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Abstract

Metamorphic phase transitions influence rock density, which is a major parameter affecting lithosphere dynamics and basin

subsidence. To assess the importance of these effects, we have computed realistic density models for a range of crustal and mantle

mineralogies from thermodynamic data by free-energy minimization. These density distributions are incorporated into one- and

two-dimensional kinematic models of basin subsidence. The results demonstrate that, compared to models in which density is

solely temperature dependent, phase transitions have the effect of increasing post-rift subsidence while decreasing syn-rift

subsidence. Discrepancies between our model results and those obtained with the conventional uniform stretching models can be

up to 95% for reasonable parameter choices. The models also predict up to 1 km of syn-rift uplift as a consequence of phase

transitions. Mantle phase transitions, in particular the spinel–garnet–plagioclase–lherzolite transitions are responsible for the

most significant effects on subsidence. Differences in mantle composition are shown to be a second-order effect. Parameterized

density models are derived for crustal and mantle rocks, which reproduce the main effects of the phase transitions on subsidence.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most widely used models for

subsidence of sedimentary basins formed by exten-
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sion is the uniform stretching model (USM), which

assumes that subsidence is caused by crustal thinning

and by thermal cooling [1]. An important feature of

the USM formulation is that lithospheric density is

assumed to depend only on temperature, a model we

designate as the temperature-dependent density

(TDD) formulation. The TDD formulation has been

applied successfully in many situations, but it cannot
tters 233 (2005) 213–228
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explain certain common observations (e.g., [2], and

references therein). The most prominent difficulty is

that many basins have relatively thin syn-rift sedi-

ments, but thick post-rift sediments [3–7]. To explain

the thickness of the post-rift sediments with the TDD

formulation, extensive stretching is required; this is

at odds with the small thickness of syn-rift sedi-

ments. The widespread phenomenon of basin uplift

during overall extension of the lithosphere (e.g., in

the Vbring Basin; see [8]) creates a second difficulty

for the TDD formulation. A thin crust is required

(b1/7 of the lithospheric thickness) to explain this

phenomenon. Such crustal thicknesses contradict

geophysical observations suggesting crustal thickness

is typically 30–40 km. Uplift usually occurs preced-

ing rifting or after a finite amount of extension. An

additional problem with the TDD formulation is

posed by the fact that many basins have a phase of

accelerated subsidence rates during the post-rift

thermal subsidence phase [9,10]. The TDD formula-

tion predicts that the subsidence rate decreases with

time t as t�0.5, and thus this can only be explained

with non-thermal mechanisms [10–12]. To rectify

these problems refinements of the TDD formulation

have been proposed that include depth-dependent

stretching [4,5], active rifting [13], interaction

between lithospheric rheology and erosion [14] or

mineral phase transitions (e.g., [11,15–17]. Here we

focus on a refinement of this model in which

lithospheric density is adjusted to account for phase

transitions that occur in response to the geodynamic

cycle.

Most of the models that have been proposed to

explain shortcomings of the TDD formulation involve

complexity or rely on parameters such as the litho-

spheric rheology, which are poorly constrained.

However, the conditions and consequences of the

metamorphic phase transitions that occur during

lithospheric thinning are constrained from field

observations, experimental studies and thermody-

namic theory. We exploit the latter to construct a

realistic lithospheric density model and to assess its

consequences for basin subsidence.

That metamorphic phase transitions influence

basin subsidence has been recognized for several

decades. It has been suggested in [18] and [19] that

crustal phase transitions around the Moho could

affect uplift and subsidence. Numerical and analy-
tical studies that concentrated on phase transitions in

crustal rocks [9,10,12,17,20,21], in mantle rocks

[11,15], or in both [22] demonstrated that phase

transitions cause syn-rift uplift preceding rifting,

greater post-rift subsidence then in the TDD for-

mulation and periods of accelerated subsidence.

Lobkovsky and coworkers [23,24] proposed a model

in which partial melt, emplaced and solidified in

lenses below the rift center, is transformed into

eclogite causing accelerated post-rift subsidence.

Their model requires a nearly impermeable Moho

and predicts that eclogite lenses remain present after

the completion of extension, which may be seismi-

cally detectable.

The applicability of most of the models described

above is limited, since they typically only consider a

single discontinuous phase transition. Natural rocks

have continuous reactions. Many of these reactions

have only small density effects, but the cumulative

effect of these reactions can be significant. The

optimal approach is to consider all the reactions that

may occur in the lithosphere. Such an analysis in

combination with basin subsidence was done by

Petrini et al. [22], who used a realistic density

distribution for both mantle and crustal rocks and

demonstrated that phase changes lead to more post-rift

subsidence and less syn-rift subsidence. However,

they restricted their analysis to small stretching factors

(d=1.5) and did not detect syn-rift uplift as observed

in [11] and [15].

Here we follow the same approach by coupling

realistic density distributions with a kinematic sub-

sidence model. To estimate the sensitivity of the

results to the chemical composition of the lithosphere,

we compute density models for a range of different

mantle and crustal compositions. The results are then

compared with the TDD formulation and parameter-

ized density maps are derived that reproduce results of

drealT density maps up to reasonable accuracy and thus

yield additional insight into the way phase transitions

influence subsidence.
2. Representative phase diagrams and density

distributions for crustal and upper mantle rocks

Phase assemblages at the pressure (P) and temper-

ature (T) conditions of interest were computed using



Table 1

Chemical crustal and mantle compositions considered in this work

Hawaiian

pyrolitea
MOR-harzburgite

pyroliteb
Depleted (Tinaquillo)

pyrolitea
Total

crustc
Granodiorited

SiO2 45.2 45 45 57.3 66.1

TiO2 0.71 0.17 0.1 0.9 0.54

Al2O3 3.54 4.4 3.2 15.9 15.7

Fe0 8.47 7.6 7.7 9.1 4.4

MgO 37.5 38.8 40 5.3 1.74

CaO 3.08 3.4 3 7.4 1.5

Na20 0.57 0.4 0.2 3.1 3.75

MnO 0 0.11 0 0 0

K20 0 0 0 1.1 2.78

H20 0 0 0 Saturated Saturated

a [35].
b [58].
c [27].
d [28].

Table 2

Mineral solution notation, formulas and model sources (1—[30]; 2—[53]; 3—[54]; 4—[55]; 5—[31]; 6—[56])

Symbol phase Formula Reference

Amp Amphibole Ca2�2wNa2wMgxFe(3+2y+z)(1�x)Al3�3y�wSi7+w+yO22(OH)2 1

Bt Biotite KMg(3�y)xFe(3�y)(1�x)A11+2ySi3�yO10(OH)2 1

Car Carpholite MgxFe(1�x)Al2Si2O6(OH)2 Ideal

Chl Chlorite Mg(5�y+z)xFe(5�y+z)(1�x)Al2(1+y�z)Si3�y+zO10(OH)8 2

Cpx Clino-pyroxene Na1�yCayMgxyFe(1�x)yAlySi2O6 6

Crd Cordierite Mg2xFeyMn(1�x�y)Al2SiO5(OH)2 Ideal

crn Corundum A1203 1

Ctd Chloritoid MgxFeyMn(1xy)Al2SiO5(OH)2 1

Grt Garnet Fe3xCa3yMn(1�x�y)A12Si3O12 1

ilm Ilmenite FeTiO3 1

Ilm Ilmenite MgxMnyFe1�x�yTiO3 Ideal

Kfs Alkali feldspar NaxKyAlSi3O8 3

lws Lawsonite CaAl2Si2O7(OH)2d (H2O) 1

lmt Laumontite CaAl2Si4O12d (4H2O) 1

Ol Olivine MgxFe1�xSiO4 1

Opx Ortho-pyroxene CazMgx(2�y)(1�z)Fe(1�x)(2�y)(1�z)Al2ySi2�yO6 1

Pl Plagioclase NaxCa1�xAl2�xSi2+xO8 4

Phg Phengite KxNa1�xMgyFezAl3�2( y+z)Si3+y+zO10(OH)2 1

Melt Melt Na–Mg–Al–Si–K–Ca–Fe hydrous silicate melt 5

prh Prehnite Ca2Al2Si3O10(OH)2 1

pmp Pumpellyite Ca4MgAl5Si6O21(OH)7 1

qtz Quartz SiO2 1

rt Rutile TiO2 1

Sa Sanidine NaxKyAlSi3O8 1

Spl Spine1 MgxFe1�xAlO3 1

sph Sphene CaTiSiO5 1

St Staurolite Mg4xFe4yMn4(1xy)Al18Si7.5O48H4 1

zo Zoisite Ca2Al3Si3O12(OH) 1

The compositional variables w, x, y, and z may vary between zero and unity and are determined as a function of pressure and temperature by

free-energy minimization.
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free-energy minimization [25,26]. The minimization

program requires thermodynamic data for end-mem-

ber phase compositions together with solution models

to compute relative proportions, compositions and

densities of the stable mineralogy.

The bulk compositions considered here are listed in

Table 1. Taylor and McLennan [27] proposed a model

for the continental crust consisting of 75% Archean

crust and 25% andesitic crust, to represent the

different Archean and post-Archean crustal growth

processes. A second crustal model assumes the crust

to have a granodioritic composition [28]. Three

different mantle models have been employed. These

are variations of the pyrolite model originally pro-

posed by Ringwood [29] and represents the mean

chemical composition of the upper mantle. The

compositions that are used for calculations range

from an incompatible-element-enriched mantle

(Hawaiian Pyrolite) to a normal upper mantle

(MOR-pyrolite), to a depleted mantle (Tinaquillo

lherzolite). The crust is assumed to be saturated in
2
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water, whereas the mantle is anhydrous. Melting in

the crust is not taken into account.

The model bulk rock compositions were simpli-

fied to include the oxides SiO2, TiO2, A12O3, FeO,

MgO, CaO, Na2O and MnO. Cr2O3 is not available

in the database of Holland and Powell [30] and was

therefore not considered. Chromium would effect the

spinel-stability field, but due to its low volumetric

content (b0.5%) its overall contribution to the mean

bulk density is minor. The same reasoning justifies

neglecting other minor components such as P2O5

and K2O. The thermodynamic mineral database of

Holland and Powell [30] was used in the calcu-

lations, together with solution models as listed in

Table 2.

The accuracy of the solution models was specified

to resolve compositions with a maximum error of 2

mol%. Melting of mantle rocks is accounted for by the

pMELTS model [31]. Solution models compiled by

Holland and Powell were used for crystalline solution

phase. To test the effect of using solution models from
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other sources, calculations were done with a range of

different solution models, and it was found that the

effect on the density structure was relatively minor.

Furthermore, some of the computations of Sobolev

and Babeyko [32]) who used independently devel-

oped software and databases have been redone here.

These computations showed good agreement, both for

the density structure and for the phase diagram section

topology, which gives additional confidence in the

robustness of our approach.

The most important mantle phase transitions are the

spinel–lherzolite to garnet–lherzolite transition that
A
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Table 1. Superposed lines in panel (B) shows the P–T distribution in a litho
occurs around at pressures from 12 to 20 kbar and the

plagioclase–lherzolite to spinel/garnet–lherzolite that

occurs at lower pressures (Fig. 1). These results are in

agreement with previous computational results and

experimental data (see, e.g., [33,34]). Partial melting of

mantle rocks commences at temperatures above 1200

8C, which is in agreement with experimental data [35].

The corresponding densities for these two compo-

sitions as well as for the other three compositions

listed in Table 1 are shown in Figs. 2 and 3. The most

significant density change in the crust is the eclogite

(plagioclase-out) transition (Fig. 1). The dtotal-crustT
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rolite mantle composition with a bulk chemical composition given in

sphere with parameters of Fig. 5 and d=6 (see Section 4 of the text).
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density distribution has densities that are slightly

higher then the dgranodioriticT crustal composition.

Mantle densities are discontinuous across the stability

fields for garnet–, spinel–, and plagioclase–lherzolite,

and at the onset of melting. The density change related

to the spinel–garnet phase transition is around 30–40

kg/m3. This is the only phase transition that was

considered in [11] and [15]. However, the density

change that is related to the transformation of spinel–

lherzolite to plagioclase–lherzolite (80–100 kg/m3) is

larger than the density effect of the spinel–garnet

transition. Therefore, the plagioclase-in transition

could potentially cause additional post-rift subsidence

and syn-rift uplift.
3. One-dimensional subsidence model

The influence of phase transitions on sedimentary

basin subsidence was studied with a one-dimensional

kinematic model. The lithosphere is assumed to

consist of a crust and a mantle. During a rifting

period of duration trift, the lithosphere is uniformly

thinned in such a way that the ratio between the post-

rift and the pre-rift thickness is

d ¼ H
pre
lith

H
post
lith

ð1Þ

here H lith
pre

is the pre-rift and H lith
pos

the post-rift

lithospheric thickness. During and after rifting, perfect

isostasy is assumed, i.e., the pressure or lithostatic

load at depth Hlith
pre

is constant. The subsiding basin is

filled with sediments of constant density (2200 kg/

m3), and thinning of the lithosphere is compensated

by up-welling of mantle asthenosphere. Thinning of

the lithosphere occurs incrementally between time

steps to include effects of sediment blanketing and

thermal cooling during rifting. Sediments are also

thinned incrementally to conserve volume of the

already deposited sediments. The effects of erosion

are not incorporated and sediments can be uplifted

above the original zero level.

The thermal evolution during and after rifting is

computed with:

qcp
BT

Bt
þ vz

BT

Bz

� �
¼ B

Bz
k
BT

Bz

� �
þ A ð2Þ
where q is density, cp heat capacity, t time, z vertical

coordinate, vz vertical velocity during thinning, T

temperature, k thermal conductivity and A radioactive

heat production. Radioactive elements are assumed to

be only present in the crust. The boundary conditions

are constant temperature of T=0 8C on top of the

model and a constant temperature of T=Tbase, at the

base of the model. The initial condition is a steady-

state temperature distribution. Density is computed

with three approaches. The first approach is the classic

approach in which density is temperature-dependent

through the thermal expansivity a. The second

approach takes the pressure dependence of density

into account, which yields the following density–

pressure–temperature relationship

q ¼ q0 1� aT þ bPð Þ: ð3Þ

The third approach takes density from our

computed density maps (Figs. 2 and 3). At lower

temperatures, metamorphic reactions proceed slowly

and metastable phase assemblages can occur (e.g.,

[36]) so that our assumption of equilibrium phase

assemblages may not be valid. Therefore, we

assume that the density structure at temperature

lower than 200 8C, is the same as that at 200 8C.
Simulations in which this equilibrium temperature

was increased to 300 8C did not show a significant

difference. An additional effect that has been

ignored in the current study is the effect of latent

heat. This effect was considered by [15], who

demonstrated that it causes maximum changes in

temperature of around 10 8C, which is insignificant

on a lithospheric scale (e.g., [37]).

Eq. (2) is solved numerically with an implicit

finite-difference scheme for the diffusion terms [38]

and temperature advection is calculated using the

method of characteristics. The numerical code was

benchmarked versus variable analytical solutions for

diffusion and advection problems, versus the analyt-

ical solution of [1] and versus results of a numerical

basin code independently developed by one of the co-

authors (SMS). The nonlinearity in the problem,

which is introduced through the dependency of

density on temperature and pressure, in combination

with isostatic equilibrium, is solved iteratively. For the

calculations of density changes conservation of

volume is assumed. Each one-dimensional element

between two grid points is assigned a density and the
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size of this element does not change during the

iterative density calculations. An alternative approach

is to conserve mass so that the product of element

length times its density is the same before and after

the density changes. The numerical resolution was

200 grid points in vertical direction. Resolution tests

have been performed to ensure that the temporal and

spatial resolution is sufficient.
~3km

Phase transitions
No phase transitions

reduced
synrift
subsidence

enhanced
postrift
subsidence

uplift

No PT

Hawaiian mantle

Depleted mantle

MOR mantle, no crustal PT
MOR mantle

Only crustal PT

0

0

-4

-6

S
ub

si
de

nc
e 

[k
m

]

-2

0

-4

-6

S
ub

si
de

nc
e 

[k
m

]

-2

0 10 20 30 40 Time [my]

0 10 20 30 40 Time [my]

B

C

Total crust

Granodioritic crust
4. Results

4.1. Basin subsidence with and without phase

transitions

A range of calculations have been performed for

the solely temperature-dependent density (TDD)

formulation, a model in which density is solely

dependent on P and T (Eq. (3)), and a model in

which drealisticT densities are taken from thermody-

namic calculations (Fig. 4). Differences between the

TDD formulation and the density formulation of Eq.

(3) are insignificant, indicating that the term, bP in

Eq. (3) can be neglected. However, the incorporation

of realistic densities does have a large influence on

the subsidence behavior. In general, syn-rift sub-

sidence is decreased and post-rift subsidence is

increased. During the syn-rift phase, most models

are initially close to the subsidence behavior of TDD

model. After ~5 million years, deviations can be

observed, which in some cases result in an uplift of

several hundred meters. After rifting ceases, models

with realistic densities give significantly more post-

rift subsidence compared to TDD formulations.

Moreover, realistic density models lead to episodes

of both increased and decreased subsidence rate

relative to TDD models.
Fig. 4. Effect of phase transitions on basin subsidence for a model

with d=3, Hcrust
pre

=35 km, Hmantle
pre

=90 km and Tbase=1300 8C. (A)
Comparison of a model with phase transitions and a model without

phase transitions. The model with phase transitions has a dtotal-
crustT crustal density and a MOR mantle density. The model without

phase transitions has been computed with q0
c=2900 kgm�3. (B) The

effect of mantle compositions on subsidence for dtotal crustT crustal
model. The model with crustal phase transitions deactivated

assumes q0
c=2995 kgm�3. (C) The effect of mantle compositions

on subsidence for dgranodioriticT crustal model. q0
c=2730 kgm�3.
Syn-rift subsidence in the TDD formulation is

dependent on the density contrast between mantle

and crust in such a way that a lower mean crustal

density results in more syn-rift subsidence (for the

same average density of the infilled sediments). An
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identical effect can be observed here in models

with a realistic crustal density (Fig. 4). Models with

a dgranodioriticT density subside more during the

syn-rift phase than models with a dtotal-crustT
density. This reflects the fact that the dtotal-crustT
model is largely based on inferred Archean crustal

compositions that are denser than granodioritic

compositions.

Post-rift subsidence in the TDD formulation is

independent of the density contrast between crust and

mantle. Thus the large differences that are observed

during the post-rifting phase in all models with

realistic densities (Fig. 4C) are entirely due to the

effect of phase transitions. Depending on the miner-

alogy, the additional post-rift subsidence ranges from

~30% to 100%.

To establish whether this additional subsidence is

caused by mantle or by crustal phase transitions, two

experiments were performed: one in which the

crustal phase transitions and one in which the mantle

phase transitions have been deactivated. Deactivating

phase transitions has been done by replacing the

realistic density model by a TDD formulation (Eq.

(3) with b=0). The results demonstrate that mantle

phase transitions are, to a large extent, responsible for

the additional post-rift subsidence that is observed

(Fig. 4B).

Syn-rift uplift is observed in almost all models

with realistic densities (Fig. 4), and occurs either at

the onset of rifting or after a finite amount of

thinning. The amount of syn-rift uplift at the onset of

rifting is relatively small (maximum c50 m)

compared to the amount of uplift that is obtained

after a finite amount of extension. However, it has an

impact on the total amount of syn-rift subsidence,

since it prevents the basin from subsiding for ~1

million years. In the next section, we analyze the

reasons for the syn-rift uplift and study its depend-

ence on various parameters.

4.2. Effect of stretching factor on basin subsidence

Increasing the stretching factor 6 with a realistic

density model (Fig. 5) enhances the effect of phase

transitions in that it results in less syn-rift subsidence

and more post-rift subsidence than in simple density

models. For example, a stretching factor of d=1.5
causes additional post-rift subsidence of 20%–40%,
whereas stretching factors of d=4 and d=6 cause

additional subsidence of 50%–110%, depending on

the composition of crustal and mantle. Up to 1000 m

of syn-rift uplift is observed in models with a dtotal-
crustT crustal composition combined with either a

Hawaiian—or a MOR-pyrolitic mantle composition

for stretching factors of 4 and 6. If syn-rift uplift

occurs, it is followed by a period of increased post-rift

subsidence.

The phenomena that cause syn-rift uplift and

extensive post-rift subsidence in the simulations with

realistic density models can be understood by consid-

ering the variations in density caused by phase

transformations during and after rifting (Figs. 2A

and 3B). At the onset of rifting, the mantle lithosphere

is composed of spinel–lherzolite up to a pressure of 12

kbar (corresponding to a depth of 41 km) and of

garnet–lherzolite at greater pressures. During rifting,

spinel–lherzolite and part of the garnet–lherzolite

transforms into plagioclase–lherzolite. The onset of

syn-rift uplift (Fig. 5) corresponds to the introduction

of plagioclase–lherzolite into the model mantle and

the end of syn-rift uplift, at ~ 8 myr, corresponds to

the complete transformation of spinel–lherzolite into

plagioclase–lherzolite. After rifting ceased, the mantle

cools and plagioclase–lherzolite transforms back into

garnet– and spinel–lherzolite. Simulations with lower

stretching factors (e.g., d=1.5) do not result in the

formation of plagioclase–lherzolite and have no syn-

rift uplift (see Fig. 5). Thus the formation of

plagioclase lherzolite is an influential reaction for

basin subsidence.

Syn-rift uplift has a different magnitude for differ-

ent mantle compositions. A depleted mantle compo-

sition leads to generally less syn-rift uplift (Fig. 5).

This can be attributed to the fact that a depleted

mantle has a higher Mg-content, which favours the

growth of olivine and orthopyroxene, and increases

the density of the plagioclase–lherzolite by 10–25 kg/

m3. This effect shows that syn-rift uplift is dependent

on the mantle composition. The post-rift and total

subsidence, however, are only weakly dependent on

the mantle composition (Fig. 5). We thus conclude

that syn-rift uplift is a consequence of the generally

lower density of the plagioclase–lherzolite compared

to that of spinel– and garnet–lherzolite, and that this

uplift will only occur if the stretching factor d exceeds

a minimum value dcrit (Fig. 5).



Table 3

Model parameters

Symbol Meaning Value

k Thermal conductivity 3 Wm�1K�1

A Radioactive heat production 10�6 Wm�1

cp Specific heat 103 Jkg�1K�1

a Thermal expansivity 3�10�5 K�1

b Compressibility 1�10�11 Pa�1
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4.3. Parameterized density models

Our simulations with realistic density models

indicate that the garnet–spinel–plagioclase–lherzolite

transitions have the greatest influence on basin

subsidence. The simulations also demonstrate that

crustal phase transitions do not have a large impact on

post-rift subsidence, but that the crustal rock assem-

blage does influence the syn-rift subsidence since it

changes the mean density of the crust. The effect of

the crustal density model is thus similar to a TDD

formulation with a crustal density chosen to corre-

spond to the mean density (Table 3).

To verify whether the mantle transitions are indeed

the most important ones, and to reduce the computed

density maps to a simple parameterization, the

computed drealT density distributions have been fit
by least-squares (see Appendix A). Partial melting has

not been included in the current density parameter-

ization since the melt is assumed to be rapidly

removed by dikes [39] or a porous flow mechanism

[40] which changes the bulk chemistry of the rocks

and invalidates the model used here.

The drealT density models are compared with the

parameterized density models for different stretching



B.J.P. Kaus et al. / Earth and Planetary Science Letters 233 (2005) 213–228222
factors, compositions and crustal/mantle thicknesses

(Fig. 6). The maximum error in total, syn-rift and

post-rift subsidence between the real models and the

parameterized models is around 10%. The parame-

terized models reproduce the most important features

of the real models, including syn-rift uplift and

accelerated post-rift subsidence. The low density of

plagioclase–lherzolite compared to spinel/garnet–lher-

zolite is responsible for syn-rift uplift and a subse-

quent phase of accelerated post-rift subsidence (Fig.

6). Increasing the density of plagioclase–lherzolite

reduces uplift. The total subsidence after post-rift

subsidence remains unaltered.

4.4. Deviations from the TDD pure-shear stretching

model

In this section, the parameterized density models

are used to estimate the maximum syn-rift uplift and

post-rift subsidence that can be produced by phase

transition models. The maximum effect of phase

transitions in the models presented before was

obtained for a combination of a dtotal-crustT crust

and a MOR-pyrolite mantle. The minimum effects

occurred for a granodioritic crust and a depleted-

pyrolite mantle. An estimate of the deviations that

phase transitions give with respect to TDD formula-

tion are thus be made by performing systematic

computations with both the minimum and the

maximum model.
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thickness of 35 km and a mantle thickness of 70 km and (B) a crustal th
Several thousand computations have been per-

formed, in which the stretching factor and the crustal

thickness were varied, but the total lithospheric

thickness and the base temperature were maintained

constant (Fig. 7). Models with Hcrust/Hlithosb0.2 are

characterized by a phase of uplift at the beginning of

the rifting period, as predicted by previous work [11].

This is followed by a phase of subsidence and, in

some cases, by an additional uplifting phase (Fig. 7A).

Maximum obtainable syn-rift uplift ranges from 700

m in the minimum model to ~1000 m in the maximum

model.

Decreasing Tbase to 1000 8C decreases the

maximum syn-rift uplift by 30%. In addition, the

critical stretching factor to initiate syn-rift uplift is

increased from 2–2.5 to 3–3.5. Increasing Tbase to

1400 8C decreases the critical stretching factor

from ~2 to 1.5. Increasing the total lithospheric

thickness from 110 km to 160 km increases the

critical stretching factor required to initiate syn-rift

uplift from 2 to 3, and narrows the range of Hcrust/

Hlithos for which syn-rift uplift occurs. If litho-

spheric thickness is decreased, the Hcrust/Hlithos-

range widens from 0.15 to 0.4 but the maximum

uplift is decreased by ~20%.

Compared to the TDD formulation, phase tran-

sitions cause additional post-rift subsidence of at

least 20%, and as much as 90% in the maximum

model or 50% in the minimum model (Fig. 7D).

Increasing Tbase to 1400 8C increases the subsidence
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by 20%, whereas decreasing Tbase to 1000 8C halves

the difference. Increasing the lithospheric thickness

to 160 km increases the maximum deviations of the
TDD formulation by 30% and decreasing the

thickness to 80 km, decreases the deviations by

30%.
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Modelling results have been obtained with TECMOD2D (http://

www.geomodsol.com, [57]).
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5. Discussion and conclusions

Realistic density models (Appendix A) that are

reproduced by simple parameterizations have been

implemented in kinematic basin simulations. The

simulations demonstrate that, in general, phase tran-

sitions reduce syn-rift subsidence and increase post-

rift subsidence compared to the uniform stretching

(TDD) model, in which density is solely temperature-

dependent. The deviations in post-rift subsidence from

the TDD model resulting from realistic density

models vary from ~20% at low stretching factors to

N90% at greater stretching factors. Differences in

mineralogy may result in different amounts of

subsidence, but all the cases considered generate

trends that deviate significantly from that predicted by

TDD models. In distinction from the TDD model that

does not result in syn-rift uplift for reasonable

parameters, use of realistic density model can explain

up to 1 km of syn-rift uplift. In contrast to simpler

modelling efforts to account for the effect of phase

transitions (e.g., [15]), which predicted syn-rift uplift

preceding rifting, we obtain uplift during stretching.

This syn-rift uplift is caused by the formation of

plagioclase–lherzolite from spinel– and garnet–lher-

zolite, which occurs during rifting (Fig. 8). During the

thermal post-rift stage, plagioclase–lherzolite is trans-

formed back into spinel– and garnet–lherzolite,

thereby causing an additional amount of postrift

subsidence. A two-dimensional simulation points out

that plagioclase–lherzolite mainly forms below the

center of the basin (Fig. 8). Thus syn-rift uplift is to

expected in the center of the basin only. Plagioclase–

lherzolite will only be detectable seismically during,

or shortly after, an active extension phase.

In our simulations, we assumed that phase assemb-

lages are always at equilibrium. This assumption may

require explanation. In general, metamorphic reac-

tions are influenced by deformation, presence of

volatiles, temperature, etc. In crustal rocks, volatiles

strongly enhance metamorphic reaction kinetics (e.g.,

[41,36]. If these volatiles are removed during pro-

grade metamorphism, reaction rates drop and the

prograde metamorphic assemblage are preserved

[37,42]. For anhydrous mantle assemblages, thermal

activation is the dominant factor. It has been argued

that anhydrous metamorphic reactions occur at geo-

logically short timescales for temperatures above 600
8C [43]. We demonstrate that the mantle reactions

have the largest impact on basin subsidence. Typical

mantle temperatures are above 600 8C (Fig. 3A), at

these temperatures both homogeneous and heteroge-

neous equilibrium are likely.

In all our models, the accommodation space

created by subsidence is completely filled with

sediments (i.e., water depth is zero). Once sediments

are deposited, they will never be eroded. This implies

that during phases of syn-rift uplift, sediments are

uplifted above the initial zero level. We have

performed additional simulations in which these

sediments were eroded infinitely fast above the zero

level. These simulations resulted in a factor two

increase of the amount of syn-rift uplift. The total

amount of subsidence, however, was nearly unaf-

fected. Thus the simulations presented here can be

http://www.geomodsol.com


Table A1

The simplified crustal phase diagram is composed of two regions

Composition Low-P region High-P region

q0 a b q0 a b
�10�5 �10�11 �10�5 �10�11

Total crust 2835 2.82 3.46 3060 1.96 1.34

Granodioritic 2683 8.57 4.85 2918 4.11 2.09

Density in each region can be computed with q=q0 (1�aT+bP),
with P in Pascal (Pa) and T in degree Celsius (8C). The boundary

between the two regions is given by P=1.92�106T�1.6�107 for

the total crust and by P=2�106T�3.2�108 for a granodioritic crust.
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regarded as being conservative with respect to the

amounts of syn-rift uplift.

For more realistic two- and three-dimensional

models, the effect of flexural isostasy has to be taken

into account. A lithospheric flexural rigidity or

effective elastic thickness [44,45] can decrease or

damp the syn-rift uplift significantly only if the width

of the area in which uplift occurs is considerably

smaller than the flexural wavelength. Effective elastic

thicknesses used for extensional basin modelling are

usually small (smaller than around 5 km, e.g., [46,47])

providing flexural wavelengths smaller than around

100 km. Hence, for such values of effective elastic

thickness, syn-rift uplift will be only slightly de-

creased for most basin and passive margin dimen-

sions. The EET is frequently assumed to be a function

of the depth of a particular isotherm ([44], and

references therein). Syn-rift uplift occurs at the end

of rifting, when isotherms are most elevated and the

temperature-dependent EET is smallest. Thus phase
Table A2

The simplified mantle diagram is composed of three regions

q=q0(1�aT+bP) Spinel lherzolite Plagiocla

Pyrolite q0 a b q0

Composition �10�5 �10�11

Hawaiian 3369 3.87 9.54 3388

MOR 3363 3.87 8.62 3387

Depleted 3353 3.88 9.25 3371

P=aT2+bT+c Plagioclase–Spine1 boundary

Composition a b�106 c�
Hawaiian �345 1.96 �4

MOR �460 1.99 �4

Depleted �435 1.91 �4

Fitted functions for density in each region are indicated as well as the bo
transitions might have a considerable effect also in

cases with large EETs. Furthermore, lateral heat

conduction in two- and three-dimensional models will

provide considerable different results only if the

thinning factors vary strongly in the lateral direction

causing strong lateral temperature variations (Fig. 8).

Rheology may potentially influence our results in two

ways: (1) the viscosity of the asthenosphere deter-

mines to a large extent how well the lithosphere is

isostatically compensated. Large asthenospheric vis-

cosities may reduce and delay the uplift phase. (2)

Increasing the effective viscosity of the upper litho-

sphere will result in larger Deborah numbers and

therefore larger effective elastic thicknesses. This may

decrease syn-rift uplift as discussed above. However,

more work in this direction is required to obtain

insight in the interaction between phase transitions

and rheologically controlled dynamical processes

(see, e.g., [17]). In this paper, we have focussed on

the effect of metamorphic reactions on basin sub-

sidence by comparison with the simplest version of

the stretching model. Subsequent modifications of this

model such as depth-dependent stretching [4], depth

of necking combined with flexural isostasy and

erosion (e.g., [48,49]), ductile lower crustal flow

[50], magmatic underplating and intraplate stresses

can also cause additional subsidence and uplift in,

e.g., the North Sea [51,52]. Most of these models have

employed a simple TDD model. We have demon-

strated here that the incorporation of more realistic

density models may have a considerable effect in

itself. Incorporating realistic densities in any of the
se lherzolite Garnet lherzolite

a b q0 a b

�10�5 �10�11 �10�5 �10�11

3.54 1.34 3270 3.67 1.65

3.54 1.34 3249 3.39 1.45

3.56 1.34 3275 3.51 1.50

Spinel–Garnet boundary

108 a b�106 c�109

.4 1825 �2.7 2.2

.4 1946 �3.1 2.4

.1 1660 �2.9 2.4

undaries between the different regions.
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models above will thus enhance the effects. Depth-

dependent stretching caused by ductile crustal flow,

for example, would, if combined with metamorphic

reactions, require less differential stretching between

crust and mantle lithosphere to obtain the same

subsidence as depth-dependent stretching models

without phase transitions. Phase transitions could in

the same way enhance active rifting [13]) since it

increases the buoyancy of the upwelling mantle dome.

It seems unlikely that any of these mechanisms alone

can fully explain the formation of sedimentary basins.

Models for extensional basin formation based on

kinematic thinning are frequently applied to recon-

struct particular observed basin stratigraphies and to

estimate the basin’s thermal history, which is essential

for evaluating petroleum prospects. The thermal

history is strongly controlled by the value of the

thinning factors used to generate the observed basin

subsidence. Our results indicate that models with and

without mineral phase transitions will provide sig-

nificantly different thinning factors to generate the

same amount of syn-rift or post-rift subsidence.

Therefore, thermal histories provided by models with

and without mineral phase transitions are likely to be

considerably different. Reliable thermal history recon-

structions should, therefore, compare the thermal

histories obtained by models with and without mineral

phase transitions.
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Appendix A. Simplified phase diagrams

Simplified phase diagrams have been derived from

the real phase diagrams by least-squares fitting. For

this purpose, the mantle phase diagram has been

divided into three parts: spinel–lherzolite, plagio-

clase–lherzolite and garnet–lherzolite. The crustal
phase diagram has been divided into two parts, and

equations are given in Table A1. The mantle phase

diagram has been divided into three parts (Table A2).

The maximum error in density is around 1% for

mantle compositions and around 6% for crustal

compositions. The parameterized phase diagram is

valid for the temperatures and pressures that are

indicated. The density of rocks at lower temperatures

than 200 8C is assumed to be the density at a

temperature of 200 8C, since metamorphic reactions

become too slow and our equilibrium phase diagram

is no longer applicable.
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