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The density distribution of the lithosphere is non-linear and discontinuous due to complex mineralogy and,
most importantly, phase transitions. We evaluate the influence of changes in mantle composition on
lithospheric density and its evolution during horizontal stretching, using thermodynamic calculations of the
density as a function of pressure, temperature and composition. We also develop a simple parameterization
based on end-member mineral reactions and geometric relationships between the geotherm and the phase
boundary for comparison. The garnet-spinel peridotite transition leads to a moderate decrease in density of
the mantle part of the lithospheric column at the initial stages of stretching. When the crust is sufficiently
thinned and temperature is relatively high, plagioclase peridotite becomes stable in the upper part of the
mantle. The density reduction due to the plagioclase-in reaction is controlled by bulk Al,03 in the mantle and
by the depth of the plagioclase-in reaction, which is mainly governed by the Na,0/Al,05 ratio. Since Na,O
and Al,O3 increase with the fertility of the mantle the phase transition effect is most pronounced for
relatively fertile mantle (and strong extension) and can lead to 2.3% density reduction. This is equivalent to
heating the entire lithosphere by 700 °C if only the effect of thermal expansion on density is taken into
account. The formation of plagioclase peridotite can explain syn-rift uplift in sedimentary basins that
experienced large mantle stretching without invoking an unrealistically strong increase in temperature. It
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might also be responsible for the break-up unconformity observed at continental margins.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Studies of mantle xenoliths and exposed mantle sections (ophiolites,
peridotite massifs) have clearly shown that the Earth's lithospheric
mantle spans a wide range of compositions (see reviews by Bodinier and
Godard, 2003; Pearson et al., 2003). These compositional variations affect
the density of the lithosphere in two ways: i) melt extraction from a more
fertile precursor reduces the bulk density through removal of heavy
elements like iron, while melt/fluid addition (metasomatism) has the
opposite effect (Boyd and McCallister, 1976; Poudjom Djomani et al.,
2001; Schutt and Lesher, 2006); ii) changing whole rock compositions
lead to different mineral compositions and modal mineralogy due to
complex petrological reactions (Green and Ringwood, 1970a,b; Ring-
wood, 1975). For example, higher aluminium contents lead to a greater
proportion of dense garnet and therefore cause a net increase in the
density of the mantle column. Even though these effects have long been
recognized (e.g., Ringwood, 1975) and are generally accepted by the
petrological community, they are rarely taken into account for geody-
namic calculations. The standard model that is widely used in geody-
namic modeling assumes a solely temperature dependent density (TDD)
distribution in the mantle (McKenzie, 1978). This model does not include
phase transitions, mantle chemistry, or any pressure dependence of
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mantle density and it clearly does not capture the properties and beha-
viour of the lithosphere during stretching (Petrini et al., 2001; Kaus et al.,
2005; Fig.1). In a realistic mantle, density is non-linear and discontinuous,
due to mineral reactions and phase transitions (Green and Ringwood,
1970a,b; Ringwood, 1975; Green and Liebermann, 1976; Podladchikov et
al,, 1994; Yamasaki and Nakada, 1997; Petrini et al., 2001; Kaus et al.,
2005; Fig. 1). In dynamic systems, such as an extending lithosphere, the
effect of phase transitions is of major importance and the interplay
between changing temperature and mineral reactions can cause large
differences in syn- and post-rift basin subsidence (Podladchikov et al.,
1994; Yamasaki and Nakada, 1997; Petrini et al., 2001; Kaus et al., 2005).
During stretching and basin formation, the lithosphere and the crust thin,
and the temperature gradient of the geotherm increases. Phase
transitions that take place during basin formation result in discrepancies
between the observed subsidence history and the one modeled using
TDD (Podladchikov et al., 1994; Yamasaki and Nakada, 1997; Petrini et al.,
2001; Kaus et al.,, 2005). Kaus et al. (2005) described the effect of phase
transitions, but used a very restricted range of (oceanic) mantle com-
positions in their model and did not investigate the geochemical and
petrological reasons for the differences in modeled subsidence. In addi-
tion, previous studies used either simplified parameterized phase
boundaries (Podladchikov et al., 1994; Yamasaki and Nakada, 1997) or
based their phase diagram calculations (Petrini et al.,, 2001; Kaus et al,
2005) on the thermodynamic database of Holland and Powell (1998).
This database does not include chromium, which exerts significant
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Fig. 1. P-T-p diagram calculated with Perple_X for Hawaiian Pyrolite composition given in Table 1 (a) and using the solely temperature dependent (TDD) formulation given by
McKenzie (1978; (b)). The two main phase transitions and a series of geotherms for 3 from 1 to 3 are also shown. Peridotite mantle density slightly increases with temperature along
an equilibrated continental geotherm (a), whereas TDD predicts its decrease (b). At constant temperature (in the convecting mantle or asthenosphere), density strongly increases
with depth in a peridotite mantle (a). The TDD formulation, however, predicts constant density at constant temperature (b).

control on phase equilibria in the mantle. Chromium has recently been
added to the thermodynamic phase diagram calculation program
Perple_X (http://www.perplex.ethz.ch), resulting in computed phase
diagrams that are in excellent agreement with experimentally derived
ones (Fig. 1). In this paper, we explore a wide range of mantle com-
positions and show how these compositional variations, in conjunction
with parameters such as temperature and crustal thickness, affect the
density distribution and the mean density of the lithosphere during
stretching. We also provide a method to reduce the complex pressure—
temperature-composition (P-T-X) dependent density distributions in
the mantle to simple parameters that can easily be applied in geody-
namic modeling, and will lead to significant improvement of existing
models.

2. Methods and results
2.1. The choice of mantle compositions

Studies of mantle xenoliths transported to the surface in alkaline
magmas and of mantle peridotites outcropping as ophiolites or peri-
dotite massifs show that the continental upper mantle spans an ex-
tremely wide compositional range, from strongly refractory cratonic
harzburgites to fertile lherzolites with major element compositions
close to those inferred for primitive mantle or “pyrolite” (e.g. recent
reviews by Bodinier and Godard, 2003; Pearson et al., 2003). Detailed
studies of fossil and recent passive margins and mantle xenoliths from
rifts also show that lithospheric stretching is always accompanied by
melt infiltration and refertilization of the lithospheric mantle, even at
so-called amagmatic margins (e.g., Miintener and Piccardo, 2003), and
mantle compositions from rifts and rifted continental margins are often
reported as being close to fertile peridotite (for example the Red Sea;
Bonatti et al., 1986). In reality, however, passive margin and rift peri-
dotites span the whole range of observed mantle compositions (Pearson
et al., 2003). Thus, the effect of compositional variations on mantle
densities needs to be understood to model the subsidence of sedi-
mentary basins in an extending lithosphere. Most of the observed
compositional range is covered by the compositions selected here. We
tested the effect of major element variations (SiO,, MgO, FeO, Ca0, Al,Os,
Cr,05, Na,0) on the density effect of phase transitions and found that
Al,O3 and Na,O have the most profound effect (further discussed
below). We therefore choose to vary only Al,O5 (from 0.5 to 4.5 wt.%) and

Na,O (from 0.05 to 0.45 wt.%) for the detailed density calculations while
keeping the other oxide concentrations constant (Table 1). The results
are compared with density calculations on natural peridotites from the
Ronda massif (Frey et al., 1985) to ensure applicability of the synthetic
results to nature. The Ronda peridotites span the whole range from
strongly refractory to fertile Proterozoic and Phanerozoic continental
mantle (Frey et al,, 1985; Table 1). Archaean lithospheric mantle is
similar to the most refractory Ronda peridotite in aluminium, sodium
and calcium, but distinct in that it has significantly lower iron contents,
and in some cases (Kaapvaal, Siberia), significantly higher Si/Mg ratios
(e.g., Boyd, 1989), resulting in a lower bulk density of Archaean litho-
spheric mantle (e.g., Boyd and McCallister, 1976; Poudjom Djomani et al.,
2001; Schutt and Lesher, 2006).

The calculations in this paper are simplified in so far as we restricted
them to a dry, sub-solidus and closed system mantle. Evaluation of hy-
dration, partial melting and melt infiltration requires quantitative treat-
ment of open system behaviour, including transport, deformation and
reaction, which is beyond the scope of this paper. We do, however, provide
some speculations on the implications of open system behaviour in the
discussion section below.

2.2. Petrology of the upper mantle
Anhydrous peridotite consists of olivine+orthopyroxene +clinopyr-

oxene taluminous phase(s) (plagioclase, spinel or garnet), depending on

Table 1
Synthetic and natural mantle whole rock compositions used for density calculations

Pyrolite Ronda (Frey et al., 1985)
wt.% synthetic R893 R347 R25 R243 R123
Si0, 45.20 43.01 4443 4443 4512 45.60
Cr;03 0.41 0.29 0.34 0.45 0.37 0.31
Al,04 0.5-4.5 0.89 1.88 2.40 3.64 4.84
FeO(tot) 8.12 799 8.12 8.12 8.30 8.80
MgO 37.50 4717 43.76 42.09 39.09 35.80
Ca0 3.08 0.78 1.49 2.61 3.24 4,07
Na,O 0.05-0.45 0.03 0.11 0.16 0.32 0.45
Total 100.16 100.13 100.26 100.08 99.87
Mg# 0.89 0.91 0.91 0.90 0.89 0.88

FeO(tot): total iron as FeO. Pyrolite composition recalculated to 100% for varying
aluminum and sodium before phase diagram calculation.
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pressure, temperature and composition (Ringwood, 1966; Fig. 1). The
following P-T dependent phase equilibria control the mineralogy of the
uppermost (lithospheric) part of the mantle (Mg?" is interchangeable
with Fe?"):

1. Breakdown of plagioclase (from the phase assemblage olivine+
low-Al opx+diopside cpx+plagioclase; Robertson et al., 1957;
Kushiro and Yoder, 1966):

NaAlSi3Og + Mg, SiO4¢> NaAlSi; Og + 2MgSiO3 (1)
albite forsterite jadeite enstatite,
CaAl,SipOg + Mg, SiOg¢> CaAl,SiOg + 2MgSiO3 (H)
anorthite forsterite Ca-Tschermaks enstatite.

The jadeite and Ca-Tschermaks molecule enter into solid solution
in pyroxenes that are formed at the expense of plagioclase. The
formation of spinel from Na- and Al-bearing plagioclase (Birch and
LeComte, 1960; Kushiro, 1965; Green and Ringwood, 1970a,b; Ring-
wood, 1975) can be written as:

3CaAl,Si;Og 2NaAlSiz0g + 8Mg, SiO4«> 3CaMgSi, Og 2NaAlSi, Og

Na—bearing plagioclase olivine Na-Al-rich clinopyroxene
+ 10MgSiO3 + 3MgAl, Oy
enstatite spinel.

(1)

Reaction Ill is mainly pressure-dependent (slope ~ 5 bar/°C). In pyrolite,
plagioclase appears to be stable to about 1.2 GPa close to the solidus
(Ringwood, 1975; Fig. 2b). The exact position of the reactions in P-T space
is determined by the bulk composition. Na stabilizes plagioclase to higher
pressures and the formation of spinel is facilitated in systems with low
MgO/FeO ratios and high Cr,03 (Ringwood, 1975; Presnall et al., 2002).

Since the plagioclase-out reaction in mantle peridotite is located at
relatively low pressures (25-35 km depth) plagioclase peridotite will not
occur as a stable assemblage in cold continents with thick crust. It might
be present, however, in areas of high heat flow and thin crust such as
mid-oceanic ridges (Ringwood, 1975) and passive margins, where
plagioclase peridotite may have a significant influence on lithospheric
densities. Formation of plagioclase peridotite in these settings could be
responsible for mantle uplift and exhumation. Abundant plagioclase
peridotite is reported from the exhumed continental mantle at the
Iberian margin (Chazot et al., 2005) and the fossil stretched continental
margins in the Alps (Miintener and Piccardo, 2003).

2. Breakdown of spinel (from the assemblage olivine +Al-rich opx+
Al-rich cpx tspinel):

At temperatures close to the solidus, pyroxenes can hold increasing
amounts of R,03 (Al,03+Cr,03+Fe;03) in solid solution, and spinel
decreases with increasing temperature according to the reaction
(MacGregor, 1974):

MgAl O, + MMgSiOs¢> (Mm—2)MgSiOs - MgAl,SiOg + Mg, SiO4 (IV)

spinel enstatite aluminous enstatite forsterite.

The extent of the spinel-free olivine+2 pyroxenes field is
sensitively dependent upon the R,03/pyroxene ratio of the bulk rock
and also upon the Cr/Al ratio of the R,03; component. Experiments on
compositions with R,03/pyroxene ratios higher than pyrolite showed
an expansion of the spinel+pyroxenes field to higher temperatures,
and the spinel-free field close to the solidus seen in experiments on
pyrolite was not encountered (Ringwood, 1975; Robinson and Wood,
1998; Klemme and O'Neill, 2000).

At higher pressures, spinel-peridotite becomes unstable and
transforms to garnet-peridotite (olivine+low-Al opx+low-Al cpx+
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Fig. 2. (a) Whole-rock Al,03 content vs. maximum density change due to formation of
plagioclase calculated from the stoichiometry of reaction III, assuming that all alu-
minium is held in either spinel or plagioclase. Na,O is kept constant at a minimum
(most refractory) and maximum (most fertile) level for the two parallel lines, and co-
varies with Al,03 in the Ronda samples (Table 1). The Ap of the plagioclase-in reaction
is dominated by the Al,03 content, which determines how much plagioclase can form
in the peridotite, with a minor correction for Na,O. CaO usually co-varies with Al,03 in
natural peridotites and is not a limiting factor. (b) P-T diagram showing the Clapeyron
slopes of the plagioclase breakdown reaction in simple experimental systems. Pure
albite (NaAlSi30g) is stable to the highest pressures (2.3 GPa at 1200 °C, reaction I;
Robertson et al., 1957), labradorite consisting of 40% albite and 60% anorthite breaks
down at around 1.5 GPa (reaction III; Green and Ringwood, 1970a,b) and pure
anorthite (CaAl,Si;Og) is not stable above 0.85 GPa (reaction II; Kushiro and Yoder,
1966). Breakdown of plagioclase in Hawaiian pyrolite was reported at 1.12 GPa at
1200 °C (Green and Ringwood, 1970a,b). We linearly extrapolated between the
experimental data to derive two functions for the pressure of the phase transition, Ppp,
at fixed temperature (1200 °C), and for the slope of the reaction, APpp,, as a function of
the Na,0/Al,05 ratio.

pyrope-rich garnet). The spinel-garnet transition can be described by
the simplified reaction:
4MgSiO3 + MgAl, 04> Mg, Si04 + Mg3 Al Si3013 (V)

pyroxene Spine] olivine garnet.

Additional components strongly influence the position of the spinel-
out boundary. An increase in Cr,03/Al,05 of the system broadens the
spinel stability field and stabilizes spinel to higher and lower pressures
(leading to wide fields of co-existing spinel+garnet and spinel+
plagioclase).

The formation of garnet involves two distinct equilibria, and there is
a sharp change of gradient where they intersect. The reaction with the
shallower slope is reaction (V). Garnet is also formed by the breakdown
of aluminous pyroxene according to the (simplified) equilibrium
(MacGregor, 1974):

mMgSiOs - nMgAl, SiOGHMg3A12 Si3012
aluminous enstatite garnet
+ (m—2)MgSiO3 - (n—1)MgAl,SiOg

aluminous enstatite.

(VD)
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An analogous reaction can be written for aluminous diopside. The
solid solution of garnet in pyroxene decreases with increasing pres-
sure and decreasing temperature.

Kaus et al. (2005) have shown that the plagioclase-spinel transition
is the most important phase transition during stretching since it has the
highest density difference. Phase transitions in the crust have negligible
influence on basin subsidence in the stretched lithosphere (Kaus et al.,
2005). We therefore ignore crustal phase transitions and assume
constant crustal densities. The focus in this contribution is on the
plagioclase-spinel transition, and we put less emphasis on the garnet-
spinel transition (which is, however, included in the phase diagram and
density calculations below).

2.3. Simplified calculations: mineral end member reactions, Ap and
depth of plagioclase-in reaction

Reaction (III) takes place at about 1.5 GPa at 1100 °C and 1.7 GPa
at 1200 °C (Green and Ringwood, 1970a,b) and the density increase
of the reaction, Appiag-sp, is 377 kg/m?, calculated from stoichio-
metric relationships and the molar volumes of the minerals. For a
natural peridotite composition, the amount of plagioclase that can
be formed is generally restricted by the amount of Al,05 and Na,O in
the bulk. If we ignore the solubility of aluminium in pyroxenes and
use all available Al,03; to make plagioclase we can calculate the
maximum amount of plagioclase that can form at a given Al,03
concentration in the bulk rock (Fig. 2a). Usually peridotite has a very
high Ca/Na ratio hence Ca is not a limiting factor. For a given Al,03
content in the bulk rock, however, the total amount of plagioclase
increases with increasing Na,O since one mole of albite (NaAlSizOg)
contains less Al,03 than one mole of anorthite (CaAl,Si,Og). After
calculating the amount of plagioclase as a function of the bulk rock
Al,03 and Na,O contents the Appiag-sp can be derived as a function of
whole rock Al,03 and Na,O from the simplified linear equation
Applag-sp [Wt.%]=0.48 Al,05 [wt.%]+0.69 Na,O [wt.%]. Application of
this equation to natural peridotites leads to Appjag-sp Smaller than
10 kg/m?> for extremely refractory compositions and up to 90 kg/m>
(~3%) for fertile or primitive mantle compositions (Fig. 2a).

The depth of the spinel-plagioclase phase transition also depends
strongly on composition because the sodium end-member albite
(Ab100, Fig. 2b) is stable to higher pressures (2.3 GPa at 1200 °C;
Robertson et al., 1957) than the calcium end-member anorthite (AbO,
Fig. 2b; 0.85 GPa at 1200 °C; Kushiro and Yoder, 1966). The positions of
the plagioclase-spinel transitions for the two end-member reactions
(Egs. (I) and (II), Ab100 and AbO, respectively), an intermediate
plagioclase (Ab40, Eq. (3)) and pyrolite (Robertson et al., 1957; Birch
and LeComte, 1960; Kushiro, 1965; Kushiro and Yoder, 1966; Green and
Ringwood, 1970a,b) are shown in P-T space in Fig. 2b. The pressures of
the phase transitions at a fixed temperature (1200 °C), Ppn, and the
slope of the plagioclase-spinel phase transitions, expressed as APpp
between 0 and 1200 °C, depend on the Na,0/Al,03 ratio and can be
approximated by linear expressions: Ppnc=8.5+45-Na,0/Al,05 and
APy =6+35-Nay0/Al,03. These simplified relationships are only valid
for reasonable Na,O/Al,03 in the bulk rock (<0.3) and produce
erroneous results for higher Na,0/Al,05.

These calculations are consistent with the experimentally deter-
mined positions of the plagioclase-out boundaries and their depen-
dence on composition (Presnall et al., 2002). These authors also note that
adding iron to the CMAS system has an effect similar to adding sodium
and stabilizes plagioclase to higher pressures. Spinel co-exists with
plagioclase at low pressures in the more complex systems (Presnall et al.,
2002), in agreement with our full thermodynamic calculations.

The position and slope of the garnet-spinel transition for different
bulk compositions have been intensely investigated experimentally
since the 1960s (Green and Ringwood, 1967; O'Neill, 1981; Robinson
and Wood, 1998; Brey et al., 1999; Klemme and O'Neill, 2000; Walter
et al., 2002 and references therein). The exact location and shape of

this phase transition has been debated, especially at low temperatures
(Walter et al., 2002 and references therein; Wood and Yuen, 1983).
Phase diagram calculations using the new Perple_X include thermo-
dynamic data and solid solution models for chromium end members
and are consistent with experimental results from most simple and
complex systems (Green and Ringwood, 1967; Robinson and Wood,
1998) and theoretical predictions using the currently available
thermodynamic data for mineral end members and solution models.

2.4. Effect of other elements on bulk density vs. phase transition effects

Previous studies on the influence of mantle composition on density
(Poudjom Djomani et al., 2001; Schutt and Lesher, 2006) emphasized
the effect of Mg# (Mg/(Mg+Fe), which increases during partial melting
of peridotite. Whereas the Mg# of a peridotite has a strong effect on the
bulk density of the mantle, it has little effect on phase transitions. It
therefore does not influence the magnitude of the density changes that
occur during active deformation (thinning) of the lithosphere. We
therefore choose to keep FeO and MgO and all other components
constant while varying Al03 and Na,0 in the Perple_X phase diagram
calculations. This procedure is justified by comparison with the Ronda
peridotites. Mg# in the latter varies from 87.9 to 91.3, encompassing
the range from fertile to relatively refractory mantle (Frey et al., 1985).
The calculated initial mean density (p;) at B=1 (B=Ziitn(1)/Ziith(3), S€€
Table 2 for a definition of all parameters) of the lithospheric column
from the surface to a compensation depth of 150 km (Zcryse(1)=35 km,
constant Perus=2900 kg/m?) ranges from 3260 kg/m> for the most
fertile (lowest Mg#, highest Al) composition to 3211 kg/m? for the most
refractory (highest Mg#, lowest Al) Ronda composition, compared to
3249 kg/m? and 3219 kg/m?> for the most fertile (highest Al and Na) and
most refractory (lowest Al and Na, all other elements constant)
synthetic compositions, respectively. The greater range in p; of the
Ronda samples reflects the effect of changes in Mg# on the absolute
density, that add on to the effect of Al,0s.

2.5. One-dimensional geometric relationships

Stretching of the lithosphere, the evolution of the geotherm and the
resulting changing depth of the phase boundary in the lithospheric
column are schematically illustrated in Fig. 3. We followed the
approach of McKenzie (1978) for lithospheric stretching, but added
one phase transition (see Podladchikov et al., 1994; Yamasaki and

Table 2

Description and values of parameters used in the calculations

Symbol Description Values Unit

Parameter variation for dimensional analysis

T Temperature °C

P Pressure Pa

Zoht(Tast) Depth of plag-in reaction at T,g 32%10°-54*10° m

zZr Intersection of the geotherm and the m
phase transition

« Slope of initial geotherm 0.005-0.013 °C/m

v Slope of the plag-in reaction 0.023-0.064 °C/m

C Crust/lithosphere thickness ratio 0.1-0.5

R Geotherm/slope of pht (c/y) 0.1-0.5

D Zpht(Tast)Ziith1 0.16-0.68

Parameters used for stretching calculations

Zerust(1) Initial crustal thickness at 3=1 35%10° m

Ziith(1) Initial lithosphere thickness at 3=1 150*10° m

B Stretching factor, Ziien(1)/Ziitn(p)

= Temperature of asthenosphere 1330 °C

TwvoHo Temperature at crust-mantle 600 °C

Po Mantle density at 0 °C for TDD 3330 kg/m?

Perust Density of crust 2900 kg/m?

o Thermal expansion coefficient 3.28%107° K!

B Compressibility Not used
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Fig. 3. Schematic drawing showing the geometric relationships between a phase transition and an evolving geotherm during lithospheric thinning. Heavy dotted line: phase
transition; dashed lines: geotherms; solid lines: base of the lithosphere and base of the crust. (a): Initial conditions (3=1); (b): Thinning up to B¢, where the intersection between
the phase transition and the geotherm (z,) coincides with the base of the crust. (c): Thinning from i to an arbitrary 3 between ;i1 and Bcriro. H denotes the length of the column
that is in the plagioclase stability field. (d): Thinning from Beit1 to Beritz, Where the phase transition intersects the adiabatic part of the geotherm at T, (the base of the lithosphere).

H, will grow upwards with continued thinning of the crust. See text for explanation.

Nakada, 1997 for a similar approach). This model assumes that
stretching is instantaneous and homogeneous throughout the crust
and mantle. Instantaneous stretching implies that stretching (advec-
tion of hot material) is fast compared to cooling (thermal diffusion), so
thermal re-equilibration by diffusion can be neglected. Changes in the
column are considered from a constant compensation depth at zjin(1)
to the top of the crust. Only the spinel-plagioclase-peridotite phase
transition is shown in Fig. 3 since the garnet-spinel-peridotite phase
transition has been investigated in a similar way before (Podladchikov
et al.,, 1994) and has a much smaller effect on basin subsidence/uplift
(Petrini et al., 2001; Kaus et al., 2005). The spinel-plagioclase phase
transition has a small positive slope at relevant mantle temperatures
and compositions (e.g. Ringwood, 1975; Presnall et al., 2002).
The geotherm can be described with the equation

T=T,+0a2 (1)

where Tis temperature [°C], z is depth [m], «=dT/dz is the slope of the
geotherm and T is the intersection of the extrapolated mantle
geotherm with the surface (z=0).

The phase transition can be approximated by the linear expression

T=T +vyz )

with y=dT/dz the slope of the phase transition and T, the extrapolated
temperature at z=0, where the Clapeyron slope would intersect the
surface.

In the starting configuration, the equilibrated geotherm misses the
spinel-plagioclase transition because the intersection between the
geotherm and the Clapeyron slope of the reaction, z, is located inside
the crust: z,<z.yst (Fig. 3a). After stretching and thinning of the
lithospheric mantle and crust by a critical factor B¢, the slope of the
geotherm increases and the intersection with the Clapeyron slope of
the reaction, z,, has moved deeper and is now located at the base of
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the crust (z,=Zcrust(1)/Berit1). With progressive stretching, part of the
column with length H; moves into the plagioclase stability field.
Further stretching leads to increasing H until a critical stretching
factor itz is reached and z, coincides with the base of the lithosphere
(2-=Ziith(1)/Berir2)- During further stretching z, stays constant and the
increase of plagioclase peridotite in the column (H,) is caused only by
the continued thinning of the crust. The critical stretching factors,
Berit1 and Beirp, and the lengths of the column that are in the
plagioclase stability field, H; and H,, can be calculated by introducing
three dimensionless numbers.
The ratio of the slope of the initial geotherm:

= <d_T> :M 3)
dz geo Ziith(1)

and the slope of the phase transition (inverse Clapeyron slope):

dT\ T —T,
v=(g) -2 @
pht pht(Tast)

give the first dimensionless number:

R= g _ Tast — Tg ,tht(Tasi) _

B APy
Y Tase— T Zign

Past(1)

(5)

Note that vy stays constant during stretching for a given bulk rock
composition whereas « changes with stretching: a=oy - .

The second number is the ratio of the thickness of the crust to the
total lithospheric thickness and is frequently used in basin modeling:

Z
=" (6)
lith

The third number is the ratio of the depth of the phase transition at
T.s: to the thickness of the lithosphere:

Z,
D= ;h.t“-ast) ) (7)
lith(1)

The critical points in this thinning process may now be expressed
as follows. The depth of the reaction, z,, can be calculated from the
intersection between the geotherm and the phase transition. At Bt

Tg - Tr zcrust(l)

Z = — = 8
r Y- OCﬁcritl ﬁcritl i ( )
therefore
Zcrust(]) Y C

o _ 9
Pewn =7 =7 Zows1) % D+ R(C—1) ©)
and
H] _ Tg — Tr _ Zcrust(l) _ ’yZPhl(Tast) — OLth(l) _ Zcrust(])

v—op b g c Y- op b
= Ziith(1) (m - E) . (10)

The second critical stretching factor is reached when z, coincides
with Zcrust(U/Bcritz and T(Zr)=Tast- so that

YZiitn(1) Ziim(1y 1
B = = = 11
itz T — Ty + 0Zin1)  Zpw(Ta) D (1)
and
Zlith(]) Zcrust(l) 1 C
H; = - =Zim() | 57— — 7 - (12)
ﬁcritZ ﬁ o ﬂcritZ ﬁ

The fraction of the lithosphere that is in the plagioclase field (H/zijtn1))
increases rapidly between B.in and Beiz and only moderately for

B>PBeit2 (Fig. 4). Hence H at B is close to the maximum fraction of
plagioclase peridotite that can be reached during stretching, and S¢ie
marks this saturation point. At B, H=H;=0 and at B, Hy =Ho. Fig. 4
shows the dependence of H, Bgit; and Beitz on B and C for average D and
R values (Table 2). Bt is <1 for low crust/lithosphere ratios (0.1) and
increases to 2.5 if the initial crust constitutes half of the lithosphere.
Beritz 1S constant at 3.3, where H can reach 25% for small crust/litho-
sphere ratios. H is largest for large D and R and small C and can reach a
maximum of 0.57 within the parameter range assumed here (Table 2).
Beit1 decreases with D and increases with R and C, while B is
independent of R and C and decreases with D.

2.6. Full thermodynamic calculation of density

The Gibbs free energy minimization software Perple_X (Connolly and
Petrini, 2002) was used to calculate phase diagrams for a range of mantle
compositions (see supplementary data in the Appendix). At any point in
P-T space, Perple_X gives the proportions and compositions of all stable
phases. From there, thermodynamic P-T-X dependent densities can be
obtained without any extrapolation. All following diagrams are computed
assuming an initial lithospheric thickness zj7)=150 km, initial crustal
thickness Zerusi(1)=35 km, Tas=1330 °C, Tpmono=600 °C and a constant
Perust=2900 kg/m>. To calculate mean densities or weights of the
columns, densities are integrated from zju(1) to the top of the crust.
Stretching and thinning are assumed to be instantaneous in these simple
models. As shown above (Fig. 1), mantle mineralogy results in non-linear
density variations, and large density contrasts may occur at some phase
boundaries (Fig. 5). These contrasts are most pronounced for a fertile
mantle since the amount of aluminous phases that can be formed is a
function of Al,03 in the bulk-rock (Wood and Yuen, 1983). Whole-rock
Na,O content determines the position of the plagioclase-in boundary. For
a very refractory mantle, density can be approximated by the simple P-T
dependent formula p=po(1-04T+ppP). However, the pressure depen-
dence of p is as strong as the temperature dependence (lower left corner
in Fig. 5), and the effect of compressibility (3p) cannot be neglected.

2.7. Density along the geotherm and the effect of stretching
The hydrostatic pressure in the lithospheric column is determined by
the load of the overburden, while the temperature distribution is given by

the geothermal gradient. The equilibrated, steady state mantle geotherm
is well approximated by a linear function with a slope a=dT/dz

H: fraction of z,,, in plag field (D=0.3, R=0.2) H
5 5 , -
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Fig. 4. H|zjyn1y as a function of B and the initial ratio of crustal and lithospheric
thicknesses, C. D and R are kept constant. At 3>, the lithospheric mantle first
enters the plagioclase stability field (H/zjin1)=0). H/Zjin1) then increases almost
linearly up to B=crir2. At B> Peritz, the depth of the phase transition coincides with the
depth of the stretched lithosphere and H/zjin1) increases only slightly due to continued
thinning of the crust. B increases with increasing C (Eq. (9)), whereas Bz only
depends on D and is constant for fixed D. Up to 25% of the initial lithosphere can be in
the plagioclase field for small C and large .



154 N.S.C. Simon, Y.Y. Podladchikov / Earth and Planetary Science Letters 272 (2008) 148-157

AL,O,
45
900 600 900 1200 600 900 1200
- 13350
e - 13300
.............. : : -
600 900.° 1200 600 Te{gg} 1200 600 900 1200
4 3200
3
05 a 3150
;
reractoy] 990 1200 600 900 1200 800 900 1200 3100
refractory .
0.05 0.25 0.45
Na,O

Fig. 5. Variation of mantle density as a function of pressure, P, and temperature, T, (inner axes) and composition, X, (outer axes). Mantle density depends on pressure and temperature
and is discontinuous in P-T space due to phase transitions. Plagioclase peridotite is stable below the dark blue dotted line, the spinel field roughly coincides with the green,
intermediate density, colours, whereas dense garnet peridotite appears in orange-red shading above the green dotted line. The density contrast in P-T space decreases with
decreasing Al,05 (from top to bottom), whereas the extent of the plagioclase field increases with increasing Na,O (from left to right).

connecting the base of the lithosphere zj;, with a temperature T,s and brated 150 km thick continental lithosphere and reference geotherms for
the base of the crust z..s with a temperature Tyiono. During stretching, variably stretched lithosphere are plotted in Fig. 1a. Densities depending
the lithosphere and the crust thin, and the temperature gradient of the only on thermal expansion (TDD) are shown for comparison in Fig. 1b.
geotherm increases (Figs. 1 and 3). Table 2 lists the parameters used in our Peridotite mantle density slightly increases with temperature along an
simplified stretching calculations. A geotherm for a thermally equili- equilibrated continental geotherm, whereas TDD predicts its decrease. At
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Fig. 6. Density along the geotherm (T projected to P) as a function of stretching, 3, and composition. The black solid line indicates the bottom of the lithosphere (1330 °C). In general,
density decreases with decreasing pressure along the geotherm, also at constant temperature (below the base of the lithosphere). From the bottom to the top of the column, abrupt
reductions in density occur at the garnet-out boundary (~1%), at the plagioclase-in boundary (up to 3%) and at the crust-mantle boundary. Note that the garnet-out boundary (blue
thin stippled line) drastically shifts to deeper levels (from ~ 1.5 to 2.5 GPa) at the initial stages of rifting. Plagioclase-peridotite (below black thin stippled line) first appears in the
column between 3=1.4 and 3=2 (Bcit1: intersection of the base of the crust with the plag-in transition) at <1 GPa. Its proportion in the column (H) gradually increases until the
column becomes saturated in plagioclase-peridotite at 3¢tz (~3.2 for fertile mantle). Beit1, Beritz and H depend on the initial setup of the lithosphere and the composition of the
mantle. The variation in density along the geotherm and the effect of phase transitions on density is most pronounced for fertile compositions (upper right corner).
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constant temperature (in the convecting mantle or asthenosphere),
density strongly increases with depth in a peridotite mantle. The TDD
formulation, however, predicts constant density at constant temperature.

Fig. 6 shows how the distribution of density with depth, projected
on the geotherm, changes with increasing stretching (3) and with
changing concentrations of Na,O and Al,0s. The density contrast
along the geotherm and the depth of the plagioclase-in transition
(blue low density field in Fig. 6) clearly increase with increasing
fertility (increasing Na,O and Al,03) of the whole-rock. For the most
fertile compositions, plagioclase peridotite appears in the column at
~0.7 GPa and B;it1 ~ 1.5. The column becomes saturated in plagioclase
at Berirz ~3.5, and a significant portion of the column (from a depth
corresponding to 1.3 GPa to the base of the thinned crust, i.e.
H>30 km) consists of light plagioclase peridotite.

The garnet-spinel phase transition rapidly shifts to deeper depth
with increasing stretching due to the steep and curved slope of the
phase boundary (Podladchikov et al., 1994), from ~1.4 GPa at 3=1 to
2.3 GPa at 3=1.9 in Hawaiian pyrolite (Fig. 6, upper right panel). After
the base of the lithosphere has intersected the phase transition the
column is saturated in spinel peridotite and the mean density of the
mantle part of the lithospheric column has decreased by 1.4% (from
B=1to B=2).

The change in the mean density of the column (ps-1 —pg), which
determines the isostatic equilibrium and therefore the subsidence or
uplift in the developing basin, is strongly influenced by phase transitions
(Fig. 7). In the initial stages of stretching column weights calculated with
Perple_X and TDD increase due to thinning of light crust. For relatively
fertile compositions, the density increase of the column is reduced by
the garnet-spinel transition between (3=1.5-2 (Fig. 7). The most drastic
reduction in peridotite density occurs as soon as sufficient plagioclase
peridotite forms in the column at around 3=2.5. At 3>3.5, the TDD
formulation overestimates the mean density increase by up to 100% for
fertile compositions for this particular setup. The difference between
TDD and petrologic density decreases for less dense and/or thicker crust,
and dramatically increases for denser and/or thinner crust. Since the
changes in mean column densities are proportional to subsidence this
difference translates into more than 1000 m less subsidence for fertile
compositions (e.g. R123, Table 1) calculated with Perple_X relative to
TDD at 3=4 (Fig. 7). TDD approximates true densities and subsidence for
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Fig. 7. (a) Variations in column weight (pz-1-pp) calculated for P-T-X dependent
densities compared to TDD (grey diamonds). The fields of equal Al,03 contents are
bounded by the lowest (lower bound) and highest (upper bound) Na,0 at a given Al,0s.
All weights are calculated from 150 km (zjin(1)) to the top of the crust, assuming a
constant crustal density of 2900 kg/m> and initial crustal thickness Zeruse(1)=35 km.
Water-loaded tectonic subsidence is proportional to the change in column weight. TDD
approximates the density evolution of strongly refractory mantle. For fertile peridotite,
TDD overestimates the increase in column weight by more than 100% at 3=4 and
predicts 1800 m of subsidence, compared to 800 m for the most fertile synthetic or
Ronda composition (R123). The column weights calculated for the Ronda peridotite
compositions (black solid lines) are consistent with the trends displayed by the
synthetic compositions.

the strongly refractory synthetic mantle compositions used here, but
note that the most refractory natural composition (R893, Table 1) still
shows ~300 m less subsidence than TDD for large stretching. This is
because the most depleted Ronda sample is less refractory than the most
extreme model examples (min. Al,O3 for Ronda=0.89 wt.%, vs. 0.5 wt.%
in the model compositions; Table 1) and because the effect of depletion
on for example Fe is also taken into account. The calculations using the
Ronda compositions should more adequately predict density variations
in nature than the model compositions since Na and Al co-vary with
other elements (e.g. Mg, Fe, Ca) along melting/refertilization trends.

3. Discussion and implications
3.1. Comparison between complex and simplified calculations

Our results have confirmed previous suggestions that phase
transitions influence density in areas of thin crust and elevated heat
flow (Ringwood, 1975; Podladchikov et al., 1994). We concur with
previous findings (Petrini et al., 2001; Kaus et al., 2005) that phase
transitions can cause significant synrift uplift and a subsidence curve
that is very different to the one modeled by uniform stretching using
TDD (i.e., less synrift subsidence or synrift uplift followed by acce-
lerated subsidence; Fig. 7). We have also investigated and quantified
the effect of changes in mantle composition, first from simplified
petrological considerations using end member reactions and geome-
trical relationships between phase boundaries, geotherms and crust
and lithosphere thicknesses; then from full thermodynamic calcula-
tions for a range of synthetic and real mantle compositions. The full
thermodynamic calculations of density agree well with the simplified
calculations based on end member reactions, which predict a
maximum decrease in column density of 20 kg/m> at 3=4, slightly
higher than the Perple_X calculations (Fig. 7; see supplementary data
for a more detailed comparison). The Perple_X calculations are also
consistent with experimentally derived mantle phase diagrams for
simple and complex systems (Ringwood, 1975; Robinson and Wood,
1998; Presnall et al., 2002; Girnis et al., 2003; Klemme, 2004). The
calculations of Ap, zpy, critical B's and H from the simplified end
member relations and the full thermodynamic calculations give very
similar results and predict that subsidence may be reduced by
>1000 m for fertile mantle relative to refractory mantle and TDD
(Fig. 7 and supplementary material). The simplified calculations
consider variations in Zeust/ziiin and the slope of the geotherm,
while the full thermodynamic calculation were carried out with fixed
starting geometry and quantify the effect of changes in mantle
compositions. Since we used the same parameters as McKenzie (1978)
for one dimensional stretching the results can be directly compared to
most basin models without phase transitions. Our results can be easily
implemented into more complex dynamic or kinematic basin models
(Podladchikov et al., 2006; Hartz et al., 2007).

3.2. Reaction kinetics and closed vs. open system behaviour

The importance of phase transitions has often been doubted
because of concerns about kinetics. In fact, many metamorphic reac-
tions are sluggish and do not proceed at low temperatures. However,
we have shown in the previous sections that the effect of mantle phase
transitions on basin subsidence is most pronounced at high stretching
factors, implying significant upwelling of hot (>1000 °C) mantle. We
therefore assume that reaction kinetics do not inhibit phase transi-
tions in extensional settings. This conclusion is supported by the fact
that plagioclase peridotite is frequently observed in shallow mantle
peridotites (Dick and Bullen, 1984; Miintener and Piccardo, 2003;
Chazot et al., 2005). A large proportion of this plagioclase probably
crystallized from infiltrating fluids/melts (Dick and Bullen, 1984;
Miintener and Piccardo, 2003; Chazot et al., 2005) as opposed to being
formed by closed system metamorphic reactions, but the exact origin
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of the plagioclase is irrelevant for our conclusions. Detailed field work
on fossil and current passive margins has confirmed that lithosphere
extension is inevitably accompanied by extensive infiltration of the
stretched lithospheric mantle by magmatic fluids (Miintener and
Piccardo, 2003; Chazot et al., 2005). This leads to re-fertilization of the
mantle, direct crystallization of new plagioclase and formation of
plagioclase at the expense of spinel. The metamorphic reaction is
enhanced by the flux provided by the infiltrating melts, shifting
metamorphic closure temperatures to lower values. Open system
behaviour should therefore enhance the effect of the plagioclase phase
transition. Refertilization of the mantle might also happen indepen-
dently of extension. If a static mantle is pervasively fluxed by fluids to
an extent that the bulk composition changes (e.g. Na and Al increase
due to reaction of a basaltic melt with a harzburgite) this will lead to
changes in density enhanced by shifting phase boundaries. Alterna-
tively, partial melting of the lithosphere leaves a more refractory
peridotite with a more uniform density distribution and a lower ave-
rage density (Figs. 5 and 6). In either case vertical movements inde-
pendent of tectonic activity and deformation will occur.

3.3. Implications for geodynamics

We have shown that mantle phase transitions are responsible for a
non-linear density distribution in the mantle lithosphere and that their
influence on density evolution during stretching depends on mantle
composition. The garnet-spinel transition plays an important role
during initial stages of rifting (small 3) and can cause early syn-rift
uplift (probably often interpreted as pre-rift), followed by accelerated
subsidence. This is in general accordance with previous work
(Podladchikov et al., 1994; Yamasaki and Nakada, 1997; Petrini et al.,
2001; Kaus et al., 2005), but our improved phase diagram calculations
yield garnet-spinel peridotite boundaries that are more consistent
with experimental data and field observation, and constrain systema-
tic variations with changing bulk composition (varying fertility or melt
depletion) of the mantle. The spinel-plagioclase transition, in contrast,
is important in regions of thin crust and high heat flow (large 3), and
should therefore play an important role at for example strongly
extended continental margins. There, its effect on density can be on the
same order of magnitude as the effect of thermal expansion. This
means that the reduction in density due to a large proportion of
plagioclase in the mantle is equivalent to heating by >500 °C if the
conventional solely temperature dependent formulation (TDD) is used
to calculate mantle densities. Uplift due to mantle phase transitions is
expected to be most pronounced for dense and/or thin initial crust.

We therefore propose that the density reduction due to the formation
of plagioclase peridotite might provide an alternative explanation for
uplift events that are most commonly explained by processes involving
massive heating, either through impingement of a plume (dynamic and
thermal uplift) or strong thinning of the mantle relative to the crust
(depth dependent stretching). Both these scenarios should be accom-
panied by elevated paleo-heat flow and probably extensive magmatism.

Perhaps one of the best documented cases of syn-rift uplift in an
extended continental margin is the Vering Plateau, which formed
during the ~65-55 Ma pre-break-up rifting episode of the North
Atlantic, off-shore Western Norway (e.g. Ren et al., 2003). Preliminary
two-dimensional modeling using Tecmod (Riipke et al., 2007) has
shown that the basin evolution of the Vering basin, including paleo-
heat flow and paleo-water depth, can be successfully fitted if
differential stretching of the mantle is permitted (Podladchikov et al.,
2006; Simon et al., 2007). The necessary mantle stretching can be
reduced significantly from the extremely high values required by the
conventional TDD formulation to realistic values if petrological density
maps are used instead (Podladchikov et al., 2006; Simon et al., 2007).
Detailed results of the application of our results to kinetic two-
dimensional forward modeling (Riipke et al., 2007) of the profile from
the Vering Basin will be presented elsewhere.

In dynamic models that explore the transition from passive to active
rifting (Huismans et al., 2001) we would expect the plagioclase-in reaction
to enhance the active upwelling of the mantle. The interplay between
passive stretching (far field tectonic stresses), active mantle upwelling
(temperature-induced buoyancy), partial melting and re-fertilization of
overlying mantle (compositional changes), and metamorphic phase
changes might potentially explain a range of observations at increasingly
well studied current and fossil passive margins. The dynamic coupling of
these processes provides an interesting field for future research.

Another case where strong uplift is often observed is the so-called
‘break-up unconformity’ at rifted continental margins, initially
interpreted to occur at the transition from rifting to seafloor spreading
(Falvey, 1974). However, a similar unconformity is reported from failed
intra-continental rifts, where the unconformity is located at the
boundary between syn- and post-rift sediments (Ziegler and
Cloetingh, 2004). Braun and Beaumont (1989) explained the break-
up unconformity by flexural response of the lithosphere to changes in
the in-plane stresses, which would be largest during lithospheric
rupture. We have shown that the formation of plagioclase peridotite
can cause significant buoyancy and therefore uplift in strongly
extended lithosphere. This effect will be amplified by re-fertilization
of the mantle due to infiltration of melts at the onset of magmatism
shortly before break-up. Whitmarsh et al. (2001) have documented
the increase in magmatic infiltration of the stretched lithospheric
mantle from the continental part of the Iberian and fossil Alpine
margins towards the rift centre/break-up location. We therefore
propose that uplift at the transition from rifting to sea-floor spreading
could be caused by mantle phase transitions. Formation of plagioclase
peridotite demonstrably happens in such settings and we have shown
here that it is a powerful mechanism for vertical motions in a
smoothly extending lithosphere, without invoking sudden changes in
temperature or stress. The exact magnitude of the uplift and the
interaction with other mechanical and thermal processes needs to be
explored in more sophisticated dynamic models.
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