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Abstract

We performed multi-anvil experiments in the system MgO,Si®,0 at 13.0-13.7 GPa and
1,025-1,300jC and in the system MgO-FeO-5t(H,0, under reducing conditions, at 11.0-
12.7 GPa and 1200iC, to depict the effect gbtbn the P-T-x coordinates of the 410-km
discontinuity, i.e. the olivine-wadsleyite phase boundary. The chargesinvestigated with
Electron Microprobe (EMP), Raman Spectroscopy, Fourier Transfuoinawréd Spectroscopy
(FTIR), Secondary lon Mass Spectrometry (SIMS) and Electrongriasss Spectroscopy
(EELS). We observe in the MgO-SiBI,O system at 1,200;C a 0.6 GPa shift of the phase
boundary to lower pressure compared to dry conditions, due to the strongar wat
fractionation into wadsleyite (wad) rather than in olivine (ol). He MgO-FeO-Si@H,O
system we reproduced the triple point, i.e. observed coexisting hydrousadl,and
ringwoodite (ring). SIMS H quantifications provided partitioning coeéfits for water:

DY~ 3,7(5) andD"™* ~ 1.5(2) andD"™¢" ~ 2.5(5). For a bulk composition &f. =

wad/ol ring/ol wad/ring
0.1 our data indicate only a slight difference in the width of the lodipeotfwo phase field ol-
wad under hydrous conditions compared to dry conditions, i.e. no broadening irt tespec
composition but a shift to lower pressures. For bulk compositiorns 6f0.2, i.e. in regions
where wad-ring and ol-ring coexist, we observe, however, an unexpeotaikbing of the
loops with a shift to higher iron contents. In total the stabilitlgl fcé hydrous wad expands in
both directions, to lower and higher pressured’ €@ncentrations as determined by EELS are

very low and are expected to play no role in the broadening of the loops.

Keywords: Earth upper mantle, 410-km discontinuity, ol-wad phase tamdiigh pressure,

water quantification.



Introduction
It is now generally accepted that the 410- and 660-km discontinmitiee EarthOs mantle are

related to an important change in the mantle density of 5 and 10%gtreslye which causes
discontinuous changes in the P and S seismic wave velocities ggeeguodski and Anderson
1981).

The seismic 410-km discontinuity is related to the phase transfiommof olivine! -
(Mg,Fe)SiO, (ol) into its high P polymorph wadsleyit&# (Mg,Fe}»SiO, (wad) (e.g.
Ringwood, 1975, Katsura and Ito, 1989). Both minerals belong to the categor&hé N
(Nominally Anhydrous Minerals), which may incorporate hydrdgarthe form of hydroxyl
in their structure. Experimental studies (e.g. Kohlstedt 29@6; Smyth 2006; Mosenfelder
et al. 2006) demonstrated that ol, the most abundant constituent Bértihés upper mantle,

may incorporate up to 0.9 wt %,@. Its high P polymorphs wad and rirgy(Mg,Fe}SiO,)

are also known to act as water reservoir. wad can incorporate structure as much as 3
wt% H,O as calculated by Smyth (1987) and later experimentally shown by Incale et
(1995) and ring may store up to 2.8 wt %(H(e.g. Kohlstedt et al. 1996). As Keppler and
Bolfan Casanova (2006) showed, the difference in water contentily sglated to the P-T
conditions and phase assemblies.

Water is carried down into the mantle via subduction of oceanic paatdsusually most of it
is released at depth of 150 km; however, experiments and seismigabioses imply that
hydrogen can be transported much deeper, it is even discussedtitairg as light element
in the EarthOs core. Previous seismic tomographic observation evidandee 410-km
discontinuity is in some region of the Earth upper mantle quite sharpgs km, (Yamazaki et
al. 1994, Rost et al. 2002) but much broader in other regions as shown dgnvsleijde et
al. (2003): under the Mediterranean, the broadness varies between 3D landThis may be

linked to variable water concentrations. In other words, the wastibdition in the Earth

! Further on expressed either with wt ppaO+bor with the general term OwaterO
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upper mantle, may be inhomogeneous, due to the history of subduction and afhveatet o
incorporated by the phases characterizing these depths. Wood (1995patedsthe effect

of water on the region where ol and wad coexist theoretically and propase of 0.6 GPa

to lower P and broadening of 22 Km of the 410-km discontinuity by assuming 500 wt ppm
H,0 in ol and 5,000 wt ppm 4@ in wad

The influence of water on the position and shape of the ol-wad phasédrans. on the
410-km discontinuity, is still a highly discussed issue and experimstudles do show
contradictory results (Chen et al. 2002; Frost and Dolejs 2007). GCtsn(2002) observed
basically no difference between anhydrous and hydrous conditions in th®Qdgend-
member system at 12.6-14.7 GPa and 1200;C, but the experiments perbyriaeabt and
Dolejs show a shift of 1 GPa to lower pressures under the santitions when water is
included in the systenin the system (Mgp1-F&.09)2SiO, Chen et al. (2002) detected a shift
toward lower iron contents and a decrease of the pressure witlih afwad loop to 0.3 GPa
under water saturated conditions compared to dry conditions for experiateh®s6-14.4
GPa and 1,200iC.

A further important parameter which may influence the P-T-xdinates is the Fé content

In a recent study Frost and McCammon (2009) showed that in oxidizing condigons
strong partitioning of F& into wad shifts both phase boundaries of the ol-wad loop to lower
Fe-contents.

In this study we focus on the role of water on the ol-wad phase boundey MgO-SiQ-

H,O and the MgO-FeO-SicH,O systems by performing experiments under reducing
conditions. Thus, the aim of this study is to clarify the effdcivater on the P, T, X
coordinates of the ol-wad phase transition.

Experimental methods

Multi-anvil syntheses



Experiments were performed in a multi-anvil apparatus sinoldhat of Walker (1991) but
with a special tool that allows alternatively a continuous 360j rotaiiroa 180 rocking
motion of the Walker high-pressure module during the run with 5; pemsexer to avoid
separation of the fluid from the solid parts of the run and thus emashomogenous starting
material (see Schmidt and Ulmer 2004). This was applied to allohgdruns but one
(MA192). A 14/8-mm assembly (octahedron length/truncation length) was faseghch
experiment, consisting of a MgO-based octahedral pressure mediura stggpped graphite
heater, MgO and/or BN spacers and pyrophyllite gaskets. Dry experiinetiis system
MgO-SiQ; are -among others- the base of the P calibration of the multi-expdriments

where thel#" transition curve of the study of Morishima et al. (1994) has beem take

reference (13.6 GPa -1,200;C). In some experiments, the pressu@lalated using the
(Mg,Fe)SiO, phase relations (see Frost and Dolejs, 2007). Details of theragpéal set up
are given in Deon et al. (2009).

Table la and 1b list the experimental conditions and starting msatefiae chemical
compounds were mixed and homogenized for 15 min before being placed in adwgm-
platinum capsule with a diameter of 2 mm. As starting matéoialthe hydrous runs, a
stoichiometric MgSiO, oxide-hydroxide mixture (MgO BSiPMg(OH), was used, yielding to
a H,O-content of the bulk of 5 wt %. To buffer the Si&ztivity, we added 5 wt% MgSiO
enstatite to the starting material. The Mg(@Krucite) was synthesized in a hydrothermal
cold sealed apparatus at 0.4 GPa and 700;C from MgO plus water ss.e¥Xde verified the
presence of excess water at the end of each hydrous experimeatimg phe recovered and
opened Pt capsule in an oven at 170;C and checking the weight differeneedvefafter heat
treatment. The dry runs were performed with synthetic forstante wad seeds as starting
material without rotation/rocking of the press.

For the experiments in the system MgO-FeO-Si®e chose two sets of bulk initial
compositions: (MgsFe) 2)SiO; and (Mg ss-e.15)SiO4. For the set of hydrous experiments in
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Table la. List of experimental constraints and of the electroroprmbe (EMP) analysis of the
experiments in the system MgO-S$i#Pi,0.

Experiment P T Starting Duration Product+en EMPA:
(GPa) (i©) materiaf* (hrs.) c.p.f.u (cation pel
(x0.3) (x25) formula unit)

MAO063 13.4 1,025 Forsterite 24 wad

calib. Mg28iO4

FD062 13.3 1,025 Forsterite 7 wad

Calib. Mg28iO4

FDO063 13.3 1,100 Forsterite 7 wad

calib. Mg28iO4

FD0727 13.4 1,100 Forsterité 6 wad

calib.

FD0826 13.3 1,200 Forsterite 5 ol

calib.

FD0831 13.7 1,200 Forsterite 6 wad

calib.

FDO0836 13.3 1,150 MgO-SiO, 6 wad-phase Mg(l,gz)Si(l,o4)O4
Mg(OH), E

MA207 13.2 1,150 MgO-Sio, 8 wad
6!LH0O

FDO0715 13.0 1,200 MgO-SIG, 5 wad-fo-
Mg(OH), phase E

FD0O718 13.3 1,200 MgO-SiOz 6 wad Mg(l,gz)Si(l,o4)O4
Mg(OH),

FD0723 13.2 1,250- MgO-SiO, 6 ol MQ,SiO,

1,300  Mg(OH),

FDO0713 13.3 1,300 MgO-SiO, 6 wad

Mg(OH),

®The following chemical were used: MgO, FeO (99.9%gplron Oxide 1l Aldrich; SiQ (99.999%) pure Alpha

Aesar.

®In all the starting materials, except in the caition (calib.) experiments, 5 wt% MgSi@as added.
°Synthesized from a gel in annealing experiments.
9Due to the failure in the thermocouple the finahperature is estimated from the power reading 250t

1,300;C.

Table 1b: List of experimental constraints and of the Electronopricbe (EMP) analyses of

the experiments in the system MgO-FeO-&ild,O



Experiment P TiC Starting Duration Product+en EMPA (c.p.f.u) #Fe=Fel/(Fe+Mg) e | (FEIMg), ., $
GPa (+25) materiaf® (hrs.) i = d
(+0.3) v (FelMg), o
FD0832 12.2 1,200 (MgisF&2)SiO, 30 ol-wad ol:Mg sd& 2Sio 9704 0l:0.12(2) wad/ol=2.86
(oxide mixture) wad:Mg, sde.47510.90004 wad:0.23(1)
FDO0839 12.4 1,200 (MgisF&2)SiO, 30 ol-wad 0l:Mg s 22Si0.9704 0l:0.11(2) wad/ol=2.15
(oxide mixture) wad:Mg, sde.41S10, wad:0.21(1)
FD0843 12.4 1,200 (Mg;sF&.19SiO, 30 ol-wadmaj ol:Mg; sde 185104 01:0.09(12) wad/ol=3.12
wad:Mg, 54 € 46510, wad:0.23(3)
mangzg(F&)72A| 1418|017)(S|O4)3 ma1022(2)
FD0848 12.0 1,200 (MgisF&2)SiOs 29 ol-wad ol:Mg 7 & 25Si0 0l:0.14(2) wad/ol=2.77
(oxide mixture) wad: Mg .41F€ 555104 wad:0.27(2)
MA192 122 1,200 (MgirsF&2)SiO, 30 ol-wad- ol:Mg1 71F& 35Si0 0l:0.16 (1) wad/ol=2.24
static 1.7uL H,O ring wad:Mg; 41F & 615104 wad:0.30(4) wad/ring=0.58
rng:Mgi.1d~& .87:Si0, ring:0.43(1) ring/ol=3.88
FDO0833 122 1,200 (MgirsF&2)SIO, 30 ol-wad- 0l:Mg1 76 26Si0.9704 0l:0.14(2) wad/ol=2.23
1.7uL H,O ring wad:Mg 47 € 545104 wad:0.27(1) wad/ring=0.55
rng:Mgi oFe eSio.od04 ring:0.41(1) ring/ol=4.86




Experiment P
GPa (x25)
(x0.3)

TiC Starting material

Duration Product+en EMPA (c.p.f.u.)

(hrs.)

! (Fe/Mg),.,$
w (Fe/Mg), o

Fe/Mg —

#Fe=Fe/(Fe+Mg) K, .40 =

FD0844  12.7
0.40pL H,0

FD0849  12.0
0.35pL H,0

FD0853  11.0
0.4pL H,0

1,200 (MglsF&)4)SIO4

1,200 (Mg185F&)15)S|O4 30

1,200 (Mglgd:&)20)8|04 30

29

ol-wadmaj ol: Mgi s#&.16510,

ol-wad

ol-ring

wad: Mg sd-&.375104
mMaj:Mge g1(F&v.71Al 1.46510.14) (S1Os)

0l:Mg sF&.16S10,
wad:Mg, sd=e 36510,

0l:Mg1 s5d-€.42Si04
rng:Mgo sd=€1.135104

01:0.08(1) wad/ol=2.60
wad:0.18(2)

maj:0.20(3)

01:0.10(2)
wad:0.20(1)

wad/ol=2.34

0l:0.21(2)
ring:0.57(1)

ring/ol=4.85

#The following chemicals were used: MgO, FeO (99.9%) oxide 1l Adrich; SiQ (99.999% pure) Alpha Aesar.

®In all starting materials 5 wt% MgSi@as added



the MgO-FeO-Si@H,0 system, three initial starting materials were used:1 (Mg 3)SiOs,
(Mg1.8Fe 2)SiO, and (Mg sd&.159SiO, prepared from oxide mixtures and/or olivine solid
solutions. In the hydrous multi-anvil experiments, distilled water wdded, and in all
experiments, the recovered capsule had still water in exceize agight difference proves.
To keep thdO, low, we placed metallic Fe wrapped in a perforated Pt-tdthe bottom of the
Pt capsule.

The ol solid solutions were synthesized in a high BT gas mixing fuurader reducing
atmosphere in 30 hrs. Oxygen fugacit®,)] was obtained with C&£H, (Ar) gases mixtures
and monitored by zirconia-based solid electrolyte oxide sensor from Cexde Fabricators
™ The furnace was placed around a vertical 110-cm-long corundum tub&0mittm inner
diameter, where the central part of the tube was uniformly d¢hedilee gas mixture was
introduced at the top of the furnace tube and allowed the gas mixtum & e bottom. The
temperature, 1300;C during the experiments, was controlled by a thermoaodpdtabilized
by an electronic device with a total variation less than 0.5;C. Thrubaf the temperature and
oxygen fugacity was controlled with a sensor without interruption duringxgperienents and
stored in a computer. THO, in the syntheses was chosen between the magnetite wYstite and
the wYstite iron buffer.

In two experiments, the starting material was accidentally iegowith corundum from our
experimental set up, as we observed the occurrence of the Awdpgarase majorite (see
results).

Electron Microprobe

Almost all the capsules were cut vertically in two halves: orlevas embedded in epoxy
resin in a glass mount with the minimum quantity of epoxy needed. Onbnencase,
(FDO718), the capsule was emptied and single crystals were embeddsubxy. After
polishing, the composition of the samples were determined by EMP. Roatyses and

element distribution mapping (Mg, Fe, Si) were carried out aGfR2 using a JEOL thermal
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field emission type electron-probe JXA-8500F (HYPERPROBE). Théytaoe conditions
included an accelerating voltage of, 15 kV, a beam current of 10 nAfacdsed beam ( < 40
nm diameter)Standards were a well-characterized synthetic forsteriteSi@g and FeOs.
Peak counting times were 20 s, and the backgrounds were counted farhEOraw intensity
data were corrected with the Armstrong-CITZAF on-line comeciprogram (Armstrong,
1995).

Secondary lon Mass Spectrometry

The 'H content of the Fe-bearing ol, wad and ring was measured by Secondaviasen
Spectrometry (SIMS) using a CAMECA ims 6f ion probe at the (@&fore each session,
the instrument was baked for at least 48 hours. The vacuum was enbgnegdg liquid
nitrogen via a permanent filling liquid nitrogen Dewar, which ensuredthieatotal vacuum
pressure in the sample chamber during the analysis was alwagsthatt 4E-08 Pa. The
samples were prepared as described in the EMPA section. F@& Bidasurement, the
samples were cleaned in an ultrasonic bath with pure ethanokll st jC before being
covered with an approximately 30 nm high pure gold and were put into the ainaciber
(12 positions) to outgas at a pressure better than 3E-07 Pa forhaor8 tays. A primary
%0 beam was accelerated to 12.5 kV; the beam current was seftard focused to about

10 um diameter on the sample surface. Prior to each spot analy€ldsm X 40! m area was

presputtered of 120 s to reduce the surface contamination. Postedaey ions were
extracted using a potential of 10 kV and the energy window was placeddthaequal to 50

eV. A mass resolving power of M/ = 3,000 was used which is sufficient to resoli®i

from the nearby®Si*H interferencesCounting times per cycle were 15 s fét and 2 s for

%0si. The average acquisition time was 70 min, and'#@é’Si ratios were calculated by
averaging only the last 100 cycles from each analysis.

To build a calibration curve, thed/*°Si ratios of 4 reference samples were calibrated against

the HO/SIO, (wt ppm/wt %) ratio from the reference materials to deteenthe water content

9
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Figure 1 SIMS calibration curve for water, showittgy*’Si vs. HO/SIO, (Wt ppm/wt%) for the garnets and

olivine. Each data point is an average of more thasingle measurements with the corresponding dvars.

Regression parameters for the SIMS calibrationeane indicated in the plot

10



Three well-characterized garnets (870 wt ppa©OH207 wt ppm KO, 18 wt ppm HO)
(Maldener et al. 2003, Thomas et al. 2008) and a synthetic olivine ggmt$0O) were used
as reference materials, whose water contents were measthreddependent techniques.
With this calibration curve and standards used, we could well reprothecewater
concentration in synthetic hydrous Mg-wad (sample FD0718) whose concentvaisoalso

independently determined by Raman spectroscopy as 8500(1000) wt ppm (De@0@2)al.

Raman spectroscopy

The spectra were collected in the range of 200-1,208@n20 s on all samples for phase
identification. One sample (FD0833) was measured in the range 3,000-88Q06 obtain a
water quantification to compare with the SIMS measurements.

The spectra measured in this study were all acquired with dddobin Yvon Labram HR
800 UV-VIS spectrometer (grating 1800 grooves/mm) in a backscatteringu@ion using a
CCD detector (1024 elements), an Argon Laser and an Olympus opitcasocope with a long
working distance 100x objective (LWD VIS, NA = 0.80, WD = 3.4 mm@r Bample
excitation, we used the 488 nm*Aine and a laser power of 300 mW. The confocal pinhole of

100um was used, which corresponds to a spectral resolution of abott 1 cm

For water quantification, we applied the Comparator technique (Thenas2008 and 2009).
Unpolarized spectra in the spectral range between 3,000 B 3,80@erm measured directly
on wad crystals of experiment FD0833, which were analyzed befarg 8MS and EMP.
Although the sample contained Fe, no correction to account for the absarpthe initial and
scatter laser light was necessary (see optical spectrass B97). The laser beam was first

focused on the sample surface using a 100x objective, then lowgnedodavoid errors due to

surface inhomogeneities of the crystal. A spectrum of the referglass bearing 8.06 wt %
water was recorded in the beginning and at the end of each measuen§pectra acquisition

time was 100 s, with 3 accumulatiofts the sample, and 20 sec and 3 accumulations for the
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reference. All the spectra were normalized using this nefeteA linear background correction
in the spectral range between 3,170 B 3,756veas carried out on each spectrum.

FTIR spectroscopy

Unpolarized IR spectra were measured on hydrous Fe-bearing crystdI$FD0849), ol and
ring (both FDO0853) using a Bruker IFS66v FTIR spectrometer connectedHgpearion
microscope. We used a Globar as light source, a KBr beamerspliitl an InSb detector. The
spectra were collected with a resolution of 2'cand averaged over 256 accumulated scans in
the OH stretching region between 2,500"cand 4,000 cii The aperture size was chosen
between 30 x 30 and 80 x f@n according to the dimension of the crystals. The water content
was calculated averaging 5 unpolarized spectra for wad of the ch&Q@&4% and 5
unpolarized spectra for each ol and ring from charge FD0853 using thé.&ebert relation
Cczo =it 1.8/E" "" #A where c is the water concentration (wt %j),As the mean value

of the total integrated intensities (¢jnderiving from the fit of the FTIR unpolarized spectra
and multiplied by 3 (corresponding to the orientation factor introduced bysBat€1982)
which considers the three crystallographic directions as the spmetranpolarized), t the
thickness of the crystals (cemd #the densities. For hydrous minerals and gla$8@alues
can be taken from the general calibrations published by, e.g. ¢ta(é&@82), or Libowitzky
and Rossman (1997). However, it has been shown that these values shouldpylidoeto
water quantification in nominally anhydrous minerals (NAMs); NAM=sed mineral-specific

$%alues (e.g. Rossman 2006, Thomas et al. 2009, Koch-MYller and RbB&0, Therefore,
absorption coefficientsh were taken from Deon et al. (2009) for wad, 73,000 + 7,000 L mol

H,O cmi?, from Koch-MYller et al. (2006), 37,500 + 5,000 L meDHeni?, and Koch-MYller
and Rhede (2010) 75,300+ 7,000 L meDHm? for ol and ring, respectively. Unpolarized IR
spectra in the OH stretching region were also collected on sost@lsrof anhydrous runs to

check whether they are really dry. All spectra collected throughaustidy were fitted with
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the program PeakFit by Jandel Scientific (version 4.11) using"trdeévative zero algorithm
for the background and a mixed Gaussian and Lorenzian distribution functiothefor
component bands. The algorithm for the background fitting is unique to Pealdritvas
applied in the spectral range 2,500-4,000'cifhe algorithm is based on the fact that baseline

points tend to exist where the second derivative of the data is bothartoast zero.

Transmission Electron Microscopy

For TEM investigations, site-specific foils were cut by theused lon Beam technique (FIB)
directly from the embedded capsules. The instrument used was B0 with Ga-ion
source operating at 30 kV. Details of FIB TEM sample preparatiengeven elsewhere
(Wirth, 2004). TEM was performed using a FEI Tech&? F20 X-Twin transmission
electron microscope equipped with a Gatan imaging filter (GIF) anERAX-X-ray
spectrometer. Energy-filtered lattice fringe images, edeceémergy loss spectra (EELS) and
the chemical composition of the samples were obtained on all phast® dfD0833
experiment. EELS (Electron Energy Loss Spectroscopy) spectra aeepgred with a

collection angle & of 12 mrad and an illumination angle of 8f 4 mrad. The EELS aperture

was 2 mm, and the energy dispersion 0.1 eV/pixel, to avoid an altarationoxidation state
the acquisition time was 1 s. The energy resolution of the Wsr0.9 eV at half width at full
maximum of the zero loss peak. Spectra were acquired in diffractode with an acquisition
time of 1 s in order to avoid oxidation of the iron. Lauterbach €2@00) applied 10 - 30 s
integration time; however, their samples were cooled to neguydlinitrogen temperature.
As a test of our experimental setup, we determined tfie demcentration for a spinelloid
(sample MA27) with 32 % of its Fe as’fdKoch-MYller et al. 2009). The Eecontent of

each phase of the FD0833 sample was calculated averaging 5 EHia sjgdleicted on the
same FIB foil from slightly different locations and following thethasl described by Van
Aken et al. (1998). Two 2 eV wide integrating windows were appligddd, s-peaks: from

13



708.5 to 710.5 eV for thestedge for F& and from 719.7 to 721.7 eV for the-edge for
Fe&*. We were not able to perform M&ssbauer spectroscopic measusetmaniantify F&

because we did not obtain a sufficient quantity of crystals to alpiglynethod.

Results

Syntheses

Run products were identified with X-ray diffraction, Raman and Fip&ctroscopy and are all
listed in Table 1a, for the system MgO-&i®l,O, and in Table 1b for the system MgO-FeO-
SiO, + H;O. Figure 2 show cross-sections through different experimental shangeig. 2a the
capsule of the hydrous experiment FD0723 in the system Mg@+Bi0 is shown as a Si
distribution map. The major occurring phase can be distinguished from-tiohe3 enstatite
and the Mg-Si enriched quenched fluid. Although en was added roughly to thegsta
material, it always occurs along the capsule walls. We betlageto be related to the Soret
diffusion during the heating process, which lasts approximately 30 minth€hmal gradient
during the heating (colder capsule core compared to the walls) caugeadient in the
chemical potential, which results in Si enrichments in the ho#ipsule walls compared to the
capsule core (see Schmidt and Ulmer, 2004). Experiments in teensygjO-SiQ-H,0 results
either in wad or ol. As ol and wad do contain different amounts ¢érwhere should be a
range where both coexist. However, this range is hard to be expetiynesppeoduced due to

the sharpness of the phase transition and our small temperatusngveth the capsule.
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Fig.2a

Figure 2a) Si distribution mapping from the elentnmicroprobe showing a cross-section of a multidaRy

capsule from the hydrous experiment FD0723: themmrea (Mg richer) shows ol; the orange spotsepthe

presence of en and the blue part on both sidesefeered to the fluid. The intensity color scaleresents the
distribution of Si in the section.

Fe level area

Fig.2b

Figure 2b) Fe-distribution mapping from the elentnmicroprobe showing a cross-section of a multilaRy
capsule of anhydrous experiment FD0832: two maicuoing phases can be observed, i.e. a lighter {fge
richer) wad and a darker blue (Mg richer) ol. I lower part of the section, the red area (higkestontent)
represents the Fe-wYstite buffer. The intensityrcedale represents the distribution of Fe in thatise.

-wiistite

Fe level area
667

Fe 00 ul

Fig.2c

Figure 2c) Fe-distribution mapping from the eleotnmicroprobe showing a cross-section of a multilaRy
capsule of the hydrous experiment FD0853: the meaurring phases in this charge are in orangeiipen) ring
and in light blue (Mg richer) ol. The upper partiaghe previous picture, represent our buffer tmimize the
incorporation of F&. The intensity color scale represents the distidouof Fe in the section.
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Figure 3. P-T diagram showing the results of oureexpents in the MgO-Si@H,O system: a shift of 0.6 GPa
toward lower P values can be observed.

Results of the system MgO-Si@ H,O are plotted in Figure 3 and listed in Table la. A
systematic and replicate occurrence of hydrous wad in the stdimldyof olivine can be
observed, thus provoking a shift of 0.6 GPa to lower P values at 1200;C.

To achieve a complete knowledge of the Earth upper mantle, Fe musinbelered as
additional element. We tried to keep the iron preferably in theadivatate as Béin order to
exclusively link changes in the stability fields of the hydrous and anhydrous qaqlgmto the
presence of water. Figure 2b illustrates a cross-section ofcapBule of a Fe-bearing dry
experiment where wad and ol coexist with the Fe-buffer at the battdhe capsule. Wad is
always Fe-richer than ol. In this experiment, the Fe-buffer contded a part of the
experimental charge: the Fe-enriched area shows the presenc® ¢iv¥stite) even in the
internal part of the buffer, indicating that our iron-wYstite bufferked. Fe-fractionation data

were collected far away from the Fe-enriched areas. Thetgesluthe experiments in the
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system MgO-FeO-Sifare plotted in Figure 4a. This P-x projection for 1200jC is based on the
phase boundaries published by Agee (1998): the isothermally invariant ifeGRa indicates
the coexistence of ol, wad and ring, e.g. the Otriple pointO. Titts oésour dry experiments
well reproduce within the experimental errors the phase boundaries gddpp#gee (1998),
being thus a solid reference for our hydrous experiments.

Figure 2c represents a-cross section of a Fe-bearing wet-ratatedth coexisting ol and ring
synthesized at 11 GPa and 1,200iC. Due to the rotation of the wetonsxperimental
charges were chemically homogeneous. In the experiment shown in Figg 2& always Fe-
richer than ol, bearing a #Fe = 0.60 compared to ol with a #F21= Dhus, Fe fractionates
much more into ring than in wad, which is also expected from theeghagrams. In wet runs
carried out with the same constraints as other experimentdabiat sve observed not only a
deviation in the #Fe (see Table 1b) but also a significant differenthe texture compared to
rotated runs. Charges of static wet experiments always showiaatlgnand mineralogical
layered textures. Experiments in the system MgO-FeQ-BO show different Fe
fractionation among the coexisting phases compared to the dry runs (bakledlallowed us
to propose a new P-x projection at 1,200;C, shown in Figure 4b. The endemefwad
transition (xg = 1) is plotted at 13.0 GPa based on our experiments system Mg@HS0
and the wad-ring transition i = 1) at 21 GPa based on the results of Kawamoto (2004) who
observed that the transition of wad to ring shifts in the presenwsatef to higher pressures. In
replicate experiments, we could obtain coexisting hydrous ol-wad-renghe triple point. A
further experiment performed at 11 GPa and 1200;C, in the MgO-FeOHxD system
showed ol-ring coexisting in paragenesis with enstatite. In tio¢abtability field of hydrous
wad expands in both directions, to lower (ol-wad loop) and higher (wademy pressures,

which can be linked to its higher water content compared to ol and ring.
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Figure 4 a) P-x projection at 1,200;C based onptieese boundaries suggested by Agee (1998) shohéngesults
of our experiments at 12-12.4 GPa and 1,200;C énstrstem MgO-FeO-SiOb) P-x projection at 1,200;C (solid
lines schematic for clarity) constructed accordiagur results in the system MgO-FeO-gid,0 between 11.0
and 12.7 GPa-1200;C and MgO-%i8,0 (13.0 GPa-1200jC) and considering the pressucerteinty of 0.3
GPa. The Mg-end member wad-ring phase transitioriuhgdrous condition was plotted at 21 GPa (Kawamot
2004). Compared to the dry systemaghed gray liney the regions where wad-ring and ring-ol coexist a
broader in respect to the composition. The stabfiild of hydrous wad expands in both directioms|awer (ol-
wad loop) and higher (wad-ring loop) pressures
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The textures observed in the polished cross-sections of the capstiiessystem MgO-FeO-
SiO,-H,O shown in the backscattered pictures (Figure 5a, b, c¢) evidence esyitipl
intergrowths, visible overall in the sections.

We observed in experiments FD0843 (anhydrous) and FD0844 (hydrous) the occuri@mce of
Al bearing phase, majorite (Figure 5e) coexisting with ol and wadthabty due to an impurity

in the starting material. However, this is a minor phase anddetermined the Fe-Mg

partitioning data on ol and wad not in contact with majorite.
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Fig. 5e

Figure 5 a) Electron microprobe backscattered pgcghowing coexisting ol, wad and ring (FD0833,21&Pa
and 1,200;C) the so-called triple point. The textuage also a strong sign of the equilibrium reaathedhg the
experiments. b) Detail of the texture of experinsefD0833: the three phases show a symplectitictext

c¢) Coexisting ol-wad-ring: on these crystals, wefgrened the SIMS measurements to quantify the wedatent.
d) Electron microprobe backscattered picture, witeexisting olivine ringwoodite in paragenensis wéthstatite
from the experiment FD0853 (11 GPa-1,200iC). e) tEecmicroprobe backscattered picture, showing nitajo
coexisting with olivine and wadsleyite, the experith was performed at 12.4 (+0.3) GPa. Majorite oecl
because of an impurity in the starting materiadufee the specific experiment FD0843
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Water contents from different analytical methods

As FTIR spectroscopy has the highest detection limit for wat&AMs, crystals of hydrous
and anhydrous runs, were analyzed in the OH stretching region. Although mowaatadded

to the anhydrous runs it become obvious that especially wad was ngtdigaliut contained
about 20 wt ppm KD. The same was observed by Jacobsen et al. (2005). Interesiiegly,
spectra of this nearly dry wad clearly show that the asymm@wed IR band occurring in the
spectra of hydrous wad at about 3,300"dmindeed on overlap of three bands as proposed by
Deon et al. (2009).

Crystals from hydrous runs of the pure Mg system contained according t&Ikh®
measurements 2,000 (x600) wt ppmCHfor olivine (13.2 GPa-1,200iC), and as 8,000
(£1,000) wt ppm HO for wad (13.3 GPa-1,200iC). SIMS measurements in the system MgO-
FeO-SiQ-H,O were carried out on one sample FD0833, synthesized at 12.2 GPa an€ 1,200j
on coexisting ol, wad and ring. Water was quantified for ol as 2 000§ wt ppm HO, for

wad as 10,000 (+1,000) wt ppm® and for ring as 4,000 (x500) wt ppm Partitioning

coefficients were calculated a®"* ~ 3.7(5) andD"*% ~ 1.5(2) andD"*%" ~ 2.5(5)

wad/ol ring/ol wad/ring

(Table 2).Table 2. Water and Fequantifications.

Experiment H,O H.0 H20 H D vater Fe’* (pfu)
SIMS RAMAN  FTIR (pfu) EELS
(wt ppm) (wt ppm)  (wt ppm) spectroscopy

FDO0O718 8,000 - - 0.13 -

(+1,000)

FDO0O723 2,000 - - 0.03 -
(£600)

FD0833  0l:2,700  wad:10000 - 0.04 peeer 375 wad:0.070(20
(£100) (+1,500) nele ring:0.022(4)
wad:10000 0.16 Dingro =1-5(2)
ring: 4000 0.06 wadrring

(£500)
FD0849 - - wad:12,000(x300) 0.19 - -
FD0853 - - _O|:3,80Ct1,000) 0.06 Dr‘iﬂrfz‘f;l..o_87(33) -
ring:3,300(x1,200) 0.05
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These values show that wad accommodate more water than the athepeisting phases.
Beside the SIMS quantifications, the results of the unpolarizell A\ spectra collected on
wad crystals of the same sample FD0833 provided a value, compardive StMS data, of
10,000 (x1,500) wt ppm 4. Wad (FD0849) from a charge at lower P quantified with FTIR
spectroscopy, gave as result 12,000 (x5000) wt ppf, Kvithin the uncertainty in good
agreement with the quantifications obtained with SIMS and Ramarnragmmgty. Unpolarized
FTIR measurements averaged over several ol and ring crysetpeariment FD0853 provided
water contents of 3,800 (x1000) wt ppmH(ol) and 3300 (x1200) wt ppm.@& for the

coexisting ring. At lower P and higher Fe-concentrations, the ipamiy coefficient between

water
the two coexisting phases ol and rindamg/ol ~0.87(33).

TEM

EELS spectra (Figure 6) were collected in order to determinEdfieontent of the phases in
the FIB foil obtained from the charge of experiment FD0833, on coexistwgd-ring and on
spinelloid in the foil of MA29 (see chapter 2.6). Thé Repncentration obtained by EELS for
sample MA29 is in perfect agreement with that published by Ko¥He¥let al. (2009). As for
FD0833, F& fractionates preferentially in wad 0.070(20) pfu, while ring incorgsratminor
quantity of 0.022(4). It was not possible to quantify th& Eencentration for olivine because
of the poor quality of the spectrum (Figure 6) due to the very loal Fe concentration. A
longer acquisition time could have improved the spectrum; howevermiyslead to an
oxidation of the sample as Garvie and Busek (2004) observed. Howevestimate the Fé

content of ol to be close to zero, following previous studies (eogt Bnd McCammon 2009).
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Figure 6. Overview of the FIB foil obtained frometlexperiment FD0833 showing the three coexistirasph ol,
wad and ring (triple point) that were obtained 2t21GPa and 1,200iC. b) EELS Fegsledge spectra, the light
asymmetry of the main peak indicate a small conatioh of F&". Spectra were fitted following the method
proposed by Van Aken (1998).

Discussion

Water concentration

System MgO-SieH 0

At the P-T conditions typical of the Earth upper mantle, the paesmetter solubility should
be carefully considered because in the transition zone (TA}dhege capacity, e.g. how much
water can be incorporated by a mineral, can be only meant aseguiliwater content of a
mineral that coexist with a hydrous melt or fluid. It is egséfihat this mineral species occur
in a paragenesis that buffers the compositions of all coexisting pbagskat the composition
of a phase only depends on T and P. All our experiments were bufféhednstatite, and we

had water in excess. Due to the sharpness of the phase transteorcovdd not be quantified
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on coexisting ol and wad. Nevertheless, we calculated a watitiopang coefficient as

water
Dwad/ ol

~ 4 at 1200jC and 13.3 GPa on phases synthesized in different chargesumber is
in good agreement with the D-value of 3.8 proposed by Demouchy et al. (20GHniiar
conditions. As observed by Demouchy et al. (2005) partitioning coeffici@@ﬁ@ﬁl decrease

with increasing T, as the water solubility of wad decreas#sincreasing T.
System MgO-FeO-SiH,0
The water content of Fe-bearing wad is slightly higher than thaheofvig-end member

(Table 2). For coexisting ol-wad-ring we calculate the followingten partitioning

water D water

coefficients: D"~ 3.7(5), Diing/oi ~ 1.5(2) (FD0833) and™wadiing ~ 2.5(5). These

wad/ol
coefficients suggest also in the Fe-bearing system a stronggoriition of water in wad in

comparison with the other two coexisting phases. To date Inoue(20@B) calculated the

water

wadiing @s 2.5, fairly similar to our value. However, in their confereabstract, the

chemistry of their charges is not specified, thus their resatitisuitable for comparison with

our data. Chen et al. (2002) reported water concentration of 0.37 ertéband 1.9 wt % for

wad coexisting at 13 GPa and 1,200;C which resultD]fi ~ 5. Their respective water

wad/ol
contents were determined also by SIMS but using amphibole as stamdact, most
probably introduces a large uncertainty to the results due to mdectsfNevertheless, their
results agree with ours so far that water also fractionti@sger into wadsleyite rather than

in olivine. In the experiment, at lower pressure where we obsenadsting ol and ring the
water partitioning coefficient waQrvig%l ~ 0.87(33). To the best of our knowledge, this is the
first partitioning coefficient for coexisting ol and ring under theseditions.

Evidence of equilibrium

The long run duration (>24 hours) and the results of replicate runs ihytheus and

anhydrous MgO-FeO-SiOsystem certifies that we reached equilibrium during our
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experiments. Further proofs of equilibrium are the textures showtheinbackscattered
pictures. Figure 5a, b, ¢ evidence symplectitic textures, visi®eall in the section. One can
distinguish large parts of olivine with intergrowths of wad and rWeg interpret these
textures with metastable ol-growth during the 30-min heating period »asadugon of the
stable phase assembly ol-wad-ring when P-T of the experimenteaased and maintained
for more than 24 hours. Kerschofer et al. (1998) performed kinetic exgres where they
brought ol into the stability field of ring and analyzed the changes iplthse assembly and
texture after a certain time. They always observed thin lesfsek within the ring grains.
They interpret this as an indication of metastable occurrence dafl tirethe much harder
grains of the high pressure polymorph ring. Our textures show no olivingiogcas relict in
our ringwoodite - we even observe the opposite as olivine occurs afomedid crystal and
is the major occurring phases throughout the capsule. Another evidencelibfiaquis the
texture in experiment FD0853, where we observe coexisting ol and ringddrhenant
occurring phase is Fe-bearing ol and the occurrence of ring isditatemall parts of the
capsule, which is to be expected from the composition of the stanatgyial and the lever

rule.

Influence of water on the phase stability

System MgO-Sikx H,O

Our hydrous experiments showing the systematic occurrence of hydrous weed stability
field of olivine evidenced that the phase boundary between ol and wadted &y 0.6 GPa

(~ 18 km) to lower pressure compared to the dry system at 1200iColsigvChen et al.
(2002) observed no relevant difference in the ol-wad phase boundary between layatous
anhydrous conditions. Frost and Dolejs (2007) disagreed with the resultbeof et al.
(2002), as they observed at 1,200;C a shift of 1.0 GPa to lower pressige hydrous

conditions compared to anhydrous conditions. Unfortunately, Frost and Dolejs (ROt
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determine the water content of their phases. But the amount of weteporated by the
phases characterizing the transition zone determines the shife gghase boundary. The
preferential partitioning of water in wad and its statistycdilstribution in the structure (e.g.
Deon et al. 2009) stabilize wad to lower pressure through the conitguaia¢ntropy. Thus,
our observation is theoretically expected.

Wood (1995) was the first who calculated the effect of waterhenphase boundaries; he
calculated that as little as 500 ppm water incorporated in ol sswiréng ten times more water
in wad displaces the phase boundary of 0.6 GPa to lower pressure. Althloagd wad
contain a different amount of water in our experiments, the gshdt we observed
experimentally agrees with the displacement to lower P cédcllay Wood. On the base of
new crystal chemical data, Frost and Dolejs (2007) revised thadbdgnamic model of Wood
and provide Eg. 1, where the effect giHon the 410-km discontinuity in the MgO-%i€,0

system can be calculated as skt

"0.5! V02> +
#P#V=RT |ns():§o'5o'5vg§’ - URTIn{(1! Vie)+ (1)

» wad

n{ OH
where the T is expressed in K and P in GP,agzvg requires the OH concentration in

wad and ol based on the fact that in both minerals 2 OH are inctagpata one Mg vacancy;

'V is the volume change of reaction, approximately -2,200 J/GPa @mrdddolejs 2007).

The expression for the configurational entropy for wad in Eqg. 1 is bas#dte @mbservation
that only one half of the available M3 sites are protonated (Smyh &987). Deon et al.
(2009) confirmed this incorporation mechanism. They specify that the hydrati wad
occurs along the O1¥¥¥04 and/or O3¥¥¥04 edges of a vacant M3 octahisdoonnéted
either on two O1, two O3, or on one O1 and one O3 sites of a Wd8asite. As for ol, Frost
and Dolejs (2007) assume in their thermodynamic model that vacan@ésdréo OH

incorporation occurs on all M1 sites leading to the expression for theyetfonal entropy

26



given in equation 1. Frost and Dolejs (2007) took literature data fangxémum solubility
of water in wad and ol as 2.5 wt% and 0.8 wt%, respectivaly calculated a shift of 1 GPa
to lower pressures at a temperature of 1,200iC. Because weneatrable to produce
coexisting ol and wad in our experiments in the system MgQ-ByO, we assume that the
water partitioning is similar to that in the Fe-bearing systethalculated the pressure shift
using the water contents determined with SIMS of the coexistadyamd ol in experiment
FD0833. With these values, we obtained a shift of the ol-wad phase bpwidad GPa to
lower pressure - very close to that what we observe experinyentall

System MgO-FeO-Si@ H,O

Kioye = b(Fe/Mg), . / (Fe/Mg),  of dry runs performed in the P interval 12 - 12.4 GPa and

wad/ol
the same T shows values ranging between 2.15-2.86 (Table 1b). Our pariMmning

coefficients between ol and wad are similar to the values eséclby Chen et al. (2002) in
dry experiments (2-2.6). Other data, e.g. Katsura et al. (26@4jter too much to be

compared with our data most likely due to a shorter run duration codnpareur study.

Hydrous experiments of this study performed in the same P range Kyl values of

2.23-2.60. Thus, water does not have a considerable influence on theseEgbhsiments of
Chen et al. (2002) were performed exclusively in the systers (i@ .09).SiOsand cannot be
compared to our study as the initial bulk composition strongly influencewvatues of

K Fe/ Mg

According to Agee (1998), the triple point where ol, wad and ring coexastr®cinder dry
conditions at 12 GPa and 1,200;C. In our hydrous experiments, we observplé¢hgaint at

12.2 GPa and 1200;C. However, we would not speculate that water dlffed&swhere the
triple point occurs as the uncertainty in pressure of our experinseab®ut + 0.3 GPa. This

uncertainty is reflected in the results of experiment FD0849 pertbramel2.0 GPa but
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showing coexisting ol and wad with compositions, which must correspond to a highe
pressure than the triple point.

To provide a real description of the effect aiCHon the Earth upper mantle, the results of the
MgO-SiO,-H,0 and MgO-FeO-Si®H,0 systems must be combined and we propose a new
phase diagram (Figure 4b). Water, according to our results, stronglifienoithe phase
diagram. We assume that the very small amounts Bfifeorporated in wad, ring and ol in
this study do not influence the phase boundaries of the MgO-Fe&HR{@system. Therefore,
we plot in the diagrams only the #Fe = Fe/ (Fe + Mg), whegei§ealculated as Ee

In the new hydrous phase diagram, the data indicate an expansion ddhstability field
toward lower and higher pressure. For a bulk compositiog.sf 0.1, which represents the
average composition of the Earth upper mantle, our data indicate oligjtaddference in

the width of the loop of the two-phase field ol-wad under wet conditiongpared to dry
conditions, i.e. no broadening with respect to composition but a shaiver pressure. There
could be a slight decrease of the pressure width of the loop as abbgr@hen et al. (2002)

but due to the uncertainties in pressure of + 0.3 GPa, such adiffaktnce cannot be
verified. Contrary to Chen et al. (2002), we observe under wet conditoakift of the loop
toward lower iron contents. Such a shift can be related 1 ifeorporation: Frost and
McCammon (2009) showed that under oxidizing conditions both boundaries of the ol-wad
loop shift to lower iron contents. Opposite to Chen et al. (2002), wiorped our
experiments under reducing conditions and we checked the f8vinEerporation. Therefore,

we link the observation of Chen et al. (2002) to the presence of bothamatd=&* in their

run products. Thus, the seismic observations by van der Meijde(20@8) that the 410-km
has a varying thickness, between 390-440 Km, across the Earth malatee te both
variable F&" and water incorporation.

For bulk compositions okee > 0.2, i.e. in regions where wad-ring and ol-ring coexist, we

observe a broadening and a shift of the loops to higher iron contents. derisinteresting
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and unexpected result and should be investigated in further studies. Cargaggpl for this
observation could be that with increasing Fe content ringwoodite incorparater these
conditions more water and thus Fe-rich ringwoodite would be stabilizedgihithe increase

of the configurational entropigee sectiomfluence of water on the phase stability).

Conclusion

The presence of water induces a significant effect on the stafdids of (Mg,Fe)SiO,
polymorphs in both the MgO-SH,O and the MgO-FeO-SiizH,0 system. Incorporation of
0.8 wt% water in Mg-wad and 0.2 wt% in Mg-ol displaces the ad-whase boundary, 0.6 GPa
to lower P, which agrees within the uncertainties with the v@u@Pa) proposed by Frost and
Dolejs (2007). In the MgO-FeO-SiH,0 system, water seems to have only little effect on the
ol-wad loop - it is only shifted to lower pressures. We found negh®oadening nor a shift of
the loop to lower Fe-contents as previously Chen et al. (2002) obseomdirihg our results
with the results from the more oxidized experiments of Frost an@awhmon (2009), we
propose that the shift to lower Fe concentration found by Chen eR@02)( is due to
incorporation of F& rather than OH. A slight decrease of the width of the loop migturoc
However, in more Fe-rich compositions, the presence of water brotmelmps where wad-
ring and ol-ring coexist. In total the stability field of hydrous wad egpan both directions, to

lower (ol-wad loop) and higher (wad-ring loop) pressures.
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