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Analytical transmission electron microscopy study of a natural MORB sample assemblage
transformed at high pressure and high temperature
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ABSTRACT

Natural mid-ocean ridge basalt (MORB) samples recovered from diamond-anvil cell (DAC)
experiments performed between 33 to 89 GPa and 1700 to 2600 K were studied with a transmission
electron microscope (TEM). We used the focused ion beam (FIB) lift-out technique to prepare the
recovered high-pressure, laser-heated samples for TEM study. Observations of TEM sections show the
presence of five phases for samples transformed at pressures ranging from 33 to 45 GPa: Al-bearing
Mg-perovskite, Ca-silicate perovskite, stishovite, and two Al-rich phases. The Al-rich phases were
identified by selected area electron diffraction (SAED) patterns and chemical composition analysis,
and include the new aluminous (NAL) phase with hexagonal structure and the calcium ferrite (CF)
type phase. Chemical analyses obtained by analytical transmission electron microscopy (ATEM) show
that Mg-silicate perovskite is the major host for Al, with significant amounts also distributed between
the CF-type and NAL phases, and less than 1 wt% in stishovite. Beyond pressures of ~40 GPa (~1100
km depth), the Al content of Mg-perovskite and CF-type phase increases. Between 45 and 50 GPa,
the NAL phase disappears. This mineralogical change may explain reported seismic anomalies in

subduction zones at mid-mantle depths.

Keywords: High-pressure phases, ATEM, aluminous phases, high-pressure MORB samples, lower
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INTRODUCTION

The fate of subducted oceanic crust in the deep Earth has been
the subject of numerous investigations (e.g., Kesson et al. 1994;
Ono et al. 2005). Such studies require a detailed knowledge of
the phases involved and their respective chemical compositions.
With the exception of a few pioneering studies at pressures
exceeding 40 GPa involving diamond-anvil cell experiments, X-
ray diffraction (XRD), and/or transmission electron microscope
(TEM) on MORB and peridotite compositions (Funamori et al.
2000; Lee et al. 2004a, 2004b; Hirose et al. 2005; Murakami et
al. 2005; Ono et al. 2005), most petrological studies have been
performed using multi-anvil apparatuses at transition-zone condi-
tions, up to 37 GPa (Ono et al. 2001). These experimental stud-
ies on MORB compositions at transition-zone conditions have
reported up to five phases (Irifune and Ringwood 1993; Hirose
et al. 1999; Litasov et al. 2004): Al-bearing Mg-perovskite,
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Ca-perovskite, stishovite, and two aluminous phases, i.c., the
calcium ferrite (CF) type phase, and the new aluminous (NAL)
phase. Miyajima et al. (1999, 2001) reported the presence of the
NAL phase after re-examination of experiments from Irifune and
Ringwood (1993) and Hirose et al. (1999); however, other studies
performed on MORB at pressures up to 130 GPa have reported
only one Al-rich phase (CF) in their assemblage (Kesson et al.
1994; Funamori et al. 2000; Hirose et al. 2005).

Liu (1977) initially proposed the CF-type phase as a poten-
tial host mineral for Al and Na with an NaAlISiO, end-member
composition. CF was first described in high-pressure MORB
by Irifune and Ringwood (1993). Subsequently, the thermody-
namic properties of the MgAl,O, and NaAlSiO, end-members
as well as MORB relevant compositions were studied up to 70
GPa (Yutani et al. 1997; Funamori et al. 1998; Tutti et al. 2000;
Dubrovinsky et al. 2002; Ono et al. 2002a; Guignot and Andrault
2004). Funamori et al. (1998) observed that, above 40 GPa, the
MgAl,O, end-member undergoes a transformation from the
CaFe,0,-like structure into a CaTi,O,-like structure. The CaTi,O,
structure was also reported by Ono et al. (2005) at 143 GPa in
a MORB composition.
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The NAL phase is an important phase in natural MORB
samples and is one of the stable phases formed when garnet de-
composes (Miyajima et al. 1999, 2001; Oguri et al. 2000). Various
studies have provided information about the structure, stability,
and equation of state of the NAL phase (e.g., Gasparick et al.
2000; Miura et al. 2000; Guignot and Andrault 2004; Shinmei
etal. 2005). It appears that the NAL phase is stable up to at least
63 GPa (Ono et al. 2002b). Guignot and Andrault (2004) found
significant changes in the bulk modulus of the NAL phase as a
function of composition; however, the study of Vanpeteghem et
al. (2003) did not confirm this observation.

Although multi-anvil experiments (e.g., Hirose et al. 1999;
Litasov et al. 2004) and DAC experiments (e.g., Kesson et al.
1994; Funamori et al. 2000; Hirose et al. 2005; Ono et al. 2005)
both confirm the presence of Al-bearing Mg-perovskite, Ca-
perovskite, and stishovite phases up to 130 GPa in MORB, only
multi-anvil studies have reported the coexistence of two alumi-
nous phases. DAC experiments at lower-mantle pressures find
only the CF-type phase. The coexistence of NAL and CF phases
reported in multi-anvil experiments was recently questioned by
Sanehira et al. (2006). These authors proposed that only the NAL
phase is stable at high-pressure-high-temperature conditions, and
that it partly transforms to the CF-type phase during quenching.
The nature and the stability field of the Al-phases with respect
to P/T conditions are therefore still uncertain.

In this paper, we report the behavior of MORBs at high-
pressure and temperature on the basis of high-resolution TEM
observations. We present a TEM study on MORB samples
recovered after high-pressure-high-temperature in situ XRD
experiments carried out between 33 and 89 GPa and from 1700
to 2600 K (Ricolleau et al. 2004; Perrillat et al. 2006). We show
that the focused ion beam (FIB) technique is particularly well-
suited to prepare samples recovered from high-pressure experi-
ments in diamond-anvil cells for TEM observations. We report
the mineralogical and chemical compositions of run products
at various pressures, confirm the coexistence of the NAL and
the CF-type phases as host phases for Al and Na, and map their
P/T stability fields. We confirm the disappearance of the NAL
phase during in situ XRD measurements at pressures exceeding
50 GPa (Perrillat et al. 2006). Finally, we discuss the chemical
evolution of the high-pressure phases in relation to mineralogical
changes and the possible implications for seismic observations
in mantle subduction zones.

EXPERIMENTAL TECHNIQUES

Sample synthesis and preparation for TEM investigations
by FIB

Natural MORB pillow glass from the East-Pacific Rise (see composition in
Table 1) was loaded in neon using rhenium gaskets, in Chervin-type DAC (Chervin
et al. 1995). Type IA diamonds with flat culets of 300 pm or beveled diamonds
with 300150 um culets were used. Neon was used as the pressure-transmitting
medium, except for MORBS at 89 GPa that was loaded without a pressure medium.
A single ruby sphere was placed close to the sample to measure the pressure by
ruby fluorescence before laser heating (Mao et al. 1986). During laser heating,
pressures cannot be estimated from the ruby fluorescence scale or the equation
of state (EoS) of the transmitting pressure medium because of the high thermal
gradient between the sample and the pressure medium. Consequently, pressures
were determined using the diffraction lines of stishovite grains, which crystallized
in the sample, with the thermal EoS of Liu et al. (1999). At 300 K, pressures mea-

sured from the EoS of stishovite were in good agreement (+1 GPa or 2-3%) with
pressures obtained from the EoS of neon (Hemley et al. 1989). Finally, studies on
MORB composition by Ono et al. (2005) and Hirose et al. (2005), using gold as a
pressure calibrant at high temperature, yielded pressures agreeing within 4% with
those calculated with stishovite. Stishovite therefore appears to provide a reliable
internal pressure scale using the EoS from Liu et al. (1999). Transformation of
stishovite from the rutile-type to the CaCl,-type structure has been reported around
55 GPa (e.g., Andrault et al. 1998; Oganov et al. 2005). We observed the CaCl,-type
structure in XRD spectra obtained at 89 GPa on MORBS. This transformation had
not been observed at 55 GPa and high temperature, i.c., MORBS, as reported by
Perrillat et al. (2006).

Samples were first pressurized at ambient temperature to 26 GPa for MORBI,
36 GPa for MORB4, 43 GPa for MORBS3, and 78 GPa for MORBS, and then laser
heated in the temperature range 1700-2600 K using the double-sided laser-heating
system developed around two TEM,, Nd: YAG lasers (40W each) available at the ID
30 (now ID 27) beamline at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France (see Schultz et al. 2005 for optical details). The laser-heated
spot is typically 30 um in diameter. The transformation of the glass starting mate-
rial to the high-pressure phase assemblage at a given pressure was systematically
achieved by heating the sample over at least 10 min at temperatures around 2000
K. The pressure generally increases 3 to 10 GPa during heating (Fig. 1). Each
heating condition was maintained stable for more than 10 min in a £150 K range
while an XRD spectrum was recorded (see Perrillat et al. 2006 for experimental
details). Spectra were acquired every 100-200 K such that the entire experiment
took several hours. The laser beam was kept at the same position for one entire
heating cycle to avoid temperature gradients and possible resulting chemical
gradients that would be created by scanning across the sample. Once spectra were
obtained at the highest temperatures of interest, the samples were quenched by
shutting off infrared lasers. For sample MORBS, the pressure was subsequently
increased to 85 GPa for the acquisition of another high-temperature data set. The
pressure-temperature conditions are summarized in Figure 1.

Quenched samples are approximately 60 x 60 um? in size (Fig. 2a), which
makes the traditional Ar ion milling preparation nearly impossible—we therefore
used the focused ion beam technique (FIB). Although the FIB was initially de-
veloped for semiconductor studies (Giannuzzi and Stevie 1999), it is now widely
used for geological samples like minerals (Heaney et al. 2001; Reusser et al.
2003) or for geomicrobiology applications (Benzerara et al. 2005). Recently, the
FIB technique was successfully used on DAC samples (Irifune et al. 2005). FIB
is a site-specific technique for the preparation of TEM thin sections and requires
minimum sample manipulation. The recovered samples can be directly placed ona
conducting carbon tape attached to a classical SEM sample holder for further FIB
preparation. FIB milling was performed using a FEI Model 200 TEM FIB system
at the University Aix-Marseille III. We used the FIB “lift-out” technique described
in detail by Giannuzzi and Stevie (1999). A thin layer of platinum was deposited on
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FIGURE 1. Pressure-temperature measurements after complete
transformation of the starting glass material. Triangles correspond to
sample MORBI, squares to sample MORBA4, circles to sample MORBS,
and crosses to sample MORBS.
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FIGURE 2. (a) Image of a quenched sample transformed at 50-55 GPa obtained under a flux of Ga* ions. The sample is placed on carbon tape and
coated with carbon to avoid electrical charge build-up at the sample surface during focused ion beam (FIB) operation. The sample is around 65 x 55
um. The dotted circle represents the laser heated spot, and the back line indicates the site of the FIB thin section. Stages of sample extraction: (b) picture
of the cross-section zone after sputtering the staircase in front of the platinum strap and the hole behind it; (c¢) at the end of the sputtering: the 100 nm
thick cross-section that will be removed from the matrix; (d) same image with a tilt of 45°. The cross-section is 15 um in length and 10 pm in width.

FIGURE 3. Transmission electron microscopy (TEM) bright-field micrograph of the FIB cross-section. (a) This picture shows a part of the
FIB thin section extracted from the laser heated spot shown in Figure 2. Along the vertical direction, this represents a whole cross-section of the
sample, delimited by the platinum strap on one side and the conducting carbon layer on the other side. This direction also corresponds to the axial
temperature gradient (optical axis of the DAC) created by infrared lasers. This gradient, however, is thought to be limited with a measured sample
thickness of only 8.5 um. (b) Scanning TEM image showing sample microstructure. Grains of stishovite (St) and calcium ferrite-type phase (CF)
are surrounded by a matrix of amorphous Mg-perovskite (Mgpv) and Ca-perovskite (Capv).

top of the region of interest to prevent surface degradation. The FIB system uses a Ga
liquid metal ion source that allows milling. A 30 kV Ga' beam operating at ~20 nA
excavated the sample from both sides of the Pt layer to a depth of ~5 um, allowing
us to obtain a thin cross-section (Fig. 2b). Before removal of the cross-section, the
sample was further thinned to ~100 nm with a beam operating at ~100 pA current
and sample tilt of 1.2° (Fig. 2¢). Finally, a line pattern was drawn with the ion beam
along the side and bottom edges of the cross-section, allowing its removal (Fig. 2d).

The final section (size of ~15 pm x ~5 pm x ~100 nm) was then deposited onto a
membrane of carbon-coated 200-mesh copper grid using a stereomicroscope and a
hydraulic micromanipulator. The cross-sections display variable thickness (50 nm
to 350 nm) due to the path of Ga* ions and the variable hardness of phases in our
samples. A typical TEM picture of one section is shown in Figure 3. In this example,
we cut through the whole sample and obtained a cross-section of 10 um length, in
which the high pressure recovered sample is about 8.5 pum thick (Fig. 3a).
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TaBLE 1. Chemical composition of high-pressure phases in a MORB starting composition
This study A B C D E
MORB1 MORB4 MORB5
Pressure 33 GPa 44 GPa 55 GPa 27 GPa 30 GPa 33 GPa 37 GPa 45 GPa 43.2GPa 60 GPa
wt% M Mgpv
Sio, 49.74 (0.49) 45.4(1.9) 423(1.4) 40.9 (0.6) 37.38 34.7 324 375 40.6 43.2 41.5(2.4)
TiO, 1.33(0.13) 3.6 (0.0) 2.5(0.3) 2.1(0.2) 3.58 4.7 43 4.5 2.1 13 2.4(0.5)
AlL,O; 15.89 (0.23) 13.4(0.7) 21.2(1.4) 23.6 (0.9) 16.14 15.1 19.2 13 16.4 22.1 13.7(1.9)
FeO 9.73(0.28) 14.0 (0.9) 11.3(01.4) 10.1(0.5) 23.01 20.9 20.1 20.6 17 12.7 20.1(1.2)
MgO 8.46(0.12) 20.8(2.0) 18.7(1.2) 19.1(0.6) 17.85 21.1 19 213 226 17.2 21.3(3.2)
Cao 11.74 (0.19) 2.7(1.5) 3.5(0.7) 3.3(0.3) 1.65 0.3 0.5 0.8 0 2.2 1.0 (0.6)
Na,O 2.69 (0.09) 0.0(0.0) 0.5(0.3) 0.8(0.2) 0.87 0.3 0.5 0.6 0.8 1.4 -
Prop (wt%) 23(5) 38 (5) 40 (4)
wt% St
Sio, 98.8(0.3) 98.7 (0.4) 98.5(0.4) 96.82 93.9 95.5 96.9 96.5 96.3 96.6 (1.1)
TiO, 0.1(0.1) 0.1(0.1) 0.1(0.1) 0.11 0 0.1 0 0 - -
AlL,O; 0.5(0.2) 0.8(0.2) 0.9(0.1) 1.26 4.2 3.7 2.6 2.8 25 34(1.1)
FeO 0.1(0.2) 0.1(0.1) 0.1 (0.1) 0.46 0.3 0.2 0.2 0 0.2 -
MgO 0.0(0.1) 0.0(0.1) 0.1(0.1) 0.38 0 0.2 0 0 0.4 -
Cao 0.4(0.3) 0.1(0.1) 0.4(0.3) 0.36 0 0.1 0.1 0 0.3 -
Na,O 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.16 0 0 0.1 0 0.3 -
Prop (wt%) 17(2) 15(2) 16 (1)
wt% Capv
Sio, 51.6(0.1) 51.9(0.4) 52.1(0.2) 432 46.6 46 48 56.5 51.0 50.3(2.1)
TiO, 1.3(0.4) 1.3(0.2) 1.2(0.1) 1.56 23 1.5 0.9 0 0.9 0.3(0.2)
AlL,O; 3.3(04) 3.5(0.8) 2.5(0.7) 4.49 1.5 1.9 1.2 23 6.8 2.9(0.6)
FeO 3.5(1.3) 4.4(0.9) 3.5(0.6) 345 0.4 0.9 0.7 0.8 59 0.8 (0.6)
MgO 1.4(1.1) 3.2(1.5) 3.9(1.1) 0.89 0.3 0.7 0.2 0.5 2.8 1.6 (0.4)
Cao 38.8(2.5) 35.7(1.8) 36.8 (2.5) 395 445 43.4 41.7 399 30.7 42.9(0.9)
Na,O 0.0 (0.0) 0.1(0.1) 0.1 (0.1) 0.68 0.6 0.6 0.8 0 20 0.8 (0.4)
Prop (wt%) 28(2) 30(2) 29(2)
wt% CF
Sio, 26.0(1.3) 28.5(2.1) 26.7 (0.4) 26.96 275 279 289 23.6 27.7 28.7 (2.6)
TiO, 0.4(0.2) 0.5(0.3) 0.2 (0.1) 0.92 0.7 0.7 0.7 0 0.4 1.6 (0.7)
AlL,O; 37.8(0.9) 39.8(1.9) 43.2(1.3) 32.78 40.1 376 36.6 45.1 39.3 35.5(2.9)
FeO 14.0 (0.5) 9.7 (24) 6.2(1.1) 16.19 79 7.1 6.7 7.8 7.1 10.5 (2.8)
MgO 12.7(1.7) 11.0(3.3) 12.9(1.7) 10.74 10 10 7.1 1.7 10.8 9.0(2.6)
Cao 1.3(0.3) 1.3(0.4) 1.7 (0.6) 1.87 0.8 1.3 0.5 0.9 23 2.2(2.3)
Na,O 7.9(1.5) 9.2(1.1) 9.1(0.2) 11.15 12.1 13.2 15.2 10.7 125 12.5(1.2)
Prop (wt%) 22 (5) 12(3) 15(2)
wt% NAL
Sio, 26.5(1.5) 23.3(04) 236
TiO, 0.3(0.2) 0.3(0.1) 1.1
AlL,O; 38.9(2.2) 45.0(0.7) 379
FeO 8.7(1.0) 4.7 (0.4) 16.3
MgO 17.7(1.2) 18.9 (0.6) 123
Cao 2.2(0.4) 1.9(0.4) 1.3
Na,O 5.9(0.4) 5.9(0.2) 6.2
Prop (wt%) 10 (5) 6(2)

Notes: SM =The composition of the starting material was determined using electron microprobe (Perrillat et al. 2006) and also contains 0.10 (0.04) wt% K,O. Mgpv =
Al-bearing magnesium perovskite; St = stishovite; Capv = calcium perovskite; CF = calcium ferrite-type phase; NAL = new aluminous phase. Phase proportions were
obtained by mass balance assuming that the measured chemical composition of each phase times its modal proportion must equal the bulk chemical composition
of the starting material. Numbers in parenthesis indicate the standard deviation (15). A values correspond to analysis performed by Hirose et al. (1999) and Miyajima

etal. (2001) for NAL; B values were obtained by Ono et al. (2001); C by Kesson et al. (1994); D by Funamori et al. (2000); and E by Hirose et al. (2005).

Mineral identification by TEM

Selected area electron diffraction (SAED) patterns of product phases were
obtained on a 200 kV JEOL-2100F transmission electron microscope at the Institut
de Minéralogie et de Physique des Milieux Condensés (Paris, France). For the large
grains (>200 nm), we obtained a minimum of two SAED patterns, which allowed us
to accurately identify the high-pressure phases that were present. Figure 3b shows the
microstructure of a high-pressure sample with the phases identified by SAED.

ATEM investigations

The chemical composition of the recovered samples was measured at Labo-
ratoire de Structure et Propriétés de I’Etat Solide in Lille (France) with a Phillips
CM30 transmission electron microscope operating at 300 kV and equipped with a
NORAN energy dispersive X-ray (EDX) spectrometer. This EDX is equipped with a
Ge detector and an ultrathin window, which allows the detection and quantification
of oxygen. The K factors (Cliff and Lorimer 1975) were determined experimentally
for all elements of interest, following the method of Van Cappellen (1990). For
the absorption correction, we used a method developed by Van Cappellen and
Doukhan (1994), in which the thickness parameter is adjusted in the quantification
program until the resultant composition fits the electroneutrality condition, i.e., the
oxygen atomic concentration is equal to the sum of the atomic concentrations of the

cations multiplied by their respective valencies. EDX analyses were made in TEM
scanning mode with a window of 50 X 50 nm to avoid amorphization of mineral
grains and to prevent loss of alkalis. When grains were too small, the probe size
was reduced to about 10 nm. Since irradiation causes some elements to migrate
outside of the analyzed volume, we recorded the concentration of elements as a
function of irradiation duration for each analysis (an example is shown in Fig. 4 for
a CF-type phase). Our observations reveal that these effects are significant for the
quantification of Na and Ca, and moderate for Al and Mg. It also appears that these
effects are phase dependent, i.e., the loss of Ca in the amorphous Ca-perovskite
is more important (around 10%) than in a crystallized phase, such as the CF-type
phase. Similar observations were reported by Carrez et al. (2001) for Mg in olivine.
Thus, compositions in atom% were extrapolated at # = 0 s using an exponential
law (see Carrez et al. 2001). Despite these measures, the Ca-perovskite remained
slightly non-stoichiometric with high Si and low Ca contents. Due to the large effect
of irradiation on this phase, we had to correct the Ca content of Ca-perovskite by
approximately 20% to obtain the expected stoichiometry.

With FIB preparation, it is impossible to prevent the introduction of Ga atoms
into the FIB thin section. Since the GaLo. line is very close to the NaKo line, the
EDX software does not resolve these two peaks. The situation is exacerbated by
the high concentration of Ga relative to Na, such that the Na peak is often masked
by a large Ga peak. The Na content is therefore underestimated in CF and NAL
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by almost a factor of two. The Na contents of the CF and NAL phases that we
report in Table 1 have been corrected so as to obtain the expected stoichiometry.
Additional measurements were carried out by electron energy-loss spectroscopy
(EELS) on the 200 kV JEOL-2100F TEM equipped with a Gatan GIF system to
cross-check the Al content in stishovite.

RESULTS

Description of phases

Cross-sections were obtained on each sample recovered from
26-33,42-45, 50-55, and 87-89 GPa. Bright-field observations
of TEM thin sections and SAED patterns revealed the presence
of five phases in the two lower-pressure samples (MORB1 and
MORBA4): stishovite, Al-bearing Mg-perovskite, Ca-perovskite,
and two Al-rich phases (new Al phase NAL, and calcium ferrite
CF-type phase). The same assemblage, with the exception of the
NAL phase, was observed in samples synthesized at 55 and 89
GPa (MORBS5 and MORBS). These results are in good agree-
ment with our corresponding in situ XRD study (Ricolleau et
al. 2004; Perrillat et al. 2006).

Stishovite was identified in all samples; an example is
shown in Figure 5 for the sample recovered from 55 GPa. The
two perovskite structures (Al-bearing Mg-perovskite and Ca-
perovskite) are also present in all samples. Although the two
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FIGURE 4. Composition in atom% of principal elements that migrated
because of irradiation obtained as a function of time during analysis of
a CF-type phase.

perovskites are amorphous in our TEM observations, perovskite
structures were identified in the in-situ XRD data (Ricolleau et
al. 2004; Perrillat et al. 2006). In addition to their respective
compositional differences, the two perovskite phases are easily
distinguished by their difference in contrast as observed in TEM
images (Fig. 6). CaSiOs perovskite is known to be unquenchable
and to amorphize at ambient pressure (e.g., Ringwood and Major
1971). The Al-bearing Mg-perovskite is also amorphous in our
cross-sections. Rapid amorphization under an electron beam
is characteristic for this high-pressure metastable phase (e.g.,
Madon et al. 1989). We suspect that the FIB sample prepara-
tion is also likely to amorphize this phase. Aluminum-bearing
Mg-perovskite is also reportedly unquenchable (Andrault et al.
2001; Yagi et al. 2004). We confirm the observations of Funamori
et al. (2000) who noticed the amorphization of Al-bearing Mg-
perovskite with small quantities of residual perovskite structure
in their in situ XRD patterns once the assemblage is quenched
to ambient conditions, as shown in Figure 7. There is indeed
a clear difference between X-ray spectra obtained at 43 GPa
and those collected at ambient pressure. At ambient pressure,
the Ca-perovskite reflections have completely vanished and
the Mg-perovskite peaks are much less intense. The extent of
amorphization can be grossly estimated from the proportions
of crystalline phases during decompression. The ratio of Mg-
perovskite to stishovite obtained by Rietveld refinement using
the GSAS package (Larson and Von Dreele 1994) is around 3 at
43 and 30 GPa, and 0.7 at ambient pressures, whereas the ratio
between the CF-type phase and stishovite remains around 0.65.
These findings indicate that a minimum of 70 to 80% of the Al-
bearing Mg-perovskite amorphized during decompression.

Two phases containing Na and a large amount of Al are
present at 33 and 44 GPa. These phases were identified by
their SAED patterns as the NAL phase and the CF-type phase,
previously observed in TEM studies of high-pressure MORB
compositions (e.g., Funamori et al. 2000; Miyajima et al. 2001).
Analysis of several SAED patterns is in good agreement with
the hexagonal NAL phase structure proposed by Gasparick et al.
(2000) and Miura et al. (2000) (Fig. 8). In samples synthesized
at 55 and 89 GPa, we are left with only one Al-bearing phase
having the calcium ferrite structure reported by Yamada et al.
(1983) (Fig. 9).

Chemical composition of phases
Chemical compositions of product phases were obtained for
all samples, except MORBS, recovered from 89 GPa (Table 2,

FIGURE 5. TEM bright-field micrograph of a stishovite particle with three SAED patterns indexed with stishovite structure P4,/mnm. Zone axis

[216], [215], [214] for (b), (¢), and (d), respectively.
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FIGURE 6. (a) The TEM image shows two
easily distinguished gray amorphous zones: dark
gray is enriched in Ca (Ca-perovskite) and light
gray in Al, Mg, and Fe (Mg-perovskite). (b and ¢)
Electron diffuse scattering patterns of amorphous
Ca-perovskite and Mg-perovskite, respectively.
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FIGURE 7. XRD patterns of a MORB sample at 43 GPa and 300 K (upper curve), and at ambient conditions (lower curve). Upper, high pressure,
curve: tick marks indicate CF-type phase, neon (pressure-transmitting medium), stishovite, Ca-perovskite, and Mg-perovskite, from top to bottom.
Lower, ambient, curve: tick marks indicate Mg-perovskite, CF-type phase, and stishovite, from top to bottom.

in atomic proportion). In this latter sample, the grain size was
less than 100 nm, so it was impossible to obtain single phase com-
positions with FIB sections typically ~100 nm in thickness. Table
1 compares our results with compositions measured on MORBs
transformed at similar high-pressure and high-temperature condi-
tions (Kesson et al. 1994; Hirose et al. 1999, 2005; Funamori et al.
2000; Miyajima et al. 2001; Ono et al. 2001). The modal mineralogy
was estimated using mass-balance and by assuming that the bulk-

chemical composition of phases is equal to the starting composition
(Table 1). Chemical mass balance showed that laser heated areas
were affected by 20-40% iron loss and commensurate magnesium
enrichment. Mg-Fe diffusion is moderate at the lowest pressures
(less than 20%) and increases with pressure to about 40%. This
effect could be linked to the width of the hot spot, which decreases
with pressure (Kavner and Panero 2004). Iron loss is a feature typi-
cally observed in the laser-heated DAC samples due to the large
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FIGURE 8. (a) TEM bright-field micrograph of the NAL phase at
33 GPa indexed with the structure P6;/m proposed by Gasparick et
al. (2000). Images b, ¢, and d are zone axis [112], [121], and [131],
respectively.
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FIGURE 9. TEM bright-field micrograph of several nano-phases
of calcium ferrite type structure in the sample recovered from 89 GPa
and three SAED patterns indexed with the CF structure (Pbnm) given
by Yamada et al. (1983). Zone axis [110], [100], [010] for b, ¢, and d,
respectively.

TABLE 2. Chemical composition of high-pressure phases in atomic proportion on the basis of 12 O atoms

Phase Cation number (O =12) Cation sum
Mg Fe Ca Al Si Na Ti

33 GPa

Mgpv 2.25(25) 0.85 (6) 0.21(11) 1.15(5) 3.30(11) 0.00 (0) 0.20 (0) 7.96 (14)

St 0.00 (0) 0.01 (1) 0.03(2) 0.04 (1) 5.96 (2) 0.00 (1) 0.00 (0) 6.04 (2)

Capv 0.17(12) 0.23(9) 3.23(21) 0.30(3) 4.00 - 0.08 (2) 8.00

CF 1.45 (20) 0.89 (3) 0.11(2) 3.39(9) 1.98(11) 1.17 (22) 0.02 (1) 9.00

NAL 1.98 (13) 0.54 (7) 0.17 (3) 34418 1.99(12) 0.86 (6) 0.02 (1) 9.00

44 GPa

Mgpv 2.00(13) 0.68 (9) 0.27 (6) 1.80 (11) 3.04(9) 0.07 (4) 0.13(2) 8.00 (8)

St 0.00 (1) 0.01 (1) 0.01 (1) 0.06 (1) 5.89(11) 0.00 (0) 0.01 (1) 5.98(11)

Capv 0.36(17) 0.28 (6) 2.95(17) 0.32(7) 4.00 0.01 (1) 0.08 (1) 8.00

CF 1.24 (36) 0.61(16) 0.11 (3) 3.53(13) 2.14(18) 1.35(17) 0.03(2) 9.00

NAL 2.07 (6) 0.29 (2) 0.15(3) 3.91(6) 1.71 (3) 0.85(3) 0.02 (1) 9.00

55 GPa

Mgpv 2.04(7) 0.61(3) 0.26 (2) 1.99 (7) 292 (4) 0.11(2) 0.11 (1) 8.04 (3)

St 0.01 (1) 0.06 (1) 0.03(2) 0.00 (0) 5.93 (1) 0.00 (0) 0.00 (0) 6.04 (1)

Capv 0.45(12) 0.23 (4) 3.03(22) 0.22 (6) 4.00 0.01 (1) 0.07 (0) 8.00

CF 1.42 (18) 0.38(7) 0.14 (5) 3.77 (13) 1.98 (2) 1.30 (3) 0.01 (0) 9.00

Notes: Mgpv = Al-bearing magnesium perovskite; St = Stishovite; Capv = Calcium perovskite; CF = Calcium ferrite type phase; NAL = New aluminous phase.

thermal gradients (Hirose et al. 2005). We observed a concomitant
Mg enrichment proportional to Fe loss. This enrichment also oc-
curred in the study of Hirose et al. (2005). The main hosts of Fe
and Mg are Mg-perovskite, CF-type phase, and NAL phase. Iron
loss may introduce some error in the modal proportions of phases.
If we assume that the partioning of these elements between phases
is not modified by the thermal diffusion in the heated spot (due to
the Soret effect), it can be shown that correction of these elemental
contents according to the mass-balance calculation leads, within
error bars, to the same phase proportions.

The AL O; content in the Mg-perovskite is 13 wt% in MORBI
and increases with pressure up to 24 wt% in MORBS synthesized
at 55 GPa. This result is in good agreement with the study of
Hirose et al. (2001) on the system MgSiO;-Mg;Al,Si;0,, where
they observed the maximum solubility of Al,O; in perovskite

increasing with pressure from 1.4 mol% at 21 GPa to 13 mol%
at 25 GPa. In addition, Walter et al. (2004, 2006) placed the solu-
bility limit of AL,O; at about 25 mol% in an iron-free Al-bearing
Mg-perovskite for pressures up to 83 GPa. Similarly, Miyajima
etal. (1999) observed an orthorhombic Mg-perovskite structure
with Al,O; contents up to 25 mol%.

The AL O; content in CF-type phase increases with pressure,
from 38 wt% at 33 GPa to 43 wt% once the NAL phase disappears
at pressures exceeding 50 GPa. In addition, we note that the Al
increase in CF-type phase and Mg-perovskite is mostly linked
to the disappearance of the NAL phase. From 44 to 55 GPa, the
proportion of Mg-perovskite also increased while the proportion
of'the aluminous phases decreased These results indicate that the
disappearance of the NAL phase is coupled with an increase in
the proportion of Mg-perovskite that appears capable of hosting



RICOLLEAU ET AL.: ATEM STUDY OF HIGH-PRESSURE MORB SAMPLES 151

a large amount of aluminum. This is consistent with the results
of Miyajima et al. (1999), who observed the NAL phase at mod-
erate pressure (30 GPa) but not at higher pressures in a pyrope
garnet sample. The NAL disappearance could also be related to
an increase in sodium solubility in the CF-type phase.

The CF-type and NAL phases are major hosts of aluminum
and alkali elements in subducted MORBs since these phases
may contain up to 37 wt% Al,O; and more than 5 wt% Na,O (see
Table 1). The CF-type phase contains more Na but less Al than
the NAL phase. The NAL phase also contains a large amount
of MgO, up to ~18 wt%. The CaO content in the NAL phase
(2 wt%) is slightly higher than in the CF-type phase (1.3-1.7
wt%), as previously noticed by Guignot et al. (2004), whereas
the FeO content is higher in the CF-type phase (10-14 wt%)
than in the NAL phase (5-9 wt%). The Mg-perovskite hosts a
larger amount of TiO, than the Ca-perovskite, as observed by
Ono et al. (2001). The Al,O; content of stishovite in our experi-
ments was generally lower than 1 wt%, in contrast with the high
Al,O; contents (>2 wt%) reported in the literature (Kesson et al.
1994; Funamori et al. 2000; Ono et al. 2001), but in agreement
with the 1 wt% Al,O; measured by Hirose and Fei (2002) in
stishovite synthesized from a basaltic composition. To check the
Al content of our stishovite, EELS was performed on stishovite
between 1400 and 1850 eV to measure the L-edge peak of Al
and Si. After background substraction, we calculated an Al/Si
ratio of less than 0.01, corresponding to less than 1 wt% Al,Os
in stishovite. The difference in Al content in stishovite between
the different studies could be explained by the water content or
by the synthesis temperature of the samples. Hydrogen incor-
poration in stishovite is obviously correlated with its Al content
(e.g., Pawley et al. 1993; Ono 1999; Stebbins et al. 2006), H
being easily incorporated in stishovite in the presence of Al.
In addition, Panero et al. (2003) studied the transport of water
into the mantle and observed an increase in the water content of
stishovite during partial melting. They suggested that this be-
havior is related to the increasing Al content of stishovite above
subsolidus temperatures. Finally, the difference in stishovite Al
content between our study and Kesson et al. (1994) on the same
starting composition could be ascribed to partial melting of the
sample, as proposed by Panero et al. (2003), in agreement with
the compositions of stishovite in MORB given in Litasov and
Ohtani (2005) that shows in a similar manner an increasing Al
content in stishovite close to the solidus.

DISCUSSION

High pressure-temperature MORB phases up to 44 GPa

The character and stability of phases in MORB as it subducts
has important petrological and seismological implications, yet
previous petrological studies in the multi-anvil at pressures up to
37 GPa have yielded conflicting results. Under these moderate-
pressure conditions, there is widespread agreement that two
perovskites and stishovite coexist, but the nature of the aluminous
phase(s) is not agreed upon. Several studies have reported the
presence of one Al-rich phase in basaltic compositions (Irifune
and Ringwood 1993; Hirose et al. 1999; Funamori et al. 2000;
Litasov and Ohtani 2005). Irifune and Ringwood (1993) observed
an Al-rich phase at pressures around 25 GPa, for which they sug-

gested the CF-type structure. In addition, in their garnet transfor-
mation study at high pressures, Miyajima et al. (1999) synthesized
an Al-bearing phase with hexagonal structure. By comparing XRD
peaks with those reported by Irifune and Ringwood (1993), they
suggested that it could be the NAL phase. Likewise, as reported in
the recent study of Sanehira et al. (2006) on the NAL phase, Akaogi
etal. (1999) obtained XRD peaks of the NAL phase similar to those
of Irifune and Ringwood (1993), which they had attributed to the
CF-type phase. Ono et al. (2001) also reported only the CF-type
phase, but noted the presence of grains too small for microprobe
investigation—possibly the NAL phase.

There have been previous reports of the coexistence of two
Al-rich phases (CF and NAL) in natural MORB (Miyajima et al.
2001; Hirose and Fei 2002; Litasov et al. 2004). Miyajima et al.
(2001) analyzed MORB containing 0.12 wt% of K,O from a run
at 27 GPaand 2473 K (Hirose et al. 1999), and reported both NAL
and CF. We confirm the results of Miyajima et al. (2001): in the
natural MORB samples investigated in this study, we observed five
phases up to 44 GPa: Al-bearing Mg-perovskite, Ca-perovskite,
stishovite, and two aluminous phases—the CF-type phase and the
NAL phase. Our study confirms that two aluminous phases with
distinct structures coexisting in MORBs at pressures up to 44 GPa,
i.e., the hexagonal NAL phase and the CF-type phase.

Stability of the NAL phase above 44 GPa

Ono et al. (2002b) observed the NAL structure up to 63 GPa
and 1500 K using pure NAL as a starting composition. In contrast,
our coupled observations using TEM (present study) and in situ
XRD (Perrillat et al. 2006; Ricolleau, unpublished manuscript.)
indicates that, for a MORB starting composition, the NAL phase
disappears above 50 GPa. This finding highlights the importance
of bulk composition on phase stability. In another example of
the importance of composition, Akaogi et al. (1999) studied
MgAl,0,-CaAl,O, end-member solid solution and reported the
presence of both aluminous phases with an increasing amount
of the CF-type phase near the CaAl,O, end-member between
pressures of 8 and 23 GPa.

On the other hand, we have shown that the CF-type phase is
stable up to 85 GPa. We do not see any structural change of the
CaFe,0, structure into the CaTi,0, structure (Cmcm) above 40
GPa as has been suggested by Funamori et al. (1998). Moreover,
our composition is closer to the NaAlSiO, end-member, for which
such structural modification has not been observed (Guignot and
Andrault 2004). Ono et al. (2005) observed this structural change
only at pressures exceeding 130 GPa during in situ XRD, and
similar observations were made by Hirose et al. (2005). It must
be noted that very few chemical analysis are available for such
samples. Hirose et al. (2005) were able to measure the chemical
composition of quenched phases at 60 and 113 GPa fora MORB
starting composition. Phases and compositions reported in their
study are in good agreement with our own measurements at the
same pressure, although some differences can be observed in the
iron and aluminum contents (see Table 1 for details).

Evolution of phase compositions with pressure and
implications for subducting MORB

Our observation that the Al content of Mg-perovskite increas-
es with increasing pressure is in good agreement with studies on
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the post-garnet transformation whereby the corundum or NAL
phase often coexists with Al-bearing Mg-perovskite (Irifune
et al. 1996; Miyajima et al. 1999). Miyajima et al. (1999) also
reported an increase in the Ca content of Mg-perovskite with
pressure accompanied by a decrease of NAL phase abundance.
It seems clear that the increase of Al and Na contents in Mg-
perovskite and CF-type phase with increasing pressure is related
to the disappearance of the NAL phase.

This compositional and mineralogical transformation takes
place at lower mantle pressure and temperature conditions, be-
tween 1100 and 1250 km depth. Considering the small variability
of chemical compositions reported among fresh or altered basalts,
we assume this should not significantly modify phase relations
reported in this study. We propose that such high-pressure miner-
alogical modifications could be related to some reported seismic
heterogeneities. For example, many fast seismic anomalies as-
sociated with slab subduction are seen in the mid-mantle (e.g.,
Niu and Kawakatsu 1997; Vinnik et al. 2001; Kaneshima and
Helffrich 2003; Niu et al. 2003). Niu and Kawakatsu (1997) de-
tected large velocity increases under the Indonesia arc at depths of
940 to 1080 km from East to West. Likewise, Vinnik et al. (2001)
observed discontinuities in several subduction environments at
1200 km depth with lateral variations in depth and amplitude.
The cause of these anomalies is not well understood and is
widely debated (Grand 2002; Castle and Van der Hilst 2003).
The disappearance of the NAL phase and concomitant growth
of Mg-perovskite at 50 GPa (corresponding to depths of ~1200
km) reported in this study may help to explain such lower mantle
seismic anomalies. The variable depth of such discontinuities
could be due to composition and temperature variations within
the subducting slab. In our study, however, we have observed a
gradual shift in the mineralogy with pressure and temperature,
which is characteristic of a divariant transition. Therefore, our
observations seem to be more compatible with an anomalous
velocity increase in the mantle rather than a sharp discontinuity.
A potential link between the observed seismic discontinuity and
phase transformations, i.e., the orthorhombic-cubic transition in
Al-bearing or pure Ca-perovskite (Kurashina et al. 2004; Adams
and Oganov 2006, respectively) or the tetragonal-cubic transition
(Shim et al. 2002; Ono et al. 2004) and the NAL phase disap-
pearance, would benefit from detailed experimentation in the
pressure range 40-50 GPa.
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