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Abstract

Carbonatite compositions resulting from melting of magnesian calcite 4 olivine 4 clinopyroxene were experimentally deter-
mined in the system CaO-MgO-Si0,-CO,-H,0 as a function of temperature and bulk H,O contents at 1.0 and 1.5 GPa.
The melting reaction and melt compositions were found to be highly sensitive to H-loss or -gain during experiments. We
hence designed a new hydrogen-trap technique, which provided sufficient control to obtain consistent results. The nominally
dry solidus temperatures at 1.0 and 1.5 GPa are 1225-1250 °C and 1275-1300 °C, respectively. At 1.0 GPa, the solidus
temperature decreases with H,O increasing to 3.5 wt% (1025-1050 °C), then remains approximately constant at higher H,O
concentrations. Our nominally dry solidus temperatures are up to 140 °C higher than in previous studies that did not take
measures to limit hydrogen infiltration and hence suffered from H,O formation in the capsule. The near-solidus anhydrous
melts have 7-8 wt% SiO, and molar Ca/(Ca+Mg) of 0.78-0.82 (X,). Melting temperatures decrease by as much as 200 °C
with increasing Xy g in the coexisting COH-fluid. Concomitantly, near-solidus melt compositions change with increasing
bulk H,O from siliceous Ca-rich carbonate melts to Mg-rich silico-carbonatites with up to 27.8 wt% SiO, and 0.55 Xc,. The
continuous compositional array of Ca—Mg—Si carbonatites demonstrates the efficient suppression of liquid immiscibility in
the alkali-free system. Diopside crystallization was found to be sensitive to temperature and bulk water contents, limiting
metasomatic transformation of carbonated upper mantle to wehrlite at 1.0-1.5 GPa to <1175 °C and <7 wt% bulk H,O.

Keywords Carbonatite - Mantle metasomatism - Wehrlite formation - Hydrogen diffusion

Introduction

Carbon is one of the most versatile elements with a
remarkable chemical bonding flexibility and a range in
oxidation numbers (— 4 to +4) that enable its participa-
tion in chemical and physical exchange dynamics between
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the Earth’s core, mantle, crust and atmosphere (Hazen
et al. 2013; Wood et al. 2013). More than 500 occurrences
of carbonate rocks of igneous origin (carbonatites) and
large quantities of CO, being emitted along active vol-
canic systems to the atmosphere provide direct evidence
for the importance of carbon in large-scale igneous pro-
cesses in the deep Earth. Experimental studies on sim-
plified carbonate—peridotite systems have proven essen-
tial to unravel the lithospheric carbon cycle (Dasgupta
and Hirschmann 2010) and to understand the boundary
conditions of carbonatite formation in the upper man-
tle (Wyllie and Huang 1976; Wallace and Green 1988;
Falloon and Green 1989). Melting of carbonated peri-
dotites (Olafsson and Eggler 1983; Wallace and Green
1988; Brey et al. 2009; Tumiati et al. 2013) and eclogites
(Yaxley and Brey 2004; Dasgupta et al. 2004) is generally
restricted to hot mantle regimes (> 1020 °C), although
solidi in H,O-rich subduction environments decrease to
as little as 870-900 °C (Poli 2015). Disagreement per-
sists on melting temperatures and melt compositions in
anhydrous and H,O-bearing carbonate model systems.
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Near-solidus carbonate melt compositions in the model
system CaO-MgO-SiO,—CO, range from 2 to 3 wt% SiO,
at 1150 °C, 1.5 GPa (Dalton and Wood 1993), to > 11
wt% SiO, at 1100 °C, 1.0 GPa (Lee and Wyllie 2000).
Dalton and Wood (1993) added minor H,O to their syn-
thetic starting mixture; however, they did not quantify
its concentration or its effect on the resulting carbonate
melt composition. In contrast, Lee and Wyllie (2000) per-
formed nominally anhydrous experiments using single-Pt
capsules.

The major problem in this type of experiment is controlling
hydrogen, which readily diffuses through any metal capsule
wall in response to gradients in hydrogen activity (ay ) (Hueb-
ner 1971; Chou and Eugster 1978). Experimental charges may
either gain hydrogen from the piston cylinder assembly during
nominally dry experiments or from redox-sensitive H,O dis-
sociation at high temperatures in COH-bearing systems, the
graphite furnace supplying any required carbon (Eugster 1957;
Luth 1989). In Fe-free carbonate-bearing experimental charges,
H infiltration leads to the reduction of CO, or carbonate ions
to graphite and molecular H,O. Previous studies in the carbon-
ated lherzolite system at 1-3 GPa did not account for hydro-
gen gain or loss during high-temperature experiments (Dalton
and Wood 1993; Lee et al. 2000; Lee and Wyllie 2000) and
some of the reported phase equilibria on "dry" melting have
likely been compromised by unconstrained quantities of newly
formed H,0.

Here we investigate nominally dry and H,O-assisted
melting of forsterite + carbonate, which may serve as a
model carbonated peridotite in CaO-MgO-Si0,-CO,-H,0
at 1.0 and 1.5 GPa. We first document the effects of H-gain
through noble metal capsule walls on phase equilibria and
on carbonate melt compositions in initially dry, unbuffered
experiments. We then show the differences when using
an H-trap double-capsule technique that effectively pre-
vents the experimental charge from gaining hydrogen. Our
experiments confirm the profound impact of hydrogen on
melting CO,-bearing upper mantle and suggest that metaso-
matic transformation of carbonated lherzolite to wehrlite is

Starting materials and methods
Starting compositions

Starting compositions are shown in Table 1. System A is a
mixture of 80 or 40 wt% synthetic forsterite (Fo) with 20 or 60
wt% of either natural calcite (Cc) or two synthetic high-purity
carbonates mixed in proportions such that Ca,, osMg ,sCO;
or Ca, ;Mg ;CO; result. The Fe-bearing system B was made
of either 90 wt% natural San Carlos olivine (Fog;, Arizona,
USA) and one of the above synthetic carbonate mixtures or
consisted of 40 wt% San Carlos olivine + 60 Cc. For fluid-
saturated experiments, H,O was either added as Mg(OH),,
in which case SiO, was added to form Fo +H,O, or liquid
H,0 was inserted into the capsule with a microliter syringe.
The purity of synthetic Fo was checked by electron micro-
probe and by X-ray diffraction to make sure no other phase
had formed during olivine synthesis at high temperature. All
starting materials were finely ground in the absence of water
or any OH-bearing solvents and were permanently stored at
110 °C to avoid hydration from air.

Experimental methods

Phase equilibrium in CaO-MgO-Si0,-CO,-H,0 was
investigated using a piston cylinder apparatus at 1.0 and
1.5 GPa and 1025-1350 °C in 25-50 °C intervals. To mini-
mize H-gain and to realize nearly anhydrous conditions,
we employed a newly developed double-capsule H-trap
technique (Fig. 1a). An inner capsule of AusyPds, (0.7 mm
length, OD 2 mm) was loaded with the starting material,
welded and placed into an outer 4-5 mm OD Pt capsule
that was loaded prior welding with a mix of homogenized
Fo—carbonate powder. The Fo—carbonate mix in the outer Pt
capsule acts as a trap for infiltrating hydrogen by reducing
part of the available CO, or CO;>~ from the Fo—carbonate
mix in the outer capsule to graphite according to

- X 2H, + CO, = 2H,0 + C. (1)

restricted to a narrow temperature—bulk H,O window.

Table 1 .Major OXid? . System Mix in weight percent Sio, MgO CaO FeO CO,

composition of starting mixes

for static high-pressure / Al 80Fo +20Cc 27.0 54.0 9.5 - 9.5

temperature experiments A2 80F0 +20CaysMg;CO, 27.0 545 9.0 - 9.6
A3 80F0 +20Ca;oMg;,CO; 26.7 56.8 6.6 - 9.9
A4 40Fo+60Cc 13.9 277 29.2 - 29.2
Bl 90F0* + 10CaysMg;CO, 30.2 54.6 48 5.4 5.0
B2 90F0" + 10Ca;,Mg3,CO; 30.1 55.8 35 53 52
B3 40Fo"+60Cc 16.3 19.7 33.6 3.5 26.9

*Natural San Carlos olivine with Fog;
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Fig. 1 Back-scattered electron images (BSE) of representative experi-
mental charges. a H,-trap double-capsule technique consisting of an
inner Aus,Pds, capsule with the silicate + carbonate starting mix and
an outer Pt-capsule with the forsterite 4+ carbonate hydrogen-trap sur-
rounding the inner AusyPds, target capsule. Essentially, any H diffus-
ing from the piston cylinder assembly into the outer capsule reacts
with the carbonate to form graphite+H,O, the latter is dissolved in
the consequently resulting (hydrous) carbonate melt. A schematic
drawing of the double-capsule design is shown in the Supplementary
Material S2. b, ¢ Buffered anhydrous large carbonate weight frac-
tion (Fog,Cc,g) experiments show euhedral Fo embedded in carbon-
ate liquid. Fo crystals in ¢ settled at the bottom of the capsule with
a large carbonate melt pool and void space at the top. b was run at
1275 °C, 1.0 GPa and ¢ at 1300 °C, 1.5 GPa. d Metasomatic wehr-
lite forms in the hydrous melting regime at temperatures <1175 °C.
Unbuffered carbonate liquid in equilibrium with Fo+Di at 1150 °C,

H,O from this redox reaction lowers the solidus of the
remaining carbonate fraction (Wyllie and Tuttle 1960)
initiating hydrous melting in the outer Pt-capsule. In our

1.5 GPa. e, f Quenched textures of carbonate liquids are characterized
by CaMg dendritic intergrowth and a finely developed Si-rich hon-
eycomb filaments. Carbonate melt in f quenched along the capsule
wall to glass. g Large carbonate melt fraction experiment with the
H,-trap at 1200 °C, 1.0 GPa with 1 wt% bulk H,O. Diopside is absent
at temperatures exceeding 1175 °C. Metastable spherical calcite glob-
ules are present in a majority of our hydrous melting experiments
at temperatures above the Mg-calcite-out phase boundary (Fig. 2).
Metastable Mg-calcite-globules disappear after 22-25 h run time. h,
i Subsolidus phase assemblage consists of Fo+Mg—calcite + Di in the
nominally anhydrous and hydrous system. i In presence of a COH-
fluid the inner surface of spherical fluid voids occasionally preserved
quenched fluid deposits coexisting at subsolidus conditions with
recrystallized Fo+Mg—calcite minute crystals. Fo forsterite, Mg-cal-
cite magnesian calcite, Di diopside, L melt

experiments, the carbonate melt in the outer capsule acts as a
sink for H,O due to its overall high H,O solubility (~ 10 wt%
at 0.1 GPa and 900 °C; Keppler 2003), which prevents the
AuPd-encapsulated target sample from gaining additional
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hydrogen on the time scales of our experiments (Fig. 1a).
This buffer technique allows investigation of phase equilibria
and melting relationships in the CaO-MgO-SiO,~CO,-H,0
model system under dry- and controlled hydrous conditions.

Experiments using the H-trap double-capsule technique
were carried out in 2.54-cm-diameter end-loaded piston cyl-
inders utilizing NaCl-Pyrex—graphite assemblages. Boron
nitride and Pyrex surrounding the noble metal capsule were
thought to limit H-gain during high-temperature experi-
ments (Wendlandt et al. 1982). We, therefore, placed the
double capsule with two boron nitride (BN) shoulder pieces
horizontally into the hot spot of the graphite heater. Finely
ground Pyrex filled the remaining space between the capsule
and the BN shoulder pieces, subsequently sandwiched on top
and bottom by BN discs. The graphite heater was then filled
with upper and lower AlSiMg ceramic cylinders.

Pressure calibration was carried out for the NaCl-Pyrex-
AlISiMg-BN assembly by determining the melting tempera-
ture of albite (Boyd and England 1963). No pressure cor-
rection was required for the pressure range of interest. The
loaded assemblies were pressed cold to 3 kbar, then heated
to 700 °C to ensure a plastic behavior of the Pyrex. Pressure
was then increased to the desired value before the sample
was heated to the temperature of interest. Pressure increased
upon heating but was held at the desired value by bleeding
hydraulic oil.

Experiments allowing for H-diffusion were carried out
in single-welded Pt capsules embedded in NaCl-graph-
ite-BN-MgO assemblies. Samples were pressed cold to 75%
of the desired pressure and then heated. Pressure calibration
is based on quartz solubility in H,O (Manning 1994), a fric-
tion correction of — 0.6 kbar was required.

Temperature was measured by Pt—Pty,Rh,, (S-type) ther-
mocouples in contact with a Pt thermocouple shield on top
of the capsule. Experimental runs were 5-92 h in duration
and terminated by cutting the heating power. Initial quench
rates were > 200 °C/s. After each experiment, inner capsules
were first cleaned of surrounding buffer material, weighed,
then pierced with a stainless-steel needle and weighed again.
The weighing checks for fluid leakage during the experiment
and determine the weight change resulting from gas escape.

Analytical methods

Inner capsules were embedded in epoxy, polished with
oil-based diamond solutions and carbon coated. The cap-
sules are embedded such that the polished surface exposed
a vertical cross section through the charge to permit char-
acterization of gravitational effects. Fo and diopside (Di)
were analyzed for major element concentrations by elec-
tron microprobe (JEOL JXA 8200) at UCLA. Acceleration
voltage was set to 15 kV, beam current to 15 nA, peak and
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background counting times were 10 and 5 s. Carbonates and
quenched carbonate melts were analyzed with a defocused
beam (10 pm diameter) and a current of 10 nA. Peak and
background counting times for carbonate analyses were 20
and 10 s. Major element compositions were obtained by
averaging 5—100 analyses of mostly large areas of quenched
liquids.

Results

Melting relationships in the forsterite-carbonate
system

Melting was identified by textural inspection of the pol-
ished experimental charges under the scanning electron
microscope. Melting takes place mostly at the expense of
magnesian calcite (Mg-calcite), and results in diffuse car-
bonate melt infiltration throughout the Fo matrix (Fig. 1b)
or in local melt accumulation in the upper part of the cap-
sule (Fig. 1c). The onset of melting at nominally dry condi-
tions is at 1.0 GPa between 1225 and 1250 °C and at 1.5
GPa between 1275 and 1300 °C. The solidus temperature
decreases at 1.0 and 1.5 GPa with increasing bulk H,O
to 3.5 wt% H,O (Fig. 2): 1 wt% H,O yields a solidus at
1125-1150 °C, 2 wt% H,O at 1075-1100 °C and 3.5 wt%
H,0 at 1025-1050 °C. Within the investigated temperature
range, the solidus temperature then remains between 1025
and 1050 °C with higher bulk H,O to up to 5 wt% and likely
to the maximum investigated water content of 8 wt% H,O as
suggested by the subsolidus experiment CO-108 at 1025 °C,
1.0 GPa (Fig. 2).

Nominally anhydrous melts coexist only with euhedral Fo
(Fig. 1b, c), whereas hydrous carbonate melts near the soli-
dus coexist with Fo+Di+Mg-calcite. In hydrous systems,
rising temperature leads to successive loss of Mg-calcite
and Di (Fig. 2). The Mg-calcite-out boundary is~25 °C
higher than the solidus, independent of bulk H,O. At tem-
peratures greater than Mg-calcite-out, hydrous melt coex-
ists with Fo+ Di (Fig. 1d). In the hydrous melting system
to about 5-6 wt% bulk H,O the Di-out locates between
1150-1175 °C, while Di is absent irrespective of tempera-
ture at bulk H,O contents > 6 wt% (Fig. 2).

Quench textures of nominally anhydrous and hydrous
carbonate melts are characterized by a heterogeneous
dendritic intergrowth of Ca—Mg carbonate and Mg-rich
silicate domains. The latter possess a honeycomb structure
(Fig. le, f) and are compositionally similar to Di. Carbon-
ate melt of run CO-7-1 also quenched to the characteris-
tic dendritic intergrowth texture, but in addition formed
patches of carbonate glass near the capsule wall (Fig. 1f).
Larger void space or abundant large fluid bubbles (typically
50-300 pm) heterogeneously distributed in the experimental
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Fig.2 Temperature vs. bulk H,O plot showing sub- and super-solidus
experiments at 1.0 and 1.5 GPa for unbuffered and buffered runs. All
runs are fluid saturated. The solidus temperature is essentially a func-
tion of fluid-composition with increasing bulk H,O-contents leading
to an increasing Xy  in the fluid and an increasing solidus depres-
sion until the fluids are H,O-dominated. Symbol type: circles, unbuff-
ered runs; diamonds, buffered subsolidus runs; squares, buffered runs
showing presence of melt phase. Symbols with a black cross have sta-
ble magnesian calcite, open symbols lack diopside. The melting curve
and the Mg-calcite-out phase boundary decrease in temperature with

charge indicate fluid saturation during all melting experi-
ments (Fig. 1c). These large bubbles are clearly distinct from
tiny micron-sized homogeneous bubbles or voids mostly in
between quench crystals, which are ascribed to fluid-exso-
lution during quench. Fluid saturation was further evidenced
by inflated capsules after experiment termination. Globu-
lar calcite crystals occur in a majority of hydrous melting
experiments (Fig. 1g). These are progressively resorbed by
the coexisting carbonate melt as temperature or run duration
(>22-25 h) increase (Supplementary Material S1).

Presence of calcite globules in hydrous melting
experiments

The presence of calcite globules in high P-T experi-
ments (Wyllie and Tuttle 1960; Maalge and Wyllie 1975;
Kjarsgaard and Hamilton 1988, 1989; Brooker and Hamil-
ton 1990; Kjarsgaard 1998) has led to some debate whether

increasing Xy o of the coexisting COH-fluid. The liquid composition
changes from siliceous Ca-rich carbonatite at the solidus to Mg-rich
silico-carbonatite on the expense of Di at temperatures> 1175 °C.
Diopside crystallization is restricted to either subsolidus recrystalliza-
tion of the Fo+ Cc starting mix or to the hydrous melting regime. S1
and S2 indicate change in melting reaction (e.g. from eutectic to peri-
tectic or vice versa). Red color for 1.0 GPa, blue color for 1.5 GPa, Fo
forsterite, Di diopside, Mg-calcite magnesian calcite, L melt, V fluid
phase

these represent immiscible liquids or crystals. Kjarsgaard
and Hamilton (1988, 1989) and Brooker and Hamilton
(1990) initially interpreted carbonate spheres in low alkali
systems as quenched immiscible liquids that coexisted with
CO,-bearing silicate melt. This interpretation has been
revised by the same authors, recognizing that the supposed
melt droplets were instead rounded calcite crystals, true car-
bonate melt droplets always showing some quench texture
and a more complex composition (MacDonald et al. 1993;
Lee and Wyllie 1996; Brooker and Kjarsgaard 2011, Martin
et al. 2013).

Most of our hydrous melting experiments contain up to
50-um-large calcite globules with sharp contacts to adjacent
carbonate melt (Fig. 1g). Similar to subsolidus Mg-calcite
the calcite globules are magnesian with 0.98 X, and <0.37
wt% SiO,. To check whether globular carbonates are meta-
stable or represent an equilibrium phase we have performed
a time series across a temperature range from 1050 to
1250 °C, 1.0 GPa (Supplementary Materials S1). Calcite
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Table 2 Nominally anhydrous experiments using a H,-trap double capsule
Run Mix P T Time Phases present Number Melt composition (wt%)

(GPa) °C) (min) analyses - 2 o

Sio, MgO CaO Total Xca CO,

CO28 Al 1 1225 1440 Fo, Cm, Di, V* - - - - - - -
CO78 A4 1 1250 465 Fo,L,V 41 7.3 (6) 8.6 9) 39.6 (8) 55.5 0.77 445
CO73 A4 1 1275 315 Fo,L,V 40 7.6 (6) 8.6 (7) 48.4 (6) 64.6 0.8 354
CO72 A4 1 1300 200 Fo,L,V 65 7.8 (4) 7.8 (4) 50.1 (4) 65.7 0.82 34.3
CO77 A4 1 1325 310 Fo,L,V 44 7.8 (4) 9.3 (6) 48.5(5) 65.6 0.79 34.4
CO76 A4 1 1350 305 Fo,L,V 64 7.7 (4) 9.9 (5) 32.4(5) 50 0.7 50
CO67 A4 1.5 1275 306 Fo, Cm, Di, V" - - - - - - -
COo64 A4 1.5 1300 595 Fo,L,V 100 894 9.6 (4) 46.8 (3) 65.3 0.78 34.7
CO63 A4 1.5 1300 340 Fo,L,V 100 8.9 (5) 9.6 (5) 46.8 (4) 65.3 0.78 34.7
COs1 A4 1.5 1300 2820 Fo,L,V 30 8.7(1) 9.4 (1) 43.0(1) 61.1 0.77 389
CO74 A4 1.5 1325 305 Fo,L,V 37 8.8 (6) 8.9 (5) 48.1 (4) 65.8 0.8 342
CO75 A4 1.5 1350 350 Fo,L,V 70 842 9.9 (3) 40.2 (2) 58.5 0.75 41.5

Numbers in parentheses denote one standard error (right hand side digit of value)

Fo forsterite, Cm magnesian calcite, Di diopside, L carbonate melt, V fluid, V" fluid saturation indirectly deduced from presence of void space

X, represents the molar ratio of CaO/(CaO +MgO)
°CO, calculated by total difference to 100

globule counts across polished 2-D sections decrease with
run duration from 300 to 2900 min or with increasing tem-
perature at constant bulk H,O content. In 300- to 325-min-
long runs between 10 and 157 calcite globules were counted
(over approximately 15 mm? polished capsule surface),
while experiments exceeding 1100 min yielded < 16 Mg-
calcite globules. Longer run-times and higher experimental
temperatures hence help in resorbing what we interpret to
be metastable globular calcite at temperatures higher than
the Mg-calcite-out phase boundary. We concur with Lee and
Wyllie (1996) that the round habit of calcite is presumably
caused by surface tension between the carbonate crystal and
the carbonate liquid.

Subsolidus phase assemblage

The subsolidus mineral assemblage consists of Fo, Mg-cal-
cite and Di. Mg-calcite forms up to 75 pm large homogene-
ous patches free of silicate inclusions within a polygonal
Fo + Di crystal matrix (Fig. 1h). Well-developed crystal
shapes and chemical homogeneity of the stable mineral
phase assemblage suggest attainment of equilibrium after
300 min. Very thin (<5 pm) films of carbonate-rich quench
material coexisting with small (<10 pm) anhedral Fo and
Di crystals (Fig. 1i) occur along Fo—-Mg-calcite—Di grain
boundaries at nominally anhydrous conditions as well as
along the inner surface of nearly spherical fluid voids within
the Fo-matrix when bulk H,O was added. The carbonate-
rich quench films are too thin to obtain quantitative electron-
microprobe analyses.

@ Springer

Major element composition of carbonate,
clinopyroxene and olivine

Calcite is magnesian with an average X, of 0.95, its com-
position does not show significant dependence on bulk water
contents or temperature. All clinopyroxenes are diopsidic
in composition with 1.95-2.01 Si a.p.f.u. and Ca/Mg rang-
ing from 0.82 to 1.04. Olivine contains up to 0.02 p.f.u.
Ca (0.77 wt% CaO) with Si and Mg ranges of 0.96-1.01
and 1.72-2.004 a.p.f.u., respectively with 2.56 a.p.f.u. Fe.
Experiments using natural San Carlos olivine yield olivine
with 0.86-0.99 X,,. Mineral compositions are listed in the
Supplementary Materials S1.

Melting temperature and melt compositions
from experiments with or without the H-trap
technique

The effect of H,O on the melting temperature, melt composi-
tion and phase relationships in CaO-MgO-SiO,-CO,—H,0
was investigated by two sets of experiments. The first were
H-buffered experiments with 60 wt% carbonate primarily
aimed at determining near-solidus carbonate melt composi-
tions at nominally anhydrous and controlled hydrous condi-
tions. In practice, large melt fractions diminish the effect of
a given amount of H,O (formed from in-diffusing hydrogen
via redox reaction 1). The larger the melt fraction, the lower
the H,O concentration in the melt for a given amount of
H,O0, consequently the effect on melting temperature and
composition is also reduced. The second type of experiment
was unbuffered with respect to hydrogen. These runs used
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10 or 20 wt% carbonate to investigate the temperature and
pressure dependence of melt compositions in the experi-
ments that allow for H infiltration.

All experiments were fluid saturated. The solidus temper-
ature itself is hence a result of a changing fluid-composition
with increasing bulk H,O content. At dry conditions, the
fluid is almost pure CO, and does not depress the solidus
temperature. With increasing bulk H,O, the X, in the fluid
rapidly decreases and the more H,O rich the fluid, the larger
the solidus depression. At around 3.5 wt% bulk H,O this
effect levels out within the experimental resolution, indicat-
ing that the fluid became H,0O-dominated, at which point
there is little effect on the solidus temperature.

Buffered melt compositions in large carbonate fraction
experiments

At 1250-1350 °C, 1.0 GPa, the nominally anhydrous car-
bonate melts vary little in SiO, from 7.3 to 7.8 wt% (Fig. 3,
Table 2). X, of the carbonate melts increases from 0.77 at
1250 °C to 0.82 at 1300 °C before a higher dissolution of
Si and Mg decreases melt X, to 0.70 at 1350 °C (Fig. 4).
At 1.5 GPa carbonate melts yield 8.4-8.8 wt% SiO, and
0.75-0.80 X, (Fig. 4, Table 2).

In contrast, silica contents of hydrous carbonate melts
either increase with temperature at a given bulk H,O content
or increase with the amount of fluid added to the experi-
mental charge (Fig. 3) at constant temperature and pressure.
For example, at 1.0 GPa and 1 wt% bulk H,O, melt SiO,

increases from 6.3 wt% at 1150 °C to 11.4 wt% at 1250 °C
(Fig. 3, Table 3). Adding 2 wt% bulk H,O results in silica
melt contents that increase from 7.3 wt% SiO, at 1100 °C
to 11.1 wt% at 1200 °C. 5 wt% bulk H,O yields carbonate
melts with 10.5 wt% SiO, at 1050 °C and 16.1 wt% SiO, at
1200 °C (Fig. 3). The X, ratios of melts at 1-5 wt% bulk
H,O and 1.0 GPa range from 0.80 to 0.66 and generally
decrease with temperature or Xy ( in the coexisting fluid
(Fig. 4). At 1100 °C and 2 wt% bulk H,O, carbonate melt
dissolves 7.5 wt% SiO, regardless of pressure (Fig. 5). A
general pressure sensitivity in the molar Ca:Mg ratio is dem-
onstrated by experiments at 1100 °C and 2 wt% bulk H,O,
where X, decreases from 0.73 at 1.0 GPa to 0.66 at 1.5 GPa
(Fig. 4, Table 3).

Melt compositions in low carbonate fraction experiments

Buffered melting experiments with Fo,, oCc) ; yield at 1100 °C
and 6 wt% bulk H,O a carbonate melt with 15.1 wt% SiO, and
0.89 X, at 1.0 GPa, whereas the addition of 8 wt% H,O results
in a melt with 22.9 wt% SiO, and 0.35 X, at 1.5 GPa (Figs. 4,
5; Table 3). Melt SiO, contents from nominally anhydrous but
unbuffered experiments (without using the H-trap) range from
10.6 to 16.1 wt% at 1100 °C to 24.4 wt% at 1200 °C with X,
ratios between 0.41 and 0.77 at 1.5 GPa (Figs. 4, 5; Table 4).
Carbonate melts resulting from unbuffered experiments using
the Fe-bearing starting materials B1 and B2 (Table 1) and 2-5
wt% bulk H,O have 11-26 wt% SiO, and 0.48-0.61 X, at
1100 °C, 1.5 GPa (Figs. 4, 5; Table 4).

Fig.3 Temperature vs. melt F T T T T T T T T T T T T L
SiO, for 1.0 GPa buffered melt 7
compositions containing 1-5 1350 1 _0 GPa a /,/' /_,
wt% bulk H,O contents using - — o A
the H,-trap double-capsule prd ) P /,/
technique. Nominally anhydrous 1300 S\ 9 s ]
melts have 7-8 wt% SiO, from L ,\‘Q\O“’/-/ | 9 - e A
1250-1350 °C, while silica con- <0.2 wt% / @’?0/ RS o)
tents of hydrous carbonate melts 1250 H,0 A Z./ 5 Q&'/ 0\0‘?‘}7
are strongly sensitive to increas- L -A o o 63‘&-/’ 4
ing temperature or to the bulk — / e /
H,O contents. Gray solid curve O 1200 A— _.’/ / - 7
indicates the near-solidus melt o B v’ A
SiO, evolution as a function of - 1 W% /
increasing bulk H,O content 1150 HZO_A )4 / m
1100 —— -
2 wt% / ]
H,O /
2
1050 -F— -
- 5 wt% -
H,O
1000 1 1 1 1 1 f 1 | 1 | 1 1 1 ]
4 6 8 10 12 14 16 18

Si0, [wt.%)]
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Fig.4 Molar Ca/(Ca+Mg) plotted against melt SiO, at 1.0 and 1.5
GPa represented by red and blue colored symbols, respectively. With
decreasing pressure from 1.5 to 1.0 GPa hydrous carbonatites become
more Ca-rich. The Mg and Si solubilities in the carbonatite melt
increase with Xy ( in the coexisting COH-fluid and result in Mg-rich
silico-carbonatites with up to 28 wt% SiO, at 1.5 GPa. Symbols with
a black cross have stable magnesian calcite, open symbols lack diop-
side

Melt compositions projected from fluid

Melt compositions are projected from fluid into the ternary
diagram Si0,-CaO-MgO (Fig. 6), as justified by satura-
tion in coexisting fluid. At 1250 and 1275 °C, 1.0 GPa,
the anhydrous carbonate liquids plot above the Fo—Cc join
and at> 1300 °C lie on the Fo—Cc join (gray dashed line in
Fig. 6). At 1.5 GPa, the anhydrous carbonate melt plots on
the Fo—Cc join at 1350 °C.

Atlow bulk H,O (<2 wt%), carbonate melts lie above the
Fo—Cc join. With increasing bulk H,O, the melts dissolve
more MgO and SiO, and intersect the Fo—Cc join twice,
at~2 and 5 wt% bulk H,O (Fig. 6). Melt compositions from
experiments without the H-trap (systems A2, A3 and B1, B2
in Table 1) plot near the Fo—Cc join at varying CaO:MgO
ratios with the exception of four samples that yield signifi-
cantly higher melt SiO, contents at a given molar CaO:MgO
ratio (Fig. 6).

@ Springer
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Fig.5 Melt SiO, of buffered and unbuffered melt compositions
at 1100 °C plotted against bulk H,O. SiO, in the carbonate melt
increases with bulk H,O; however, keeping the bulk H,O constant
(e.g. 2 wt% H,0) shows that pressure has a neglectable effect on
the silica solubility in carbonate melts between 1.0 and 1.5 GPa. For
comparison the nominally anhydrous melt composition (red cross)
from Lee and Wyllie (2000) is plotted, who did not account for H
infiltration during high-temperature experiments. The melt composi-
tion at 1100 °C from Lee and Wyllie (2000) suggests the presence of
3.8 wt% H,0. Filled circle symbols are double-capsule experiments
with known quantities of added H,O, open circle symbols represent
unbuffered experiments. Bulk H,O contents of unbuffered experi-
ments were calculated from fitted curve of buffered melt composi-
tions (gray curve)

Discussion

H, gain through noble metals hampers dry solidus
determinations

The ability of hydrogen to diffuse through noble metals at
elevated temperatures is widely recognized (Knapton 1977;
Chou 1986; Truckenbrodt and Johannes 1999; Freda et al.
2001; Hall et al. 2004; Gade et al. 2010) and has been used
to control oxygen fugacity (fO,) in redox-sensitive systems
(Eugster 1957; Luth 1989). At temperatures > 1100 °C H
infiltration into COH-bearing experimental charges reduces
CO, or CO32_ to graphite forming H,O (Brooker et al. 1998,
and references therein). Optical examination under a binocu-
lar confirms the blackening of unbuffered run products sug-
gesting the presence of graphite. H-diffusion is effectively
diminished by utilizing less permeable sample containers
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Fig.6 Anhydrous and hydrous carbonate melt compositions (molar)
projected from fluid into the ternary SiO,-CaO-MgO diagram. The
dashed gray lines represent the joins Fo—Cc, Di—Cc and Fo-Di. The
arrow depicts an averaged melt evolution with temperature. Open
crossed circle locates the Fo,,Ccg, Fog,Cc, and the Fog,Cc,, start-
ing compositions. Nominally anhydrous and hydrous melt composi-

such as AuPd instead of Pt (Knapton 1977; Gade et al.
2010). Kiseeva et al. (2012) compared graphite-lined Pt
with AuPd capsules for the melting of carbonated eclogite
and reported a difference in solidi of ~ 100 °C. This solidus
reduction was attributed to the formation of H,O upon H,
gain. However, although Au is less permeable to hydrogen
than AuPd or Pt, it cannot entirely prevent H-diffusion at
high temperatures (Laporte et al. 2004). Jakobsson (2012)
reported a time-dependent increase in bulk H,O of 25%,

60 80

MgO

tions from Lee and Wyllie (2000) and Dalton and Wood (1993) are
plotted for reference. Crossed-circle symbols represent bulk com-
positions of experimental starting materials used in this study. The
crossing of the diopside-forsterite tie-line results in melting equations
changing from eutectic to peritectic

from 3.17 to 3.98 wt% H,0, after 71.6 h at 1200 °C and 1.0
GPa using a Pt—AuPd double-capsule assembly.

We experimentally determined the anhydrous and hydrous
solidi using the H-trap double-capsule technique (see section
"Experimental Methods"). At 1.0 and 1.5 GPa, the temperatures
of the dry solidus are between 1225 and 1250 °C and 1275
and1300 °C, respectively. The experimentally bracketed solidus
is regarded as reflecting nominally anhydrous conditions, as
we cannot entirely preclude small degrees of hydration during
pre-experimental sample preparation. Our nominally anhydrous
solidus is 140 °C higher than that of Lee and Wyllie (2000) at
1.0 GPa, 40 °C higher at 1.5 GPa. This difference suggests that

@ Springer
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previous attempts to identify carbonated peridotite solidi and
phase relationships in natural or model COH systems utiliz-
ing unbuffered single capsule experimental designs have been
compromised by the presence of unwanted quantities of H,O
through H-induced carbonate reduction (Fig. 5).

At anhydrous subsolidus conditions, the Fo—Cc starting
mix in low- and high-carbonate weight fraction experiments
recrystallizes to calcic Fo +Mg-calcite + Di. Using average
compositions of Mg-calcite and forsterite, mass balance
yields the following reaction relation:

0.40 Mg, Si0, + 0.60 CaCO; = 0.38 Mg, 49Cay g, SiO,
+0.60 Cay 4sMg 0sCO; + 0.02 CaMgSi, Oy, ?)

(weight units). In Eq. (2), Mg—Ca cation exchange between
Fo and Cc explains the formation of calcic Fo and Mg-
calcite. Subsolidus recrystallization in the presence of H,O
results in a threefold increase of Di according to

0.40 Mg,SiO, + 0.60 CaCO,
+ H,0 = 0.32 Mg, 49Cay;SiO,
+ 0.58 Cag gsMg 5CO5 + 0.06 CaMgSi, Oy
+ COH - fluid, 3)

which likely relates to an overall higher (molar) solubility
of MgO than SiO, in COH-bearing fluids compared to pure
H,O0. Tiraboschi et al. (2018) investigated the dissolution of
Fo—enstatite and Fo-magnesite in pure H,0 and in COH-fluids
between 1 and 2 GPa and argued that the observed high MgO
solubility in COH-fluids relates to the formation of Mg—C
complexes in the graphite-saturated fluids. Fo-equilibrated
COH-fluids with 0.85 X, dissolve at 1000-1100 °C, 1.0 GPa
up to 6.9 mol MgO/kg H,O but only 4.6 mol SiO,/kg H,O
(Tiraboschi et al. 2018). This would translate to a fluid with 1.7
wt% MgO allowing in reaction (3) for 6 wt% Di crystallization,
in other words, in the presence of carbonates, forsterite dis-
solves incongruently in COH-fluids leading to the formation
of diopside. At 1.0-1.5 GPa and T > T;4,, anhydrous eutectic
melting of calcic Fo+ Mg-calcite 4+ Di is mass balanced to

0.12 Mg, 49Cay 0, SiO, + 0.85 CaggsMgy 45CO;
+0.03 CaMgSi, 0, = 0.97L + 0.03 CO,, @)

where L is the CO,-saturated near-solidus carbonatite melt
at 1275 °C and 1.0 GPa (CO-73, Table 2). The excess CO,
results from the dissolution of Si-Mg component within the
carbonate liquid. Hydrous carbonate melting below the Mg-
calcite-out is mass-balanced to

+0.01 CaMgSi, O + H,0 = 1.00L + COH - fluid, (s)

where L represents carbonatite melt at 1050 °C (1.0 GPa)
where 3.5 wt% bulk H,O was added to the Fo—Cc starting

@ Springer

mix (run CO-104, Table 3). Increasing temperature at 3.5
wt% bulk H,O to above the Di-out phase boundary, the melt-
ing reaction is mass-balanced to

0.19 Mg, 49Cay 0, SiO, + 0.78 CagosMgy 45sCO;
+0.03 CaMgSi, O, + H,0 = 1.00L + COH - fluid, (6

representing the carbonatite melt (L) at 1175 °C and 1.0
GPa (run CO-103, Table 3). Fluid phase weight fractions were
not considered in the above mass balance reactions because of
unknown H,0O and COH-fluid solubility in carbonate melts at
pressures > 0.1 GPa.

Effect of H infiltration on melt compositions

To investigate the effect of H infiltration on carbonate melt
compositions we performed two sets of unbuffered low-
carbonate weight-fraction experiments at 1100 °C and 1.5
GPa adding either 2 or 5 wt% bulk H,O to the anhydrous
starting materials (Tables 1, 4). Adding 5 wt% bulk H,O
results after 92 h in a silico-carbonatite melt with 26.5 wt%
Si0O, and 0.49 X.,. Significantly lower silica contents of 11
and 18 wt% SiO, were observed in 48 h-long experiments
containing 2 and 5 wt% bulk H,O, respectively. This is inter-
preted to reflect an increasing degree of hydration with run
duration through progressive CO, or CO32_ reduction, which
ultimately controls the Si-solubility of Fo-equilibrated car-
bonate melts.

Comparison of the melt SiO, contents in unbuffered
nominally anhydrous experiments with those in buffered
experiments suggests that H-diffusion led to the formation
of > 1.4 wt% bulk H,O (Figs. 3, 4, 5). Lee and Wyllie (2000)
reported near-solidus anhydrous carbonate melts with~11
wt% SiO, at 1100 °C and 1.0 GPa. Our findings suggest
that the unbuffered melt composition from Lee and Wyllie
(2000) most likely contained ~ 3.8 wt% bulk H,O (Fig. 5).
In contrast, Dalton and Wood (1993) added at least 1.2 wt%
H,O to their starting materials and reported near-solidus
carbonate melts with only 2-3 wt% SiO, and ~0.9 X, at
1150 °C and 1.5 GPa. Such low melt SiO, contents were
not observed in our melting experiments regardless of bulk
water contents.

Carbonate melt evolution in the CaO-MgO0-SiO,
ternary projected from fluid

Figure 7 illustrates the observed phase relations of nominally
anhydrous and hydrous carbonate melts at 1.0 and 1.5 GPa.
At both pressures, nominally anhydrous near-solidus melts
have 7.3-8.9 wt% SiO, and lie just above the Fo—Cc join
(Figs. 6, 7). The resulting eutectic melting reaction within
the Di—-Fo—Cc phase stability field requires a thermal maxi-
mum on the Fo—Cc tie-line. Nominally dry melts become
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Fig.7 Schematic sketch illustrating the observed phase relations and
melt evolution at 1.0 GPa (top) and 1.5 GPa (bottom) in the ternary
Si0,~CaO-MgO diagram projected from fluid. Gray solid line rep-
resents the tie-line between Fo and Cc. Tangents for specific melt
evolution steps are drawn as dotted lines and labeled accordingly to
the resultant melting reaction at the cotectic. White arrows show the
melt evolution path along the cotectic. In nominally anhydrous and
hydrous large carbonate fraction experiments the near-solidus melt
locates just above the Fo—Cc join resulting in the eutectic melting
reaction E, which requires a thermal maximum on the Fo—Cc join.
With increasing temperature anhydrous melts become more MgO-

more magnesian with increasing temperature at nearly
constant Ca0:SiO, ratios, leading to an intersection of the
cotectic with the Fo—Cc join (Fig. 7).

At low bulk H,O contents of <1 wt%, eutectic melting
also starts on the silica-rich side of the Fo—Cc join in Fig. 7.
With increasing bulk H,O the resultant carbonate melts dis-
solve more SiO, and MgO along the Fo-Di cotectic and
intersects the Fo—Cc join twice, where the melting reaction
changes from eutectic to peritectic, and vice versa (points
S1 and S2 in Fig. 2). The intersections of the Fo—Di cotectic

E: Fo+Cc+Di=L
T : Fo+Cc=L

Fo+Cc+Di=L
Fo+Cc=L

Di
e

rich and intersect the Fo—Cc join at 1300 °C. In presence of COH-
fluids, the hydrous cotectic also evolves to Mg concentrations and
intersects the join, where the melting reaction changes from eutectic
to peritectic (point S1 in Fig. 2). With increasing bulk H,O contents,
hydrous melts yield higher Mg/Ca at relatively constant SiO,. Further
increases in H,O leads the cotectic to shift to high SiO, concentra-
tions while Mg:Ca ratios only change little. The Fo—Cc join is inter-
sected a second time, which causes the melting reaction to change
from peritectic to eutectic (point S2 in Fig. 2). Crossed-circle sym-
bols represent the FogCc,, bulk composition used in this study

with the Fo—Cc join are similar to singular points in pres-
sure—temperature space, where Di switches from the reac-
tant- to the product side in melting reaction 3. The Fo-Di
cotectic expands with pressure from 1.0 to 1.5 GPa to higher
MgO:CaO ratios within the carbonate liquid (Fig. 7), con-
firming that ascending carbonate mantle melts become more
calcic with decreasing pressure (Dalton and Wood 1993).
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Absence of a two-liquid field in alkali-free systems

Our hydrous melting experiments at 1.0 and 1.5 GPa yield
a continuous compositional spectrum from moderately
siliceous carbonate melts to Mg-rich silico-carbonatites
(Figs. 3, 4, 5, 6, Tables 3, 4). This demonstrates that in the
alkali-free H,O-rich system, there is no carbonate—silicate
melt miscibility gap at 1.0-1.5 GPa. Experimental studies
have shown that the size of the two-liquid field primarily
depends on pressure, temperature and bulk composition
(Freestone and Hamilton 1980; Kjarsgaard and Hamilton
1988; Baker and Wyllie 1990; Kjarsgaard 1990; Brooker
1995). To about 1.5-2 GPa, increasing pressure leads
to a slight increase of the miscibility gap (Brooker and
Kjarsgaard 2011); however, at higher pressures, the carbon-
ate—silicate melt miscibility gap shrinks and disappears at
around 6 GPa (Martin et al. 2013). In alkali-rich eclogites
and metapelitic systems, miscibility gaps with clear menisci
between the two melts or carbonatite droplets within a
silicate melt matrix were described between 3 and 6 GPa
(Kiseeva et al. 2012; Thomsen and Schmidt 2008; Tsuno
and Dasgupta 2011; Martin et al. 2013; Skora et al. 2015;
Mann and Schmidt 2015). In alkali-poor systems, separation
between carbonate and silicate melts was also reported at
3—6 GPa for carbonated eclogites (Hammouda 2003; Das-
gupta et al. 2006) and at 2-3 GPa for carbonated peridotites
(Novella and Keshav 2010; Novella et al. 2014). The two-
liquid field reported by Novella and Keshav (2010) and Das-
gupta et al. (2006) at 2.4 and 3 GPa were based on observing
carbonate-rich quench interstitial within a crystal-rich layer
in one capsule portion and pools of silicate melt outside the
crystal aggregates in the other capsule portion, neither a
contact between the two melts nor any droplets of one melt
in the other were observed. Martin et al. (2013) attempted
to reproduce these results at identical P-7—X conditions but
obtained either single homogeneous CO, bearing silicate
melts or a single melt and crystals. It was hence concluded
that the alleged carbonate liquid of Novella and Keshav
(2010) and Dasgupta et al. (2006) resulted from quenching
the same CO,-rich silicate melt as present in the large pools
within a silicate crystal matrix. Hence, the silicate melt com-
ponent forms growth rims on the adjacent silicate crystals
leaving behind an interstitial sparry carbonate material. Our
experiments corroborate the absence of a miscibility gap in
alkali-free and H,O-rich systems.

In the Na,0-CaO-Mg0O-Al,0,;-S10,-CO, system, the
miscibility gap shrinks with decreasing pressure from 2.5
to 1.0 GPa as well as with decreasing Mg/Ca of the bulk
composition (Lee and Wyllie 1992, 1996, 1997). In alkali-
rich carbonated nephelinite systems, a miscibility gap at
2.5 GPa results in conjugated liquids rich in Na,O (Baker
and Wyllie 1990). The high sodium concentrations in the
silicate and the carbonate melts exceed any realistic mantle

@ Springer

melt composition, which led Baker and Wyllie (1990) to
conclude that immiscible separation of carbonatites from
mantle-derived silicate melts is unlikely to occur at pres-
sures > 2 GPa. In a relatively alkali-poor nephelinite—CaCO4
system, Lee and Wyllie (1997) did not obtain liquid immis-
cibility at 1.0 GPa, evidencing the role of alkalis in the
formation of carbonatites by liquid immiscibility. Brooker
and Kjarsgaard (2011) obtained liquid immiscibility in the
Na,0-Ca0-Al,05;-Si0,-CO, system from 0.1 to 2.5 GPa.
They concluded that high CO, partial pressure and > 5 wt%
Na,O +K,0 are required within a parental silicate melt prior
to unmixing to ensure an intersection of the silicate liquid
with the melt miscibility gap at upper mantle pressures.

The silico-carbonatites from this study contain up to 27.8
wt% SiO, at relatively low pressures but a miscibility gap
does not occur. The absence of a two-liquid field relates
to the absence of alkalis and to the presence of high H,O
contents. Small changes in P, greatly affect the size of the
miscibility gap, which reaches its maximum extent at CO,
saturation (Lee and Wyllie 1996; Brooker 1998). Baker and
Whyllie (1990) found that the addition of H,O induces a clo-
sure of the miscibility gap, an effect of CO, activity reduc-
tion (Brooker 1998). According to our results, it is possible
to generate a wide range of Si-Mg—Ca—carbonatites in the
hydrous upper mantle, giving leeway to the generation of
Mg-rich silico-carbonatites at P-7—X conditions relevant to
subduction zones (Poli 2015).

Temperature-bulk H,0 window of metasomatic
webhrlite formation

Mantle-derived carbonate melts are thought to represent
metasomatic agents that transform carbonated lherzolite
to wehrlite (Yaxley et al. 1991, 2019,, 1998; Dalton and
Wood 1993; Hauri et al. 1993; Rudnick et al. 1993; Coltorti
et al. 1999; Lee and Wyllie 2000; Neumann et al. 2002).
At pressures > 2 GPa, near-solidus carbonate melts ascend-
ing through the upper mantle may reach the “solidus ledge”
(characteristic backbend of the CO,-bearing peridotite soli-
dus within a narrow pressure range), at which carbonatite
melts react with orthopyroxene and solidify upon decarbona-
tion to form forsterite + clinopyroxene + CO, (Wallace and
Green 1988). This prevents rising Ca—Mg—carbonatites from
crossing the “solidus ledge” (Wyllie 1980; Schneider and
Eggler 1986; Wallace and Green 1988; Dalton and Wood
1993; Dalton and Presnall 1998), unless successive recharge
of carbonatites at the carbonated-peridotite solidus depth
extends and pushes the “carbonatite-freezing” horizon to
lower pressures resulting in the formation of wehrlitic man-
tle domains (Bailey 1985, 1987). Subsequently generated
carbonate melts that equilibrate with Fo and Di can hence
ascend through such metasomatized wehrlitic mantle and
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Fig.8 At subsolidus conditions the stable phase assemblage is
Di+Fo+Mg-calcite. Above the solidus, Di is restricted to the
hydrous melting regime and disappears at>1175 °C and>7 wt%
bulk H,0. At low bulk H,O contents carbonate melts in equilibrium
with Fo are siliceous Ca-rich carbonatites with 7-8 wt% SiO,, while
the Si and Mg solubilities in carbonate melts increase with bulk H,O
leading to the formation of hydrous Mg-rich silico-carbonatites with
up to 27.8 wt% SiO,. Metasomatic transformation from carbonated
lherzolite to Mg-calcite-free wehrlite in COH-fluid-saturated systems
is restricted to a narrow temperature-Xy , window at upper mantle
pressures of 1.0-1.5 GPa (light red colored field)

eventually may reach shallow crustal levels (Bailey 1985;
Dalton and Wood 1993).

Based on our experimental results mantle domains
saturated in COH-fluids can metasomatically transform to
wehrlite (Figs. 1d, 8). Some of our nominally anhydrous but
CO,-saturated subsolidus experiments yielded 6—10 wt% Di,
which exceeds the maximum of 2 wt% Di according to sub-
solidus mass-balance reaction (2). At pressures between 1.0
and 1.5 GPa, such a threefold increase in Di weight fraction
is best explained by a high Mg/Si-solubility in COH-fluids
compared to pure H,O (Tiraboschi et al. 2018), which is
coherent with the hydrous mass-balance subsolidus reac-
tion (3). Even in nominally anhydrous experiments using
the H-trap double-capsule technique, we cannot entirely
exclude trace amounts of H,O that may either result from the
smallest fraction of infiltrating hydrogen during the experi-
ment or, more likely, from moisture during sample prepara-
tion. Hence, the presence of Di in our nominally anhydrous
subsolidus experiments suggests a minor degree of H,O
contamination.

Traces of H,O contamination in our nominally anhydrous
melting experiments are unlikely to affect the determina-
tion of near-solidus melt compositions or phase equilibria
because moving the bulk starting mix towards the minimum
melt composition results in large amounts of melt at the
solidus, which in turn minimizes the effect of H on melting.

At super-solidus temperatures, Di crystallization is restricted
to the hydrous melting regime at< 1175 °C and <7 wt%
bulk H,O (Figs. 2, 8). Rising temperature above the Mg-
calcite-out phase boundary at a given bulk H,O progres-
sively increases the carbonate melt solubility in Si and Mg,
which leads to the formation of hydrous silico-carbonatites
with up to 27.8 wt% SiO, and 18.4 wt% MgO (Figs. 4, 5, 6).
Our results thus demonstrate that wehrlite may either form
at COH-saturated subsolidus conditions or during carbon-
ate melt interaction with hydrated upper mantle domains
(Fig. 8).

Conclusions

In comparison to previous studies, the temperature
discrepancy to our nominally anhydrous solidus in
Ca0-MgO-Si0,-CO, is+ 140 °C to+40 °C at 1.0-1.5
GPa, which can be explained by hydration of unbuffered
experimental charges through H-diffusion. Previous studies
on CO, or CO32_—bearing anhydrous systems were likely
compromised by the unwanted presence of H,O ranging
from trace amounts to the weight percent level. Our data
show that melting in CaO-MgO-Si0,—CO,-H,0 strongly
depends on the Xy o of the coexisting COH-fluid. In tem-
perature-Xy o space, hydrous melting sets in~25 °C below
the Mg-calcite-out and decreases to temperatures as low as
1025-1050 °C at bulk H,O contents exceeding 2 wt%. In
the presence of COH-fluids, the Mg-calcite-out gives lee-
way for a progressively increasing Si—-Mg dissolution within
the carbonate melt as temperature and Xy , increase, sug-
gesting that Mg-rich silico-carbonatites can be generated
in COH-saturated upper mantle at relatively low tempera-
tures of < 1050 °C and pressures equivalent to ~35-50 km
depth. A two-liquid field is absent in alkali-free systems
allowing Si—-Mg-rich carbonatites to exist in equilibrium
with wehrlitic mantle. Furthermore, our results demon-
strate the important role of COH-fluids in metasomatically
transforming carbonated lherzolite to wehrlite. Infiltration
of slab derived, initially carbonate saturated fluids leads to
carbonatite melts when rising fluids reach the appropriate
solidus temperature within the mantle wedge. Apparently,
such carbonatites are not erupted, they are generally absent
in arcs. Most likely, their very low viscosity and favorable
wetting properties hinders the channelization of such liquids.
If these carbonate melts just pervasively progress upwards
along grain boundaries, they will simply precipitate carbon-
ate when topping out of the hot part of the mantle wedge,
i.e. when temperature decreases to subsolidus conditions.
Consequently, COH-fluids rising from the slab may lead to
important chemical changes in the mantle wedge.
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