductivity of 3 W m�1 K�1 may be considered as

somewhat high. Decreasing the sediment conductivity to
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2 W m�1 K�1 leads to an increased sediment blanketing

effect resulting in a 10% increase of k (thicker synrift

sediments) and an oil window that is approximately 1 km

shallower. These quantitative changes do not invalidate

the conclusions of our study.

Although we consider the presented results representa-

tive, it is clear that every model is limited in its applicabil-

ity, such as already mentioned in the previous section.

Possibly the strongest assumption that influences most of

our results is that we assume infinitely fast sedimentation.

It is clear that if we would limit the sedimentation rate we

could arbitrarily alter the synrift and post-rift thicknesses

within the bounds of the available accommodation space.

This needs to be considered when applying our results to

basins that show signs of sediment starvation.

The model presented here considers garnet–spinel–
plagioclase phase transitions of peridotite, most abundant

phases covering most of the natural conditions. Hyper-

extended continental margins may lead to serpentinisa-

tion of wet peridotite causing extreme volume change and

uplift (P�erez-Gussiny�e et al., 2006; Peron-Pinvidic et al.,
2013). In this study we do not present examples of such

extreme lithospheric thinning and thus the mantle does

not experience serpentine stability conditions. Additional

tests show that this effect could be important, however,

such extreme scenarios lie outside of our purpose of find-

ing general causes of synrift uplift.

CONCLUSIONS

In this study we bring together extensions of the well-

known McKenzie model, that is finite rift duration, dif-

ferential thinning and mantle mineral phase transitions,

and complement these with a simplified mechanical

model that includes the effects of underpressure and shear

heating. We study the effects of the individual compo-

nents and their combination on the temperature state of

the lithosphere, crust and sediments, parameters that

characterise the overall basin structure such as the synrift

to post-rift thickness ratio and uplift, as well as the depth

and timing of oil generation. Our results show that the

picture of the ‘standard’ rift basin with a dominant synrift

followed by a smaller post-rift may be the exception

rather than the norm.

The question arises to which components of our model

are most important. They all have key control over certain

relevant parameters but do not influence everything. Both

mantle mineral phase transitions and differential thinning

drastically reduce the synrift package thickness and corre-

spondingly increase the post-rift. Combining the two

mechanisms results in almost no synrift record. If we, on

the other hand, take the oil window as the parameter of

interest then we see that they have a different effect.

Whereas differential thinning changes the details of the

location and amplitude of the curve illustrating the oil

window, mantle mineral phase transitions change the

overall behaviour. Introducing the mechanical effects of

underpressure and shear heating has almost no effect on

the synrift to post-rift thickness ratio, but introduces early

synrift uplift in both models with and without mineral

phase transitions. If we, in addition, allow erosion then

the uplift magnitudes are massively amplified. The intro-

duction of erosion, on the other hand, has essentially no

effect on the synrift to post-rift thickness ratio. Therefore,

all model components are relevant, especially in an inte-

grated approach where it does not suffice to only analyse

and explain one parameter.

Sedimentary basins to which our models are compati-

ble can be found worldwide. The North-East Atlantic is a

prime example with thin synrift and thick post-rift pack-

ages related to the last large rift event in the late Jurassic

and the super-regional Base Cretaceous unconformity

intimately tied to the same event. In this area it is evident

that lower Cretaceous sediments often are missing above

the rift zone, and that dramatic subsidence first initiates

long after the rift maxima, as predicted by the models

presented here.
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