Journal of

METAMORPHIC GEOLOGY

J. metamorphic Geol., 2013, 31, 549-570

doi:10.1111/jmg.12033

Exhumation of oceanic eclogites: thermodynamic constraints on
pressure, temperature, bulk composition and density

Y. CHEN, K. YE, T. F. WU AND S§. GUO
State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, P.O.
Box 9825, Beijing, 100029, China (chenyi@mail.iggcas.ac.cn)

ABSTRACT

INTRODUCTION

The exhumation mechanism of high-pressure (HP) and ultrahigh-pressure (UHP) eclogites formed by
the subduction of oceanic crust (hereafter referred to as oceanic eclogites) is one of the primary uncer-
tainties associated with the subduction factory. The phase relations and densities of eclogites with
MORB compositions are modelled using thermodynamic calculations over a P-T range of 1-4 GPa
and 400-800 °C, respectively, in the NCKFMASHTO (Na,O-CaO-K,0-FeO-MgO-Al,05-SiO>—
H>0-TiO>—Fe,03) system. Our modelling suggests that the mineral assemblages, mineral proportions
and density of oceanic crust subducted along a cold P-T path are quite different from those of crust
subducted along a warm P-T path, and that the density of oceanic eclogites is largely controlled by
the stability of low-density hydrous minerals, such as lawsonite, chlorite, glaucophane and talc. Along
a cold subduction P-T path with a geotherm of ~6 °C km™', lawsonite is always present at 1.1 to
>4.0 GPa, and chlorite, glaucophane and talc can be stable at pressures of up to 2.3, 2.6 and 3.6 GPa
respectively. Along such a P-T path, the density of subducted oceanic crust is always lower than that
of the surrounding mantle at depths shallower than 110-120 km (< 3.3-3.6 GPa). However, along a
warm subduction P-T path with a geotherm of ~10 °C km ™', the P—T path is outside the stability field
of lawsonite, and the hydrous minerals of chlorite, epidote and amphibole break down completely into
dry dense minerals at relatively lower pressures of 1.5, 1.85 and 1.9 GPa respectively. Along such a
warm subduction P-T path, the subducted oceanic crust becomes denser than the surrounding mantle
at depths >60 km (>1.8 GPa). Oceanic eclogites with high H,O content, oxygen fugacity, bulk-rock
Xve [=MgO/(MgO + FeO)], Xai [ = ALO3/(Al,O3 + MgO + FeO)] and low X¢, [= CaO/
(CaO + MgO + FeO + Na,O)] are likely suitable for exhumation, which is consistent with the bulk-
rock compositions of the natural oceanic eclogites on the Earth’s surface. On the basis of natural
observations and our calculations, it is suggested that beyond depths around 110-120 km oceanic
eclogites are not light enough and/or there are no blueschists to compensate the negative buoyancy of
the oceanic crust, therefore explaining the lack of oceanic eclogites returned from ultradeep mantle
(>120 km) to the Earth’s surface. The exhumed light—cold—hydrous oceanic eclogites may have decou-
pled from the top part of the sinking slab at shallow depths in the forearc region and are exhumed
inside the serpentinized subduction channel, whereas the dense—hot—dry eclogites may be retained in
the sinking slab and recycled into deeper mantle.

Key words: density; exhumation; hydrous minerals; subducted oceanic crust; thermodynamic
modelling.

lower mantle (Fukao et al., 2001) and even the core-
mantle boundary (Hirose et al., 1999; Karason & van

Oceanic crust is composed primarily of MORB, and
it is transformed into blueschist and high-pressure
(HP) or ultrahigh-pressure (UHP) eclogite when it is
subducted into mantle depths. Abundant experimen-
tal studies on MORB at HP and UHP conditions
have shown that oceanic eclogites are denser than the
surrounding mantle (e.g. Aoki & Takahashi, 2004;
Litasov & Ohtani, 2005); therefore, oceanic eclogites
are generally considered difficult to exhume to the
surface when driven by buoyancy forces. Oceanic
crust is commonly observed to be recycled into the
transition zone (Zhao et al., 2007; Zhao, 2008), the
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der Hilst, 2000). However, some oceanic eclogites are
exhumed to the surface in several oceanic subduction
zones (e.g. Agard et al., 2009; Wei et al., 2009a;
Brovarone et al., 2011; Zhai et al., 2011; Plunder
et al., 2012); some of them are even coesite-bearing
UHP eclogites that were exhumed from mantle
depths >90 km (Groppo et al., 2009; Lu et al., 2009;
Angiboust et al., 2012). The occurrence of natural
HP and UHP oceanic eclogites indicates that at least
parts of the subducted oceanic crust detached from
the down-going slab and were exhumed back to the
surface.
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Several hypotheses have been proposed to explain
the exhumation of these subducted oceanic eclogites.
Shreve & Cloos (1986) and Platt (1986) suggested
that part of the subducted oceanic crust and over-
lying sediments can be decoupled from the down-
going crust and dragged to crustal levels along the
subduction channel by a low-density accretionary
wedge. However, because the accretionary wedge is
restricted to shallow depths (generally shallower than
40 km, Agard et al., 2009), this model cannot explain
the exhumation of deep subducted oceanic eclogites,
especially UHP eclogites. An alternative hypothesis
suggests that the subducted oceanic crust was
dragged upward by the exhumed low-density conti-
nental rocks (e.g. Plunder et al., 2012). However, in
convergence plate boundaries involving both oceanic
subduction and continental subduction, the subduc-
tion of oceanic crust is always prior to the subduc-
tion of continental crust, and the exhumation of
oceanic eclogites is commonly prior to the HP-UHP
rocks formed by continental subduction (Song et al.,
2006). A third hypothesis proposes that the exhumed
oceanic eclogites were dragged upward by low-
density serpentinite (Hermann et al., 2000; Guillot
et al., 2001, 2009; Angiboust & Agard, 2010). Although
this model is sufficient for the oceanic eclogites associ-
ated with serpentinite, such as those in Zermatt-Saas in
the Western Alps (Angiboust & Agard, 2010), it cannot
explain the exhumation of oceanic eclogites without ser-
pentinite, such as those in Southwest Tianshan (Zhang
et al., 2008; Klemd et al., 2011). Therefore, compared
with the well-accepted buoyancy exhumation model for
HP-UHP rocks formed by continental subduction
(Davies & von Blanckenburg, 1995; Ernst, 2001), the
exhumation mechanism associated with oceanic eclog-
ites remains one of the least-known domains in the
subduction factory (Gerya et al., 2002; Gorezyk et al.,
2007; Krebs et al., 2008; Blanco-Quintero et al., 2010;
Malatesta et al., 2012).

All of the models above are based on the assump-
tion that oceanic eclogites are denser than the sur-
rounding mantle; therefore, their exhumation must be
aided by low-density rocks. However, this raises the
question of whether the natural oceanic eclogites are
really denser than the upper mantle? We note that
most of the exhumed oceanic eclogites at the surface
are low-temperature hydrous eclogites formed at
<3.2 GPa and <630 °C (e.g. Groppo et al., 2009; Lu
et al., 2009; Wei et al., 2009a; Angiboust & Agard,
2010; Brovarone et al., 2011; Zhai et al., 2011; Angib-
oust et al., 2012; Plunder et al., 2012), and that no
high-temperature oceanic eclogites have been
reported. A typical feature of natural oceanic eclogites
is that they are all enriched in low-density HP-UHP
hydrous minerals, such as glaucophane, lawsonite,
paragonite, phengite, talc and chloritoid. Their min-
eral assemblages and mineral proportions are quite
different from those of the high-temperature eclogites
produced in experiments. To achieve equilibrium

quickly in the experimental systems and reduce the
experimental durations, most experimental studies on
the MORB were conducted at temperatures higher
than 900 °C (e.g. Aoki & Takahashi, 2004; Litasov &
Ohtani, 2005), and the high-temperature eclogites
produced were relatively dry. The density data cali-
brated from such high-temperature dry eclogites obvi-
ously cannot represent the natural low-temperature
hydrous oceanic eclogites observed. Even though a
few experiments have extended investigations of phase
relations in the MORB system to temperatures as low
as 550 °C (Poli, 1993; Schmidt & Poli, 1998; Forneris
& Holloway, 2003), no experimental density data are
available for low-temperature hydrous oceanic eclog-
ites. Therefore, the density of low-temperature
hydrous oceanic eclogites remains unclear.

In this study, we calculated pseudosections for
MORB compositions to constrain phase relations,
mineral assemblages and mineral proportions under
various P-T conditions. Based on these data, the den-
sities of both low-temperature and high-temperature
MORB eclogites were calculated, as well as the density
evolution of oceanic eclogites along both a cold and a
hot P-T path. The effects of the bulk-rock composi-
tion on the density of oceanic eclogites are also investi-
gated. These data are used to constrain possible
exhumation mechanisms for subducted oceanic eclog-
ites worldwide.

NATURAL OCEANIC ECLOGITES

The oceanic eclogites reported in typical oceanic sub-
duction zones worldwide are summarized in Table 1
and Fig. 1. They can be subdivided into three groups
based on peak mineral assemblages and P—T conditions
as follows: (i) Coesite-bearing UHP oceanic eclogites
are reported in Zermatt-Saas and Monviso in the Wes-
tern Alps (Groppo et al., 2009; Angiboust & Agard,
2010; Angiboust ez al., 2012) and in Southwest Tian-
shan in China (Lu ez al., 2008, 2009). These UHP oce-
anic eclogites commonly contain lawsonite or
pseudomorphs after lawsonite. They have a typical peak
mineral assemblage of garnet + omphacite + lawso-
nite + coesite + phengite + rutile + glaucophane, and
their peak metamorphic P-T conditions are restricted
to 2.7-3.2 GPa and 470-610 °C (Table 1; Fig. 1). Their
peak metamorphic P-T conditions correspond to the
geothermal gradients of 57 °C km™', corresponding to
typical cold subduction (Fig. 1); (ii) HP lawsonite eclog-
ites, including lawsonite-bearing or lawsonite pseudo-
morph-bearing eclogites, have been found in several
cold oceanic subduction zones (Tsujimori ez al., 2006a,
b; Wei & Clarke, 2011). They have a typical mineral
assemblage of garnet + omphacite + lawsonite + glau-
cophane + phengite + quartz + rutile/titanite. = Their
peak P-T conditions are in the range of 1.7-2.6 GPa
and 400-620 °C, corresponding to the geothermal
gradients of 5-8 °C km~' (Table 1; Fig. 1); and
(ii1) HP epidote eclogites are the most common type of
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Table 1. Comparison of available data on natural oceanic eclogites (see also Fig. 1).

Estimated peak
conditions

Type No. Locality (GPa/°C) Mineral assemblage Mg Xar Xca References
UHP 1 Zermatt-Saas, W. Alps 3.0-3.2/590-605 g+ o+ law* + coe + ru + gl 0.46-0.74  0.29-0.46  0.17-0.46  Groppo et al. (2009);
eclogite Angiboust & Agard (2010)
2 Southwest Tianshan 2.7/470-510 g+ o+ law* + coe + gl 0.41-0.76  0.27-0.42  0.15-0.36  Gao et al. (2007);
L et al. (2009)
3 Monviso, W. Alps 2.6-2.8/550 g+ o+ law* + g/coe + ru + ctd 0.37-0.84  0.26-0.39  0.21-0.40  Groppo & Castelli (2010);
Spandler et al. (2011);
Angiboust ez al. (2012)
HP 4 Schistes Lustres, Corsica 2.3/520 g+ o+ law + phe + q + tn 0.52-0.53  0.45-0.50 0.42-0.53  Brovarone et al. (2011);
law-eclogite Plunder et al. (2012)
5 Ward Creek, Franciscan 1.8-2.2/420-460 gt+o+law+ gl+ep+chl+ru+q Shibakusa & Maekawa
Complex (1997); Tsujimori et al.
(2006b)
6 Port Macquarie, Australia ~ 2.0-2.4/524 g+ o +law + phe + q + tn Och et al. (2003)
7 Guatemalan, Caribbean 2.5/520 g+o+law + gl + phe + q + ru £ chl Tsujimori et al. (2006a);
Endo et al. (2012)
8 Pinchi Lake, 2.4/505 g+o+law + gl +ta + phe + q + ru 0.57-0.67  0.32-0.37  0.29-0.32  Ghent et al. (2009)
British Columbia
9 Sivrihisar Massif, Turkey 2.6/500 g+ o +law + gl + phe + qu + q 0.51-0.63  0.32-0.39  0.41-0.43 Davis & Whitney (2006)
10 Central Pontides, Turkey 1.7/400-430 g+ o+ law + phe + ru + q 0.60 0.27 0.29 Altherr et al. (2004);
Okay er al. (2006)
11 North Qilian 2.3-2.6/570-590 g+ o+ law* + gl + phe + q + ru 0.52-0.66  0.29-0.37  0.29-0.38  Song et al. (2006);
Wei et al. (2009a);
Cao et al. (2011)
12 Samana, 1.6/360 g+ o+ law + gl + pa + phe + q Zack et al. (2004)
Dominica Republic
13 Pam Peninsula, 2.1-2.4/470-580 g+ o+ law* + hb + phe + q + ru 0.38-0.61  0.27-0.33  0.27-0.29  Clarke et al. (1997);

New Caledonia

14 Sulawesi, Indonesia 2.2-2.4/580-620
HP 15 Sivrihisar Massif, Turkey 1.8/600
ep-eclogite
16 Franciscan, Tiburon 2.2-2.5/550-620
17 Voltri, W. Alps 2.0/550
18 Omi serpentinite melange,  1.8/550-600
SW Japan

19 Southwest Mongolia

20 Sanbagawa 2.0-2.2/590-600

21 Adean Raspas Complex,
Ecuador

22 Escambray Massif,
Central Cuba

1.8-2.0/550-600

1.6-2.1/600

23 Sanandaj-Sirjan zone, 2.1-2.4/590-630 g+ o +amp +ep + phe +ru+q
Zagros

24 Sistan Suture Zone, 1.9-2.3/600 g+ o +amp+ep+phe+pa+ru+q
Iran

25 N. Serpentinite Melange, 1.5-2.0/600 g+o+amp+ep+ru+q
N. Cuba

g+ o+ law* + gl + phe + ru + q

g+ o+ep+amp+ phe +ru+q
g+o+ep+amp+phe+ru+q+pa 0.64 0.4 0.34
g+tot+pattatep+q+ruttn

g+o+gl+ep+q+ru+tphe

2.0-2.25/590-610 g+ o + amp + ep + phe + q + ru
g+o+amp+ep+q+ru+ phe+hem 0.51-0.60

g+ o+amp+ep+phe+ruttntq

g+o+ep+amp+ phe +ru+q

Marmo et al. (2002);

Fitzherbert et al. (2003)
Miyazaki er al. (1996);

Parkinson et al. (1998)

0.42-0.46  0.30-0.40  0.33-0.37  Davis & Whitney (2006)
Saha et al. (2005);
Tsujimori et al. (2006¢)
Federico et al. (2004);
Vignaroli et al. (2005)
Tsujimori & Matsumoto (2006)

Stipskd ez al. (2010)

0.31-0.39  0.24-0.28  Wallis er al. (2000);
Kabir & Takasu (2010)
0.45-0.57  0.25-0.39  0.28-0.36  Bosch et al. (2002);
John er al. (2010)
0.46-0.61  0.28-0.48  0.32-0.35  Schneider et al. (2004);

Stanek et al. (2006)
Davoudian et al. (2008)

Fotoohi Rad et al. (2005)

Garcia-Casco et al. (2002, 2006)

Abbreviations: g: garnet; o: omphacite; law: lawsonite; law*: lawsonite pseudomorph; gl: glaucophane; ep: epidote; chl: chlorite; ctd: chloritoid; phe: phengite; ta: talc; pa: paragonite; hb:

hornblende; amp: amphibole; tn: titanite; ru: rutile; hem: hematite; coe: coesite; q: quartz.

oceanic eclogites. They usually have a peak mineral
assemblage of garnet + omphacite + epidote + amphi-
bole  (glaucophane,  barroisite, actinolite  or
hornblende) + phengite + quartz + rutile/titanite. They
have slightly lower peak pressures and higher peak tem-
peratures (1.5-2.3 GPa, 540-630 °C) relative to the
lawsonite eclogites (Table 1; Fig. 1). Their peak meta-
morphic P-T conditions correspond to the geothermal
gradients of 7-12 °C km™~' (Fig. 1). They represent the
products of warm subduction (Tsujimori & Matsumot-
0, 2006; Kabir & Takasu, 2010) or isothermal decom-
pression of HP lawsonite eclogites (Davis & Whitney,
2006; Wei & Clarke, 2011).

© 2013 John Wiley & Sons Ltd

Compared with HP and UHP eclogites in continen-
tal subduction—collision zones, oceanic eclogites have
three distinctive characteristics. (i) Only rare oceanic
eclogites record UHP metamorphism, and their peak
pressures are <3.2 GPa (Fig. 1) (Zhang et al., 2008;
Agard et al., 2009). Most of the associated serpenti-
nized mantle peridotites are spinel-facies peridotite
(<80 km, e.g. Guillot et al., 2001). These data suggest
that both the oceanic eclogites and the associated man-
tle peridotites were exhumed from maximum depths of
~100 km; (ii) almost all of the natural oceanic eclogites
are low-temperature eclogites (<630 °C). This result
suggests that the high-temperature eclogites in the
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subducted oceanic crust may have recycled into the
deep mantle and cannot be exhumed back to the sur-
face; and (iii) the natural oceanic eclogites are enriched
in light hydrous minerals, such as glaucophane (den-
sity: 3.14 g cm %), phengite (2.80 g cm°), lawsonite
(3.13 gcm °), chlorite (2.58 gecm™®) and talc
(2.73 g cm™?) (Hacker et al., 2003). In some cases, the
total content of light hydrous minerals can be up to 70
vol% (e.g. Ghent et al., 2009). Compared with the
continental HP-UHP eclogites, the contents of dense
garnet (4.06 g cm ) and omphacite (3.36 g cm ) are
much lower. Kyanite (3.58 g cm ), a common dense
mineral in high-temperature eclogites, is extremely rare
in natural oceanic eclogites (Table 1). Given that the
densities of light hydrous minerals are lower than those
of normal lithospheric mantle (~3.37 g cm >, Dzie-
wonski & Anderson, 1981), their enrichment may play
an important role in the exhumation of oceanic eclog-
ites.

METHODOLOGY

Calculation method

Quantitative pseudosections calculated using an inter-
nally consistent thermodynamic data set (Holland &
Powell, 1998) and the software THERMOCALC
(Powell et al., 1998) have proven to be a powerful

oceanic eclogites are located within the left
side of the curve.

approach to predict phase relations for a specific
bulk-rock composition. They can be used to calculate
mineral assemblages, mineral compositions and min-
eral proportions in a given rock under various P-T
conditions when the volume of rock under consider-
ation reaches chemical equilibrium (Powell & Hol-
land, 2008). On the other hand, the densities of any
rock-forming mineral under any P-T conditions can
be calculated on the basis of its thermoelastic para-
meters (e.g. Hacker et al., 2003). However, the
method of Hacker ef al. (2003) treated each mineral
assemblage as containing constant mineral composi-
tions and proportions, with the density only varying
as a function of P-T within a given assemblage. The
only difficulty in applying the method of Hacker
et al. (2003) is to model the mineral assemblages,
compositions and proportions; however, such prob-
lem can be solved by phase diagram calculations.
Therefore, by combining phase diagram calculations
and the method of Hacker ef al. (2003), the density
of a whole rock can be calculated under various P-T
conditions. In this study, we take the expression for
density developed in Appendix A in Hacker et al.
(2003), the association parameter values from Table 1
in Hacker et al. (2003) and the resulting expressions
are applied to the mineral compositions and propor-
tions that were calculated using THERMOCALC.
This method fully considers the effects of pressure,

© 2013 John Wiley & Sons Ltd
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temperature, mineral compositions and proportions
on the whole-rock density. A similar approach has
been successfully applied in the calculation of densi-
ties of HP-UHP rocks in the subduction slab (e.g.
Angiboust & Agard, 2010; van Keken ez al., 2011);
however, the phase equilibria modelling in the previ-
ous studies was performed using Perple_ X program
(Connolly, 1990).

The pseudosections were calculated using THER-
MOCALC 3.33 (Powell et al., 1998; and upgrades)
and the internally consistent thermodynamic data set
(file tc-ds55.txt) of Holland & Powell (1998). The
pseudosections constructed involves actinolite (act),
biotite (bi), chlorite (chl), stishovite (stv), coesite
(coe), quartz (q), diopside (di), epidote (ep), garnet
(g), glaucophane (gl), hornblende (hb), ilmenite (ilm),
jadeite (jd), kyanite (ky), lawsonite (law), phengitic
muscovite (mu), omphacite (omp), orthopyroxene
(opx), plagioclase (pl), talc (ta) and liquid (liq). The
activity-composition models of solid minerals used in
this study are those presented for amphibole (Diener
et al., 2007), chlorite (Holland et al., 1998), clino-
pyroxene (Green et al., 2007), epidote and talc (Hol-
land & Powell, 1998), garnet (White et al., 2007),
paragonite and phengitic muscovite (Coggon & Hol-
land, 2002), and plagioclase (Holland & Powell,
2003). Lawsonite, kyanite, rutile and stishovite/coe-
site/quartz are treated as pure end-member phases.

Uncertainties in modelling

The model and density calculations in this article are
affected by: (i) uncertainties in the predicted mineral
assemblages, mineral modes, and mineral end-mem-
ber activities in the pseudosection calculations; and
(i1) uncertainties in the density calculations for each
end-member. Hacker et al. (2003) reproduced the
rock densities measured in laboratories to within 2%,
based on their density calculation method. However,
it is very hard to estimate the uncertainties associated
with the activity models in the pseudosection calcula-
tions quantitatively, as this information cannot easily
be extracted from THERMOCALC (Powell & Hol-
land, 2008). Numerous previous studies (e.g. Rebay
et al., 2010; Wei & Clarke, 2011) indicate that the
activity-composition models in pseudosection calcula-
tions work adequately below 3 GPa. The validity of
activity-composition models at higher pressures
(>3 GPa) should be carefully checked. The best way
to estimate the uncertainties in the pseudosection and
density calculations altogether is to reproduce the
phase relations and rock densities constrained by
high-pressure experiments on hot, dry eclogites. All
these experiments were conducted at high-tempera-
tures above the solidus. Unfortunately, an activity-
composition model for melt in MORB compositions
or at such high pressures is not available. Therefore,
it is only possible to model experimental results on
pelitic—felsic rocks (White et al., 2011).

© 2013 John Wiley & Sons Ltd

Wu et al. (2009) conducted a series of experiments
in a P-T range of 3.5-24 GPa and 750-1800 °C on a
natural UHP paragneiss from Shuanghe in the Dabie
UHP terrane to constrain the phase relations and den-
sity evolution of subducted upper continental crust.
They calculated density profiles along a cold and a
hot subduction geotherm, respectively, based on the
phase relations constrained by their experiments
(Fig. 2b). In this article, we construct a P-T pseudo-
section (Fig. 2a) in the available range of 1-7 GPa
and 400-1000 °C in the NCKFMASHTO system
using the composition of the starting material of Wu
et al. (2009). The phase relations at higher pressure
conditions were not calculated, due to lack of suitable
activity-composition models for UHP phases such as
K-hollandite and perovskite. Our calculated mineral
assemblages are very consistent with those pro-
duced by the experiments of Wu ef al. (2009) in the
given P-T range (Fig. 2a). Only minor excess kyanite
(3.8 mol.%) and muscovite (2.8 mol.%) occur in the
modelled P-T pseudosection at 3.5 GPa and 1000 °C,
probably due to uncertainties of activity-composition
models of minerals. The consistency in mineral
assemblages between our calculated results and the
experimental results of Wu e al. (2009) suggests
THERMOCALC modelling can also work well at
high pressures (>3 GPa). Based on the calculated min-
eral assemblages, mineral proportions and mineral
compositions, the densities of the whole rock were cal-
culated in the given P-T range using the method pro-
posed by Hacker et al. (2003). For comparison, the
calculated density profiles (Fig. 2b) were plotted along
the cold and hot subduction geotherms employed by
Wu et al. (2009). Figure 2b shows that our calculated
densities also match well those constrained by Wu
et al. (2009). These applications show that the
thermodynamic modelling and density calculation
methods applied in this article are valid and it is rea-
sonable to apply these calculation methods to reveal
detailed phase relations and rock densities of the sub-
duction oceanic crust.

In addition, the model and density calculations in
this article may also differ slightly from the natural
oceanic eclogites, as compositional zoning in minerals
such as garnet, omphacite and glaucophane are com-
mon in low-temperature eclogites and such features
are not considered in the modelling. In this article,
several comparisons (including pressure, temperature,
exhumation depth and bulk composition) between
the models and observations are made to check the
validity of modelling.

PHASE RELATIONS AND DENSITY EVOLUTION
OF SUBDUCTED MORB
Bulk-rock composition of MORB

The average composition of 103 unaltered MORB
samples from eight mid-ocean ridges (Cottrell &
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Kelley, 2011) was used to calculate pseudosections in
this study. This composition was comprised of the
following (in wt%): SiO, = 50.51, TiO, = 1.39,
AlLL,O3 = 15.70, FeO =9.46, MnO = 0.18, MgO =
7.94, CaO = 11.58, Na,O =2.70, K,O =0.16, and
P,Os5 = 0.16. The composition was normalized to the
NazOfCaOszOfFeOfMgOfAlzo3fSi027H207Ti02
-Fe,0; (NCKFMASHTO) system, and the minor
components of MnO and P,Os were neglected
because they are mainly contained in garnet and apa-
tite and incorporated only in very small amounts in
the main silicate minerals. The fluid was assumed to
be pure H,O. As the natural oceanic eclogites cur-
rently have higher Fe’" than the unaltered MORB
(Xres+ = Fe*TJ[Fe?" + Fe’ "] =0.12-0.16, Bezos &
Humler, 2005; Cottrell & Kelley, 2011), we chose
32% conversion of all Fe as FeO to Fe,O4
(Xge3+ = 0.32), similar Xge34+ value was also used by
Rebay et al. (2010). In the later section, the effect of
Fe’" on phase relations and densities is discussed.
As fractional crystallization can significantly affect the
MgO, FeO, CaO and Al,O5 contents of oceanic crust,
the effects of various MgO, FeO, CaO and Al,O3
contents on phase relations and densities should also
be evaluated for the chosen rock composition.

Phase relations for subducted MORB

A H,O-saturated P-T pseudosection was calculated
using the given average MORB composition in the P
—T range of 1-4 GPa and 400-800 °C (Fig. 3).
Muscovite and rutile are stable across this P-7 range
because K,O and TiO, are primarily concentrated in
these two minerals respectively. Ilmenite and titanite,
which are commonly formed during the retrograde
metamorphism of oceanic eclogites, may be stable at
pressures of <1.5 GPa; however, these two minerals
were not predicted in this pseudosection.

The pseudosection (Fig. 3) shows that each
hydrous mineral has a specific P-T stability field.
Chlorite is stable under low-7" conditions (<590 °C),
epidote is stable under low-P conditions (<2.4 GPa)
and talc appears under high-P (>2.0 GPa) and low-T
(<650 °C) conditions. The maximum pressure of
glaucophane stability decreases with increasing tem-
perature (Fig. 3). Glaucophane is predicted to be sta-
ble below 630 °C; this calculated result is close to the
experimental results for the MORB system (e.g.
Schmidt & Poli, 1998). Lawsonite is stable over a
large P-T range, and lawsonite + epidote assem-
blages are only present in a narrow transitional zone,

© 2013 John Wiley & Sons Ltd
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reactions. Kyanite is a typical high-pressure, high-
temperature phase; it is stable at pressures of
>1.5 GPa and at temperatures higher than 600 °C.
The calculated stability of epidote is different from
experimentally determined results (Fig. 1), probably
due to the different bulk-rock compositions used in
pseudosection calculation and experimental starting
material or the large uncertainty in P-7 estimation
using different approaches.

It remains known that different subduction slabs
have different thermal structures (Peacock & Wang,
1999; Kirby, 2000). To investigate the metamorphic
and density variations of cold and warm subducted
oceanic crusts, cold (~6°C km™') and warm
(~10 °C km™") P-T paths were considered in this
study (Fig. 3). The P-T pseudosection shows that the
phase assemblages developed by the chosen bulk
composition along the cold P-T path are quite differ-
ent from those along the warm P-T path.

Along the cold P-T path, the subducted MORB is
transformed from the blueschist facies assemblage of
o+gl+law +chl +ta to the eclogite facies
assemblage of g + o + law + ta &+ chl £ gl ( + mu +
g/coe + H,O). The mineral proportions and H,O
content along the cold P-T path are shown in
Fig. 4a. The H,O content (wt%) shown in Fig. 4 is
the H>O bound in the minerals, it refers to that just
required to saturate the corresponding mineral
assemblages. Changes in mineral proportions and

© 2013 John Wiley & Sons Ltd

dehydration reactions occur during the subduction of
cold oceanic crust. With increasing pressure, chlorite,
glaucophane and talc are completely consumed at
pressures of 2.3, 2.6 and 3.6 GPa respectively; lawso-
nite will completely break down under much higher
pressures. These dehydration pressures correspond to
those at the depth (80-150 km) of the subduction
slab just under the island arc (Manning, 2004).

Along the warm P-T path (~10 °C km™"), the sub-
ducted MORB is transformed from an amphibolite
facies assemblage of amp + chl + ep 4 o to an eclog-
ite facies assemblage of g+ o £ ep + amp + ky
(+ mu + g/coe + H,0). The mineral proportions and
bound H,O content along the warm P-T path are
given in Fig. 4b, which shows that the bound H,O
content in the warm subducted MORB is significantly
lower than that in the cold subducted MORB.
Figure 4b indicates that, along the warm P-T path,
the hydrous minerals chlorite, epidote and amphibole
also break down over a wide P-T range. However, in
contrast to the case of cold subduction, the hydrous
minerals chlorite, epidote and amphibole are con-
sumed along the warm path at relatively lower pres-
sures of 1.5, 1.88 and 1.9 GPa respectively. Warm
oceanic eclogites become almost dry at pressures of
>1.9 GPa (>60 km), and only a small amount of H,O
(~0.06 wt%) is contained in phengite, indicating that
the warm subducted oceanic crust cannot transport a
significant amount of H,O to the deep mantle.
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Density evolution of subducted MORB in the shallow
mantle

Figure 4c shows the calculated density profiles along
the cold and warm P-T paths illustrated in Fig. 3.
With the increase in P-T, the density of the cold sub-
slowly

ducted oceanic crust increases from
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Fig. 4. Calculated modal proportions of the major minerals
and H»O contained in solid phases along the geotherms of
cold (6 °C km™!, a) and warm (10 °C km™!, b) subductions.
(c) The calculated density profiles of the subducted oceanic
crust along the cold and warm subductions shown in Fig. 3.
The density profile of mantle derived from PREM (Dziewonski
& Anderson, 1981) is also shown.

312 gem™ at 1.5 GPa to 3.46 gecm ™ at 4 GPa.
However, the density of the warm subducted oceanic
crust increases quickly from 3.21 g cm > at 1.2 GPa
to 3.45 g cm > at 1.9 GPa and then increases slowly
to 3.49 gcm® at 3 GPa. Considering the mineral
assemblage changes (Fig. 4a,b), the density evolution
of subducted oceanic crust is mainly controlled by the
dehydration reactions of the light hydrous minerals.
When the dehydration reactions occur, the density
increases sharply (Fig. 4c). For example, along the
cold subduction P-T path, chlorite, glaucophane and
talc are stable under HP and UHP conditions. Their
presence results in the relatively low density of the
subducted cold and hydrous oceanic crust under rela-
tively high pressure conditions (Fig. 4c), and the
breakdown of these minerals produces denser miner-
als (e.g. garnet and omphacite), releases low-density
hydrous fluid and thus results in the sharp density
increase in the cold subducted oceanic crust. How-
ever, even though chlorite and glaucophane are com-
pletely consumed at pressures of ~2.5 GPa, the cold
subducted oceanic crust still has high proportions of
talc and lawsonite (Fig. 4a), and the density of the
cold subducted oceanic crust is still <3.30 g cm ™ at
pressures as high as 3.0 GPa (Fig. 4c). In contrast,
along the warm subduction P-T path, lawsonite is
not stable, and all chlorite, epidote and amphibole are
consumed at pressures of <1.9 GPa (Fig. 4b); their
breakdown results in a rapid increase in the density of
the warm subducted oceanic crust at relatively shal-
low depths (<60 km) (Fig. 4c). After the breakdown
of amphibole at pressures of <1.9 GPa, the warm sub-
ducted oceanic crust becomes relatively dry. It should
be noted that once the P-T path crosses the wet soli-
dus of MORB (for example, 2.0 GPa and 700 °C;
Fig. 3), the density of the warm subducted oceanic
crust should be higher than that shown in Fig. 4c.

EFFECTS OF BULK COMPOSITION ON THE
DENSITY OF OCEANIC ECLOGITES

Many studies have revealed that phase relations are
also significantly influenced by the chosen bulk-rock
composition, H,O content and oxidation state (Powell
et al., 2005; Clarke et al., 2006; Angiboust & Agard,
2010; Rebay et al., 2010; Wei & Clarke, 2011), thus
also influence the density of the subducted oceanic
crust. Abundant geochemical studies indicate that the
oceanic eclogites have typically compositional features
of mid-ocean ridge basalt (MORB) or ocean-island
basalt (OIB), with variable Xy, (molecular ratio of
MgO/[MgO + FeO]) from 0.3 to 0.8 (Table 1) (e.g.
Wallis et al., 2000; Bosch et al., 2002; Fitzherbert
et al., 2003; Song et al., 2006; Gao et al., 2007).
Further, the changes of oxidation-reduction condi-
tions and fluid activity during the subduction process
commonly result in higher Fe’ " in oceanic eclogites
than that in unaltered MORB (Rebay et al., 2010).
Therefore, the effects of H,O content, bulk-rock

© 2013 John Wiley & Sons Ltd
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composition and oxidation state on the density of
oceanic eclogites should be carefully considered.

H,O content

To investigate the effect of HO content on the phase
relations under eclogite facies conditions, we calcu-
lated a P-My,o pseudosection at 580 °C (Fig. 5). The
weight percentage of H,O was adjusted, but the bulk-
rock composition remained unchanged. The P-My o
pseudosection reveals that the H,O saturation varies
at different pressures: (i) Mpy,0 = 1.60-2.05 wt% at
<2.1 GPa; (i) My,o = 1.60-3.90 wt% at 2.1-
2.4 GPa; and (ili)) My, =3.904.27 wt% at
>2.4 GPa. The variation in the H,O saturation of the
entire rock is clearly controlled by the stability of the
hydrous minerals, with for example, the formation of
lawsonite at >2.1 GPa consumes high amounts of
H-O; therefore, the whole-rock saturation H,O con-
tent increases from 1.60 wt% at 2.1 GPa to 4.27 wt%
at 3.5 GPa. Under H,O-saturated conditions (fluid-
present), the mineral assemblages are not affected by
the H,O content; however, under H,O-undersaturated
conditions (fluid-absent), the mineral assemblages
change significantly with the H,O content. Under
H,O-undersaturated conditions, the stabilities of
amphibole (glaucophane) and talc are restricted at
nearly constant pressures, but the stability of epidote
is enlarged to higher pressures. Under H,O-undersat-

© 2013 John Wiley & Sons Ltd

urated conditions, kyanite is stable at almost all
model pressures; however, it is absent under H,O-
saturated conditions (Fig. 5).

To investigate the effect of H,O content on the
density of the subducted oceanic crust, the changes in
mineral proportions and rock densities were calcu-
lated with H,O content at 2.0 GPa (Fig. 6a),
2.5 GPa (Fig. 6b) and 3.0 GPa (Fig. 6¢); the model-
ling temperature remained at 580 °C, the modelling
P-T conditions corresPonded to the geothermal
gradient of 6-8 °C km ™ °, and the modelling mineral

assemblages were HP  epidote—eclogite facies
(2.0 GPa, Fig. 6a), HP lawsonite-eclogite facies
(2.5 GPa, Fig. 6b) and UHP lawsonite-eclogite

facies (3.0 GPa, Fig. 6c) respectively. Although the
peak temperature conditions of most HP lawsonite
eclogites are slightly lower than 580 °C (Fig. 1), the
lower temperatures would stabilize higher propor-
tions of light hydrous minerals, resulting in lower
rock densities. Therefore, most lawsonite eclogites
summarized in Fig. 1 probably have slightly lower
densities than those we constrained at 580 °C. Under
H,O-undersaturated conditions, the proportions of
all hydrous minerals are positively correlated with
H,O content; in contrast, the proportions of the
dense anhydrous minerals (garnet, kyanite and om-
phacite) decrease with increasing H,O content. As a
consequence, the density of subducted oceanic crust
decreases gradually with the increase in H>O content.
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Bulk-rock Xy,

To illustrate the effects of bulk-rock Xy, on mineral
assemblage under eclogite facies conditions, two
pseudosections of P-Xp, at 580 °C (Fig. 7a) and 7T—
Xwmg at 2.5 GPa (Fig. 7b) were calculated. Mole pro-
portions of MgO and FeO were adjusted with a fixed
Fe* " /Feiom = 0.32, but mole proportions of other
components remain unchanged. Figure 7 shows that
increasing Xy, reduces the stability fields of garnet
to higher pressures and temperatures but expands the
stability fields of chlorite, glaucophane and talc;
increasing Xy, slightly reduces the stability field of
epidote to lower pressures (Fig. 7b). At 2.5 GPa and
>570 °C, epidote is stable only at Xy;,<0.54 (Fig. 7b).
The dense kyanite occurs only in rocks with
Xmg>0.16 at >610 °C (Fig. 7b). The stability of laws-
onite is not significantly affected by Xp,.

Figure 8a shows the variation of mineral propor-
tions with varying Xy, at 2.5 GPa and 580 °C.
Increasing Xy, decreases the proportions of garnet,
epidote and quartz, but increases the proportions of
the light hydrous minerals such as lawsonite, talc and
chlorite. Figure 8b illustrates the variation of rock
density with Xy, at 2.0 GPa, 2.5 GPa, and 3.0 GPa,
respectively. At any P-T conditions, the density of
subducted oceanic crust decreases significantly with
the increase of Xy;,. Figure 8b also reveals that the
HP epidote blueschist/eclogite (2.0 GPa) is much
denser than the HP (2.5 GPa) and UHP (3.0 GPa)
lawsonite eclogites in Mg-rich system (Xy;>0.5).

Bulk-rock Xy

Bulk-rock Xa; [ = AlLO;/(Al,O3 + MgO + FeO) in
mol.%] controls the stabilities and proportions of the
Al-rich rock-forming minerals. Dense anhydrous
garnet and kyanite are typical Al-rich minerals in

eclogite; light hydrous lawsonite is also an Al-rich min-
eral in low-T eclogite. Therefore, it is worth investigat-
ing the effect of bulk-rock Xa; on mineral assemblage,
mineral proportions and whole-rock density of the
subducted oceanic crust. Two pseudosections, a P—X4;
at 580 °C (Fig. 9a) and a T-X4; at 2.5 GPa (Fig. 9b),
were calculated. Mole proportion of AlL,O; was
adjusted with a fixed Xyg (= 0.60) and Fe’ " /Feqou
( = 0.32), with the x-axis varying from Al,O3 = 6.00,
MgO = 14.39, FeO = 9.62 and O = 1.54 (XA, = 0.20)
to AlLO3;=15.01, MgO =9.00, FeO =6.01 and
O =0.96 (X1 = 0.50); the mole proportions of other
components remain unchanged. The P—X4; pseudosec-
tion (Fig. 9a) indicates that increasing Xo; expands the
stability of glaucophane to higher pressures up to
3.2 GPa at X, = 0.5, and restricts the stability of
omphacite-bearing fields to higher pressures. Chlorite
is restricted to high X4>0.32, and chloritoid is restricted
to Xap>0.39 (Fig. 9a). The T-X4 pseudosection
(Fig. 9b) shows that kyanite is restricted to temperatures
higher than 600 °C, and the increase of Xy, slightly
shifts the kyanite-bearing assemblages to lower tempera-
tures. Epidote is restricted to high Xy, fields (>0.37)
and at temperatures above 630 °C. The stabilities of
lawsonite and talc are not significantly affected by X;.
Figure 10a shows the effect of X5; on mineral pro-
portions in the HP lawsonite eclogite at 2.5 GPa and
580 °C. Increasing Xa; decreases the proportions of
garnet, omphacite and talc, which are compensated
by the increase in lawsonite and glaucophane
(Fig. 10a). As the increase of bulk-rock XA, can sig-
nificantly increase the proportions of both light laws-
onite and dense kyanite and epidote, the Xs—density
relationships were calculated at five P-T conditions:
(1) 2.0 GPa and 580 °C corresponding to HP epidote
eclogite; (ii)) 2.5 GPa and 580 °C corresponding to
HP lawsonite eclogite; (iii) 3.0 GPa and 580 °C cor-
responding to UHP lawsonite eclogite; and (iv)

© 2013 John Wiley & Sons Ltd
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on PREM (Dziewonski & Anderson, 1981).

2.5 GPa and 620 °C corresponding to HP lawsonite—
kyanite eclogite; and (5) 2.5 GPa and 650 °C corre-
sponding to HP kyanite eclogite (Fig. 10b). In the
lawsonite stability field, increasing X,; changes the
density of HP and UHP lawsonite eclogite to lower
values (Fig. 10b). At 2.0 GPa and 580 °C, increasing
X4 also changes the density of epidote eclogite (with
low XA1<0.35) and/or blueschist (with high XA>0.35)
to lower values (Fig. 10b). For the lawsonite—kyanite
eclogite (at 2.5 GPa and 620 °C), at X,<0.30,
increasing Xo; lowers density; however, at X4;>0.30,
Xa; has no effect on its density. For the lawsonite-
absent kyanite eclogite (at 2.5 GPa and 650 °C), X4
has no effect on its density, as the increase of kyanite
with high X, would buffer the decrease of density.

Bulk-rock Xc,

The natural oceanic eclogites have also a large variation
in Xc, [molar ratio of CaO/(CaO + MgO + FeO +

Na»O0)] (0.2-0.5) (Table 1). A P-Xc, pseudosection was
calculated at 580 °C (Fig. 11a) and a T-X¢, pseudosec-
tion at 2.5 GPa (Fig. 11b). Mole proportions of CaO
were adjusted with a fixed Xy, (= 0.60) and Fe’ "/
Feon (=0.32), with the x-axis varying from
MgO = 15.18, FeO = 10.15, CaO = 7.17, Na,O = 3.36
and O = 1.62 (X, = 0.20) to MgO = 9.49, FeO = 6.34,
CaO = 17.93, Na,O = 2.10 and O = 1.01 (X¢, = 0.50);
the mole proportions of other components remains
unchanged. The P-Xc, pseudosection shows that
increasing Xc, expands the stability of omphacite to
lower pressures, At pressures of 1.5-2.4 GPa, the sub-
ducted oceanic crust has a blueschist facies (omphacite-
absent) assemblage at X,<0.32; however, it has an
eclogite facies (garnet + omphacite) assemblage at
Xc.>0.32. This result is consistent with that of Wei &
Clarke (2011). The stability of glaucophane narrows
towards higher X¢,, due to the restriction of the g—o—gl—
law—ta field in that direction. The stabilities of lawsonite
and epidote are not significantly affected by Xc,
(Fig. 11a). The T-X¢, pseudosection (Fig. 11b) indicates
that kyanite is restricted to high temperatures (>590 °C)
in the whole modelled range of X¢,. The increase of Xc,
shifts the stability of talc to lower temperatures.

Figure 12a shows the effect of X, on mineral pro-
portions in the HP lawsonite eclogite at 2.5 GPa and
580 °C. The increase of X, results in a decrease of
glaucophane and garnet proportions, and an increase
of omphacite, lawsonite and quartz proportions;
however, the H,O content (wt%) required to saturate
the corresponding mineral assemblages remains
unchanged. Figure 12b illustrates the effect of X, on
densities of the HP epidote blueschist or HP epidote
eclogite (2.0 GPa and 580 °C), HP lawsonite eclogite
(2.5 GPa and 580 °C) and UHP lawsonite eclogite
(3.0 GPa and 580 °C), and shows that the increase of
Xc. increases the densities of HP epidote blueschist
and HP epidote eclogite (from 3.19 g cm™> to
3.40 g cm ), due to the increase in omphacite and
epidote proportions. However, the densities of HP
lawsonite eclogite and UHP lawsonite eclogite are
not significantly affected by X¢,, probably due to the
simultaneous increase of lawsonite proportion and
decrease of garnet proportion.

Oxidation state

To illustrate the effects of bulk-rock Xpes, [ = Fe®")
(Fe2+ +Fe*t) = 20/FeOqqa] on mineral assemblage
and proportions, a P-Xg.3+ pseudosection at 580 °C
(Fig. 13) was calculated. Mole proportion of O was
adjusted (adjusting Xge34), with the x-axis varying
from O = 0 at X3+ = 0to O = 3.26 at Xge3+ = 0.8.
Figure 13 shows that increasing ferric iron content
expands the stability of epidote to higher pressures
and that of talc to lower pressures. At <2.0 GPa, om-
phacite and garnet are not stable in high Xpges+
(>0.24-0.40), and the subducted oceanic crust has
blueschist facies assemblages. At Xpes3+<0.24-0.40,
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the subducted oceanic crust has eclogite facies assem- Figure 14a shows the effect of Xg.3+ on mineral
blages. Chlorite occurs only in high Xg.3+ composi-  proportions in the HP lawsonite eclogite at 2.5 GPa
tions at pressures lower than 2.1 GPa. and 580 °C. Increasing bulk-rock X3, increases the
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Fig. 10. Calculated mineral proportions at 2.5 GPa, 580 °C (a)
and rock densities at 2.0, 2.5 and 3.0 GPa (b) with varying
bulk-rock Xa; on the basis of Fig. 9a. The rock densities at

2.5 GPa, 620 °C and 2.5 GPa, 650 °C on the basis of Fig. 9b,
corresponding to lawsonite—kyanite-bearing and lawsonite-free
kyanite-bearing eclogites, are also shown. The H,O content (wt
%) calculated in (a) refers to that just required to saturate the
corresponding mineral assemblages. The density of
surrounding mantle is after PREM (Dziewonski & Anderson,
1981).

proportions of light lawsonite and talc, but reduces
the proportions of dense garnet and omphacite.
Figure 14b illustrates the effect of Xp.3+ on densities
of the HP epidote blueschist or HP epidote eclogite
(2.0 GPa and 580 °C), HP lawsonite eclogite (2.5 GPa
and 580 °C) and UHP lawsonite eclogite (3.0 GPa
and 580 °C). The increase of Xp.3+ decreases the
density of all rocks types (Fig. 14b).

DISCUSSION AND CONCLUSIONS

Depth limitation for the exhumation of oceanic eclogites

The exhumation of deep subducted HP-UHP crustal
rocks is widely considered driven by buoyancy forces
(Davies & von Blanckenburg, 1995; Ernst ef al.,
1997; Ernst, 2001, 2005, 2006; Guillot et al., 2009);
once decoupled from the down-going slab, the HP—
UHP rocks with densities lower than the surrounding

mantle are expected to be exhumed to crustal levels
(Ernst, 2001, 2006). The density profile derived from
the Preliminary Reference Earth Model (PREM)
(Dziewonski & Anderson, 1981) is commonly used to
represent the density evolution of mantle as a func-
tion of depth (e.g. Aoki & Takahashi, 2004; Hirose
et al., 2005; Litasov & Ohtani, 2005; Perrillat et al.,
2006; Wu et al., 2009). Therefore, a comparison of
the density of subducted HP-UHP crustal rocks and
PREM can provide constraints on the critical depth
where subducted oceanic crust becomes neutrally
buoyant with respect to the surrounding mantle. For
example, because the coesite-bearing felsic continental
crust is less dense than the surrounding mantle at
<7.5 GPa, deeply subducted UHP upper continental
crust at depths of < ~250 km has the potential to be
uplifted by buoyancy (Wu et al., 2009). This view-
point is widely used to interpret the common exhu-
mation of the worldwide HP-UHP terranes formed
by the subduction of upper continental crust (Davies
& von Blanckenburg, 1995; Ernst, 2001; Wu et al.,
2009; Zhao et al., 2011).

A similar comparison can also be used to con-
strain the exhumation of oceanic eclogites. Our mod-
elling demonstrates that, along the cold subduction
P-T path (6 °C km~" geothermal gradient), the den-
sity of the cold and hydrous oceanic eclogites is
always less than that of the surrounding mantle at
depths of < ~110 km (Fig. 4c). Therefore, it is rea-
sonable to predict that such cold and hydrous oce-
anic eclogites at depths shallower than 110 km can
be exhumed back to the crustal level, driven by the
buoyancy force, and that those at depths greater
than 110 km would sink into deeper mantle. How-
ever, our modelling results also demonstrate that,
along the warm subduction P-T path (~10 °C km™'
geothermal gradient), the subducted MORB is trans-
formed to hot and dry eclogites at pressures of >
~1.9 GPa (Figs 3 & 4b); as a result, it becomes den-
ser than the surrounding mantle at depths > ~60 km
(Fig. 4c¢).

The densities of all of the oceanic eclogites formed
at various geothermal gradients can be calculated by
the methods employed in this study. Furthermore,
by knowing these densities, we can find a curve for
the return depth limit for the oceanic eclogites
formed at various geothermal gradients (Fig. 1). Our
modelling results suggest that only the oceanic eclog-
ites formed at the P-T regions on the left side of
the depth limit curve have lower densities than the
surrounding mantle. Figure 1 shows that all of the
exhumed oceanic eclogites in oceanic subduction
zones are located within our predicted exhumation
P-T regions. Because the geothermal gradients of
the realistic subducted oceanic slabs are commonly
assumed to be higher than 5°C km™' (e.g. Agard
et al., 2009; Brovarone et al., 2011; Endo et al.,
2012), our modelling results indicate that the maxi-
mum exhumation depth for oceanic eclogites may be
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<120 km (<3.6 GPa) (Fig. 1). This constraint is con-  cold and hydrous eclogites and that their maximum
sistent with the fact that all of the exhumed oceanic  formation depth is <110 km (Fig. 1) (Green, 2005;

eclogites in natural oceanic subduction zones are Agard et al., 2009). The cold and hydrous UHP
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Fig. 12. Calculated mineral proportions at 2.5 GPa, 580 °C (a)
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content (wt%) calculated in (a) refers to that just required to
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lawsonite-bearing oceanic eclogites formed at depths
greater than 110-120 km along a geothermal gradi-
ent of < ~7 °C km™' are denser than the surround-
ing mantle (Fig. 1), and they are therefore expected
to sink into deeper mantle. The lawsonite-bearing
eclogite xenoliths in kimberlitic pipes from the Colo-
rado Plateau (Usui ef al., 2003, 2006) may be repre-
sentative of such sinking cold and hydrous lawsonite
eclogites. Such eclogites can carry a large amount of
H,O into the mantle at depths of up to 300 km
(Schmidt & Poli, 1998; Okamoto & Maruyama,
1999). Our modelling results also indicate that all of
the hot and dry oceanic eclogites predicted in the
pseudosection calculations (e.g. those formed at
depths >60 km (>1.8 GPa) along the 10 °C km™'
geothermal gradient, Fig. 4c) are denser than the
surrounding mantle (Fig. 1), and we thus predict
that they cannot be exhumed and that they are
expected to sink into deeper mantle. This prediction
is consistent with the fact that no hot—dry oceanic
eclogites have been found in the natural oceanic sub-

duction zones (Fig. 1). Dense, hot and dry oceanic
crust is commonly suggested by geophysical observa-
tions in transition zones (Zhao et al., 2007; Zhao,
2008), the lower mantle (Fukao et al., 2001), and
even the core-mantle boundary (Hirose et al., 1999;
Karason & van der Hilst, 2000).

Effect of bulk-rock composition on the exhumation of
oceanic eclogites

Based on the calculation results presented above, the
phase relations and densities of subducted oceanic
crusts are also affected by bulk-rock composition;
thus, it is important to determine the effect of bulk-
rock composition on the exhumation of oceanic
eclogites.

Our study indicates that the densities of oceanic
eclogites are affected by the bulk-rock Xy, Xa; and
Xca (Figs 8, 10 & 12). Our modelling suggests that the
oceanic eclogites most likely to undergo exhumation
are approximately constrained to have compositions
of high-Mg (X>0.40, Fig. 8), high-Al (Xa>0.26,
Fig. 10), and low-Ca (X,<0.41, Fig. 12). However,
the bulk-rock X, does exert a significant effect on the
exhumation of HP and UHP lawsonite eclogites
(Fig. 12). Figure 15 shows Xy,—Xa1 and Xye—Xca
plots of the bulk-rock compositions of the exhumed
oceanic eclogites worldwide reported in the literature
(see Table 1 and references therein), most (>90%) plot
in the shaded fields constrained by our calculations,
consistent with our bulk-rock compositional con-
straints for the exhumation of oceanic eclogites. It is
worth noting that the eclogite samples with high X,
exceeding the constrained compositional range
(Fig. 15b) are all lawsonite eclogites whose densities
are not significantly affected by X¢, (Fig. 12).

Figure 6 shows that only the oceanic eclogites with
moderately high H,O contents have densities lower
than that of the surrounding mantle, and we thus
predict that only H,O-rich oceanic eclogites can be
exhumed to a crustal level. The required H>,O con-
tents for the exhumation of oceanic eclogites formed
under various pressure conditions at 580 °C (Fig. 6)
are ~ >1.2 wt% for HP epidote eclogites, >2.3 wt%
for HP lawsonite eclogites and >3.3 wt% for UHP
lawsonite eclogites. The predicted H,O values match
well with H,O contents of natural oceanic eclogites.
The predicted H,O values for HP epidote eclogites
(>1.2 wt%) are consistent with those of epidote
eclogites from the Sivrihisar Massif in Turkey
(1.44 wt%, Davis & Whitney, 2006) and in the
Adean Raspas Complex in Ecuador (1.38 wt%, Bos-
ch et al., 2002); the predicted H,O values for HP and
UHP lawsonite eclogites (>2.3 wt%) are consistent
with those for lawsonite eclogites in Alpine Corsica
(5.12-5.23 wt%, Brovarone et al., 2011) and in the
Sivrihisar Massif in Turkey (3.13 wt%, Davis &
Whitney, 2006). Further considering the high propor-
tions of peak hydrous minerals (25-75 vol%) in oce-
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anic eclogites (e.g. Davis & Whitney, 2006; Ghent
et al., 2009; Wei et al., 2009a), and good consistency
between thermodynamic modelling results in H,O-
saturated systems and petrological observations in
natural samples (e.g. Groppo & Castelli, 2010;
Brovarone et al., 2011; Angiboust et al., 2012; Endo
et al., 2012), we regard that the exhumed oceanic
eclogites really have moderately high H,O content.
Prior to subduction, H,O content will correspond to
what is capable of being produced by hydrothermal
metamorphism at spreading centres. During subduc-
tion, the access of H,O may be derived from dehy-
dration of associated subducted metasedimentary
rocks (e.g. Clarke et al., 2006) or serpentinites
beneath the subducted oceanic crust (e.g. Spandler
et al., 2011).

Figure 14 clearly shows that high Xg. (at least
>().1 for lawsonite eclogite) will favour the exhuma-
tion of oceanic crust. To date, the oxidation state of
subducted oceanic crust has not been well con-
strained; however, it is highly likely that the oxida-
tion state is intermediate to high for subducted
oceanic crust. Eclogites from various subduction
zones and ages commonly have higher Xpg.;. than
unaltered MORB samples (0.12-0.16) (e.g. Bezos &
Humler, 2005; Groppo & Castelli, 2010; Kabir &
Takasu, 2010; Rebay et al., 2010; Cottrell & Kelley,
2011; Endo et al.,, 2012). In addition, the oxygen
fugacity of subducted oceanic crust would increase

© 2013 John Wiley & Sons Ltd

during ductile deformation associated with exhuma-
tion (e.g. North Qilian lawsonite eclogite, Cao et al.,
2011), which may in turn promote the exhumation of
oceanic eclogites.

Role of associated blueschists on the exhumation of
oceanic eclogites

Oceanic eclogites are commonly associated with serp-
entinites, metasediments, and blueschist facies metaba-
sites. Some previous studies (Hermann ez al., 2000;
Guillot et al., 2001, 2009; Schwartz et al., 2001; Wei &
Song, 2008; Wei et al., 2009b) suggested that the exhu-
mation of oceanic crust was probably facilitated by
their association with serpentinites and metasediments,
which would counterbalance their negative buoyancy
and enhance mechanical decoupling. Our modelling
suggests that blueschists would also potentially
enhance mechanical decoupling and promote the
exhumation of oceanic eclogites at depth of <100 km.
The coexistence of blueschist and eclogite is a very
common phenomenon in oceanic subduction zones.
The development of blueschists is previously consid-
ered prograde or retrograde products of the associ-
ated eclogites (e.g. Carson et al., 2000). Recent
thermodynamic studies revealed that oceanic low-T
eclogite and blueschist may experience a similar P-T
evolution but with different bulk-rock X, or fluid
activities (Brovarone et al., 2011; Wei & Clarke,
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Fig. 14. Calculated mineral proportions at 2.5 GPa, 580 °C (a)
and rock densities at 2.0, 2.5 and 3.0 GPa (b), respectively,
with varying bulk-rock Xge;+ on the basis of Fig. 13. The
density of surrounding mantle is after PREM (Dziewonski &
Anderson, 1981). The H,O content (wt%) calculated in (a)
refers to that just required to saturate the corresponding
mineral assemblages.

2011). Beside bulk-rock Xc¢,, our calculations indicate
that the coexistence of eclogite and blueschist can
also result from different bulk-rock Xpye Xa; and
Xpe3+ at the same P-T conditions. As shown in
Figs 7a, 9a & 13, lawsonite- or epidote-bearing eclog-
ites may form in bulk compositions involving lower
Xmg (<0.70), Xap (<0.35) and Xges3+ (<0.40), respec-
tively, whereas lawsonite- or epidote-bearing blues-
chists may occur as a result of bulk compositions
involving higher Xy, (>0.54), Xa; (>0.35), and Xges+
(>0.24). This observation is supported by the coexis-
tence of the epidote-bearing eclogite and blueschist in
the Pam Peninsula, New Caledonia (Fitzherbert
et al., 2003), where the eclogite has lower Xy, = 0.31,
and the blueschist has higher Xy, = 0.61. Petrologi-
cal observations and thermodynamic modelling imply
that they share similar P-T evolution (Fitzherbert
et al., 2003). At 580 °C, the blueschist facies assem-
blages are commonly restricted to be lower pressures
of <2.5 GPa (Figs 7a, 9a, 11a & 13); however, they
can be also stable at higher pressures up to 3.0 GPa
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Fig. 15. Xy;o—Xa1 (a) and Xyge—Xc, (b) plots of the bulk-rock
compositions of the exhumed oceanic eclogites worldwide
reported in the literature listed in Table 1. The shaded fields
represent the bulk-rock compositional constraints for the
exhumation of oceanic eclogites in this study. The average
MORB composition used in Fig. 3 is also shown.

for lower temperatures (e.g. 500 °C) with extremely
low Xc,<0.20 (Wei & Clarke, 2011). Even though
blueschist and eclogite may share similar P-T evolu-
tions, the physical properties of these two types of
rocks are quite different. Figures 8, 10, 12 and 14
show that the density of epidote blueschist is system-
atically lower than that of epidote eclogite at the
same P-T conditions, the density discrepancy can be
up to 0.3-0.4 g cm>. Therefore, low-density blues-
chists would also enhance mechanical decoupling and
promote exhumation of oceanic eclogites along the
subduction channel.

On the basis of above constraints, we therefore
suggest that beyond maximum depths of ~110-
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120 km there are no blueschists and/or the oceanic
eclogites are not light enough to compensate the neg-
ative buoyancy of the oceanic crust. This depth limi-
tation is consistent with the fact that no oceanic
eclogites, returned from ultradeep mantle (>120 km)
to the surface, have been found in oceanic subduction
zones (Green, 2005; Agard et al., 2009).

Detachment of light-cold-hydrous eclogites from the
sinking slab

As previously reviewed, almost all natural oceanic
eclogites found to have been exhumed from oceanic
subduction zones are light—cold-hydrous eclogites
(Fig. 1) (e.g. Zack et al., 2004; Lu et al., 2009; Wei
et al., 2009a; Angiboust & Agard, 2010; Brovarone
et al., 2011; Zhai et al., 2011; Angiboust et al., 2012;
Plunder et al., 2012), and dense-hot-dry oceanic
eclogites are lacking even in typical warm oceanic
subduction zones, such as in SW Japan (Tsujimori &
Matsumoto, 2006) and the Sanbagawa belt (Wallis
et al., 2000; Kabir & Takasu, 2010). This result sug-
gests that exhumed light—cold-hydrous oceanic eclog-
ites must have detached from the denser oceanic
eclogites, which are expected to sink into deeper mantle.

Our modelling results demonstrate that the calcu-
lated buoyancy of eclogites in the mantle is strongly
dependent on the proportion of light hydrous phases
which is controlled by H>O content. It is commonly
assumed that the top parts of subducted oceanic crust
are altered basalts with high H,O content, whereas the
bottom parts are gabbro with low H,O content.
Therefore, most of natural light—cold—hydrous oceanic
eclogites are very likely to originate from the top parts
of subducted oceanic crust. This is further supported
by the fact that the natural oceanic eclogites are usu-
ally associated with metasediments (Wei et al., 2009b;
Klemd et al., 2011) or wedge serpentinites (Guillot
et al., 2001, 2009). Numerical calculations demon-
strate that, at depths beneath the arc, temperatures at
the top of subducted crust are as high as 650-1000 °C
(Syracuse et al., 2010; van Keken et al., 2011). There-
fore, the top part of subducted oceanic crust should be
transformed to dense-hot eclogites at sub-arc depths
(Figs 3 & 4b), it is denser than the surrounding mantle
(Fig. 4c) and no light serpentinites can survive in this
region (Fig. 16). This conclusion is also supported by
recent thermodynamic modelling of global subduction
slabs (van Keken ez al., 2011). Several recent studies
(Federico et al., 2007, Krebs et al., 2008; Blanco-
Quintero et al., 2010; Malatesta et al., 2012) demon-
strated that there was a return channel flow which is
driven by mass conservation in the serpentinized sub-
duction channel. At shallow depths in the forearc
region (<110-120 km), cold-hydrous eclogites with
high Mg, Al, Fe’* and H,O and low Ca are lighter
than the mantle, and serpentinites can be stable in the
subduction channel (Fig. 16). We suggest that the cold
—~hydrous eclogites and blueschists are scraped off
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Fig. 16. Schematic model for the exhumation of oceanic
eclogites (and blueschists) in a cold oceanic subduction zone
(modified after Guillot ez al., 2009). In the forearc region
(<110-120 km), the light blueschists and cold-hydrous eclogites
(and also metasediments) are detached from the top of the
subducting slab and are exhumed inside serpentinized
subduction channel by return channel flow (Gerya et al., 2002;
Gorezyk et al., 2007; Guillot et al., 2009; Malatesta et al.,
2012). The dense-hot eclogites formed at greater depth (e.g.
beneath the arc) are denser than the mantle and thus are
expected to sink into deeper mantle.

from the top of the subducting slab at shallow depths
in the forearc region (<110-120 km) and are exhumed
inside serpentinized subduction channels (Gerya et al.,
2002; Gorezyk et al., 2007; Guillot et al., 2009; Mala-
testa et al., 2012). The dense-hot eclogites formed at
depths under the arc are denser than the mantle and
thus have no chance to return to the surface.
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