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Phase equilibrium data pertaining to melting of simplified carbo-
nated peridotite in the systems CaO—MgO—Si05—CO 5 and CaO—
MgO—Al,05-5:0,-CO; at pressures of 1026 GPa, corresponding
to ~300-750 km depths in the Earth, are presented. In both the stu-
died systems, liquid compositions, with changing crystalline phase
assemblage, are carbonatitic  throughout the studied pressure
range. In the system CMS—COs melting phase relations are
isobarically invariant; liquid is in equilibrium with forsterite
+ clinoenstatite + clinopyroxene + magnesite, _forsterite + majorite
+ clinopyroxene + magnesite, wadsleyite + majorite + clinopyrox-
ene + magnesite, ringwoodite + majorite + calcium-silicate ~ per-
ovskile + magnesite, — magnesium-silicale  perovskite + periclase
+ calctum-silicate perovskite + magnesite at 12, 14, 16, 20, and
26 GPa, respectively. In the system CMAS—COs, a phase assemblage
consisting of forsterite + orthopyroxene + clinopyroxene + magne-
site + garnet +melt from 10 to 14 GPa is isobarically invariant.
However, owing to the disappearance of orthopyroxene at pressures
greater than 14 GPa, from 16 and up to at least 26 GPa, the solidus
of simplified carbonated peridotite spans a divariant surface in
pressure—temperature space. The liquid coexists with wadsleyite +
clinopyroxene + garnet + magnesite, ringwoodite + calcium-silicate
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perovskite + garnet ++ magnesite, and magnesium-silicate perovskite +

periclase + calcium-silicate perovskite + magnesite at 16, 20, and
26 GPa, respectively. A curious, and as yet unexplained, feature of our
study is an abrupt drop in the solidus temperature between 14 and
16 GPa that causes a small amount of melting of carbonated mantle in
the Transition Lone of the Earth. In the systems CMS—CO, and
CMAS—CO; liguid compositions at 16 and 20 GPa are highly calcic
bona fide carbonatites; however, these liquids revert to being magnesio-
carbonatites at 1014 and 26 GPa. In the system CMS—CO, at
16 GPa we locate an isobaric invariant point consisting of
wadsleyite + clinopyroxene + anhydrous B + magnesite + melt. The
presence of anhydrous B at 16 GPa and 1475° C'is interesting, as it lies
outside the composition space of the mantle peridotite analog we have
studied. However, despite the presence of two highly magnesian silicate
crystalline phases, wadsleyite and anhydrous B, at 16 GPa and
1475°C, the liquid composition remains calcic with molar Ca-number
[Ca/(Ca+ Mg) x 100] of about 65. The melting reactions at 16
and 20 GPa (with or without anhydrous B) show that lime-bearing
crystalline silicates play afairly large partin generating and controlling
the composition of the liquids. At 16 GPa, in the system CMS—CO,,

we also report an experimental run at 1575°C, in which liguid coexists
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with only wadsleyite and majorite. The liquid composition is less calcic
( Ca-number 54) than that for other runs at lower temperatures, but is
still more calcic than liquids at 10—14 and 26 GPa in both the studied
systems. At present, the likely cause for these changes in the reported
phase relations is not known. For normally assumed mantle tempera-
tures, melting in the Transition Qone of the Earth, owing to the presence
of carbonate, is probably unavoidable. The depth range of the drop in
the carbonated peridotite solidus closely matches that of commonly
observed low seismic velocities at ~400—600 km depth in the Earth.

KEY WORDS: solidus; melting; peridotile; carbonatites; carbonate

INTRODUCTION

The presence of carbonatites, magmas that have almost no
silica and are dominantly composed of CaO, MgO, and
COo, in the sub-oceanic mantle has been inferred on the
basis of the geochemistry of mid-ocean ridge (McKenzie,
1984; Presnall et al., 2002; Presnall & Gudfinnsson, 2008)
and ocean-island basalts (Dixon et al., 2008; Sisson et al.,
2009). Coupled with experimental petrology (Eggler, 1976;
Wyllie & Lee, 1998, and references therein), indications
that such low-silica magmas are perhaps common in the
sub-oceanic mantle (or in general, perhaps in the Earth)
have also come from studies of mantle xenoliths recovered
in ocean-island basalt localities (Hauri et al., 1993; Keshav
& Sen, 2003). The influence of carbon dioxide in mantle
melting at mid-ocean ridges has recently been reported in
geophysical studies (Sohn et al., 2008; Clague et al., 2009).
Diamonds from the continental mantle contain carbonati-
tic melts or fluids (Schrauder & Navon, 1994; Schrauder
et al., 1996; Klein-BenDavid et al., 2004, 2006, 2007,
Tomlinson et al., 2006, 2009). On the basis of the trace
element patterns of certain silicate inclusions, the antiquity
of such diamonds has been questioned (Shimizu &
Sobolev, 1995; Taylor et al., 2003). Such patterns, it has
been suggested, can develop when carbonatite-like fluids
or melts interact with solid silicates in diamonds (Taylor
et al., 2003).

Diamonds containing Transition Zone and lower mantle
assemblages are also transported to the Earth’s surface by
violent kimberlite eruptions (Stachel et al, 2000,
Kaminsky et al., 2001; Stachel, 2001; Brenker et al., 2002;
Pearson et al., 2003) that appear to be related to carbonati-
tic activity in the source region of these very deep
magmas. In at least some diamonds of purported
Transition Zone and lower mantle origin, crystalline car-
bonate has also been recovered as an inclusion (Brenker
et al., 2007, and references therein), suggesting that carbon-
ate in our planet perhaps extends deeper than previ-
ously thought. Silicate inclusions in some cratonic
diamonds are interpreted to have grown from carbonatitic
melts (Keshav et al., 2006; Armstrong et al., 2007, 2008;
Walter ez al., 2008), indicating that not only solid carbonate

but also carbonatitic liquids might be generated at moder-
ately great depths in the Earth, and some natural speci-
mens seemingly have documented evidence of such
melting. All these observations have consequences for our
understanding of carbonate-assisted melting processes at
various depths in the Earth, the influence of this melting
on the overall petrology of the mantle, the stability of
crystalline carbonate, the relationship (if any) of carbona-
titic liquids with other magma types, and eventually the
recognition, in mantle specimens, of geochemical signa-
tures that have been brought about by carbonatitic
magmas.

Previously, in an effort to understand better the genesis
of carbonatites and kimberlites, and the stability of crystal-
line carbonate, first Canil & Scarfe (1990) and later
Dalton & Presnall (1998) reported melting phase relations
of simplified carbonated peridotite at and above 3—4 GPa.
In this respect, the results of these two studies deserve
some attention. Whereas Canil & Scarfe (1990) in the sys-
tems CaO-MgO-Si0y-CO, (CMS-CO, and CaO-
MgO-Al,O5-5105-COy (CMAS-COy) reported that
near-solidus liquids from ~4 to 12 GPa were similar to
erupted kimberlites, Dalton & Presnall (1998) in the
system CMAS—CO,, continued to observe near-solidus, ex-
perimental liquids at 3—7 GPa that bore similarities to
calcio- and magnesiocarbonatites. 1o generate a large
amount of liquid at the initiation of melting, while main-
taining an assemblage consisting of forsterite—orthopyrox-
ene—clinopyroxene—garnet—crystalline  carbonate-liquid,
Dalton & Presnall (1998) ‘tailored’ their starting compos-
itions. The above-mentioned phase assemblage is univar-
iant in pressure—temperature (P—7) space. As has been
the tradition, and also observed by Luth (1999), this tech-
nique allows one to determine liquid compositions, and as
an outcome, solidus temperatures, with much greater con-
fidence than where the melt fraction at the solidus is ex-
ceedingly small (for instance, Canil & Scarfe, 1990). This
philosophy, as Luth (1999) pointed out, might have led to
the contrasting solidus temperatures, because in the study
by Canil & Scarfe (1990), the experiments generated a
small amount of melt near the solidus, and consequently
its detection in polished sections, and a good microprobe
analysis, is perhaps made difficult. However, in both the
studies by Canil & Scarfe (1990) and Dalton & Presnall
(1998), above about 45 GPa, magnesite was the stable crys-
talline carbonate phase at the solidus. The observation
that the liquid composition stays carbonatitic up to about
7GPa, even when the stable carbonate phase switched
from dolomite to magnesite along the solidus of carbonated
peridotite (Dalton & Presnall, 1998), is in contrast to previ-
ous suggestions (Brey et al., 1983; Katsura & Ito, 1990),
where an increase in the MgO concentration of the first
liquid at the solidus, at the onset of transformation of dolo-
mite to magnesite, was predicted to happen.
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In multicomponent (high-variance) systems,
Hirschmann & Dasgupta (2007), using published liquid
compositions in the system CMAS-CO, (Dalton &
Presnall, 1998) and data from the Wallace & Green (1988)
experimental study, have attempted to clarify what initial
melts might look like at 66 GPa in multicomponent carbo-
nated peridotite, and as a consequence, the solidus tem-
peratures of such carbonated peridotite. Most recently,
Ghosh et al. (2009) have published melting phase relations
at pressures of 10-20 GPa in alkalic, multicomponent car-
bonated peridotite. The solidus curve of carbonated peri-
dotite that Ghosh et al. (2009) reported has a positive
slope in the pressure range 9-13 GPa, but at higher pres-
sures, up to 20 GPa, it is essentially flat.

Litasov & Ohtani (2009), in their study on carbonated
peridotite at 10-32 GPa, worked with the low-variance
system CMAS—Na,O-CO, (CMASN-CO,). Given the
nature of these experiments at such elevated pressures, es-
pecially in chemically simple systems, their results are a
valuable contribution. The solidus curve reported by
Litasov & Ohtani (2009) rises gently in P—7 space from
about 1400°C at 10 GPa to roughly 1700°C at 25 GPa, and
shows signs of flattening up to the highest pressure investi-
gated of 32 GPa. Liquid compositions, as expected, are
sodic, reaching values as high as about 5wt %.
Additionally, on the basis of mass balance, Litasov &
Ohtani suggested that solid COy (carbon dioxide) might
be a stable phase above about 27 GPa, an observation that
has consequences for how carbon dioxide and its various
forms (solid, liquid, vapour) are stored at such depths in
the Earth.

Ghosh et al. (2009) and Litasov & Ohtani (2009) re-
ported very different solidus curves, although to some
extent the liquid compositions partially overlap in these
two studies. Compared with the curves of Ghosh et al.
(2009) and Litasov & Ohtani (2009), the solidus curve of
multicomponent, carbonated peridotite in the pressure
range 10-23 GPa, as shown by Rohrbach & Schmidt
(2011), is also flat in P—7 space.

Here we report the results of an experimental study
aimed at clarifying the melting phase relations of carbo-
nated peridotite at pressures of 12-26 GPa. This pressure
range corresponds to depths of ~350-750km in the
Earth. Some important starting points for discussion are
as follows: (I) What are the solidus temperatures? (2)
What is the topology of the melting curve in P—7 space?
(3) What are the liquid compositions in equilibrium with
a defined crystalline phase assemblage? (4) Do liquid com-
positions in equilibrium with a particular phase assem-
blage at the solidus become ‘kimberlitic’, as suggested in at
least two previous studies (Brey et al, 1983; Canil &
Scarfe, 1990)? 1o address these issues in a tractable way we
have focused on simplified carbonated peridotite in the
systems CaO-MgO-Si0o—CO, (CMS—CO,) and the

MELTING OF CARBONATED PERIDOTITE

slightly more complex CaO-MgO-Al,O3—S10,—CO,
(CMAS—-COy). We have considered that part of the com-
position space in these two systems that is analogous to
the natural, carbonate-bearing mantle system with a peri-
dotitic bulk composition. At a fixed pressure in these sys-
tems, the studied phase relations involving all the
required phases at the solidus are either isobarically invari-
ant or univariant. This approach also means that as long
as all the phases at the solidus are present in the experi-
mental runs, the choice of starting composition does not
affect the phase compositions, and the bulk compositions
can be adjusted so as to maximize the amount of liquid
(or any other phase) in the experiments. Subsequently,
the phase equilibrium data can be used to model very
small degrees of melting in a portion of the mantle with
the same phase assemblage. Therefore, by studying the sys-
tems CMS—CO, and CMAS—CO,, experimental liquids
that are analogous to very small degree mantle melts can
be readily analyzed by electron microprobe and solidus
temperatures as a function of pressure can be rigorously
determined. Increasing complexity (in terms of chemical
components) can subsequently be added to the above sys-
tems, as has been done in the past (e.g. Walter & Presnall,
1994; Sisson et al., 1997; Gudfinnsson et al., 2007, 2008;
Keshav & Gudfinnsson, 2009). This is a huge advantage
over experiments that employ multicomponent (natural)
starting compositions to determine the solidus, in which
the temperature of initial melting is difficult to detect, the
solidus is a function of the bulk CO, concentration, and
the initial melts are almost impossible to analyze because
of their small volume (Wallace & Green, 1988; Falloon &
Green, 1989; but also see Hirschmann & Dasgupta, 2007).

EXPERIMENTAL AND
ANALYTICAL DETAILS

Starting mixtures

Starting compositions, which were mixtures of finely
ground silicate glasses and magnesite, were made follow-
ing the procedures outlined in previous studies (Dalton &
Presnall, 1998; Gudfinnsson & Presnall, 2005; Keshav
et al., 2005). The compositions of the starting mixtures are
provided in Tables 1 and 2. In Table 2, an electron micro-
probe analysis (wt %) of bulk composition CMS—CO,-
2-A is provided. This experimental charge was treated in
a 10/5-type (see below) pressure cell at 20 GPa and 1950°C
for 15h, using identical procedures to those described
below. Analyses are an average of 20 scans performed
using a probe beam diameter of 5pum. The overlap be-
tween the nominal and analysed bulk composition is
fairly good, confirming the homogeneity of the starting
mixtures used in this work. The amount of CO, in the
bulk melt was calculated by difference.

2267

TTOZ ‘TE J8go100 Uo spue|d oljqig e /Bio'sfeuinolpioxo ABojosed/:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 11 NOVEMBER 2011

Table I: Nominal composition of starting mixtures in the
systems CMS—COy and CMAS—CO 5 used in the present
study (by weight)

Mixture CaO MgO Al,O3 SiO, CO,*
CMS-CO0,-1 16-97 3391 - 2771 2141
CMS-CO0,-3-A 21-63 30-76 - 23-22 24-39
CMS-CO0,-3-B 21-48 3061 - 24-01 23-90
CMS-CO0,-2-A 29-15 24:54 - 20-79 2552
CMS-CO0,-2-B 29-60 25-10 - 20-87 24-43
CMS-CO0,-6 15-67 33.97 - 3321 17-25
CMS-CO0,-7 14-95 3278 - 34-70 17-567
CMAS-CO0,-21-A 12:37 36-70 164 27-67 21-63
CMAS-CO0,-21-B 11-00 35-95 2:04 30-41 20-60
CMAS-CO0,-23-A 11 39-93 0-24 2751 21-21
CMAS-CO0,-23-B 9-63 38-09 128 3112 19-90
CMAS-CO0,-19-A 13-66 3278 177 31-68 21-10
CMAS-CO0,-19 12:20 3451 171 30-49 21-09
CMAS-CO,-14-A 20-64 28-34 2:51 28-77 19-84
CMAS-CO,-14-B 21-95 27-24 2:57 24-94 23-30
CMAS-CO,-15-A 2515 25-42 1-63 29-44 18-46
CMAS-CO,-15-B 2514 26-26 175 28-40 18-45
CMAS-CO,-16-A 18-90 34-04 115 23-59 22:32
CMAS-CO,-16-B 19-33 31-62 114 24-34 2357

*By difference.

Experimental procedures and analytical
methods

All the experiments were performed at the Bayerisches
Geoinstitut (BGI), Germany, using a multianvil apparatus.
The device used has a maximum thrust of 1200 ton
(Sumitomo 1200). The experiments were performed using
CryO35-doped MgO pressure cells at 10-14 GPa with an
edge length of 14 mm, and at 16, 20, and 26 GPa with an
edge length of 10mm. Second-stage tungsten carbide
anvils (32 mm edge length) with 8 mm (Toshiba I grade),
5mm (loshiba F grade), and 4 mm (Widia F grade) trun-
cated edge lengths were employed in experiments at 10, 12,
and 14 GPa, 14, 16 and 20 GPa, and 26 GPa, respectively.
Experiments at 14 GPa were also performed using pressure
cells with an edge length of 10 mm and tungsten carbide
anvils with 5mm truncation. Pyrophyllite was used as
gasket material in all the experiments. All the pressure
cells used have similar internal configurations. They con-
sist of zirconia thermal insulators, dense four-bore alumina
sleeves for thermocouples, and soft magnesia and alumina
inserts. Cells with 14 and 10 mm edge length have stepped
and straight lanthanum chromate (LaCrOjs) heaters, re-
spectively. In all pressure cells, molybdenum (Mo) rings

Table 2: Electron microprobe analyses (wt % ) of starting
mixture CMS—C0,-2-A

Oxide CMS-CO,-2-A
Ca0 2858 (0-12)
MgO 2358 (0-94)
Si0, 2241 (0-44)
CO, 25-41*

*By difference.

The mixture CMS-CO,-2-A was melted in a 10/5 pressure
cell at 20 GPa and 1950°C for 1-5h, following the proced-
ures described in the text. Analyses are an average of 20
scans performed using an electron microprobe beam diam-
eter of 5um. The overlap between the nominal (prepared
from oxides or carbonate) and analysed bulk composition is
fairly good, confirming the homogeneity of the starting
mixtures used in this work. The amount of CO, in the
bulk melt was calculated by difference.

on either end of the heaters serve as electric contacts with
the anvils. For the experiments, ~0-5> mg of a starting mix
was loaded into a Pt capsule (12 or 16 mm outer diameter;
1'1-2:0mm final length) that had previously been an-
nealed in air at 1000°C, sealed at one end by arc welding,
boiled in dilute HCI (30 min), ultrasonically cleaned in
ethanol (10 min), and fired again in air at 1000°C for
10 min. Before assembling the pressure cell, the loaded cap-
sule was again dried in air at 175-200°C for over 14 h.

Run temperature was measured using type D (W75Reqs/
WgsRes)  thermocouple wires (0115 or 0-13mm thick;
Omega®) in contact with the Pt capsule. Temperatures re-
ported are thermocouple readings; the effect of pressure
on the thermocouple e.m.f. was ignored. Temperature was
controlled to within £2°C of the target temperature using
a Eurotherm controller. To ensure anhydrous conditions
during the experiments, all the cell parts (except Mo elec-
trodes and capsules) were fired in air at 1000°C in a box
furnace for lh. After construction and before an experi-
ment, the entire cell was kept dry in an oven at 175°C.
After each run, the Pt capsule was recovered from the
cell, mounted longitudinally in epoxy, and ground and pol-
ished for optical and electron microprobe examination.
After termination of an experiment, the thermocouple
junction was always confirmed as being in direct contact
with the capsule. All the experimental runs were polished
under water-absent conditions, and charges also had to be
frequently (3—4 times) vacuum-impregnated with resin.

Because of the lack of any suitable temperature monitor
at these elevated pressure and temperature conditions, at-
tempts were not made to calibrate the temperature distri-
bution in the sample capsules employed in the present set
of experiments. Instead, on the basis of the experimental
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results reported here, we infer that the temperature repro-
ducibility is of the order of about £25—30°C. This conclu-
sion 1s based on the following: (1) the Pt capsules used in
the experiments were very small (1-2 mm long; in most
cases 1-1°5 mm long); (2) the dimensions of a particular ex-
perimental charge in the capsules, in general, did not
exceed ~500 pm x 500 pum, and therefore the charge was
surrounded with a relatively large volume of metal, which
tends to even out the temperature in the capsule; (3) more
significantly, melt compositions were uniform from spot to
spot (reflected in the uncertainty cited; see Tables 3
and 4). The overlap in the electron microprobe analyses of
interstitial melt pockets, and segregated pools of melt sug-
gests minimal temperature gradients in the metal capsules.
The same is true of the crystalline phase compositions,
analysed either near the melt—crystal interface or well
inside the crystalline portion (in physical contact with
interstitial melt pockets) of the experimental charge.
Additionally, between 14 and 16 GPa, we can clearly distin-
guish the distinct nature of melts produced in equilibrium
with their respective crystalline phase assemblage.
Therefore, on the basis of all of the above, we are fairly
sure in stating that the temperature uncertainty in the
sample capsules is roughly £25—30°C, and is reproducible.

High-temperature (1200-1600°C) calibrations for the
pressure cells employed in this study are based on previous
experiments carried out using the Sumitomo 1200 at
Bayerisches Geoinstitut. These determinations have been
reported in various publications (Canil, 1994; Frost et al.,
2001; Keppler & Frost, 2005). Briefly, these fixed pressure
points have employed coesite—stishovite, forsterite-wad-
sleyite, wadsleyite-ringwoodite, and the dissociation of
ringwoodite to magnesium-silicate perovskite and peri-
clase phase boundaries. The interested reader is referred
to the above-mentioned publications for further details.

The compositions of the crystalline phases and melt
were determined by wavelength-dispersive electron micro-
probe  analyser  (five-spectrometer JEOLJXA-8900
Superprobe at BGI) with an accelerating voltage of 15 kV
and 15nA probe current (at the Faraday cup). Melt was
analyzed using a beam diameter of 5—10 um. In some ex-
periments, despite several sessions of gentle polishing and
vacuum impregnation, the surface of the exposed charge
was still rough. Therefore, in such cases, more than
15 melt areas were analyzed with the electron microprobe.
The beam diameter was 1-2pm for crystalline phases,
and all the analyses were performed in a fixed spot mode.
Analyses were reduced using the ZAF correction scheme,
and the amount of COy dissolved in the melt and crystal-
line carbonate was calculated by difference. All four
oxides were measured using a combination of forsterite, di-
opside, pyrope, and enstatite standards. For further details,
the interested reader is referred to the study by
Gudfinnsson & Presnall (2005).

MELTING OF CARBONATED PERIDOTITE

DESCRIPTION OF
EXPERIMENTAL CHARGES

In the experiments reported here, melt does not occur as
glass, but as an intergrowth of silicates and carbonates
(hereafter, quench refers to quenched melt = liquid). Melt
is mainly present as separate pools (~300-600 pm long by
~200-300 pm  wide), but interstitial melt pockets
(~2-30 pm across) are also seen. After quantitative ana-
lysis, areas of quench crystals always show some beam
damage. The crystalline carbonate phase, which is always
magnesite with a limited amount of calcite solid solution,
tends to occur uniformly throughout the charge, and in
contact with large quench pools. Magnesite also occurs in
physical contact with pockets of interstitial melt. In back-
scatter electron (BSE) images, it is comparatively the dark-
est phase. In some runs, crystalline carbonate was also
seen to occur as a dark band separated from the main
quench melt pool, but in such cases, smaller quench pock-
ets (10-20 pm) were always observed to be in contact with
the carbonate.

In the systems CMS—COy and CMAS-CO,, forsterite
(Figs 1 and 2), wadsleyite (Fig. 3), and ringwoodite (Fig. 4)
occur at 10,12, 14, 16, and 20 GPa, and range from about 10
to 70 pm across. Under the electron microprobe beam, for-
sterite, wadsleyite, and ringwoodite emit slightly purple,
bright green, and dark bluish-green fluorescence colors, re-
spectively. These phases are invariably seen to be in contact
with quenched melt. Enstatite occurs in experiments per-
formed at 10 and 12 GPa (Fig. 1). In backscatter images,
it is medium grey in color, appears to be anhedral to
subhedral in outline, tends to occur in clusters, and ranges
between 7 and 20 um in diameter. The brightest phases
in all the experiments, as observed in backscatter
images, are either clinopyroxene or calcium perovskite.
Clinopyroxene, which is present at 10, 12 (Fig 1),
14 (Fig. 2), and 16 GPa (Fig. 3), occurs as equant-shaped
grains. It ranges between ~10 and 40 um across, is always
in contact with either large quench pools or smaller melt
pockets, and also occurs uniformly throughout the charge.
It emits pale blue fluorescence under the electron micro-
probe beam. In places, it occurs as an inclusion in either
forsterite or wadsleyite.

Calcium perovskite, which is present in experiments at
20 (Fig. 4) and 26 GPa (Fig. 5), lacks textural homogeneity
and crystal outlines, and dominantly occurs as small
(~10-30 pm), amorphous looking masses. Like other
phases, it is in contact with quench pools or pockets. It
almost always exhibits evidence of beam damage under
the electron microprobe beam, and it appears that the
amorphous nature is related to its transformation during
decompression (Liu & Ringwood, 1975; Canil, 1994).
Majorite occurs in the experiments at 14 (Fig. 2), 16
(Fig. 3), and 20 GPa (Fig. 4). It can be hard to identify,
both under reflected light or in backscatter images.
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Table 3: Experimental details, run products, and electron microprobe analyses (in wt % ) of crystalline phases and

quenched melts at the solidus of simplified carbonated peridotite in the system CMS—CO,

Experiment Ca0 MgO Sio, Co, Sum Ca-no."
1 (CMS-C0,-6);? 12GPa, 1525°C, 7 h°

Forsterite (11)* 0-31 (0:13) 5669 (0-49) 43-10 (0-40) 10010

Cpx (19) 23-26 (0-78) 21-38 (0-74) 54-93 (0-67) 9957

Mag (14) 179 (0-66) 40-53 (0:51) - 57-68° 100-00 305
2 (CMS-CO,-6); 12GPa, 1550°C, 5 h®

Forsterite (7)* 023 (0-08) 5613 (0-20) 4271 (0:31) 99-07

Cpx (9) 2354 (0:59) 20-46 (0-68) 56:47 (0-41) 100-47

Mag (11) 455 (0-44) 37-64 (0-29) - 57-81 100-00 803
3 (CMS-C0-6); 12GPa, 1575°C, 5h

Forsterite (12) (19)° 0-14 (0-01) 57-05 (0-12) 42-60 (0-17) 99-80

Cpx (15) (15) 15-65 (0-86) 2675 (0-75) 57-13 (0-23) 99-54

En (11) (18) 229 (0-34) 3821 (0:38) 58-89 (0:17) 99:39

Melt (30) (48) 2256 (1-22) 24-06 (0-90) 15-32 (1-27) 3805 100-00 40-11
4 (CMS-CO-7); 14GPa, 1625°C, 5h

Forsterite (13) (18) 0-20 (0-01) 57-12 (0-18) 42:24 (0-18) 99-55

Cpx (12) (41) 2112 (1:18) 22:37 (0:95) 55-69 (0-21) 9917

Maj (11) (2) 2:83 (0-51) 3877 (0-49) 57-66 (0-27) 99-26

Mag (10) (16) 276 (0-26) 39-39 (0-24) - 57-84 100-00 476
Melt (30) (23) 24-80 (4-17) 2662 (4-56) 12:76 (5-06) 3581 100-00 39-95
5 (CMS-C0,-3-A); 16 GPa, 1475°C, 8h

Wad (11) (20) 027 (0-11) 56:87 (0:51) 42:39 (0-44) 9953

Cpx (16) (22) 24-79 (0-79) 19:17 (0-81) 5617 (0-55) 100-13

AnhyB (9) (5) 021 (0-15) 6529 (0-63) 3511 (0:70) 100-61

Mag (13) (17) 219 (0-58) 39-11 (0:76) - 5870 100-00 384
Melt (27) (36) 39-47 (2:27) 16:11 (1-86) 327 (1-23) 4115 100-00 63-63
6 (CMS-CO,-3-A); 16 GPa, 1510°C, 5h

Wad (9) (25) 0-35 (0-10) 57-19 (0-23) 42-61 (0:31) 100-15

Cpx (9) (19) 21-61 (0-83) 22:10 (0-73) 55-99 (0-51) 9970

Mag (10) (11) 2:83 (0:22) 39-11 (0:19) - 5806 100-00 491
Melt (30) (45) 3819 (1:23) 1745 (0-83) 4-40 (1-09) 3996 100-00 61-47
7 (CMS-C0»-3-B); 16 GPa, 1525°C, 5h

Wad (13) (27) 0-27 (0:03) 5693 (0-16) 4231 (0-14) 99-51

Cpx (10) (2) 21-15 (0:99) 2251 (0-89) 56:23 (0-34) 99-89

Maj (10) (12) 594 (0-12) 3379 (0-24) 59-89 (0-25) 99-62

Melt (30) (59) 3427 (0:91) 18:01 (0-78) 7-25 (1-49) 40-47 100-00 59-21
8 (CMS-C0»-3-B); 16 GPa, 1575°C, 5h

Wad (9) (27) 0-29 (0-11) 57-34 (0-30) 4305 (0-23) 100-68

Maj (10) (12) 6-20 (0:28) 34-27 (055) 5861 (0-49) 99-08

Melt (45) (61) 3179 (1:04) 19:11 (1-33) 964 (2:31) 39:46 100-00 54-30
9 (CMS-CO,-2-A); 20GPa, 1700°C, 4h

Rw (12) (19) 0-11 (0:02) 57-30 (0-23) 42:23 (0-20) 99-64

Capv (7) (21) 47-07 (0:98) 051 (0-23) 50-71 (1:19) 9829

Mag (10) (12) 269 (0:47) 4001 (0-26) - 57-30 100-00 458
Melt (35) (48) 39:13 (0-28) 18-22 (0-37) 423 (0-82) 3842 100-00 62:03
10 (CMS-CO0,-2-B); 20 GPa, 1750°C, 3h

Rw (9) (20) 0-31 (0:12) 56-89 (0-39) 4301 (0-46) 100-21

Capv (6) (12) 4644 (1-21) 0-67 (0-30) 5044 (1-32) 9755

Maj (10) (5) 6:01 (0-53) 34-29 (0:70) 60-09 (0:59) 100-39

Melt (30) (63) 37-49 (112) 18-88 (0-94) 501 (1-11) 3862 100-00 60-17
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Table 3: Continued

Experiment CaO MgO SiO, CO, Sum Ca-no.’

11 (CMS-CO4-1); 26 GPa, 1850-1900°C, 30 min’

Mgpv (3) (27) 1-09 (0-32) 3978 (0:42) 59-97 (1-05) 100-84
Capv (3) (11) 43-54 (1-61) 3-41 (1-41) 47-54 (3-06) 94-48
Periclase (3) (7) 0-05 (0-03) 99-93 (0-22) 0-06 (0-01) 100-04
Mag (5) 2:54 (0-19) 39-89 (0-27) 0-04 (0-03) 57:57 100-00 4-35
Melt (25) (55) 21-49 (0-63) 28-50 (0-44) 11-24 (0-58) 38-76 100-00 35-12

AnhyB, anhydrous B; Cpx, clinopyroxene; En, enstatite; Maj, majorite; Mag, magnesite; Wad, wadsleyite; Rw, ring-
Woodlte Capv calcium-silicate perovsklte Mgpv, magnesium-silicate perovskite; Periclase, MgO.

Ca number is Ca/(Ca+ Mg) x 100 in molar units.

The starting composition used is given in parentheses.

Although melt was seen here, its interstitial nature prevented composition determination, and therefore modal propor-
tions of phases are not provided.
4The number of analyses is given in parentheses.

5C0, in magnesite and melt calculated by difference.

Second parentheses denote modal proportion.

Magnesite here is from a lower temperature run performed at 1850°C. As shown in the text, the rest of this charge
represents a mix of Mgpv-Capv-MgO, and hence phase compositions could not be reliably analyzed. The other phases,
Mgpv, Capv, periclase, and melt, are from a higher temperature charge at 1900°C. Therefore, on this basis, the solidus is
placed at 1875°C. Also, because only the composition of magnesite is determined at 1850°C, only the modal proportions

of Mgpv, capv, periclase, and melt are provided.

However, on closer inspection, it can be distinguished from
other phases by its dull grey appearance, subhedral out-
lines, and lack of fluorescence under the electron micro-
probe beam. Majorite is in contact with quench and is
uniformly distributed throughout the charge. Periclase
and magnesium perovskite are stable at 26 GPa. In back-
scatter images (Fig. 5), periclase occurs as a very dark
phase, but can be distinguished from crystalline carbonate
by its high relief and almost euhedral crystal outlines.
Periclase rarely attains diameters of more than 1015 pm.
Magnesium-silicate perovskite (Fig. 5) is easily distin-
guished by its rather broken appearance, as reported in a
previous experimental study by Walter e al. (2004), and it
also  exhibits damage under the electron beam.
Magnesium-silicate perovskite ranges from 15 to 30 um
across. Both periclase and magnesium-silicate perovskite
are found in contact with quenched liquid. In the system
CMS—-CO,, at 16 GPa and 1475°C, an assemblage consist-
ing of wadsleyite 4 cpx + anhydrous B + magnesite + melt
(identified in Table 3) is seen, implying an isobarically in-
variant situation. At given contrast and brightness condi-
tions, anhydrous B is much darker than wadsleyite, but
can be easily distinguished from the other phases because
of its much higher relief. In all the experimental charges,
quenched melt not only occurs as segregated pools
(Figs 1-5), but also as abundant interstitial melt pockets
(Fig. 6). These melt pockets wet all the crystalline phase
boundaries. Similar textures are also characteristic of ex-
perimental run products in the system CMAS—CO..

MELTING PHASE RELATIONS
AND SEISMIC LOW-VELOCITY
ZONES IN THE TRANSITION
ZONE OF THE EARTH
In the experiments reported here in GCMS-CO,, the fol-
lowing phase assemblages defining the solidus are seen:
12 GPa : forsterite + clinoenstatite + cpx 4+ magnesite
+ melt;
14 GPa : forsterite + majorite 4+ cpx 4+ magnesite
+ melt;
16 GPa : wadsleyite 4+ majorite + cpx 4+ magnesite
+ melt;
20 GPa : ringwoodite 4+ majorite + Capv + magnesite
+ melt;
26 GPa : magnesium perovskite 4 periclase + Capv

+ magnesite + melt.

Although a definitive determinative analysis was not per-
formed in this study, on the basis of previous studies in
model systems (Presnall & Gasparik, 1990; Presnall &
Walter, 1993; Canil, 1994; Presnall et al., 1998), it is
assumed that enstatite and majorite on the one hand,
and forsterite and wadsleyite on the other, are in their
respective P—7 stability regions. Hence, even though
we have only one experimental charge in the system
CMS-COy defining the solidus (in peridotite composition
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Table 4: Experimental details, run products, and electron microprobe analyses (in wt % ) of crystalline phases and
quenched melts at the solidus of simplified carbonated peridotite in the system CMAS—CO,

Experiment CaO MgO Al,O3 SiO, CO, Sum Ca-no.'

8 (CMAS-C0O>21-A);> 10GPa, 1475°C, 7h

Forsterite (15)° (21) 0-23 (0-1) 5669 (0-86) 0-04 (0-03) 4249 (0-51) 99-45

Cpx (11) (18)* 15-03 (0-81) 26:79 (0-77) 0-41 (0-13) 57-61 (0-91) 99-84

Gt (17) (9) 562 (0-79) 29-31 (1-01) 1510 (0-84) 50-39 (0-61) 100-42

Mag (14) (12) 5-21 (0-34) 40-06 (0-561) 54.73° 100-00 850
Melt (35) (40) 20-46 (1-34) 29-11 (1:21) 0-41 (0-1) 7-93 (1-67) 42-09 100-00 3342
9 (CMAS-CO0,-21-B); 10GPa, 1525°C, 7:5h

Forsterite (11) (23) 0-31 (0-13) 57-10 (0-73) 0-07 (0-05) 43-07 (0-65) 100-55

Opx (13) (9) 3-11 (0-37) 37-46 (0-59) 0-39 (0-1) 58-:81 (0-81) 99-77

Cpx (9) (11) 14-79 (0-33) 27-01 (0-61) 0-52 (0-09) 57-10 (0-72) 99-42

Gt (10) (12) 6-24 (0-66) 30-08 (0-49) 14-77 (0-60) 49-84 (0-49) 100-93

Melt (40) (45) 18-98 (0-98) 30-51 (1-56) 0-45 (0-18) 817 (1-78) 41-89 100-00 30-76
10 (CMAS-C05-23-A); 12GPa, 1580°C, 7h

Forsterite (9) (29) 0-19 (0-08) 57-14 (0-60) 0-03 (0-02) 41-99 (0-48) 99-52

Opx (10) (11) 279 (0-66) 39-12 (0-67) 0-42 (0-13) 58-:01 (0-71) 100-34

Cpx (13) (12) 16-30 (0-569) 28-06 (0-83) 0-69 (0-21) 56-10 (0-69) 101-15

Mag (9) (14) 6-21 (0-72) 41-13 (0-56) 52-66 100-00 973
Melt (30) (34) 2312 (1-19) 2893 (1-39) 0-32 (0-16) 529 (1-51) 42:34 100-00 36-33
11 (CMAS-C02-23-B); 12GPa, 1640°C, 5h

Forsterite (13) (32) 0-28 (0-09) 57-22 (0-67) 0-03 (0-03) 41-99 (0-36) 99-62

Opx (12) (13) 2:13 (0-50) 38:47 (0-39) 0-51 (0-18) 57-93 (0-66) 99-04

Cpx (16) (8) 15-59 (0-42) 28-66 (0-58) 0-52 (0-19) 56-11 (0-70) 100-88

Gt (13) (8) 7-12 (0-36) 3110 (0-54) 13-12 (0-88) 48-69 (0-49) 100-03

Melt (45) (39) 20-51 (1-60) 31-23 (1-89) 0-29 (0-19) 9-11 (2:04) 3886 100-00 31-93
12 (CMAS-CO5-19-A); 14GPa, 1625°C, 6h

Forsterite (9) (16) 0-19 (0-07) 56-78 (0-31) 0-04 (0-03) 4230 (0-44) 99-31

Cpx (19) (30) 16-41 (0-37) 24-63 (0-51) 0-59 (0-18) 57-81 (0-44) 99-44

Gt (13) (11) 5-09 (0-33) 28-76 (0-29) 13-82 (0-69) 51-94 (0-48) 99-61

Mag (11) (12) 2:47 (0-52) 41-33 (0-83) - - 5620 100-00 4-09
Melt (37) (31) 2531 (1-17) 26-39 (1-49) 0-21 (0-17) 5:67 (1-73) 42:42 100-00 40-65
1 (CMAS-CO>-19); 14GPa, 1675°C, 4h

Forsterite (12) (10) 0-10 (0-03) 57-36 (0-26) 0-02 (0-02) 42-89 (0-39) 100-37

Opx (9) (20) 2-16 (0-09) 38-39 (0-59) 0-26 (0-11) 59-50 (0-49) 100-61

Cpx (15) (10) 14-96 (0-76) 27-24 (0-69) 0-36 (0-08) 57-41 (0-37) 99-97

Gt (11) (10) 4-44 (0-29) 30-66 (0-44) 14-98 (0-37) 50-22 (0-561) 100-30

Mag (10) (10) 3-12 (0-36) 39:45 (0-35) - - 57-43 100-00 534
Melt (30) (40) 23-77 (1-06) 28:39 (1-11) 0-32 (0-19) 8-84 (2:10) 38:68 100-00 37-42
2 (CMAS-CO>-14-A); 16 GPa, 1525°C, 5h

Wad (13) (13) 0-29 (0-10) 56:99 (0-21) 0-10 (0-06) 43-01 (0-27) 100-39

Cpx (12) (20) 20-99 (0-63) 23-50 (0-71) 0-50 (0-16) 55-02 (0-46) 100-01

Gt (9) (20) 4-03(0-21) 31-93 (0-50) 11-10 (0-13) 53:04 (0-79) 100-10

Mag (10) (7) 4-51 (0-33) 43:48 (0-40) - - 52-01 100-00 6-88
Melt (30) (40) 38-10 (0-97) 16-98 (1-08) 0-50 (0-21) 4-10 (1-13) 40-32 100-00 61-48

(continued)
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Table 4: Continued

MELTING OF CARBONATED PERIDOTITE

Experiment CaO MgO Al,O3 SiO, CO, Sum Ca-no.”
3 (CMAS-CO»-14-B); 16 GPa, 1575°C, 5h

Wad (15) (13) 0-25 (0-03) 57-10 (0-21) 0-25 (0-11) 42-94 (0-31) 100-54

Cpx (10) (15) 20-76 (0-84) 2379 (0-78) 1-:01 (0-51) 54-37 (0-69) 99-93

Gt (10) (18) 5-80 (0-30) 31-66 (0-39) 12:01 (0-29) 51-95 (0-63) 101-32

Mag (11) (6) 5:20 (0-41) 41-80 (0-39) - - 52-00 100-00 816
Melt (30) (48) 36-49 (0-81) 16-68 (0-91) 0-43 (0-29) 4-11 (1-04) 42-29 100-00 60-98
4 (CMAS-CO>-15-A); 20 GPa, 1650°C, 4h

Rw (12) (16) 0-31 (0-09) 57-01 (0-35) 0-12 (0-10) 4276 (0-42) 100-20

Gt (10) 18) 4-10 (0-59) 34-30 (0-47) 7-50 (0-40) 5470 (0-72) 99-00

Capv (7) (22) 47-31 (0-79) 0-30 (0-21) 0-15 (0-11) 52:40 (1-13) 100-16

Mag (10) (9) 3-10 (0-37) 43-98 (0-29) - - 52-92 100-00 479
Melt (33) (35) 39-23 (0-92) 17-56 (0-88) 0-31 (0-23) 3-65 (0-94) 39-25 100-00 61-47
5 (CMAS-CO>-15-B); 20 GPa, 1700°C, 2h

Rw (10) (18) 0-40 (0-14) 57-11 (0-56) 0-09 (0-10) 43:07 (0-56) 99-87

Gt (9) (19) 5-60 (0-44) 33-83 (0-51) 8-10 (0-60) 53-21 (0-55) 100-74

Capv (9) (17) 46-11 (0-93) 0-37 (0-19) 0-11 (0-10) 52-61 (1-23) 99-10

Mag (8) (5) 5-90 (0-41) 42-21 (0-37) - - 51-89 100-00 9-07
Melt (27) (41) 38-79 (1-02) 18-10 (0-76) 0-37 (0-30) 4-03 (0-89) 3871 100-00 60-48
6 (CMAS-CO5-16-A); 26 GPa, 1850°C, 45min

Mgpv (10) (20) 0-83 (0-29) 39-99 (0-49) 2:62 (0-23) 56:77 (0-76) 100-21

Capv (6) (20) 46-59 (0-56) 1-34 (0-58) 2:56 (0-71) 48-19 (0-87) 98-68

Periclase (4) (10) 0-17 (0-16) 98-88 (0-26) 0-40 (0-29) 0-02 (0-07) 99-47

Mag (9) (10) 1-33 (0-34) 40-80 (0-61) - - 57-87 100-00 227
Melt (23) (40) 2316 (1-12) 2952 (0-88) 0-18 (0-12) 6-49 (0-71) 40-65 100-00 3591
7 (CMAS-CO,-16-B); 26 GPa, 1900°C, 30 min

Mgpv (8) (18) 0-79 (0-31) 40-19 (0-33) 2:71 (0-30) 56:97 (0-81) 100-66

Capv (8) (21) 45-67 (0-67) 3-97 (0-49) 2-27 (0-60) 47-23 (0-79) 99-14

Periclase (5) (7) 0-09 (0-10) 98-45 (0-40) 0-31 (0-22) 0-02 (0-09) 98-87

Mag (11) (11) 2:09 (0-23) 41-19 (0-70) - - 56-72 100-00 349
Melt (30) (43) 21-74 (1-02) 28-20 (0-69) 0-35 (0-20) 972 (1-20) 39-99 100-00 3561

Opx, orthopyroxene; Cpx, clinopyroxene; Gt, garnet; Wad, wadsleyite; Rw, ringwoodite; Mag, magnesite; Capv,
caIC|um silicate perovskite; Mgpv, magnesnum -silicate perovskite; Periclase, MgO.

Ca number is Ca/(Ca+ Mg) x 100 in molar units.

’The starting composition used is glven in parentheses.
3The number of analyses is given in parentheses.
“Second parentheses denote modal proportion.

CO, in magnesite and melt calculated by difference.

space) wherein five phases were found (14 GPa and 1625°C;
Table 3), and for the rest, the solidus was defined with
two runs at low and high temperatures at each studied
isobar, the melting phase relations in this system remain
isobarically invariant. It should be noted that the above
is true only for experimental runs defining the solidus of
simplified carbonated peridotite (in this particular
composition space). Other experimental runs that have
phase(s) outside the composition space of interest (that
is, simplified carbonated peridotite) are identified in
Table 3.

Compared with CMS-CO,, however, in the system
CMAS-CO,, different things happen (see below). As alu-
mina (AlyOs) is added to the system CMS—CO, with the
same phase assemblage present, the variance increases. In
the system CMAS—CO,, the melting relations of a perido-
titic composition change from being isobarically invariant
at 10-14 GPa (six phases) to isobarically univariant at
16-26 GPa (five phases). The reason for the change in vari-
ance is that there are six phases present along the solidus
at 10-14 GPa, forsterite + orthopyroxene (opx) + clino-
pyroxene (cpx) + garnet + magnesite +melt. However,
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Fig. 1. Backscattered electron (BSE) images of experimental charges at 12 GPa and (a) 1550°C and (b) 1575°C. Quenched melt occurs as a
coarse intergrowth of silicate and carbonate fractions. Magnesite is the darkest mass in the upper panel. Dark grey, medium grey, and light

grey crystals are forsterite, enstatite, and clinopyroxene, respectively.

because opx disappears from peridotitic mantle above
14 GPa, there are only five phases (as listed below) that
take part in defining the solidus reactions at 16-26 GPa.
Hence, in P-T space, the solidus at 16-26 GPa occurs
along a divariant surface, meaning that at these isobars a
particular phase assemblage is stable over a certain tem-
perature interval. The above also means that the solidus,

to some degree, depends on the bulk composition of the
mantle analog in the system CMAS—CO,. The main influ-
ence of adding Al,Os to CMS—COs is only to slightly
dilute the liquid compositions reported here. In the
system CMAS-CO,, all the alumina is hosted in opx,
cpx, garnet, calcium-silicate perovskite (capv or Capv),
and magnesium-silicate perovskite (mgpv or Mgpv).
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Forsterite

MELTING OF CARBONATED PERIDOTITE

Quenched melt

Fig. 2. BSE image of an experimental charge containing the solidus phase assemblage at 14 GPa and 1625°C, performed using a 14/8-type pres-
sure cell. Quenched melt occurs as a coarse intergrowth of silicate and carbonate fractions. Melt generally occurs as segregated pools, but is
also found interstitially. In this image, forsterite occurs as small (~10-25 um), subhedral grains that are in general less dark than magnesite
(Mag in the NW corner of the image). Majorite (Maj) occurs throughout the experimental run product as a medium grey phase, often subhe-
dral and triangular in shape. Clinopyroxene (Cpx) is the lightest phase in this image.

Peridotitic mantle contains ~4% alumina, an amount that
has only a small effect on the melting phase relations and
liquid compositions. Hence, in theory, the solidus of a car-
bonated mantle peridotite composition with this amount
of Al,O3 will only be slightly different from that in the
system CMS—CO,. With increasing pressure in the system
CMAS-CO,, we encounter the following solidus-defining
assemblages:
10—14GPa : forsterite + opx + cpx + garnet
+ magnesite + melt (isobarically invariant);
16 GPa : wadsleyite 4 cpx 4 garnet
+ magnesite + melt (isobarically univariant);
20 GPa : ringwoodite 4+ garnet + Capv + magnesite
+ melt (isobarically univariant);
26 GPa : Mgpv + periclase + Capv

+ magnesite + melt (isobarically univariant).

As shown in Fig. 7, the most curious feature of the phase re-
lations in the system CMS—-CO, is an abrupt drop of

115-125°C in the solidus of model carbonated peridotite
between 14 and 16 GPa. The solidus has a positive P—T
slope between 12 and 14 GPa, above 16 GPa, and up to at
least 26 GPa. Concomitant with the temperature drop be-
tween 14 and 16 GPa, the composition of the melt also
changes significantly (Table 3; Fig. 8). At 12 and 14 GPa,
the solidus melts are magnesiocarbonatites with
Ca-number [molar Ca/(Ca+Mg) x 100] of about 40,
whereas at 16 and 20 GPa, liquids at the solidus change to
become highly calcic with Ca-number of roughly 61. This
dramatic change in the melt composition, within an inter-
val of 2—6 GPa, is puzzling as the coexisting crystalline
carbonate continues to be nearly end-member magnesite
with a limited amount of calcite solid solution (Table 3;
Fig. 9). Hence, although magnesite contributes all the COq
to the melt, the melting reaction must include large
amounts of a CaO-rich (lime) silicate as well because of
the calcic composition of the melt. This behavior differs
from that observed for the solidus of carbonate-bearing
garnet peridotite in the system CaO—MgO—-Al,O3-S109—
CO, (CMAS-CO, at lower pressures (3-8 GPa;
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Pt-capsule
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Wadsleyite

Quenched
melt

Fig. 3. BSE images of experimental charges at 16 GPa and (a) 1500°C and (b) 1525°C. Quenched melt occurs as a fine to medium intergrowth

of silicate and carbonate fractions. In (a) magnesite is the darkest phase.

Dalton & Presnall, 1998; Gudfinnsson & Presnall, 2005),
where contributions from magnesite (or other, compos-
itionally different crystalline carbonate) are a larger part
of the melting reaction. Also shown in Figs 7 and 8 and
Table 3 are three other runs at 16 GPa in the system
CMS—-COgy and the experiment at 12 GPa and 1525°C.
Here, the melt, in equilibrium with forsterite, cpx, and
magnesite, is much too interstitial, and hence its compos-
ition could not be determined. Two more runs at 16 GPa,

1475°C and 1575°C, denoted as A and D, respectively in
Fig. 7, warrant some attention here. The run at 1475°C con-
tains an isobaric invariant assemblage consisting of
wadsleyite 4 cpx + anhydrous B+ magnesite +melt (Iig.
7; Table 3). The liquid, even though in equilibrium with
wadsleyite and anhydrous B (two of the most magnesian
crystalline silicates), is still highly calcic, with a
Ca-number of about 63, and is hence only slightly more
calcic than the runs at higher temperatures defining the
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Fig. 4. BSE images of experimental charges at 20 GPa and (a) 1700°C and (b) 1750°C. Quenched melt occurs as a fine to medium intergrowth

of silicate and carbonate fractions. Capyv, calcium perovskite.

solidus (1510 and 1525°C, identified as B and C, respect-
ively; g, 7) of simplified carbonated peridotite. Hence, as
mentioned above, the melting reaction must include fairly
large contributions from lime-bearing crystalline silicates.
In fact, the reaction at this isobaric invariant point is

1-45cpx+3-11 anhyB+4 080 mag =4 - 33 wad
+1-00 liq.

In this peritectic reaction, the coefficient of anhydrous B
(anhyB) is greater than that of cpx and magnesite (mag),

only because the liquid (liq) is highly calcic, and hence an
even greater amount of wadsleyite (wad) is produced
upon melting.

Because anhydrous B is found as a stable crystalline
phase in these experiments, a note on its stability in carbo-
nated systems and from previous work on high-pressure
melting of forsterite and enstatite is required. In experi-
mental work related to mantle melting in a system consist-
ing of MgO-Si0Oy (MS), we note that Presnall &
Gasparik (1990; but see Kato & Kumazawa, 19864, 19865;

2277

TTOZ ‘TE J8go100 Uo spue|d oljqig e /Bio'sfeuinolpioxo ABojosed/:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 11 NOVEMBER 2011

L

() T

Magnesite |

L JEOL COMP 15

Mix of Capv-Mgpv
-Periclase

Quenched melt

Capv

Periclase

Fig. 5. BSE images of experimental charges at 26 GPa and (a) 1850°C and (b) 1900°C. Quenched melt occurs as a rather coarse intergrowth of

silicate and carbonate fractions. Mgpv, magnesium perovskite.

Ito & Takahashi, 1987; Herzberg & Gasparik, 1989), and
then Presnall & Walter (1993), in their high-pressure,
high-temperature experimental work on clarifying the
melting curve of end-member forsterite, enstatite, and
their subsequent bearing on supposed early-Earth magma
oceans and congruent or incongruent melting in the
Earth, reported the presence of anhydrous B (along the
melting curve) at pressures between 156 and 16-7 GPa.
This pressure interval, in the above-mentioned studies,
straddles the pressure datum at 16 GPa in the present
study. The only difference between the systems volatile-free

(MS) and carbonated (CMS—COQOy) is that in the former,
anhydrous B is found at much higher temperatures,
2310-2380°C; hence a difference of about 1000°C between
the systems MS and CMS—COy signifies the radical influ-
ence of carbon dioxide (this is also known from
low-pressure studies) on the melting of dry mantle systems.
The pressure cells used in the Presnall & Gasparik (Stony
Brook, USA) and Presnall & Walter (Scarfe Laboratory,
Edmonton, Canada) experiments are almost identical to
the ones we used at Bayreuth, except that the previous ex-
perimental studies used rhenium (Re) capsules instead of
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Interstitial
quenched melt

Interstitial
(b) quenched melt

Fig. 6. (a, b) BSE images of experimental charges at 16 GPa. A fairly
large amount of interstitial melt wets all the crystalline phase bound-
aries. Wd, wadsleyite.

platinum (this study), as rhenium has a much higher melt-
ing temperature than platinum, and is thus suited to act
as a container when performing experiments at elevated
P-T conditions in the refractory system MgO-SiO,.
Therefore, on the basis of our work on CMS—CQO», an add-
itional conclusion is that in liquid-bearing systems, lime
and carbon dioxide when combined with MgO-SiO, do
not appear to shift dramatically the pressure at which an-
hydrous B first becomes stable. This pressure overlap of in-
coming of a crystalline phase, in this case anhydrous B, in
dry and carbonated systems in different experimental stu-
dies, performed in three laboratories, is encouraging.

MELTING OF CARBONATED PERIDOTITE

At 16 GPa and 1575°C in the system CMS—CO,, liquid is
in equilibrium only with wadsleyite and majorite.
However, the liquid is still more calcic (Ca-number ~54;
Fig. 8; Table 3), and is nowhere close to being as magnesian
as that observed at lower (12-14 GPa) or higher (26 GPa)
pressures. The calcic nature of the liquid compositions
with increasing temperature determined over the 16 GPa
isobar in the present study is similar to that observed in
the work of Moore & Wood (1998), who presented melting
phase relations of simplified carbonated peridotite in the
system CMS—COj at 3 GPa. In the experimental work of
Moore & Wood, liquids, even though only in equilibrium
with forsterite and opx, are fairly calcic. Also shown in
Fig. 7 is the 7GPa solidus invariant point (labelled
A-P—unpub. work’) of simplified carbonated peridotite in
the system CMS—COy of Arima & Presnall (unpublished
work; mentioned by Dalton & Presnall, 1998). Considering
that the pressure cells we used in our study are different
from those used at University of Texas at Dallas (UTD), a
straight lower pressure extension of our solidus will not
pass through the Arima & Presnall datum. However, a
close intersection is nearly achieved, and the joining of the
Arima & Presnall datum with our experimental data
would seem to indicate a slight to moderate curvature to
the solidus, between 6 and 14 GPa, of simplified carbo-
nated peridotite in the system CMS—CO,.

Initially, experimental runs in the system CMAS-CO,
beginning only from 14 GPa were known. Therefore, once
liquid and crystalline phase compositions in the system
CMS-COgy became available, to constrain the topology of
the solidus at pressures lower than 14 GPa, and thus also
to furnish a more complete experimental dataset in the
system CMAS—CO,, we have added four more experimen-
tal runs relevant for the solidus at 10 and 12 GPa shown in
Fig. 10. 1o prepare starting mixtures (shown inTable 1) for
determining the solidus at 10 and 12 GPa, in the system
CMAS-COy, the composition of phases obtained from
CMS-COy (this study), and those reported earlier on
CMAS-COy (Dalton & Presnall, 1998; Gudfinnsson &
Presnall, 2005), were used. However, despite our best efforts
to prepare starting mixtures that, when melted, would
give six phases (including liquid that could be confidently
analyzed by electron microprobe) in a particular capsule
at 10-14 GPa, only at 14 GPa was isobaric invariance
achieved. Therefore, at 10 and 12 GPa, four starting com-
positions had to be prepared (Table 1) that provided low
and high temperature bounds on the solidus, suggesting
that at such pressures a particular starting composition is
perhaps less tolerant of the changes in P—7 conditions.
The same is also the case at 14 GPa, for which two runs
are reported at 1625 and 1675°C. The run at 1625°C per-
formed using CMAS—COy-19-A (Table 1) that lacked opx
in the experimental charge failed to give opx at 1675°C as
well, so a new starting composition, CMAS—CO»-19, had
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Fig. 7. The solidus of carbonated peridotite in the system CMS-CO,; determined in this study (shown as a continuous line connecting filled
grey circles). Numbers adjacent to the grey circles denote temperatures. The solidus at 12 GPa is constrained by three experimental runs (1525,
1550, and 1575°C), and is placed at 1550°C. Four experimental runs, denoted as A (1475°C, run 5 in Table 3), B (1510°C, run 6 in Table 3), C
(1525°C, run 7 inTable 3), and D (1575°C, run 8 in'Table 3), are shown at the 16 GPa isobar. At 1475°C (shown as A), anhydrous B is a stable crys-
talline phase coexisting with wadsleyite, cpx, magnesite, and melt. The solidus is bound between 1510°C (point B) and 1525°C (point C).
At 1575°C (point D), liquid coexists with wadsleyite and majorite. Above 16 GPa, the solidus at 20 and 26 GPa is constrained by two experimen-
tal runs on the low- and high-temperature sides of the solidus curve at these isobars. The lower and upper experimental runs are 50°C: apart
at 20 and 26 GPa. At 26 GPa, magnesite (1850°C) was the only crystalline phase whose composition could be confidently determined. As
described in the text, the rest of this charge represents a mix of Mgpv—Capv-MgO, and hence the compositions of each of these phases could
not be analyzed. The other phases, Mgpv, Capv, periclase, and melt, are from a higher temperature charge at 1900°C. Therefore, on the basis
of these two experimental runs, the solidus is placed at 1875°C. At 14 GPa, the run product contains the complete solidus assemblage, and is
from 14/8-type pressure cell (shown with a downward pointing arrow next to 1625°C). For comparison, also shown is the 7 GPa and 1480°C sol-
idus datum point of Arima & Presnall [unpublished work; shown here as a black filled circle labelled A-P (unpub. work)? cited by Dalton &
Presnall, 1998] in simplified carbonated peridotite (system CMS—COy). Projected in this figure are various boundary lines thought to be respon-
sible for causing the seismically observed discontinuities at 410 km (forsterite-wadsleyite; downward pointing arrow), 520 km (wadsleyite-ring-
woodite), and 660 km (ringwoodite to magnesium perovskite and periclase; downward pointing arrow; Presnall et al., 1998; Fei & Bertka,
1999) in the Earth. Owing to disparate results regarding the slope of the boundary line at 660 km, it is shown as a dashed line (Fei & Bertka,
1999). The dotted line denoting ‘Ca-pv in’ projected onto this diagram shows the approximate P—7 limit delineating the stability of
calciums-silicate perovskite (Capv) in the Earth’s mantle (peridotitic composition space), and has been adapted from an earlier study (Fei &
Bertka, 1999). Fo, forsterite; Wad, wadsleyite; Rw, ringwoodite; Mgpv, magnesium perovskite; Per, periclase.

to be prepared that, upon melting, gave six phases.
Similarly, in the pressure range of 16-26 GPa, every run
reported required the preparation of a new starting com-
position. One would think that because opx disappears
from the mantle carbonated peridotite analog studied
here above 14 GPa, causing melting phase relations to
become divariant, a particular starting composition
would give the required phase assemblage over a tempera-
ture interval; however, as mentioned above and shown in
Table 4, this is not the case. Notwithstanding these issues,
as at 14 GPa, new experiments at 10 and 12 GPa were per-
formed using the 14/8-type pressure cells at BGIL. The re-
sults from the melting phase relations of carbonated
peridotite in the system CMAS—CO, are presented in
Table 4, and Figs 10 and 11. As is evident, very little
change occurs when alumina is added to CMS—CO,, in

so far as either the shape of the melting curve (Fig. 10) or
the liquid compositions (Table 4; Fig. 11) are concerned.
The shape of the carbonated peridotite solidus, as seen in
CMS—-CO,, is maintained in CMAS—CO,. Therefore, at
10-14 GPa, the melting curve has a positive Clapeyron
slope, peaks at 14 GPa and 1675°C, and is then marked by
a negative slope in the P-7 projection (Fig. 10). Also
shown in Fig. 10 is the 7 GPa solidus datum (identified
with a slanting arrow pointing toward a filled black circle;
denoted as D-P’98) of Dalton & Presnall (1998). In the
pressure range of 16-26 GPa, the upper and lower filled
grey circles in Fig. 10 represent the presence of magnesite
at both of these temperatures; at these pressures, along an
isobar, with increasing temperature beyond the upper
grey circle, magnesite disappears, leaving liquid only
with  crystalline silicate—oxide phase assemblage.
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Fig. 8. Temperature—pressure plot (comparable with Fig. 7) showing the projected Ca-number [Ca/(Ca + Mg) x 100 in molar units] of experi-
mentally produced melts in equilibrium with various crystalline assemblages between 12 and 26 GPa, shown inTable 3. It should be noted that
owing to the presence of interstitial melt (which could not be analyzed) in equilibrium with forsterite, cpx, and magnesite at 1525°C and
1550°C, the melt composition shown at 12 GPa is from that in equilibrium with forsterite, cpx, and enstatite at 1575°C, and hence, a minor inter-
polation is present in the solidus temperatures at 12 GPa. This is also the case for the 26 GPa solidus temperature and liquid composition. Of par-
ticular significance is the highly calcic nature of the melt (reflected in its Ca-number) at 16 and 20 GPa, in contrast to that formed at 12, 14,
and 26 GPa. The experiment at 16 GPa and 1475°C contains wadsleyite + cpx +anhydrous B+ magnesite +melt, and is slightly more calcic
(63) than the two higher temperature runs (61 and 59) above it constraining the solidus. This experiment at 1475°C demonstrates that liquid in
equilibrium with anhydrous B, a phase more magnesian than wadsleyite, is still calcic. The liquid coexisting with wadsleyite and majorite in
the experiment at 16 GPa and 1575°C is less calcic (54) than the two runs below it, but still has a higher Ca-number than any liquid at 12, 14,
or 26 GPa. It should be noted that owing to isobaric invariance at 14 GPa, only one liquid composition is shown.
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Fig. 9. Values of Ca-number for coexisting crystalline carbonate (grey circles) and melt (grey squares) as a function of pressure determined at
the solidus of simplified carbonated peridotite in the system CMS—COy (this study). To facilitate visualization, liquid compositions are shown
simply where either isobaric invariance was achieved (for instance, 14 GPa) or as an average of two liquids (16 and 20 GPa), where the solidus
was constrained by runs at the low- and high-temperature sides at a particular isobar. At 12 and 26 GPa, liquid compositions have been interpo-
lated. Also shown for comparison are the crystalline carbonate (filled black circle) and liquid (filled black square) compositions determined
at the solidus of simplified carbonated peridotite in the system CMAS-CO, at 7 GPa (Dalton & Presnall, 1998). The dashed curve shows the
changes in melt composition with increasing pressure, and is only to aid visualization. It should be noted that the 14 GPa data shown in this
panel are from an experimental run performed in 14/8-type pressure cells.
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Fig. 10. The solidus curve for simplified carbonated peridotite in the system CMAS-COy as determined in this study. At 10 and 12 GPa, the
melting curve is constrained by runs from lower and higher temperature experiments. At 14 GPa, two experimental runs are shown, 1625 and
1675°C (Table 4). At 1625°C, the charge consists of forsterite 4+ cpx + garnet + magnesite + melt. However, at 1675°C, isobaric invariance was
achieved (Table 4). Experiments at 10-14 GPa were performed using 14/8-type pressure cells. As a result of the disappearance of opx from peri-
dotitic mantle, melting phase relations become divariant in this part of the composition space, and hence, span a surface (shown with two
filled grey circles at 16, 20, and 26 GPa). Therefore, owing to this change in variance, there are two continuous lines originating from the
14 GPa invariant point, signifying the beginning of the divariant surface over which carbonated mantle peridotite exists. The divariant surface
continues to exist at least up to 26 GPa. Numbers next to the grey circles denote temperature. At 16 GPa, the high-temperature run (1575°C) is
shown with a downward pointing arrow. The lower pressure extension of the solidus curve in CMAS—CO, (this study) is shown as a dashed
line originating from 10 GPa. A solidus datum from Dalton & Presnall (1998) for simplified carbonated peridotite in the system CMAS—CO,
is shown at 7 GPa and 1430°C (filled dark circle; D-P?98). For clarity, only boundary lines denoting the wadsleyite-ringwoodite phase transform-
ation (~520 km in the Earth) and dissociation of ringwoodite to a mixture of Mgpv plus periclase (~660 km in the Earth) are shown in this
figure (adopted from Fei & Bertka, 1999).

1
4

Once magnesite disappears with increasing temperature, 16 GPa:
the solidus is no longer constrained in the P—7 plane, and
hence by extension, the definition of the solidus is no
longer valid. A further consequence of magnesite dis- 20 GPa:
appearing is that the liquid compositions are also no

0-45wad+1-93 cpx+0-69 mag=2-06 maj+1-00 liq

longer tied in the P—7 plane, similar to what happens in 0-35rw+0-95capv+0-70 mag=1-01 maj+1-00liq
the system CMS—CO, at 16 GPa and 1575°C. As shown in 96 GPa:
Fig. 11, liquid compositions in the system CMAS—COy are
almost identical to those seen in the system CMS—-CO,,
except that liquids in the system CMAS-COy are slightly 1y these reactions, the folowing abbreviations are used:
aluminous. Phase compositions in the system CMAS— fo,
COgy in the pressure range 10-26 GPa are reported in
Table 4.

Using the composition data provided here, the calcu-

. . C e idus melting reactions at all pressures are of the peritectic
lated melting reactions of carbonated peridotite in the . ¢ 16GP d 1475°C (th hvd Bobeari
system CMS—-COy at different pressures are as follows: ype, as a a.an . (the anhy rou? ) ear.mg
19 GPa: run). In the reactions listed above, as magnesite provides

all the COy for the melt to make it carbonatitic and
0-09fo+1-45cpx+0-66 mag=1-22en+1-001iq  (he concentration of CO, in the melt does not change

14 GPa: much, the amount of magnesite in the melting reactions

0-45capv+0-14 per+0-65mag =0-24mgpv+ 1 -00liq.

forsterite; maj, majorite; rw, ringwoodite; capv,
calcium-silicate ~ perovskite;  per,  periclase; mgpv,
magnesium-silicate perovskite. It can be seen that the sol-

. . is nearly constant. Whereas clinoenstatite (En= CEn;
36 fo+1-21 . =1-21 1-001
0-36fo+1-21 cpx+0-62 mag 21 maj+1-00liq CEn =clinoenstatite) and majorite are produced upon

melting at 12-20 GPa, magnesium perovskite is in reaction
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Fig. 11. Temperature—pressure projection showing the composition of liquids in terms of their Ca-number for melting of simplified carbonated
peridotite in the system CMAS—-CO, as determined in this study. Numbers next to grey circles represent the Ca-number of a particular liquid.
A downward-pointing arrow (16 GPa) denotes the liquid composition from a run at 1575°C. Addition of alumina to CMS—CO, does not cause
radical changes in the liquid compositions in the two studied systems, CMS—COy (shown earlier) and CMAS-CO..

with the melt at 26 GPa. An interesting feature of the melt-
ing reactions at 16 and 20 GPa is the relatively large contri-
bution of silicate phases to liquid production, a feature
also evident when we are outside the mantle peridotite
analog, for example when anhydrous B is a stable crystal-
line phase at 16 GPa and 1475°C. These reactions are differ-
ent from those determined in lower pressure work, either
in simplified carbonated peridotite (Dalton & Presnall,
1998; Wyllie & Lee, 1998; Gudfinnsson & Presnall, 2005)
or model eclogite [a review has been given by Luth
(2006)] in which crystalline carbonate overwhelmingly
exerts its influence on the solidus and liquid compositions.
In the present study, by 26 GPa, magnesite has a slightly
greater contribution to melt production.

The modal proportions of phases in our experiments are
shown in'Tables 3 and 4. As a cautionary note, the compos-
ition of phases in the system CMS—CO, (Table 3) needs
some clarification. At 12 GPa and 1525°C or 1550°C, the
interstitial nature of the melt prevented the reliable deter-
mination of its composition, and hence the modal propor-
tions of the other phases could not be calculated. Also, at
26 GPa and 1850°C, the charge consisted of dark magnesite
and an intricate mixture of magnesium perovskite, cal-
cium perovskite, and periclase. We are not certain if this is
a liquid-present run. However, at 1900°C, abundant melt
plus magnesium perovskite, calcium perovskite, and peri-
clase are present. Therefore, on the basis of these two
runs, the solidus is placed at 1875°C. Also, the modal

proportions shown in Table 3 (for CMS—COy) are only
for phases present at 1900°C. Because at 1850°C: only the
composition of magnesite is known, the melting reaction
shown above has some uncertainty. Therefore, since the
liquid compositions at 12GPa and 1525-1550°C, and
26 GPa and 1850°C are not known, there is some interpol-
ation involved in all the projection diagrams.

In both the systems CMS—CO,y and CMAS—CO,, melts
at 16 and 20 GPa are more calcic (Figs 8, 9 and 1J;
Tables 3 and 4) than those along the solidus of model car-
bonated peridotite in the system CMAS—CO, at lower
pressures (3-8 GPa; Dalton & Presnall, 1998; Gudfinnsson
& Presnall, 2005), alkalic-multicomponent peridotite
(Ghosh et al., 2009), and carbonated peridotite in
CMASN-CO, (Litasov & Ohtani, 2009). This difference
in the liquid composition reported here and by Ghosh
et al. (2009) and Litasov & Ohtani (2009), cannot simply
be an artefact of the starting mixture employed, or differ-
ent concentrations of Fe (iron), Na (sodium), and K (po-
tassium), three elements that are likely to affect the
solidus temperatures to some extent, in the above-
mentioned two studies, as long as the relevant phase as-
semblage is maintained. Although adding Fe, Na, and K
to the starting compositions will dilute the liquid compos-
itions to a certain degree, it is unlikely that either the
shape of the solidus or the melt composition we report
here will radically differ (especially at 16 and 20 GPa)
from the data of Ghosh et al. (2009) on the one hand, and
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those of Litasov & Ohtani (2009) on the other. This is es-
pecially so as we have noted liquid compositions changing,
not only in CMS-COy (at 16 GPa, with increasing tem-
perature), but additionally in the system CMAS-CO,
(Fig. 11). For example, as reported earlier, the low-pressure
‘carbonated peridotite solidus ledge’ in the system CMS—
COy [reviews have been given by Wyllie & Lee (1998) and
Luth (2006)], does not disappear with adding more chem-
ical complexity (Falloon & Green, 1989).

Melt compositions at 16 and 20 GPa are almost identical
to those of calcio-carbonatites (molar Ca-number starting
from 60) seen on the Earth’s surface. This resemblance is
purely coincidental, and should not be viewed as a sugges-
tion that calcio-dolomitic carbonatites on the Earth’s sur-
face are derived from such depths in the Earth. The
resemblance implies that the choice of studied systems
here is relevant to lavas we are most familiar with. In
both the studied systems, decreasing Ca-number of the
liquid compositions at 10, 12, 14, and 26 GPa 1s documented
in this study, results that are fairly consistent with
low-pressure work, either on CMAS-CO, (Dalton &
Presnall, 1998) or the end-member CaCO5;~MgCO5 join
(Buob et al., 2006). However, between 14 and 16 GPa, there
appear to be radical changes in the phase relations, seen
as sharp breaks, both in the liquid compositions and melt-
ing reactions. At present, it is not clear what changes are
occurring in the phase stability between 14 and 16 GPa to
cause the solidus to decrease abruptly and produce calcic
liquids.

To ascertain that the abrupt drop in the solidus tempera-
ture as noted above is not a function of changing cell-type
across 14—16 GPa (14/8 to 10/5), we performed additional
confirmation experiments. Experiments at 14 GPa in the
system CMS—CO, were performed using two types of
pressure cell. Experiments that used 14/8 cells produced
the isobarically invariant solidus assemblage consisting of
forsterite + clinopyroxene + majorite + magnesite + melt,
as described above (Fig. 2). With the 14/8-type pressure
cell, this solidus phase assemblage occurs at 1625°C. Using
10/5 pressure cells, we can provide only lower and upper
bounds on the solidus temperatures. For example, at
1625°C, the run products consist of forsterite, cpx, magne-
site, and interstitial quenched melt (Fig. 12, upper panel).
Owing to their small amount and interstitial nature, we
do not have electron microprobe analyses of these melt
pockets. At 1650°C, the experimental run consists of for-
sterite, cpx, majorite, and quenched melt (Fig. 12, lower
panel). This higher-temperature run lacks magnesite. On
the basis of these two runs, we have placed the solidus at
1635°C. Therefore, the solidus temperature, using 10/5 pres-
sure cells, is within temperature uncertainty of the deter-
minations using 14/8-type pressure cells. The experimental
observation that solidus temperatures, using two types of
pressure cells, practically overlap each other indicates that

the original solidus temperature using a 14/8-type pressure
cell (as described above) is a correct determination. The
solidus determinations using two types of pressure cells
also provide a sense of the temperature precision in the ex-
periments reported here. The compositions of phases in
these two runs performed using 10/5 pressure cells are pro-
vided inTable 5.

Another noteworthy feature of the phase relations is
that, whereas liquids show abrupt excursions in their com-
position, the coexisting crystalline carbonate in equilib-
rium with these carbonatitic melts remains magnesite
with molar Ca-number of roughly 2-10 (Tables 3 and 4;
Fig. 9). At lower pressures the crystalline carbonate in equi-
librium with the carbonatitic liquid seemingly shows a
regular change in its composition comparable with that of
the melt composition, becoming more magnesian with
increasing pressure (see Dalton & Presnall, 1998, fig. 6).
However, once the dolomite-magnesite transition at the
solidus of carbonated peridotite in CMAS—CO, has gone
to completion, the crystalline carbonate, in the pressure
range of 5—7 GPa, does not vary radically in its compos-
ition. It is the liquid that continues to become more mag-
nesian from 5 to 7GPa (see Dalton & Presnall, 1998,
fig. 6), a feature in simplified carbonated peridotite that ap-
pears to reflect what is happening on the CaCOs—
MgCOg3 join at similar pressures (Buob et al., 2006).
However, although it might be of great use to directly com-
pare liquid compositions on the carbonate—silicate joins
with those on the CaCO3—MgCOs; join, as Luth (2006)
pointed out, such a comparison has some problems.

Taken together, a reinforcing conclusion is that,
although the presence of crystalline carbonate has a large
influence on the melting temperature of carbonated peri-
dotite and gives the melts their carbonatitic character, the
variation in the Ca-number of the melts in the studied
pressure range appears to be primarily caused either by
changes in the stability of the silicates or by fairly dramatic
changes in the carbonate phase diagram at these elevated
pressures. Therefore, in our opinion, one of the pressing
needs is to extend the carbonate (end-member) phase dia-
gram to more elevated pressures; some holes in this respect
are starting to become filled-in (e.g. Buob et al., 2006). To
understand what might be causing the shape of the solidus
curve in the present study an approach that might work
would be to section the systems CMS-CO, and CMAS—
COy even further, and investigate various segments separ-
ately, as has been done recently to resolve the solidus pos-
itions of carbonated mafic rocks (Luth, 2006, 2009). Grassi
& Schmidt (2011) observed a temperature depression
along the solidus (approximately between 13 and 16 GPa)
of multicomponent pelite, and the disappearance of cpx,
formation of sodium-rich crystalline carbonate, and
change of melting from fluid-absent to fluid-saturated;
these were three main reasons proposed to explain the
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Fig. 12. BSE images of experimental runs at 14 GPa and (a) 1625°C and (b) 1650°C. These runs were performed in 10/5-type pressure cell, and
therefore are confirmations of those performed using 14/8-type pressure cells (described in the text). These runs demonstrate that the solidus
determined using two types of pressure cell is within temperature uncertainty.
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Table 5: Experimental details, run products, and electron microprobe analyses (in wt % ) of crystalline phases and

quenched melts at the solidus

Experiment Ca0 MgO SiO, CO, Sum Ca-no.”
1 (CMS-CO7);% 14GPa, 1625°C, 5h

Forsterite 0-13 56-83 42-39 99-34

Cpx 20-07 22:70 56-49 99563

Mag 422 38:26 0-21 57-31° 100-00 7-30
2 (CMS-CO05-7); 14GPa, 1650°C, 5h

Forsterite (14)* 0-13 (0-02) 57-05 (0-18) 42-77 (0-17) 99-95 (0-29)

Cpx (14) 12-87 (0-63) 2913 (0-46) 57-80 (0-16) 99-81 (0-26)

Maj/En (16) 1-99 (0-63) 38:28 (0-68) 59:76 (0-19) 100-02 (0-33)

Melt (50) 21-02 (1-13) 26-76 (1-62) 17-29 (1-45) 34-93 100-00 35-94

These experiments were repeated using 10/5 pressure cells, and suggest that the solidus temperatures of carbonated
peridotite determined using either 14/8 or 10/5 pressure cells are within temperature uncertainty. Cpx, clinopyroxene;

En, enstatite; Maj, majorite; Mag, magnesite.

Ca-number is Ca/(Ca-+ Mg) x 100 in molar units. Results shown are bracketed experimental runs.

>The starting composition used is given in parentheses.
3C0, in magnesite and melt calculated by difference.
“Number of analyses is given in parentheses.

shape of this melting curve. However, in our work, cpx
continues to be a stable, equilibrium crystalline phase,
and disappears from the mantle solidus somewhere be-
tween 16 and 20 GPa, a pressure interval in which the cpx
to calcium-silicate perovskite transition perhaps occurs
(see Fei & Bertka, 1999). Hence, as the system studied here
lacks fluid (unlike the Grassi & Schmidt study), and also
because the solidus has a positive slope between 16 and
20 GPa, the disappearance of cpx is perhaps not causing
the cusp in the solidus between 14 and 16 GPa observed
here. If indeed the observed solidus cusp is explicable in
terms of the disappearance of cpx and the appearance of
calcium-silicate perovskite, then such a feature would de-
velop in the pressure interval 16-20 GPa, not below it. In
addition, the predicted disappearance of cpx still does not
explain the calcic nature of the experimental liquids
observed at 16 and 20 GPa. However, despite the above, it
is still possible that the disappearance of cpx from the sol-
idus assemblage is responsible for the cusp observed in
this study.

Shown in Fig. 7 are univariant boundary lines delineat-
ing the iso-chemical phase transformations for forsterite—
wadsleyite, wadsleyite-ringwoodite, and the dissociation
of ringwoodite to magnesium perovskite and periclase
that are thought to be responsible for causing seismic dis-
continuities at approximate depths of 410, 520, and
660 km 1in the Earth (Fei & Bertka, 1999). A comprehensive
phase diagram over a fairly large P—T range, in the
system MgO—-SiO, wherein the above-mentioned phases
appear has been given by Presnall et al. (1998). It should
be noted that the three boundary lines are drawn in the

system MgO-SiO,, and therefore their intersection with
the solidus curve, either in CMS-CO, (Fig. 7) or in
CMAS-COy (Fig. 10), is approximate. When such bound-
ary lines intersect other curves, creation of cusps in P—7
space is theoretically required. At present we do not have
sufficient phase equilibrium data for precise determination
of the form of these cusps at the solidus, and hence the
boundary lines are not extended to the two solidi deter-
mined in the present study. Additionally, in Fig. 13, we
compare the solidus of simplified carbonated peridotite in
the system CMS—COy determined here with two recent
solidus determinations at comparable pressure conditions
(Litasov & Ohtani, 2009; Rohrbach & Schmidt, 2011).
Whereas Litasov & Ohtani (2009) reported solidus deter-
minations in the system CMAS—Na,O-CO, (CMASN—
COy) at 10-5, 165, 20, 27, and 32 GPa, Rohrbach &
Schmidt (2011), in a multicomponent system, determined
the solidus of carbonated peridotite at 10, 14, and 23 GPa.
An essential feature of these two experimental studies is
the apparently flat nature of the reported solidus of carbo-
nated peridotite.

Changes in the carbonated peridotite solidus between
12 and 26 GPa have fundamental consequences for the pet-
rology, geochemistry, and seismology of the mantle at
these and greater pressures. For example, if interconnec-
tion of carbonatitic melts occurs as readily at Transition
Zone and lower mantle pressures as it seemingly does at
upper mantle pressures (Minarik & Watson, 1995), car-
bonatite magmas are likely to segregate from their source
at very low melt fractions. Measured partition coefficients
of light rare earth elements (LREE) and large ion
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Fig. 13. Temperature—pressure projection showing the solidi of carbonated peridotite in three studies: the present work, shown as “This study
(CMS-COy)* Litasov & Ohtani (2009) in the system CMAS-NayO-COy; Rohrbach & Schmidt (2011) in a multicomponent system. Litasov
& Ohtani (2009) reported their solidus determination at 10-5, 16-5, 20, 27, and 32 GPa, and Rohrbach & Schmidt (2011) reported their solidus de-

termination at 10, 14, and 23 GPa.

lithophile elements (LILE) between Transition Zone min-
erals (cpx and majoritic garnet) and carbonated magmas
suggest that all the LREE and LILE are highly incompat-
ible in these solid phases (Keshav et al., 2006, unpublished
data; Walter et al., 2008), and extraction of these magmas
would leave a highly trace-element depleted residue.
Although the precise mechanism is unknown, such melts
would invariably metasomatize the surrounding mantle,
resulting in the development of a variety of geochemical
reservoirs over time, in particular the source regions of
other silica-undersaturated magma types, including kim-
berlites and ocean-island basalts. Modeling results suggest
that kimberlites tap a mantle source that has been en-
riched in trace elements from melts resembling carbona-
tites (Keshav et al., 2005). Therefore, if kimberlites are
derived from the Transition Zone and the lower mantle,
trace element pre-conditioning in the source is a prerequis-
ite. Small-degree mantle melting would also affect the
relationship between major and trace elements in
larger-degree mantle melts, as has been postulated for the
shallower mantle (McKenzie, 1984; Presnall et al., 2002;
Presnall & Gudfinnsson, 2005). By virtue of being
small-degree melts, extraction of these magmas would
have very little effect on the major-element composition of
the mantle from which they were derived.

Melting caused by the negative slope of the carbonated
peridotite solidus will also influence seismic velocities in
the Transition Zone of the Earth. In Fig. 14, we show two
assumed solid adiabats for ‘normal’ mantle with a potential

temperature (7,) of 1350 and 1400°C and a gradient of
13°C GPa™" (Katsura e al., 2004). Intersection of these
adiabats with the carbonated peridotite solidus would
cause melting at ~600 and 550 km, respectively. When
these adiabats are just above the solidus, the amount of
melting will be very small. At slightly shallower depths,
where the adiabats lie at increasingly higher temperatures
above the solidus, enhanced melting will take place. We
do not have sufficient data above the solidus for precise
modeling of the degree of melt that might result, but it
could be of the order of ~0-5-1%. In Fig. 14 we show the
depth ranges of seismic low-velocity zones deep in the
mantle from various locations. There are dominantly two
depth ranges for deep low-velocity zones shown in Fig. 14.
Some are restricted to a depth range of ~350-600 km
(Nolet & Zielhuis, 1994; Vinnik et al., 1996, 2004, 2005;
Sieminski et al., 2003; Vinnik & Farra, 2006), correspond-
ing almost exactly to the depth range in which the solidus
of carbonated peridotite abruptly decreases. We propose
that these low-velocity anomalies are due to melting asso-
ciated with the depression of the solidus of carbonated
peridotite. However, there are other low-velocity regions
that have been detected at an approximate depth of
~350-370 km (Revenaugh & Sipkin, 1994; Vinnik &
Farra, 2002, 2007; Song et al, 2004; Courtier &
Revenaugh, 2007). These require a different explanation,
as they occur consistently at a pressure range below that
of the solidus dip.
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Fig. 14. Seismically detected low-velocity zones (LVZ) projected onto the solidus of model carbonated peridotite in the system CMS—CO,
(from Fig. 7). To avoid making the figure too complex, the solidus curve is shown connected with only one grey circle at each pressure. The
size of the grey circles across the pressure range indicates solidus temperature bounds at 12, 16, 20, and 26 GPa. Two adiabats for ‘normal’
mantle with a potential temperature (7,) of 1400 and 1350°C, and a gradient of 13°C. GPa™" (Katsura et al., 2004) are shown. There are two
types of low-velocity zones shown in this figure. Some of these low-velocity zones appear to be restricted to a depth range of ~350-600 km, cor-
responding almost exactly to where the solidus of carbonated peridotite abruptly drops, causing enhanced melting. This zone of enhanced melt-
ing is shown as a roughly triangular region shaded in grey. In addition to the low-velocity zones found in the Transition Zone, there are a few
others that have been detected at a depth of ~350-370 km. All the low-velocity zones are projections onto this P—7 diagram, and hence, have
nothing to do with the vertical axis representing temperature. Data sources: sdI’03, Sieminski e/ al. (2003); vik’04, Vinnik et al. (2004); v£702,
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clinopyroxene is the phase that gives the liquid its calcic

CONCLUSIONS

The solidus curve of simplified carbonated peridotite in the

systems CMS-CO, and CMAS-CO, has a negative slope sleyite is proéueed a.nd hence the reaction is perltectlc. in
nature. With increasing temperature at 16 GPa, once sim-

plified mantle peridotite becomes stable, calcium-silicate

nature. Upon melting at this invariant point a lot of wad-

between 14 and 16 GPa. Below and above this pressure
range, the solidus resumes a positive trajectory in P—7
space. In both the studied systems, liquid compositions in
equilibrium with the relevant crystalline phase assemblage
are highly calcic at 16 and 20GPa. At 16GPa, the tion for an experiment with anhydrous B, the calcium-rich

Ca-number of a particular liquid decreases with increasing n'atu're of liQ“Jid g(?nerated Is Partially L%nderstood.
temperature; however, the highest temperature liquid is Similarly, calcium-silicate perovskite also dictates the
still calcic when compared with those at 10-14 or 26 GPa. ~ calcic nature of liquids at 20 GPa. However, in both the

phases contribute the most toward liquid production at
the solidus, and therefore, combined with the melting reac-

At 16 GPa and 1475°C, an isobaric invariant point was
located experimentally. At this point, wadsleyite +
cpx + anhydrous B+ magnesite +melt are the stable as-
semblage, and the liquid is highly calcic. The melting reac-
tion written for this isobaric invariant point shows that
even though anhydrous B has the highest coefficient and
plots outside the mantle peridotite composition space,

2

studied systems, liquids at 10-14 and 26 GPa resemble
magnesiocarbonatites. Therefore, although magnesite
seemingly controls the solidus temperatures of carbonated
peridotite in the studied pressure range, it has little lever-
age on the liquid compositions, at least in the 16-20 GPa
pressure interval. The shape of the solidus in CMS—CO,
and CMAS-CO, remains as yet unexplained. Given
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suitable adiabats, a decrease in solidus temperature be-
tween 14 and 16 GPa would cause enhanced melting; such
melting might be related to seismically imaged
low-velocity zones in the Transition Zone of the Earth.
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