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[1] The phase relations and density of a natural mid-ocean ridge basalt (MORB) were
investigated from 28 to 89 GPa and 1600 to 2700 K by in situ X-ray diffraction
measurements and chemical analysis of the quenched samples using transmission
electron microscopy (TEM). We observed an assemblage of five phases up to 50 GPa,
namely an aluminum-bearing magnesium perovskite phase, a calcium perovskite phase, a
stishovite phase, the new aluminum-rich (NAL) phase, and a calcium ferrite-type phase.
The NAL phase was no longer observed above 50 GPa. The phase proportions were
obtained by Rietveld refinement of the in situ X-ray diffraction patterns. After the
disappearance of the NAL phase beyond 50 GPa, the proportion of each phase

remains constant up to 89 GPa. The density of MORB was calculated using the measured
volumes, phase proportions, and chemical compositions of the coexisting phases. The
thermoelastic parameters of the MORB sample were estimated from the fit of the measured
densities at various pressure and temperature conditions. Resulting MORB density profiles
were calculated for different subducting slab temperature profiles. MORB densities are
0.5% to 2% greater than those of the surrounding mantle over the entire lower mantle

range, suggesting MORB likely subducts to the core—mantle boundary.

Citation: Ricolleau, A., J.-P. Perrillat, G. Fiquet, I. Daniel, J. Matas, A. Addad, N. Menguy, H. Cardon, M. Mezouar, and
N. Guignot (2010), Phase relations and equation of state of a natural MORB: Implications for the density profile of subducted
oceanic crust in the Earth’s lower mantle, J. Geophys. Res., 115, B08202, doi:10.1029/2009JB006709.

1. Introduction

[2] The fate of the subducted slabs in the Earth’s deep
mantle is an important issue for mantle dynamics and has
been studied for many decades using different techniques
(for a review, see King [2007]). Irifune and Ringwood
[1987, 1993] presented pioneering high-pressure experi-
mental work on the behavior of mid-ocean ridge basalt
(MORB) up to 27 GPa. Since then, several studies have
focused on the fate of basaltic crust around the 660 km
discontinuity [Hirose et al., 1999; Litasov et al., 2004;
Litasov and Ohtani, 2005]. The issue of slabs trapped at the
660 km discontinuity has been studied with other techniques
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such as geodynamical modeling [e.g., King, 2001] and
tomographic studies [e.g., Fukao et al., 2001].

[3] Tomographic images show the presence of the sub-
ducted slab in the lower mantle beneath the western Pacific
and Central America [e.g., Albaréde and van der Hilst,
2002]. However, the behavior of slabs in the deep lower
mantle is still uncertain. Several estimates of MORB density
at lower mantle pressures indicate that subducted slabs may
become buoyant in the lower mantle at depths below 1500—
2000 km [Kesson et al., 1998; Ono et al., 2001]. More
recent experimental studies suggest that MORB are always
denser than the mantle and can reach the core-mantle
boundary (CMB) [Ono et al., 2005; Hirose et al., 2005].

[4] Compared to the average mantle, MORB has a
chemical composition enriched in incompatible elements
(silicon, aluminum, calcium, and sodium) and depleted in
compatible elements (magnesium) relative to a pyrolitic
composition. Consequently, MORB assemblage at lower
mantle pressure-temperature (P-T) conditions does not
contain ferropericlase but displays high-pressure SiO, phase
and additional aluminum-rich phases. A number of candi-
date phases have been proposed: the K-hollandite phase, the
calcium aluminosilicate (CAS) phase, the new aluminum-
rich (NAL) phase, and the calcium ferrite (CF)-type phase.
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Table 1. Chemical Composition of our Starting Material Along With Other Compositions From the Literature®
Wt% Si0, TiO, AlLO4 FeO MgO CaO Na,O K,0 P,0s5 MnO SO, Total
Starting material (this study) 49.74 1.33 15.89 9.73 8.46 11.74 2.69 0.1 0.11 0.18 0.14 100.1
(0.49) (0.13) (023) (0.28) (0.12)  (0.19)  (0.09) (0.04) (0.03)  (0.06) (0.05)
Irifune and Ringwood [1993],  50.39 0.57 16.08 7.68 10.49 13.05 1.87 - - - - 100.13
Kesson et al. [1994],
Funamori et al. [2000]
Hirose et al. [1999, 2005], 49.64 1.64 14.88 11.43 8.51 10.55 2.9 0.12 - - 0.18 99.85
Hirose and Fei [2002]
Ono et al. [2001] 50.3 1.7 15.9 10 7.9 11.3 2.7 0.2 - - - 100
Ono et al. [2005] 51 1.7 15.7 9.9 7.7 11.2 2.4 0.2 - - - 99.8
Litasov et al. [2004], 51.09 1.5 15.7 9.81 7.74 11.51 2.48 0.17 - - - 100
Litasov and Ohtani [2005]
Hofmann [1988] 50.45 1.615 15.255 10426 7.576 11.303 2.679  883.7 (ppm) - - - 99.304

“Numbers in parentheses are 1o error.

K-hollandite has been shown to be stable up to 95 GPa
[Tutti et al., 2001]. However, K-hollandite has never been
reported in any high-pressure assemblage of MORB com-
position but only in a sedimentary composition with ~2 wt%
of potassium [Irifune et al., 1994]. The CAS phase, first
synthesized in a high-pressure assemblage of a sedimentary
composition [[rifune et al., 1994], was reported in MORB
assemblage near transition zone pressures and only at very
high temperature [Hirose and Fei, 2002; Litasov et al.,
2004]. The NAL phase is the major phase resulting from
garnet decomposition at pressures of the transition zone and
disappears at higher pressure because of increasing solu-
bility of aluminum in Mg-perovskite [Miyajima et al., 1999,
2001]. The NAL phase appears near the transition zone in
MORB composition [Litasov et al., 2004; Hirose and Fei,
2002] and is not present at pressures higher than those
corresponding to the mid lower mantle [Perrillat et al.,
2006; Ricolleau et al., 2008]. The CF-type phase was the
first aluminum-rich phase reported in MORB high-pressure
assemblage [Irifune and Ringwood, 1993]. Its thermody-
namic parameters have been studied up to 70 GPa for the
end-member compositions [e.g., Tutti et al., 2000;
Dubrovinsky et al., 2002] and for a composition relevant to
MORB [Ono et al., 2002; Guignot and Andrault, 2004].
This phase has been observed in a MORB assemblage up to
130 GPa [Hirose et al., 2005; Ono et al., 2005].

[s] Here we present an experimental study that con-
tributes to further understanding the fate of the oceanic crust
in the Earth’s lower mantle. In situ X-ray diffraction (XRD)
patterns were collected on a natural MORB sample at high
pressures between 28 and 89 GPa and at temperatures
between 1600 K and 2700 K. We obtained the molar
volumes and phase proportions from Rietveld refinement of
the XRD patterns. Chemical compositions of quench phases
were measured by analytical transmission electron micros-
copy (TEM) [Ricolleau et al., 2008] on the recovered
samples. The volumes, phase proportions, and chemical
compositions of the coexisting phases are used to calculate
the densities of the whole assemblage at different pressure-
temperature conditions. The inversion of the present density
data set gives the thermoelastic parameters of this assem-
blage, allowing us to calculate density profiles of MORB
along different geotherms. These density profiles are
compared with the average mantle density profiles. The

implications of the present data set for the behavior of
subducted MORB in the Earth’s lower mantle are discussed.

2.

2.1. Starting Material

[6] A fresh natural MORB glass from the East Pacific
Rise was used as starting material (for details, see Perrillat
et al. [2006]) (see Table 1). Although the composition of the
actual oceanic crust differs from a fresh MORB glass by
incorporation of variable amounts of water and carbon and
by slight variations in major element composition during
alteration, the present glass is generally representative of the
basaltic oceanic crust bulk composition. Indeed, there are
numerous indications that slabs might be dehydrated before
penetrating the transition zone [e.g., Poli and Schmidt,
1995; Ono, 1998; Hacker et al., 2003a]. Some of the
earthquakes observed along the slab at different depths in
the upper mantle could be related to oceanic crust dehy-
dration [e.g., Meade and Jeanloz, 1991; Hacker et al.,
2003b]. Electrical conductivity measurements are also in
agreement with the extraction of water before the transition
zone [Tarits et al., 2004]. Carbon behavior in subducted
slabs is less well understood [e.g., Hammouda, 2003;
Dasgupta et al., 2004]. In some cases, carbonates are the
major phases in the sedimentary layer entrained in the
subduction zone as in Central American trench [Plank and
Langmuir, 1998]. However, it is still unclear whether or
not carbonates can be buried deeper than the transition zone
[Hammouda, 2003]. Therefore. carbonates and water were
not included in the present study. The chemical composition
of our starting material is comparable to compositions used
in other high-pressure MORB studies [e.g., Irifune and
Ringwood, 1993] and to N-MORB [Hofmann, 1988] (see
Table 1).

2.2. Experimental Setup

Experiments

[7] Samples were loaded in 200 pm thick rhenium metal
gaskets indented to a thickness of 40 to 20 um and drilled to
a diameter of 150 to 70 pm according to the desired pres-
sure. Diamond anvil cells (DAC) with a large optical aper-
ture [Chervin et al., 1995] were used and equipped with
diamond culets of 300 to 150 pm in diameter for the
high-pressure experiments. Neon was used as a pressure-
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Figure 1. Pressure obtained from gold unit-cell volumes in
the studies of Ono et al. [2005] and Hirose et al. [2005]
compared with pressure derived from stishovite unit-cell
volumes in the same studies calculated with the equation of
state of Liu et al. [1999].

transmitting medium in runs MORB#1, #4, #5, and #6.
MORB#3 was loaded with argon; MORB#2 and MORB#8
were loaded without medium. Neon pressure-transmitting
media was loaded using a 2000 bar high-pressure, gas-
loading apparatus [Couzinet et al., 2003]. Argon was cryo-
genically loaded into the sample chamber.

2.3. In situ X-Ray Diffraction

[8] In situ X-ray diffraction experiments were performed
at the high-pressure beamline ID30 (now relocated at ID27)
at the European Synchrotron Radiation Facility (ESRF,
Grenoble). The incident monochromatic X-ray beam at
0.3738 A was focused by two mirrors in Kirkpatrick-Baez
geometry into an X-ray spot 8 x 9 um? in size (full width at
half maximum in vertical and horizontal direction, respec-
tively), as obtained by scanning the X-ray beam with a sharp
edge.

[v] Two yttrium/aluminum/garnet (YAG) lasers (40 W
each) were focused through the diamond anvils onto the
sample in a double-sided, laser-heating geometry. The hot
spot was about 30—40 ym in diameter. Thermal emission of
the sample was recorded on one side by a spectrometer
during the X-ray diffraction acquisition (for details, see
Schultz et al. [2005]). Typical X-ray diffraction patterns
were acquired for 200 s. At least five thermal emission
spectra of the sample were recorded during the data acqui-
sitions to check the temperature stability, which was kept to
within £50 K. Angle-dispersive X-ray patterns were col-
lected on a MAR® 345 image plate. The X-ray diffraction
patterns were recorded as a function of temperature; they
increased step by step from 1600 K to 2700 K at a given
loading pressure. Ambient temperature patterns were col-
lected after high-temperature cycles. Two-dimensional dif-
fraction patterns were integrated with the Fit2d program
[Hammersley et al., 1996].
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[10] Because of the large number of diffraction peaks in
X-ray patterns, we did not add an internal pressure marker.
To derive pressure conditions, we used variations in the
unit-cell volume of stishovite. The validity of this approach
was assessed in several ways. First, chemical analysis of
stishovite in our samples showed Al,O; contents less than
1 wt% (see Table 3 and Ricolleau et al. [2008] for more
details). Second, at room temperature, pressures measured
from the equation of state (EoS) of stishovite were in good
agreement with pressures obtained from the equations of
state of neon and argon (Hemley et al. [1989] and Jephcoat
[1998], respectively) with the calculated pressure differ-
ences less than 1 GPa (2-3%) by using EoS parameters of
stishovite from Liu et al. [1999]. Third, we tested this set for
high-temperature data as follows. Similar studies on MORB
composition by Ono et al. [2005] and Hirose et al. [2005]
used gold as a pressure calibrant. Pressures given in latter
studies agree within 5% to the pressures calculated from the
thermal equation of state of stishovite given by Liu et al.
[1999] (Figure 1). This validates the use of stishovite as
an internal pressure scale in the present study. Stishovite
transform from rutile-type structure to CaCl,-type structure
after 55 GPa [e.g., Andrault et al., 1998]. Since Andrault et
al. [2003] observed that the CaCl, form is only slightly
more compressible than the rutile-type structure (i.e., 1.5 GPa
at 90 GPa), and since there are no thermal parameters for the
CaCl,-type structure, we consider that using Liu et al.
[1999] EoS after 55 GPa is still valid. The transition pres-
sure of stishovite will be discussed in the following section.

[11] Rietveld refinements of the in situ XRD patterns were
performed with the GSAS package [Larson and Von Dreele,
2004] to determine the volumes and proportions of phases.
After convergence, values of the residual, R,,, (function of
the observed intensity minus the calculated intensity; for
more details, see Rietveld [1969] and Larson and Von
Dreele [2004]), were always lower than 0.03. The crystal
structure of the phases, atomic positions and thermal para-
meters from the literature were used as fixed parameters to
refine the unit-cell volumes and phase proportions. The
structure of phases used to refine our XRD patterns are
rutile-type structure, space group P4,/mnm for stishovite
[Ross et al., 1990], orthorhombic structure, space group
Pbnm for Mg-perovskite [Jephcoat et al., 1999], cubic
structure, space group Pm3m for Ca-perovskite, ortho-
rhombic structure, space group Pbnm for the CF-type phase
[Yamada et al., 1983] and hexagonal structure, space group
P63/m for the NAL phase [Gasparik et al., 2000]. A limited
subset of the in situ XRD results discussed in section 3 were
previously published in Perrillat et al. [2006], namely
MORB#1, MORB#2, MORB#3, MORB#4, and MORB#5
at room temperature and at about 2000 K to 2100 K. Here,
we added higher pressure runs and refined the entire high
temperature data set of all runs using the Rietveld method
with the exception of MORB#1, which is too noisy for good
refinement due to the intense neon peaks. MORB#I,
MORB#4, MORB#5, and MORB#8 were also previously
used for analytical TEM work [Ricolleau et al., 2008].

2.4. Analytical Transmission Electronic Microscopy
Investigation

[12] The recovered samples were placed on a conducting
carbon tape, and prepared for TEM observations. We used
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Figure 2. In situ X-ray diffraction pattern acquired at 53 GPa and 2200 K (red line) and its refined pattern
(green line). Tick marks stand for diffraction peaks of Mg-perovskite, CF-type phase, Ca-perovskite, stisho-
vite and neon, from bottom to top. The main diffraction peaks of each phase are indexed on top of the pattern.

the focused ion beam (FIB) “lift-out” technique [Giannuzzi
and Stevie, 1999] to extract thin film from the laser-heated
sample area. The preparation was performed with a FEI
Model 200 TEM FIB system at the University Aix-Marseille
III. The FIB system uses a gallium liquid metal ion source,
which allows milling. At the end of the milling, the thin
film of ~15 pm length and ~5 um width with a thickness
of ~100 nm was removed from the recovered sample and
deposited onto a TEM grid.

[13] Selected area electron diffraction (SAED) patterns
were obtained on several grains for phase identification
using a 200 kV JEOL-2100F TEM at the Institut de
Minéralogie et Physique des Milieux Condensés (Paris,
France). The chemical compositions of the phases were
measured with a 300 kV Philips CM30 transmission elec-
tron microscope equipped with a Noran Instruments energy-
dispersive analytical system (EDS) at Laboratoire de
Structure et Propriétés de I’Etat Solide in Lille (for details,
see Ricolleau et al. [2008]).

3. Results

3.1. Unit-Cell Volume of MORB High-Pressure Phases

[14] Six runs, conducted at pressures between 28 GPa and
89 GPa, and at high temperature, show resolvable XRD
patterns (MORB#1 was only used for TEM work, MORB#7
is absent because of poor-quality XRD patterns). Pressure-
temperature conditions and the results of XRD patterns
refinement are presented in Table 2. Figure 2 shows an
example of an X-ray pattern obtained at 53 GPa and 2200 K
and the corresponding refined pattern. Diffraction lines were
assigned to stishovite, Ca-perovskite, aluminum-bearing Mg-

Intensity

s 21 GPa
TS [N T ST T T T SN T T S M NS

142 144 146 148 15 15.2
2 Theta angle

14

Figure 3. Evolution of X-ray diffraction patterns acquired
at 300 K with pressure. The arrows point the peak of stisho-
vite, (211) in rutile-type SiO, (P4,/mnm). After 55 GPa, the
peak split into two peak, (121) and (211), due to the transi-
tion to the CaCl,-type SiO, (Pnnm). Tick marks indicated by
circles and triangles are peaks (620) and (131) of CF-type
phase and Mg-perovskite, respectively.
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Table 3. Chemical Composition Obtained by Analytical Transmission Electronic Microscopy on MORB Samples Recovered From

High-Pressure High Temperature Experiments®

Mgpv St Capv CF NAL

33 GPa/MORB#1

Si0, (Wt%) 454 (1.9) 98.8 (0.3) 51.6 (0.1) 26.0 (1.3) 26.5 (1.5)

TiO, (Wt%) 3.6 (0.0) 0.1 (0.1) 1.3 (0.4) 0.4 (0.2) 0.3 (0.2)

ALO; (Wt%) 13.4 (0.7) 0.5 (0.2) 3.3 (0.4) 37.8 (0.9) 389 (2.2)

FeO (wt%) 14.0 (0.9) 0.1 (0.2) 3.5(1.3) 14.0 (0.5) 8.7 (1.0)

MgO (wt%) 20.8 (2.0) 0.0 (0.1) 1.4 (1.1) 12.7 (1.7) 17.7 (1.2)

CaO (wt%) 2.7 (1.5) 0.4 (0.3) 38.8 (2.5) 1.3 (0.3) 2.2 (0.4)

Na,O (wt%) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 7.9 (1.5) 5.9 (0.4)

Proportions 23 (5) 17 (2) 28 (2) 22 (5) 10 (5)

Weight (g/mol) 109.26 60.17 115.56 152.03 148.91

Weight after correction 110.96 60.17 115.56 153.10 150.37
44 GPa/MORB#4

Si0;, (Wt%) 423 (1.4) 98.7 (0.4) 51.9 (0.4) 28.5 (2.1) 233 (0.4)

TiO, (Wt%) 2.5(0.3) 0.1 (0.1) 1.3 (0.2) 0.5 (0.3) 0.3 (0.1)

ALO3 (Wt%) 21.2 (1.4) 0.8 (0.2) 3.5(0.8) 39.8 (1.9) 45.0 (0.7)

FeO (wt%) 11.3 (1.4) 0.1 (0.1) 4.4 (0.9) 9.7 (2.4) 4.7 (0.4)

MgO (wt%) 18.7 (1.2) 0.0 (0.1) 3.2 (1.5) 11.0 3.3) 18.9 (0.6)

CaO (wt%) 3.5(0.7) 0.1 (0.1) 35.7 (1.8) 1.3 (0.4) 1.9 (0.4)

Na,O (wt%) 0.5 (0.3) 0.0 (0.0) 0.1 (0.1) 9.2 (1.1) 5.9(0.2)

Proportions 38 (5) 15 (2) 30 (2) 12 (3) 6(2)

Weight (g/mol) 107.88 60.12 114.88 149.38 146.16

Weight after Correction 110.44 60.12 114.88 151.53 147.94
55 GPa/MORB#5

Si0; (Wt%) 40.9 (0.6) 98.5 (0.4) 52.1(0.2) 26.7 (0.4)

TiO, (Wt%) 2.1(0.2) 0.1 (0.1) 1.2 (0.1) 0.2 (0.1)

ALO3 (Wt%) 23.6 (0.9) 0.9 (0.1) 2.5(0.7) 43.2 (1.3)

FeO (wt%) 10.1 (0.5) 0.1 (0.1) 3.5(0.6) 6.2 (1.1)

MgO (wt%) 19.1 (0.6) 0.1 (0.1) 39 (1.1 12.9 (1.7)

CaO (wt%) 3.3(0.3) 0.4 (0.3) 36.8 (2.5) 1.7 (0.6)

Na,O (wt%) 0.8 (0.2) 0.0 (0.0) 0.1 (0.1) 9.1(0.2)

Proportions 40 (4) 16 (1) 29 (2) 15 (2)

Weight (g/mol) 107.05 60.16 114.63 147.02

Weight after Correction 110.35 60.16 114.63 149.39

“Mgpv, magnesium perovskite; St, stishovite; Capv, calcium perovskite; CF, calcium ferrite-type phase; NAL, new aluminum-rich phase. Proportions in
wt% obtained from least squares mass balance calculation. Numbers in parentheses are the standard deviation (10).

perovskite, and CF-type phase. These phases were observed at
all pressures between 28 and 89 GPa. Experiments carried
out at pressures below 45 GPa are characterized by the
occurrence of the NAL phase, which disappears at higher
pressure [Perrillat et al., 2006]. The observed mineral
assemblages are in good agreement with previous DAC
studies on MORB [Kesson et al., 1994; Ono et al., 2005,
Hirose et al., 2005]. In runs MORB#6 and MORB#3 (i.e., at
60 and 89 GPa), we observed splitting of reflections 101 and
211 of stishovite into 011-101 and 121-211 doublets,
corresponding to the phase transition from the rutile-type
structure into the CaCly-type structure of SiO, [e.g.,
Andrault et al., 1998]. Figure 3 shows the evolution of the
room temperature XRD patterns around the 211 peak of
stishovite with increasing pressure, with splitting of the peak
after 55 GPa clearly visible. Recent studies by Bolfan-
Casanova et al. [2009] and Lakshtanov et al. [2007] show
that the transition starts around 25 GPa in stishovite con-
taining about 4 wt% Al,O5. Lakshtanov et al. [2005]
observed no transition up to at least 44 GPa and a possi-
ble beginning of the transition at 49 GPa by studying
stishovite containing 1.8 wt% Al,O5. Our higher-pressure
transition is in good agreement with our chemical analysis

on stishovite giving less than 1 wt% Al,O3 (see Table 3). In
the Rietveld refinement, we subsequently used the CaCl,-
type structure from Haines et al. [1996] at higher pressures.
The transition in stishovite structure occurs between 55 and
62 GPa at high temperature in our sample, which is in good
agreement with the study of Hirose et al. [2005] where it is
observed between 58 and 68 GPa.

[15] For Ca-perovskite, recent studies have shown a phase
transition that occurs at about 600 K in pure CaSiOj
between tetragonal and cubic structures [e.g., Shim et al.,
2002, Komabayashi et al., 2007]. This phase transition is
a second-order phase transition without any volume change
[Komabayashi et al., 2007]. We observed a splitting of the
200 peak only in few of our room temperature XRD patterns.
More frequently, a shoulder is just barely observable.
Therefore, we used the cubic structure to refine the volume of
Ca-perovskite. Kurashina et al. [2004] observed a transition
between orthorhombic and cubic structures with increasing
temperature in an aluminum-bearing Ca-perovskite. In our
XRD patterns, the presence of multiple phases including
orthorhombic Mg-perovskite makes such observation very
difficult. Nevertheless, the intensity of the cubic Ca-perovskite
peaks does not change from high temperature to room tem-
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Table 4. Summary of P-V-T Equation of State Parameters for MORB High-Pressure Phases Compared With Previous Studies®

Vo (A%) Ko, (GPa) K'or (dK/MAT)p (GPaK™") oo (107K oy (107°K7?)
Mg-perovskite 170.0 (1) 238 (2) 4 (fixed) —0.044 (2) 2.82 (35) 1.65 (33) This study
170.0 (1) 239 (3) 3.98 (7) —0.044 (2) 2.83 (35) 1.62 (34) This study
169.7 (2) 225 (5) 4.72 (11) —0.048 (6) 0.80 (55) 3.61 (71) This study, after NAL
disappearance
169.5 (fixed) 217 (2) 4 (fixed) Hirose et al. [2005]
163.51 (6) 232 4 (fixed) Yagi et al. [2004], En90
164.85 2534 (6.2) 4 (fixed) Walter et al. [2004], En75
CF-type phase ~ 243.3 (2) 197 (1) 4 (fixed) —0.007 (2) 1.96 (22) This study
2442 (2) 174 (3) 4.86 (12) —-0.013 (3) 2.56 (27) This study
244.6 (3) 168 (3) 5.09 (15) —0.004 (5) 1.63 (51) This study, after NAL
disappearance
239.7 (1.5) 214 (8) 4 (fixed) Hirose et al. [2005]
242.7 (3) 193 (2) 4 (fixed) Guignot and Andrault. [2004],
exp. 6
245.4 (6) 200 (5) 4 (fixed) Guignot and Andrault [2004],
exp. 7
244.07 (55) 253 (14) 3.6 (6) Ono et al. [2002]
Ca-perovskite 45.58 (fixed) 223 (1) 4 (fixed) —0.011 (2) 2.21 (18) This study
45.58 (fixed) 209 (1) 4.8 (fixed) —0.021 (2) 2.86 (20) This study
45.58 (fixed) 194 (1) 5.78 (05) —0.029 (2) 3.51 (20) This study
45.6 (2) 245 (6) 4 (fixed) Hirose et al. [2005]
45.58 (4) 232 (8) 4.8 (3) —0.033 (8) 3.0 Wang et al. [1996]
45.58 (4) 236 (4) 39(2) —0.028 (11) 2.2 (3) Shim et al. [2000]
p(gem®)  Kor(GPa) Kiop (dK/T)p (GPaK™)  ap (10K
MORB density  4.25 (1) 246 (5) 4 (fixed) —0.025 (5) 2.83 (27) This study
425 (1) 245 (5) 4 (fixed) —0.022 (5) 2.59 (40) This study, after NAL
disappearance

“Thermal expansion coefficient, « is described as a + ay T.

perature. The proportions of Ca-perovskite obtained by the
Rietveld refinement remain constant at all temperatures (see
Table 2).

3.2. Chemical Composition of Phases

[16] Samples from runs MORB#1 MORB#4, and
MORB#5 were recovered and prepared for analytical TEM
analysis. Run MORB#1 (P = 33 GPa), showed weak dif-
fraction patterns making the Rietveld method of analysis
difficult to perform: some analyzed patterns were previously
reported in Perrillat et al. [2006], and the recovered sample
was studied by TEM. Every phase observed in the in situ
X-ray diffraction patterns was confirmed by selected area
electron diffraction patterns. Stishovite, Mg-perovskite,
Ca-perovskite, CF-type phase, and the NAL phase were
observed at 33 GPa (MORB#1) and 44 GPa (MORB#4). At
55 GPa (MORB#5), the NAL phase has disappeared. In all
samples, both perovskites are amorphous upon recovery;
nevertheless, they can be distinguished by their different
contrast in backscattered and transmitted electron images
and by their different chemical composition [Ricolleau et al.,
2008]. The protocol used for quantifying chemical compo-
sitions is described in Ricolleau et al. [2008]. The composi-
tions of each phase for the preceding three pressures are
shown in Table 3. The Al,O3 content of Mg-perovskite is
13 wt% in MORB#1 and increases with pressure up to 24 wt%
in MORB#5 synthesized at 55 GPa. Similarly, the Al,O5
content of CF-type phase increases with pressure, from
38 wt% at 33 GPa to 43 wt% once the NAL phase dis-
appears at pressure exceeding 55 GPa. Thus, the Al increase

Numbers in brackets are 1o error in last digits.

in Mg-perovkite and CF-type phase might be linked to the
NAL phase disappearance. On the other hand, the Al,O;
content in stishovite never exceeds 1 wt% at any pressure.
The modal mineralogy was estimated using mass balance
and by assuming that the bulk chemical composition of the
samples is equal to the starting composition (Table 3).

[17] Chemical mass balance showed that laser-heated
areas were affected by 15%—40% iron loss and commen-
surate magnesium enrichment. We observed that the iron
loss is about 16%, 27%, and 38% in samples synthesized at
33, 44, and 55 GPa, respectively. At the same time, mag-
nesium enrichment is about 15%, 24%, and 27%, respec-
tively. Iron diffusion has been observed in laser-heated
DAC samples [e.g., Sinmyo et al., 2008; Hirose et al., 2005]
due to the large thermal gradient, which is known as the
Soret effect.

[18] Mass balance calculation shows a loss of sodium of
about 14%, 38%, and 36% in our samples synthesized at 33,
44, and 55 GPa, respectively. FIB milling use gallium ions
bombardment, which leads to significant Ga implantation in
the slice. Ga La line is very close in energy to the Na Ko
line, the two peaks are then correlated. This lack of sodium
is mainly due to a correlation of peaks that cannot be solved
and is not constant through samples.

3.3. Equation of State of MORB High-Pressure Phases

[19] The thermoelastic parameters of the observed phases
were deduced from our dataset using a numerical code based
on the generalized nonlinear inversion technique [Tarantola
and Valette, 1982] and a third-order Birch-Murnaghan
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Figure 4. Variation of volume as a function of pressure at
room temperature and at high temperature for Mg-preovskite,
CF-type phase and Ca-perovskite. Isotherms are calculated
at temperatures between 300 K and 2400 K using refined
thermoelastic parameters.
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equation of state. The best-fit elastic parameters are reported
in Table 4, for either a fixed K’ = 4 or a refined K'. As unit-
cell volumes of the NAL phase could not be obtained over a
wide enough pressure range, its elastic parameters could not
be constrained.

[20] To check for significant changes of the behavior of
the phases due to NAL phase disappearance, we refitted the
thermoelastic parameters of Mg-perovskite and CF-type
phase using only the volumes measured at pressures above
50 GPa (Table 4). The elastic parameters of Ca-perovskite
after NAL disappearance are not given because the fit
convergence was poor (i.e., x° > 2). The thermoelastic
parameters obtained for Mg-perovskite and CF-type phase
indicate a change in the thermoelastic behavior of these two
phases before and after the NAL phase disappearance.
However, it should be noted that the second sets of para-
meters were obtained over a limited pressure range. The
change in thermoelastic behavior is likely due to the change
in chemical composition of these phases as the NAL phase
disappears [Ricolleau et al., 2008]. The Al,O; content in the
Mg-perovskite and CF-type phase increase with pressure as
mentioned in a previous section.

[21] Table 4 also shows the elastic parameters available in
the literature for comparison. The bulk modulus obtained on
the aluminum-bearing Mg-perovskite is significantly lower
than that of the MgSiO; end-member. This is in good
agreement with several works that studied the behavior of
Mg-perovskite with incorporating aluminum; these works
showed that increasing aluminum content in Mg-perovskite
decreased its bulk modulus [e.g., Nishiyama et al., 2007].
The bulk modulus of CF-type phase and Ca-perovskite are
also slightly lower than those given in the literature for end-
member compositions. The bulk modulus of the CF-type
phase obtained on a similar composition by Guignot and
Andrault [2004] is in agreement (Table 4). Concerning
Ca-perovskite, we assume that its aluminum content could
cause the difference in compressibility with CaSiO3 end-
member.

[22] Figure 4 displays the changes of the unit-cell volume
of Mg-perovskite, CF-type phase, and Ca-perovskite as a
function of pressure at different temperatures, compared
with the isotherms calculated using the fitted thermal EoS
parameters. The volumes of each phase at room temperature
obtained by Hirose et al. [2005] on a MORB composition
are plotted for comparison. We note that the volume of Ca-
perovskite and the CF-type phase are in good agreement
with our measurements. The volumes of Mg-perovskite
given in the study of Hirose et al. [2005] deviate from our
volume at pressures above 60 GPa by about 3%. Our Mg-
perovskite contains more aluminum than the one in the
study of Hirose et al. [2005], which might explain this
difference. As shown in Figure 4a, the volume of Mg-
perovskite below 35 GPa cannot be fitted well by the EoS
parameters obtained on the entire range. As we study an
assemblage where phase chemistry is not constant though
pressure, this observation can be attributed to a large change
in Mg-perovskite composition. Indeed, at 35 GPa the NAL
phase is disappearing, and the Al,O; content of Mg-perovskite
nearly doubles from 13 wt% to 24 wt% (Table 3). Compression
curves for the other phases do not show the effect seen for Mg-
perovskite, most likely because their chemistry changes less
drastically at NAL phase disappearance.
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Figure 5. Variation of mineral proportion obtained by Rietveld refinement on XRD patterns as a func-
tion of depth. Cpx, clinopyroxene; Gt, garnet; St, stishovite in rutile-type structure and in CaCl,-type
structure; NAL, new Al-rich phase; CF, calcium ferrite-type phase; Capv, calcium perovskite; Mgpv,
aluminum-bearing magnesium perovskite. Phase proportions at pressures less than 30 GPa are taken from
multianvil experiments [[rifune et al., 1986, Irifune and Ringwood, 1993; Litasov and Ohtani, 2005].

3.4. Proportion of Phases

[23] The relative amounts of each phase (Table 2) were
obtained by Rietveld refinement of in situ XRD patterns [see
Perrillat et al, 2006 for further details]. The chemical
compositions obtained by analytical TEM were used to
specify the unit-cell composition of the phases. Only sam-
ples MORB#1, MORB#4, and MORB#5 (synthesized at 33,
44, and 55 GPa, respectively) were successfully analyzed by
analytical TEM, in terms of chemical compositions of the
coexisting phases. Consequently, we used the compositions
obtained on MORB#1 for MORB#2 and MORB#3 (per-
formed at 33 and 36 GPa, respectively) because these runs
were performed in the same range of pressure and tempera-
ture. Because no phase change was observed between 55 and
89 GPa in our X-ray diffraction experiments, we assume that
chemical composition changes were minor and would not
significantly modify our density calculations. Therefore, the
compositions determined from sample MORB#5 (55 GPa)
were used for MORB#6 and MORB#8 (performed at 64 and
89 GPa, respectively).

[24] Mineral proportions determined from Rietveld refine-
ment of the XRD patterns were also compared with mineral
proportions determined from mass balance calculations of
the chemical compositions of phases. The two methods are
in agreement within the error bars (see Tables 2 and 3 for
comparison).

[25] In each run, we compared phase proportions obtained
from our XRD refinements at different temperatures and did
not observe any significant change in mineral proportions,
within the uncertainty. This might indicate that mineral
abundances in MORB at subsolidus conditions do not
change significantly with temperature. In the following
section, we assumed no change of chemical composition
with temperature at a given pressure.

[26] Average proportions obtained for each run are
reported as a function of pressure in Figure 5. At the lowest

pressure, around 30 GPa, the major phase is Ca-perovskite,
followed by Mg-perovskite and stishovite, the NAL phase,
and finally the CF-type phase. At 40 GPa, Mg-perovskite is
the most abundant phase, followed by Ca-perovskite,
stishovite, CF-type phase, and finally the NAL phase. At
higher pressure, this order does not change, but the NAL
phase disappears. At pressures between 30 and 50 GPa, the
variation in the proportions of the different phases, namely
the decrease of the NAL phase and the increase of Mg-
perovskite content can be explained as a response to the
changes in phase compositions (i.e., the aluminum solubility
increase in Mg-perovskite). At pressures of 50 and 80—
88 GPa, the proportion of each phase remains constant
within experimental error. In run MORB#6 at 60 GPa, the
high intensity of neon peaks in the XRD patterns precluded
refinement of phase proportions. Because no significant
mineralogical changes were observed from 50 to 89 GPa,
proportions obtained at 50 GPa (MORB#S5) were used to
obtain the densities for run MORB#6 at 60 GPa.

3.5. MORB Density

[27] We obtained experimentally the unit-cell volumes,
proportions, and compositions of each phase to be able to
calculate the density of the whole assemblage at each
pressure-temperature condition investigated. As already
described, our chemical compositions show a loss of iron,
which is an element of major importance for density cal-
culation. Since we observe this iron loss commensurate with
magnesium enrichment, we decided to apply a correction
involving adding iron and subtracting magnesium from our
phases. Mg-perovskite, CF-type phase, and NAL phase are
the major hosts of Fe and Mg. To be able to reduce iron loss
and magnesium enrichment to less than 5%, we added 3,
4.6, and 6 wt% FeO accompanied by the same subtraction of
MgO in Mg-perovskite for MORB#1, MORB#4. and
MORB#5, respectively. By keeping the partition coefficient
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Figure 6. Density of MORB at high-pressure high-temperature compared to PREM. Symbols represent
densities calculated in the present study using data obtained at 300 K (solid circles), less than 1800 K
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respectively.

of Fe and Mg between these phases unchanged (within 15%
of the initial value) and maintaining the mass balance
requirement, we added 1.4, 3, 3.3 wt% FeO in the CF-type
phase, respectively, and 2 and 2.5 wt% FeO in NAL phase
for MORB#1 and MORB#4, respectively, accompanied by
the same subtraction of magnesium. Table 3 shows the weight
obtained for each phase before and after this correction.
[28] The unit-cell volumes, proportions, and corrected
compositions of each phase were used to calculate the density
of the whole assemblage at each pressure-temperature con-
dition investigated. The density values are displayed as a
function of pressure and temperature in Figure 6, along the
PREM density profile [Dziewonski and Anderson, 1981].
The density values from Ono et al. [2005] and Hirose et al.
[2005] using similar starting compositions are also plotted
for comparison. Below 60 GPa, our result is similar to the
result of Hirose et al. [2005]. The densities determined by
Ono et al. [2005] are lower than ours, and those determined
by Hirose et al. [2005] are higher after 60 GPa. The dis-
crepancy observed at pressures above 60 GPa might be due
to the difference observed in the compression curve of Mg-
perovskite from the two studies (Figure 4a) and the differ-
ence in pressure scale. The discrepancy between our result
and those of Ono et al. [2005] is difficult to determine since
they have few data points obtained exclusively at high
temperatures. The difference might be due to a difference in
pressure scale (i.e., they use gold as a pressure calibrant with
the pressure scale of Jamieson et al. [1982]) and a difference
in determined volumes of phases. Mass balance calculation

also shows a loss of iron of about 15% in Ono et al. [2005]
and Hirose et al. [2005] studies. Correcting this loss would
not change significantly the observed discrepancy.

[20] We used our zero-pressure densities and the one
given by Ono et al. [2001] combined with our high-pressure
data set at room temperature and at high temperature to
determine the thermoelastic parameters using a generalized
inversion as describe in previous section. Zero pressure
density was obtained using X-ray diffraction data from
samples MORB#3 and MORB#5 quenched to ambient
conditions (see Table 2). Since Ca-perovskite is amorphous
at ambient pressure, we used the value of V, = 45.58 A’
from Wang et al. [1996] to obtain its room conditions
density. Thermoelastic parameters were obtained by fitting
our data set with the pressure derivative of the bulk modu-
lus, K', fixed to 4. The set of parameters obtained is reported
in Table 4. The influence of the disappearance of the NAL
phase on the equation-of-state parameters was checked by
fitting the densities using only the data obtained above
50 GPa; the zero pressure densities are also used to constrain
the fit. The fitting results, listed in Table 4, showed that the
disappearance of the NAL phase does not significantly
affect the EoS parameters of MORB. This is rather different
from the effect of the NAL disappearance on the volume
variation of each individual phase, especially for the Mg-
perovskite EoS. This difference in behavior of the bulk
density EoS and the EoS of each individual phase can be
explained by the compositional variations of phases. Indeed,
aluminum-bearing Mg-perovskite contains more aluminum
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on the temperature profile, the density differential is
between 2% and almost 4% at depths beyond the transition
zone and near 2% at the bottom of the lower mantle.

[31] For a better comparison, the difference between the
two average density profiles of the Earth’s mantle (i.e.,
PREM and akl35) [Kennett et al., 1995] is shown in
Figure 7. Nevertheless, the error bar given for PREM is
+0.05% [Silver et al., 1988], which is larger than the dif-
ference between the PREM and ak135 density profiles.
The conclusion does not change by taking into account the
error bar.

[32] Since we obtained the EoS of each phase present after
50 GPa, we were able to obtain the density profile of each
individual phase and to calculate the MORB density profile
by using the phase proportions. The MORB density profile
calculated using the thermoelastic parameters obtained on

each phase is very close to the density profile obtained by
using the elastic parameters. These two profiles are plotted
in Figure 8, using shaded and solid lines, respectively. This
gives an error on our profiles of about 0.2%. We attempted a
possible sodium correction on our compositions and ended
up with a difference of about 0.1% on the density profile.
This makes a final error of about 0.3% on the density dif-
ferential. Thus, in all cases, MORB is always denser than

given in the literature and the geotherm of Brown and
Shankland [1981] (short-dashed and dot-dashed lines). The
density differential between the densities given by ak135
[Kennett et al., 1995] minus densities of PREM are reported

for reference.

after the NAL phase has disappeared. The changes in
composition and volume compression of Mg-perovskite
seem to compensate any potential density jump.

[30] The density profiles of MORB along isotherms of
1600 K to 2400 K calculated using the EoS parameters are
shown in Figure 6. With the EoS parameters, we calculated
the density profiles of MORB along different mantle tem-
perature profiles. First, we used two thermal profiles
corresponding to a hot and a cold slab as calculated by
Ricard et al. [2005] for an oceanic lithosphere with veloc-
ities of 3 and 10 cm/yr, respectively, which includes the
most current range of plate velocities [Gripp and Gordon,
2002]. Moreover, temperature profiles of the subducting
slabs have been calculated using different thermal models
[e.g., Meade and Jeanloz, 1991; Kirby et al., 1996]. These
models gave very similar temperature profile for a hot slab.
For a cold slab, the previous models predicted much lower
temperature, as low as 900 K at 670 km depth. We calcu-

lated the density profile of MORB with this very low tem-

perature profile as well. We also calculated the density of

MORB in a subducting slab thermally equilibrated with the

surrounding mantle. The adiabatic geotherm from Brown

and Shankland [1981] was used. Figure 7 shows the den-
sity differentials between MORB and the surrounding
mantle with the MORB density profiles calculated using
slab temperature profiles for a cold and a hot slab and using
the very cold temperature profile given in the literature and
the geotherm of Brown and Shankland [1981]. Depending
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the surrounding mantle up to the bottom of the lower mantle
(Figure 7).

4. Discussion and Conclusions

[33] The density profile of MORB calculated along dif-
ferent temperature profiles demonstrates that the crustal part
of the slab is denser than the surrounding mantle in the
Earth’s lower mantle and thus can reach the bottom of the
mantle. The present results confirm the conclusions drawn
by Ono et al. [2005] and Hirose et al. [2005] that MORB
may reach the core—mantle boundary.

[34] For a thermally equilibrated slab, the MORB’s den-
sity is also higher than average mantle density. Figure 7
shows the maximum density difference due to thermal
buoyancy by comparing a thermalized crust and a very cold
crust. The difference is almost 2% at the top of the lower
mantle and decreases to about 0.5% at the bottom of the
mantle.

[35] For a depth between 1200 and 1800 km, Ono et al.
[2005] calculated a density difference between the slab
and the average mantle of about +0.05 g/cm® (~1%). From
our calculated density profile, at 1000 km depth, the density
difference is about +3% and decreases to about +2% at
~2000 km depth for a nonthermalized crust (see Figure 7).
In the case of a very cold slab, the value is as high as 3.5%
at 1000 km depth. At the bottom of the lower mantle, the
density differential is about 2% for every temperature pro-
files used. The slope of the density profile is different due to
the different temperature gradients of the thermal profiles
used. The density difference obtained for a thermalized crust
is almost constant with depth.

[36] We did not extrapolate our results beyond 100 GPa
because our experimental data were acquired up to 90 GPa;
after 100 GPa, two phase transitions take place. Around
110 GPa, the transition of perovskite to post-perovskite, a
higher density phase, occurs in basaltic compositions [Hirose
et al., 2005; Hirose, 2006]. As shown by Murakami et al.
[2004] and Ono and Oganov [2005], the density increase
in Mg-perovskite associated with this transition is most
likely to be up to 1%. As the proportion of magnesium
perovskite in MORB is about 40%, we would obtain a total
increase in MORB density of about 0.4%. The transition
into the a-PbO, structure for SiO, [Murakami et al., 2003]
has also been observed in MORB assemblage after 100 GPa
[Hirose et al., 2005].

[37] The slab negative buoyancy could also be affected by
the compositions of the oceanic crust, in particular, the iron
content and the chemical composition of high-pressure
phases. To observe this effect, we plotted the density dif-
ferential of MORB profile by using the EoS parameters of
each phase with different sets of phase compositions from the
literature. We used the composition given by Hirose et al.
[2005], Kesson et al. [1994], and Funamori et al. [2000],
obtained on quench samples synthesized at 60, 45, and 43 GPa,
respectively, where the NAL phase is absent. Figure 8 shows
that the density profile of MORB depends mostly on phase
compositions. The profile obtained with compositions from
Hirose et al. [2005] is very similar to the one obtained with
the compositions from Ono et al. [2005] obtained at 30—
40 GPa. The density profile obtained with the compositions
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from Kesson et al. [1994] and Funamori et al. [2000] are
lower. This is mainly due to a different repartition of iron
and aluminum between Mg-perovskite and the CF-type
phase. The Al,O5 content of Mg-perovskite and the CF-type
phase is higher and the content of iron smaller in studies of
Funamori et al. [2000] and Kesson et al. [1994] compared to
the study of Hirose et al. [2005]. In every study, proportions
of phase have been obtained by mass balance calculation,
which shows an iron loss of about 15%. Nevertheless,
Hirose et al. [2005] used a starting composition containing
11.4 wt% FeO and the other studies used one with 7.8 wt%
FeO (see Table 1). The density differential obtained with the
compositions of Funamori et al. [2000] is very similar to
ours before applying iron correction. The FeO content in
natural MORB varies from ~6.5 wt% up to ~11.5 wt%
[Klein and Langmuir, 1987]. Overall, Figure 8 reflects the
density differentials for the range of MORB composition,
our profile depicting an average MORB composition with
9.7 wt% FeO. Thus, depending on the MORB composition
used, the density differential in the lower mantle is about
2%—-3% down to 0.5%—1%.

[38] Geophysical studies of the fate of the subducting slabs
in the deep mantle are not entirely consistent among different
studies. Van Der Hilst and Kdrason [1999] observed no
tomographic anomaly at depths greater than 1800 km. This
leads us to propose that slabs could lose their excess negative
(thermal) buoyancy and be assimilated in the middle of the
lower mantle at a depth of ~1800 km. Other studies using
numerical convection modeling [Christensen and Hofmann,
1994; Coltice and Ricard, 1999] suggested a segregation
of subducted crust at the bottom of the mantle, with the
crustal part denser than the surrounding mantle and a possible
re-entrainment in mantle plumes. Our study shows that for the
crustal part of the lithosphere, the density is higher than that
of the lower mantle up to the bottom of the lower mantle even
if it is at the same temperature as the surrounding mantle,
which would support such models.

[39] To develop a realistic model of slab behavior, it is
important to consider the lithospheric (harzburgite or lher-
zolite) component of the slab. Irifune and Ringwood [1987]
studied a harzburgitic composition to the transition zone
pressure, and showed that its density profile is similar to that
of the mantle. Recently, Ricard et al. [2005] took into account
the thermal contribution and calculated density profiles of
MORB, harzburgite, and pyrolite along the calculated tem-
perature profiles. They computed the equilibrium mineralogy
of mantle assemblages by Gibbs energy minimization using
the thermodynamic parameters of end-members. They showed
that the pyrolite and harzburgite profiles converge at the
CMB with the harzburgite density profile still higher than
that of pyrolite. However, their results are limited by the
available thermodynamic parameters of high-pressure phases
especially for the Al-rich phase; they used the corundum
phase due to the lack of equation-of-state parameters for the
high-pressure Al-rich phase.

[40] Finally, most of the previous density profile com-
parisons have been made between experimental data and
seismological models, which do not have the same type of
error and imprecision. Thus, for a better comparison, the
same kind of experiments could be extended to average
mantle composition such as the pyrolitic or chondritic model
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as well as to compositions representative of sediments and
the lithospheric part. Ricolleau et al. [2009] determined the
density profile of a pyrolite lower mantle along the geo-
therm of Brown and Shankland [1981]. They showed that
the pyrolite density profile is about 1.3% lower than the
PREM density profile at the 660 km depth and 0.4% higher
at the bottom of the lower mantle. Comparing the density
profile of pyrolite with the MORB density profile will lead
to a different differential density profile between MORB and
the surrounding mantle, but the crustal part of a slab will
still be denser than a pyrolitic lower mantle.
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