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Phase assemblages, melting relations and melt compositions of a dry
carbonated pelite (DG2) and a carbonated pelite with 11wt %
H,O (AM) have been experimentally investigated at 55—
235 GPa and 1070—1550°C. The subsolidus mineralogies to 16 GPa
contain garnet, clinopyroxene, coesile or stishovite, kyanite or corun-
dum, phengite or potassium feldspar (<8 GPa with and without
H,0, respectively ), and then K-hollandite, a Tt phase and ferroan
dolomite/Mg-calcite or aragonite + ferroan magnesite at higher
pressures. The breakdown of clinopyroxene at >16 GPa causes
Na-rich Ca-carbonate containing up to 11wt % NaoO to replace
aragonite and leads to the formation of an Na-rich CO, fluid.
Further pressure increase leads to typical Transition Jone minerals
such as the CAS phase and one or two perovskites, which completely
substitute garnet at the highest investigated pressure (25-5GPa).
Melting at 5-5-253-5GPa yields alkali-rich magnesio-dolomitic
(DG2) to ferro-dolomitic (AM) carbonate melts at temperatures
200-350°C below the mantle geotherm, lower than for any other stu-
died natural compostition. Melting reactions are controlled by carbon-
ates and alkali-hosting phases: to 16 GPa clinopyroxene remains
residual, Na ts compatible and the magnesio- to ferro-dolomitic car-
bonate melts have extremely high K>0/Nay0 ratios. K>0/NayO
weight ratios decrease from 26-41 at 8 GPa to 1-2 at 16 GPa when
K-hollandite expands its stability field with increasing pressure. At
>16 GPa, Na is repartitioned between several phases, and again
becomes incompatible as at <3 GPa, leading to Na-rich carbonate
melts with K20/ Nay0 ratios <K 1. This leaves the pressure interval
of c. 4-15GPa for ultrapotassic metasomatism. Comparison of the
solidus with typical subducting slab-surface temperatures yields two
distinct depths of probable carbonated pelite melting: at 6-9 GPa
where the solidus has a negative Clapeyron slope between the intersec-
tion of the silicate and carbonate melting reactions at ~5 GPa, and
the phengite or potasstum feldspar stability limit at ~9 GPa.

*Clorresponding author. E-mail: daniele.grassi@alumni.ethz.ch

The second opportunity is related to possible slab deflection along
the 660 km discontinuity, leading to thermal relaxation and partial
melting of the fertile carbonated pelites, thus recycling sedimentary
COy, alkalis and other lithophile and strongly incompatible elements
back into the mantle.

KEY WORDS: carbonated pelites; subduction; alkali-carbonate melts;
mantle metasomatism; element recycling; EM 2

INTRODUCTION

There is consensus that at sub-arc mantle depths above
subducting oceanic lithosphere HyO is the volatile compo-
nent controlling fluid- and melt-producing reactions
(Schmidt & Poli, 1998; Hacker et al., 2003; Hacker, 2008).
This is because high-pressure, low-temperature fluids have
low Xcog (Connolly, 2005) and fluid-saturated minimum
melting reactions at these depths result in hydrous silicate
melts of pelites, basalts, and peridotites (Nichols et al.,
1994; Niida & Green, 1999; Schmidt et al., 2004).
Minimum melting of carbonated pelites yields silicate
melts up to 5 GPa (Thomsen & Schmidt, 2008). However,
once oceanic lithosphere subducts beyond typical sub-arc
depths (i.e. >4—7 GPa), the situation changes profoundly.
Most of the HoO has by then been expelled from the sub-
ducting lithosphere, whereas only a small fraction of the
subducted carbonate decomposes below the arc (Kerrick
& Connolly, 2001). Most of the CO4y bound in subducted
carbonate minerals is transported to deeper regions
(Connolly, 2005) and thus is available for melting reactions
at greater depth. At pressures of 8-13 GPa, carbonated
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pelites melt some 200-350°C below the mantle geotherm
(Grassi & Schmidt, 2011). They have the lowest melting
temperature of all lithologies in the subducting lithosphere,
and yield potassic magnesio- to ferro-dolomitic carbonate
melts over a temperature interval from the solidus to well
above the adiabat, both for HyO-bearing and dry compos-
itions (Grassi & Schmidt, 2011). One can thus expect that
carbonate melts are produced from carbonated pelagic or
psammitic sediments at the latest when subduction slows
down or stops, or when the subducted lithosphere deflects
along the 660km discontinuity, continuing laterally and
leaving time for thermal equilibration with the surround-
ing mantle. This contrasts with the melting of K-free car-
bonated basalts or peridotites, which have much higher
melting temperatures (Dasgupta et al., 2004; Yaxley &
Brey, 2004; Dasgupta & Hirschmann, 2006) and would
melt only upon upwelling at <200 km depth when adiabat-
ic mantle temperatures exceed the conductive geotherm
(Dasgupta & Hirschmann, 2006).

Of all the major lithologies subducted into the mantle,
carbonated metasediments are the most fertile because of
their distinct major element (K,O, COy), trace element
and isotopic composition (e.g. Ba, Sr, Th, Pb and Nd). In
this study we aim to understand the mineralogy and reac-
tions that govern melting, and the composition of the min-
imum melts derived from sediments for depths ranging
from the top of the slab in the sub-arc region to just
beyond the 660 km discontinuity.

EXPERIMENTAL PROCEDURES
AND ANALYTICAL TECHNIQUES
Starting materials
The hydrous bulk composition with 11wt % HyO (AM,
Table 1) is the same as that used by Thomsen & Schmidt
(2008) and corresponds to a simplified Fe-rich calcareous
clay in the system KyO—-NayO-CaO-FeO-MgO-Al,O5—
Si0,-H,0-CO, (KNCFMASH-COy). The dry compos-
ition DG2 ('Table 1) is a synthetic carbonated pelite in the
TiKNCFMASH-COgy system (Grassi & Schmidt, 2011).
Both compositions are saturated in coesite/stishovite and
kyanite/corundum, and in the subsolidus with carbonates.

The starting materials were made of powders of SiOg,
Al, O3, TiOy, MgO, NaySiOs, and synthetic fayalite, potas-
sium feldspar and wollastonite, milled and ground to
<5pum and then mixed with Al(OH); CaCOj; and
MgCOs3 (pure natural magnesite from Obersdorf]
Philipp, 1998) to introduce the desired amount of Hy,O
and CO,. The powders were kept in a desiccator under am-
bient temperature (AM) or in a vacuum oven at 110°C
(DG2).

In the following discussion, compositions are referred to
in terms of their Ca:Fe:Mg ratio, which we denote as the
molar ratio X*yo, =M*"/(Ca+Mg+Fe’™). To avoid

confusion, we use Mg-number =100Mg/(Mg + Fe* ™), also
on a molar basis, to describe Mg—Fe?t variations.

Experimental procedure

Experiments up to 16 GPa were conducted in a 600 ton
Walker-type rocking multi-anvil. The whole multi-anvil
apparatus was rotated by 180° during the experiments to
improve attainment of equilibrium and to reduce chemical
zonation in the capsules (Schmidt & Ulmer, 2004). The
experiments were rotated continuously during the first
30 min and then every 10 min during the remainder of the
experiment. At higher pressures (18-23:5 GPa), a conven-
tional 1000 ton Walker-type multi-anvil was used.

Tungsten carbide cubes with truncation edge lengths
of 1lmm (55-8GPa), 8mm (13GPa) and 3-5mm
(16-23-5 GPa) were combined with prefabricated MgO
octahedra of 18, 14, and 10 mm edge length, respectively,
and with natural pyrophyllite gaskets. Assemblies consisted
of a zirconia insulator, a stepped LaCrOs furnace (straight
for the 10/3-5 assembly), inner MgO parts and Mo end
disks and rings. Details of the experiments at 8 and
13 GPa have been described by Grassi & Schmidt (2011)
and for the smaller 10/3-5 assembly by Stewart et al. (2006).

Temperature was controlled using a B-type (PtgyRhg/
Pt;0Rhsp) thermocouple; no correction for the effect of
pressure was applied. Two AuggPdyy capsules were used in
each experiment, stacked in the central part of the furnace
assembly just below the thermocouple. Typical thermal
gradients across a capsule are 10-20°C. Quenching was
done by turning off the heating power and was followed
by pressure unloading over about 15-20 h.

The starting material contained fayalite as the only iron
source, hence all Fe is assumed to be Fe”™ at the beginning
of each experiment. All carbon was added as carbonate
and the absence of graphite/diamond in the experiments
suggests an oxygen fugacity at least slightly above the
graphite/diamond—-CO—-CO, (CCO) buffer. On the other
hand, the absence of graphite/diamond also indicates that
no major redox reaction between Fe and C has taken
place. Some minor oxidation might occur through diffu-
sive hydrogen loss in the AM composition, but normalized
garnet and cpx compositions do not indicate any signifi-
cant Fe’™ component. We thus assume that oxygen fugacity
in the experiments was slightly above the CCO buffer but
(QFM)

buffer. This oxygen fugacity range is expected to corres-

did not reach the quartz—fayalite-magnetite

pond to that of subducting crust in which carbon is main-
tained in its oxidized form.

Capsules were mounted longitudinally in epoxy resin
and polished to the centre using a dry polishing method
to avoid loss of alkalis from the alkali-rich carbonates and
quenched carbonate melts. Additionally, the open capsules
were repeatedly embedded in low-viscosity resin to avoid
chemical and mechanical loss of quench carbonate melts.
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Table I: Bulk starting compositions and near-solidus mell compositions

Run no.: AM*  AM-19*  AM-07* ME-110*  AM-24* ME-110*  am-32t am-5B am-9 am-25 am-19 S6af

P (GPa): 25 37 5 37 5 55 8 13 16 18 22

T (°C): 900 1000 1100 1100 1100 1180 1000 1200 1350 1400 1500

No. analyses: 7 6 4 12 7 8 1 13 6 5 21

Si0; (wt %) 47-60 669 (1-7) 649 (1-1) 592 (1-:3) 091 (0-7) 062 (0-4) 244 (1-4) 030 (0-1) 0-48 (0-2) 0-61(0-5) 03 (0-2) 004 (0-1)
TiO, - - - - - - - - - - - -

Al,03 22-80 190 (1-2) 20-3 (1-0) 184 (1'5) 097 (05) 0-87 (0-3) 235 (05) 1-85(0-3) 1-35(0-2) 0-95(0-2) 12 (0-4) 030 (0-1)
FeO 920 072 (0-4) 109 (0-1) 3-:06 (0-8) 876 (08 119 (0-7) 105 (1-1) 121 (0-9) 950 (0-8) 950 (0-4) 105 (1-5) 9-35 (0-2)
MgO 2:00 007 (0-3) 0-13 (0-1) 050 (0-2) 362 (0-3) 3-76 (0-4) 263 (0-9) 210 (0-2) 2-32 (0-3) 351 (05) 45 (0-8) 6:02 (0-3)
CaO 6:80 070 (0-9) 046 (0-1) 245 (0-5) 30:8 (2:11) 301 (1-7) 289 (6:9) 1656 (0-8) 255 (1-4) 255 (2:2) 26 (2:3) 20-1 (0-2)
Na,O 2:40 171 (0-6) 137 (0-2) 244 (02) 401 (2:1) 197 (0-6) 2:33 (0-4) 065 (0-2) 4-8(06) 77 (15 105 (31) 19:6 (0-3)
K,0 360 109 (1-1) 117 (0-9) 14-0 (0-8) 071 (0-2) 4-21(0-7) 833 (43) 268 (17) 102 (1-7) 87 (1:3) 45(09) 337 (02)
H,0* 110 34 32 37 n.a. n.a. n.a. 94 9-88 n.a. 95 n.a.
Co,* 480 24 22 2:2 489 (2-4) 476 (4-4) n.a. 385 431 n.a. 370 n.a.
Total 100-30 91-80 90-10 87-10 49-78 53-43 57-50 60-35 54-13 56-47 57-50 58-73

Si (a.p.f.u.)y 302 2:95 2:81 0-03 0-02 024 0-01 0-02 0-06 001 0-00

Ti - - - - - - - - - -

Alior 1-01 1-09 1-03 0-04 0-03 028 0-06 0-05 0-12 0-04 0-01
Ferot 0-03 0-04 0-12 0-26 0-34 0-87 0-29 0-25 0-84 0-25 0-19
Mg 0-01 0-01 0-04 0-19 0-19 0-39 0-09 0-11 0-56 019 022

Ca 0-03 0-02 0-13 117 1-10 308 0-51 0-87 291 078 053

Na 015 012 023 0-28 0-13 0-45 0-04 0-30 1-59 057 094

K 0-63 0-68 0-85 0-03 0-18 1-06 0-99 0-41 118 0-16 0-11
K;0/NayO (wt %) 150 6-39 859 573 0-18 2:24 357 41-31 213 113 043 017
Df\,p;/me" (wt %) - 310 7-32 358 2:20 5-43 370 16-06 271 1-67 - -
Mg-no. 27-90 25-00 20-00 25-00 42:22 35-85 30-90 23-68 30-56 3971 43-18 53-66
Xmg(Fetot) (molar)  0:17 014 0-14 0-14 0-12 0-12 0-09 0-10 0-09 0-14 015 0-23
Xca (molar) 041 043 0-29 0-45 072 0-67 071 0-57 071 071 0-64 0-56
Run no.: DG2 DG2-32} DG2-3 reverse DG2-27 DG2-19% Sba DG2-15

P (GPa)/T (°C): 55/1180 8/1100 13/1350 16/1350 18/1400 22/1500 22/1550

No. analyses: 8 13 14 7 12 19 14

Si0, (wt %) 54-63 324 (3-1) 0-26 (0-1) 0-22 (0-1) 0-99 (0-6) 0-09 (0-1) 0-05 (0-1) 0-07 (0-1)

TiO, 0-63 247 (0-6) 2:37 (0-4) 1-83 (0-3) 1-70 (0-2) 1-03 (0-8) 0-56 (0-1) 0-47 (0-1)

Al,03 20-23 258 (1-2) 155 (0-3) 1-18 (0-3) 1-15 (0-4) 0-82 (0-3) 0-26 (0-1) 0-44 (0-1)

FeO 4-86 887 (2:1) 7-55 (0-6) 7-08 (0-6) 6:91 (1-2) 517 (1-1) 7-32 (0-2) 4-36 (0-4)

MgO 2:92 6-46 (0-7) 2:95 (0-3) 5-35 (0-3) 5-92 (0-8) 4-67 (0-7) 7-36 (0-6) 11 (1-1)

Ca0 5-88 217 (4-3) 16-3 (1-5) 264 (1-2) 251 (1-7) 19-8 (4-1) 15-3 (0-2) 159 (2:1)

Na,0 3-20 171 (0-3) 0-95 (0-6) 471 (0-6) 7-02 (1-1) 176 (5:1) 22-7 (0-8) 20-1 (1-1)

K,0 2:21 731 (2-1) 24-4 (2-8) 9-43 (1-1) 879 (1-9) 4-03 (1-1) 327 (0-2) 4-97 (0-5)

H,0° - - - - - - - -

Co,* 4-50 45-70 43-67 43-80 42-42 4678 4312 42-64

Total 99-07  100-00 100-00 100-00 100-00 100-00 100-00 100-00

Si (a.p.f.u.)y 0-32 0-01 0-01 0-10 0-00 0-00 0-00

Ti 018 0-05 0-04 013 0-02 0-01 0-01

Aloy 0-30 0-06 0-04 013 0-03 0-01 0-01

Feior 073 019 0-18 0-57 012 0-15 0-09

Mg 0-94 014 0-24 0-88 0-19 0-27 0-40

Ca 227 0-54 0-85 2:67 0-58 0-40 041

Na 0-33 0-06 0-28 1-35 0-93 1-07 0-93

K 091 0-96 0-36 111 014 0-10 015

K;0/Nay0 (wt %) 0-69 427 25-68 200 125 0-23 0-14 0-25

D™ (wt %) - 555 10-00 2:37 176 - - -

Mg-no. 52:10 56-50 42:42 57-14 60-69 61-29 64-29 81-63

Xwg(Fetot) (molar) 0-30 0-24 0-16 0-19 021 0-21 0-33 0-44

Xca (molar) 0-43 0-58 0-62 0-67 0-65 0-65 0-49 0-46

*Thomsen & Schmidt (2008).

+Average of various strong heterogeneous single analyses (no reverse available and no mass-balance correction).
iReversed.

+

8H,0 and CO, content calculated from bulk and melt fraction (if no H,O present CO, content calculated by difference of
100 and the measured analytical total).

4/Cations calculated on the basis of six oxygens for carbonatites and eight oxygens for silicate melts.
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After analysis the capsules were stored in a desiccator
under vacuum.

Analytical methods and iterative sandwich
experiments
All experimental charges were analyzed with a JEOL
JXAB8200 electron microprobe at ETH-Ziirich employing
15kV acceleration voltage, 20 nA beam current for silicate
minerals and 5 nA for carbonates and carbonate melts.
Acquisition times were 10 s for Na and K and 20 s for all
other elements, measuring Na and K first to avoid diffu-
sional losses. Beam diameters of 1-2 um were used for
silicates and carbonates. Quenched melts, which are sus-
ceptible to beam damage, were analyzed, whenever pos-
sible, using a defocused beam (3-20 um). Because of the
uncertainty in the analysis of small pools of quenched car-
bonatite melt, we have reversed melt compositions at the
solidus using an iterative sandwich technique in which
about 50% melt is loaded between two layers of the origin-
al bulk composition [for a detailed description see Grassi
& Schmidt (2011)]. In these sandwich experiments the
composition of the melt layer is adjusted iteratively such
that the same phases with the same compositions are pre-
sent in both the forward and the final sandwich melting ex-
periment. The resultant large melt pools (>200 um) allow
us to verify melt compositions without the analytical diffi-
culties inherent in small alkaline-rich carbonate melt
pools. We have thus verified the composition of the
near-solidus melts and the conditions of melting by 1-5 it-
erations at 8, 13, 16 and 22 GPa. Only at 5-5 and 18 GPa
were the melt pools at the solidus sufficiently large
(>40 pm) to be directly measured with confidence.
Secondary and back-scattered electron images from the
microprobe or from a JEOL JSM6300 field emission scan-
ning electron microscope were used for textural analysis.
Micro-Raman spectroscopy was employed to identify car-
bonate polymorphs, potassium feldspar/K-hollandite and
Ti-oxides at 8 GPa, perovskite at £>18 GPa, and to iden-
tify the structure of the Na-carbonate, which is similar to
that of calcite and dolomite.

RESULTS

In total, 38 experiments were performed on the I'1wt %
HyO AM composition (Fig. I; this study; 8 and 13 GPa:
Grassi & Schmidt, 2011; <5 GPa: Thomsen & Schmidt,
2008) and 24 experiments on the dry DG2 composition
(this study; 8 and 13GPa: Grassi & Schmidt, 2011).
Mineral proportions and run conditions for the experi-
ments of this study are presented inTable 2; subsolidus min-
eral proportions calculated using least-squares regression
analysis are plotted in Fig. 2 as a function of pressure.
Equilibrium in the experiments is indicated by the pres-
ence of well-crystallized grains, 120° triple point junctions
between phases (Fig. 3) and a homogeneous composition
of the various minerals throughout the capsule. Mineral

compositional trends as a function of pressure and tem-
perature also suggest that equilibrium was generally
reached. This result was achieved only after prolonging
run times from 24 to 96 h. Runs of 24 h duration were in
textural disequilibrium, and at sub- and near-solidus con-
ditions, the minerals were too small to be reliably analysed
by electron microprobe. Nevertheless, despite run times of
96 h at 1400°C (e.g. run 29 at 23-5 GPa), some phases re-
mained small (<5pm) at subsolidus conditions, making
them difficult to analyse.

Subsolidus phase assemblages

Subsolidus assemblages change with increasing pressure
(Figs 1 and 2), and consist of garnet, quartz/coesite, kyan-
ite, clinopyroxene, phengite (in the HyO-bearing AM
bulk) or potassium feldspar (in the dry DG bulk) and
Mg-rich calcite (AM) or ferroan dolomite (DG2) at
2:5-6'5 GPa (Fig. 2). When pressure is increased from 6-5
to 8 GPa, Mg-calcite or ferroan dolomite are replaced by
ferroan magnesite + aragonite, which coexist in both com-
positions up to 16 GPa. At 8 GPa the stable K phases are
phengite or potassium feldspar, which are both replaced
by K-hollandite at higher pressures (¢. 9 GPa, Schmidt
et al., 2004; Yong et al., 2006). After the breakdown of phen-
gite, no other hydrous phases could be detected in the
AM composition; thus, the presence of an HyO-rich fluid
is likely in the AM experiments at P>9 GPa. At 12:5 GPa
(1000°C), kyanite dissociates to stishovite and corundum
(Schmidt et al., 1997). Clinopyroxene is stable to 16 GPa; its
breakdown causes Na-rich Ca-carbonate with up to
IIwt % NayO to replace aragonite. At 18 GPa, the
subsolidus assemblage consists of stishovite, corundum,
garnet, K-hollandite, ferroan magnesite and Na-rich
Ca-carbonate. This assemblage changes at 22 GPa, where
characteristic high-pressure phases such as Ca-perovskite,
FeTi-perovskite, and the CAS phase (CaAlSi;Oy,
Gautron et al., 1997; Table 3), the last only above the solidus
at T >1400°C, progressively substitute for garnet. In the
DG2 composition at 8 and 13 GPa, small amounts of
rutile II (TiOy, with o-PbOy structure; Simons &
Dachille, 1967) crystallize at subsolidus conditions. In the
hydrous AM composition, minute grains of an almost
pure Fe-oxide are observed at 22 GPa. Throughout the
investigated P—7 conditions, all experiments are SiOy- as
well as AlyOs-saturated.

Mineral compositions and stability

Garnet (Grt) forms homogeneous, mostly inclusion-free
subidiomorphic 5-30 pum size crystals (Fig. 3). With increas-
ing pressure the Mg-number of garnets generally in-
creases from 169 to 297 for AM and from 227 to 40-0 for
DG2 (Tig 4).
Mg-number of garnets are observed in both compositions
at 5-5-8 GPa when ferroan magnesite + aragonite replace
Mg-calcite or ferroan dolomite, AM

Nevertheless, discrete decreases in the

and in the
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Fig. 1. P-7diagram compiled from experimental studies of carbonated pelites from 25 to 23-5 GPa in the system TIKNCFMASH-CO,. The
bold blue line represents the solidus of the 11wt % HyO, Ti-free AM composition, whereas the bold red line represents the solidus of the dry
by Thomsen & Schmidt (2008). All rectangles represent experiments on both
compositions; at 8 and 13 GPa these are from Grassi & Schmidt (2011), at 5-5-6-5 and 16-23-5 GPa from this study. The solidus at >9 GPa for
the AM and at >16 GPa for DG2 represents a fluid-present solidus;, at lower pressures the solidi are fluid-absent. Numbers above experimental
symbols refer to SiOy contents (wt %) in the melts for AM. Changes in the slope of the solidi are drawn according to Schreinemaker rules at
the intersections with coesite =stishovite (Zhang et al., 1996), the decomposition reaction of kyanite to corundum + stishovite (Schmidt e/ al.,
et al., 2004), the Kfs to K-hollandite reaction, the cpx- and garnet-out reactions
(this study), and the Ca-perovskite- and CAS-in reactions (this study). It should be noted that the slope and exact location of the Kfs to
K-hollandite reaction is unknown. Above 8 GPa, the temperature stability of K-hollandite is strongly bulk composition dependent. At 13 GPa
K-hollandite coexisting with the melt to 1400°C (i.e. 200°C above the solidus);
the dry DG2 composition has no K-hollandite above 1350°C. The dolomite to aragonite + magnesite reaction is from Buob et al. (2006). Arag,
Crn, corundum; Dol, dolomite; Grt, garnet; Kfs, potassium feldspar; K-holl,
potassium hollandite; Ky, kyanite; Mgs, magnesite; Mg-Cal, magnesium calcite; Na-carb, Na-rich carbonate; Phen, phengite; Prv, perovskite;

DG2 composition. Small black ellipses are experiments on AM

1997; this study), the phengite to K-hollandite reaction (Schmidt

the I'lwt % AM composition with the higher K,O content has

aragonite; CAS, CaAlSinOy;; Coe, coesite; Cpx, clinopyroxene;

Sti, stishovite.

769



JOURNAL OF PETROLOGY VOLUME 52 NUMBER 4 APRIL 2011

Table 2: Experimental run conditions and phase assemblages

Run no. P T Time Phen Kfs K-holl Arag Mgs Dol Mg-Cal Na-carb oxide Grt Cpx CAS Ca-Prv Fe-Prv Ky Crn Coe/ Carb.
& bulk (GPa) (°C) (h) Sti melt
DG2-22 55 1070 96 - 134 - - - 99 - - X 10 328 - - - 168 - 171 -
DG2-31 55 1126 72 - - - - - - - - - XX XXX - - - XX - XX X
DG2-32 55 1180 48 - - - - - - - - - XX XXX - - - XX - XX XX
DG2-30 65 1070 72 - - - - - X - - - XXX XXX - - - XX - XX X
DG2-25 16 1250 96 - - 143 - 43 - - 6-1 - 219 159 - - - - 98 276 x
DG2-27 16 1350 72 - - 99 x 24 - - - - 229 190 - - - - 92 271 69
DG2-24 18 1200 96 - - XXX - X - - XX - XXX - - - - - XX XX -
DG2-26 18 1300 72 - - 158 - 26 - - 133 - 219 - - - - - 131 333 -
DG2-19 18 1400 48 - - 1M1 - 24 - - - 279 - - - - - 130 349 108
DG2-17 22 1350 96 - - 146 - 18 - - 95 - 236 - - X X - 129 336 -
DG2-28 22 1400 96 - - XX - X - - XX - XX - XX X X - XX XX X
DG2-13 22 1500 48 - - 84 - X - - - - 187 - 283 - - - X 304 109
DG2-15 22 1550 48 - - 89 - - - - - - 126 - 281 - - - 27 359 117
Dg2-29 235 1400 96 - - 155 - 21 - - 10-3 - 52 - - 52 10-3 - 155 361 -
am-22 55 1070 96 299 x - - - - 102 - - 217 208 - - - 99 - 76 -
am-31 55 1126 72 - - - - - - X - - XXX XXX - - - XX - XX XX
am-32 55 1180 48 - - - - - - - - - XXX XXX - - - XX - XX XX
am-30 65 1070 72 - X - - - - X - - XXX XXX - - - XX - XX X
am-25 16 1250 96 - - 243 - 23 - - 9-1 - 292 - - - - - 126 225 x
am-27 16 1350 72 - - 205 x 23 - - - - 298 114 - - - - 96 179 85
am-24 18 1200 96 - - XXX - X - - XX - XXX - - - - - XX XX -
am-26 18 1300 72 - - 255 - 25 - - 93 - 298 - - - - - 122 207 -
am-19 18 1400 48 - - XX - X - - X - XXX - - - - - XX XXX X
am-17 22 1350 96 - - 269 - - - - 12:2 21 130 - - 30 60 - 140 230 -
am-28 22 1400 96 - - XXX - X - - XX - XX - XX X X - XX XX X
am-13 22 1500 48 - - 229 - 15 - - - - 261 - 1M1 - - - 86 196 108
am-15* 22 1550 48 - - XX - - - - - - XXX - XXX - - - xx XX -
am-29 235 1400 96 - - 299 - - - - 13:0 20 - - - 50 114 - 138 249 -
DG2-S5af 22 1500 50 - - XX - X - - - - XX - XX - X - XX XX XXX
AM-S6at 22 1500 50 - - XX - - - - - - XX - XX - - - XX XX XXX
Mineral and melt modes determined by mass-balance calculations (least-squares regression analysis). Grt, garnet;

Cpx, clinopyroxene; Phen, phengite; Kfs, potassium feldspar; K-holl, potassium hollandite; Sti, stishovite; Coe, coesite;
Crn, corundum; Ky, kyanite; Prv, perovskite; CAS, CaAl;Si,0¢; (Gautron et al., 1997); Dol, dolomite; Mgs, magnesite;
Mg-cal, magnesium calcite; Arag, aragonite; Na-carb, Na-rich carbonate; oxide, Fe-oxide, FeTi-oxide or Ti-oxide.
Subsolidus experiments include H,O and CO, as mass-balance components. FeO adjusted for Fe loss to the capsule in
all experiments with large amount of melt. TiO, was excluded during mass-balance calculation.

*Hole in the capsule (no melt or carbonates).
TReverse experiments.

composition at 16-18 GPa when Na-rich carbonate, which
contains 2-3 wt % MgO, replaces pure aragonite. Si con-
tents in garnet remain below 3-:00 Si p.fu. to 8 GPa, then
increase slightly with pressure to 3-05 p.fu. at 13 GPa and
3-25-3-30 p.fu. at 22-23-5 GPa in both bulk compositions
(Fig. 4a). Na contents follow a similar trend and increase
with pressure from near detection limit at 2-5 GPa to 0-19
Na p.fu. (for DG2) at 23-5 GPa. Most of the Si (and Ti)

in excess, with respect to 3 Si p.fu., charge compensate
for Na in a (Ca,Fe,Mg) Al |(Na,K)(T1,S1) substitution.
A majorite component resulting from Tschermaks substitu-
tion equal to (Si+4Ti) — 3 — (Na+ K) is significant only
in the lowest temperature experiments at 18-23-5 GPa
where it remains <l0 mol %. These low majorite contents
result from the presence of kyanite/corundum, which
forces garnets to remain on the AlyOs-saturation surface,
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Fig. 2. Calculated modes of minerals (in wt %) at the solidus for the
coesite/stishovite + kyanite/corundum-saturated, fertile carbonated
metapelite AM (a) and DG2 (b) as a function of pressure. At
P>16 GPa some uncertainty in the mass balance is introduced by the
presence of an Na-rich fluid, dissolving significant but unknown quan-
tities of elements. The AM bulk has 1'1wt % HyO and crystallizes
phengite at P <9 GPa; DG2 is dry. Different amounts of NayO and
K50 in the bulk are reflected in the proportions of cpx and phengite/
Kfs/K-hollandite. The lower X*yy, of the AM composition causes the
appearance of Mg-calcite at low pressures, whereas ferroan dolomite
is stable in the higher X*y;, DG2 composition. The increasing X*y,
of garnet and Na-carbonate with pressure leads to the disappearance
of magnesite at 22 GPa in the AM composition. The highest amount
of garnet is observed between 16 and 18 GPa after the cpx breakdown
and before perovskite formation. Abbreviations as in Fig. L.

the latter representing the minimum majorite component
stable at a given P—7 condition. The TiOy concentration
in garnet increases with pressure to 144wt % at 8 GPa,
reaching a maximum of 191wt % at 18 GPa. At 22 and
23:5GPa, Ti concentrations in garnet are much lower
(0-32-133 wt %). This is attributed to the presence of
Ti-rich Ca- and Fe-perovskites, and the preferential parti-
tioning of 'T1 in these phases relative to garnet (see below).
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The potassium concentration in garnet increases from
0-07 to 0-21wt % (AM composition) as pressure increases
from 2-5 to 8 GPa. The K contents then decrease between
8 and 18 GPa, but increase again at 22 GPa, reaching
108-115wt % KsO at subsolidus conditions. These high
potassium contents in garnet at P> 22 GPa are similar to
those of Wang & Takahashi (1999) in a K-rich basaltic
composition.

At 23-5 GPa garnet has disappeared from the low X*y;,
AM composition but 5-10 wt % remain present in DG2,
where garnet coexists with Ca- and Fe—Ti-perovskite. The
transition from a garnet-bearing
perovskite-bearing assemblage in an Fe-rich system at
23-24 GPa has also been observed by Rapp et al. (2008).
The presence of an HyO-bearing fluid in the AM compos-
ition might allow for some oxidation of Fe through hydro-
gen loss. The low Mg-number and the high FeO content
of the AM composition are most probably responsible for

to a garnet-free

the earlier disappearance of garnet and the larger amount
of Fe-perovskite in the AM composition. Nevertheless, a
slight oxidation could contribute to a lower pressure forma-
tion of Fe-perovskite known to accommodate larger
amounts of Fe®T than garnet (McCammon & Ross, 2003;
Litasov & Ohtani, 2005).

Clinopyroxene (cpx) is stable to <16 GPa in both com-
positions and forms relatively small <15 pm long prismatic
crystals. In the AM composition clinopyroxene breaks
down at 16 GPa where the clinopyroxene-bearing assem-
blage in equilibrium with carbonate melt (at 1350°C) is
replaced by a subsolidus assemblage with a Na-rich car-
bonate at 1250°C. In the experiments with the anhydrous
composition DG2, clinopyroxene is always present at
16 GPa. The lowest temperature experiment (1250°C) has
the Na-rich Ca-carbonate in addition to cpx in the same
capsule but in different zones and not in direct contact.
These observations suggest that in the DG2 bulk, with its
higher Na,O content and slightly higher X*(,, the reac-
tion from jadeitic cpx to Na-rich carbonate takes place at
slightly lower temperature/higher pressure than in the
AM composition. The occurrence of cpx and Na-rich
Ca-carbonate in DG2 at 16 GPa, 1250°C may be inter-
preted in terms of P—7 conditions exactly on the cpx-out
reaction boundary, but may also stem from a slight phase
segregation throughout the capsule.

In cpx, jadeite (NaAlSi3Og) is the most abundant com-
ponent. In the AM composition it increases from Jd,g at
2:5GPa to Jd7o at 3-5GPa (Thomsen & Schmidt, 2008)
and to Jdgg at 13 GPa (Fig. 5). At 16 GPa the cpx coexisting
with carbonate melt is Jdgs. In the DG2 composition, jade-
ite increases from Jdg; to Jdoy at 5-5—16 GPa (Fig. 5). The
Ca-Tschermak (CaAl,;SiOg) component is significant only
at 2:5GPa (I1mol %), decreases considerably from 2:5 to
37GPa, and is zero at 8GPa. The Ca-eskolaite
(o-5Cag5A1Si,06)  component not

does show any
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(e) DG2-25 (16 GPa/1250 °C) —— 5 pm

Crn )
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/ ___—quench fluid
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Na-carb
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Fig. 3. Back-scattered electron (BSE) images of run products. (a) 5:5 GPa, 1180°C, bulk AM; large amounts of K-rich carbonate melt (¢. 15 wt
%) coexist with garnet, cpx, coesite and kyanite. At similar temperatures but 5 GPa, the same bulk composition yields ¢. 45wt % of silicate
melt (Thomsen & Schmidt, 2008). (b) 6:5 GPa, 1070°C, bulk AM; first small amount of potassic carbonate melt coexisting with garnet, cpx, coe-
site, kyanite and minor amounts of Kfs and Mg-calcite (not shown). Melt appearing homogeneous in any of the BSE images is heterogeneous
and composed of quench visible only at higher magnification. (c) 8 GPa, 1250°C, bulk DG2; at 100°C: above the solidus garnet, cpx, kyanite
and coesite coexist with small, heterogeneous melt pockets concentrated along the margins of the capsule (lower right corner). (d) 18 GPa,
1300°C, bulk DG2; at subsolidus conditions and >16 GPa a Na-rich carbonate coexists with ferroan magnesite. The fine-grained matrix consists
of the same two carbonates plus stishovite and K-hollandite. (e) 16 GPa, 1250°C, bulk DG2; first amount of melt at 16 GPa trapped at triple junc-
tions of garnet. (f) 22 GPa, 1550°C, bulk DG2; a relatively large quantity of carbonate melt coexists with garnet and the CAS phase (and with
magnesite, K-hollandite, stishovite and corundum, not shown). (g) 18 GPa, 1200°C, bulk DG2; Na-Ka element distribution map of the subsolidus
high-pressure assemblage. Small interstitial Na-rich patches, which do not contain Ca and which are low in Si, are interpreted as quench of a
Na,O—CO, fluid and are observed throughout the entire capsule. From this observation we deduce that cpx breakdown leads to a Na-rich
Ca-carbonate (not visible) and a Na-rich CO5 fluid. (h) 23-5 GPa, 1400°C, bulk DG2; two Na-rich carbonates are observed. The Na-rich carbon-
ate with ¢. 20 wt % of NayO but almost no Fe and Mg (<Imol %) is interpreted as a quench product from a fluid. (i) 23-5 GPa, 1400°C, bulk
AM; near-solidus experiment crystallizing Fe-perovskite coexisting with stishovite, corundum, Na-carbonate, CAS phase, an Fe-oxide and the
potassium-rich HPK phase. It should be noted that the carbonate melt compositions cannot be reliably measured in the textures shown in
(a)=(c) and (e). The melt compositions in this study were measured from textures similar to those shown in (f) or from iterative sandwich ex-
periments, which yielded large melt pools.

particular trend with pressure, although slightly increased — decreases from 8 to 16 GPa (Fig. 5. A maximum amount
contents are observed at intermediate pressures (9mol %  of KyO (0-42wt % in AM, 102 wt % in DG2) is reached
at 37 GPa in AM and 4 mol % at 8 GPa in DG2). In both  at 8 GPa, 900°C, similar to garnet, which also has high K
compositions, the amount of TiOy and Ky,O in cpx contents at 8 GPa.
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Table 3:  Maneral compositions

CARBONATED PELITE MELTS

Run: am-1 am-12 DG2-1 am-29 DG2-27 DG2-28 DG2-8 DG2-17 DG2-17 DG2-24
Phase: Phen K-holl Kfs HPK phase Cpx Grt CAS Ca-Prv Fe-Prv Na-carb
P (GPa): 8 13 8 236 16 22 22 22 22 18

T (°C): 900 1125 900 1400 1350 1400 1400 1300 1300 1200
SiO, (wt %) 54-83 63-21 65-92 53-24 60-02 41-66 35-00 50-29 4-09 0-19
TiO, - - 0-08 - 0-10 072 127 0-10 2891 0-01
Al,O3 21-74 18-47 19-64 30-45 23-54 21-24 46-94 0-15 679 0-12
FeO 269 0-62 0-30 148 116 17-04 1-87 0-26 53-41 6-86
MgO 2:34 0-05 0-00 0-11 0-85 663 0-23 0-06 0-99 379
CaO 148 0-58 0-16 0-84 1-68 10-89 11-96 46-62 0-61 36-93
Na,O 0-05 0-41 0-00 0-20 12:36 117 0-50 0-12 0-64 10-54
K,0 13-51 15-56 15-94 1292 0-11 0-36 154 0-09 0-38 0-59
H20calculated 4-47 0-00 - n.a. - - - - - -
COy* 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 40-98
Total 101-10 98-90 102-04 99-25 99-82 99-61 99-31 97-69 95-83 100-00
Si (a.p.f.u.) 368 296 299 2:96 202 316 225 0-99 0-10 0-00
Ti - - 0-00 - 0-00 0-04 0-06 0-00 0-53 0-00
Al 171 1-02 1-05 1-99 0-94 1-90 366 0-00 0-19 0-00
Feror 0-15 0-20 0-01 0-07 0-03 108 0-10 0-00 108 0-09
Mg 0-23 0-00 0-00 0-01 0-04 074 0-02 0-00 0-04 0-09
Ca 0-11 0-03 0-01 0-05 0-06 0-88 0-82 0-99 0-02 0-64
Na 0-01 0-04 0-00 0-02 0-81 0-17 0-06 0-00 0-03 0-17
K 115 093 092 092 0-00 0-03 0-13 0-00 0-01 0-00
Tot. 7-05 5-00 5-:00 6-01 391 8:00 7-00 2:00 2:00 1-00
Mg-no.(Fei) (molar) 60-5 0-00 0-00 125 571 40-7 16-7 0-00 357 50-0
No. oxygens for norm 12 8 8 9 6 12 1" 3 3 6
No. OH-site 2 1

Complete dataset of mineral compositions can be found in the online Supplementary Data.
*CO, content calculated by difference of 100 and the measured analytical total.

Carbonates stable in the different experiments are
Mg-calcite in the AM composition (Thomsen & Schmidt,
2008) and dolomite—ankerite solid solution in the DG2
composition at P <65 GPa. From 8 to 16 GPa (i.e. as long
as cpx 1s stable in the subsolidus) ferroan magnesite + ara-
gonite coexist, but at >16 GPa magnesite coexists with a
Na-rich calcite. Mg-calcite contains up to 14 and 16 mol %
siderite and magnesite at subsolidus conditions, and dolo-
mite contains 17 and 35 mol % siderite and magnesite, re-
spectively. Both are replaced by pure aragonite 4 ferroan
magnesite at 8 GPa, the latter with 10 mol % calcite and a
Mg-number of 57-9 (DG2). At 16 GPa (1300°C), Na-rich
calcite (16-18 mol % NayCOj3, 60-68 mol % CaCOs) re-
places aragonite and coexists with ferroan magnesite,
the latter with 4-6 mol % calcite and a Mg-number of
711 (DG2). Ferroan magnesite coexisting with Na-rich
carbonate has a significantly higher Mg-number than
when coexisting with aragonite (55-6 instead of 32-6 in

the AM composition, and 711 instead of 579 in the DG2
composition, Figs 6 and 7). In the DG2 composition at
22 and 23-5 GPa, and temperature <1400°C, a third car-
bonate with ¢. 20wt % NayO (33-34mol % Na,COs)
but almost no Fe and Mg (<lmol %) has been identified
(Fig. 3h). ‘lexturally, this carbonate forms
granular, irregular-shaped needles contrasting with the
rhombohedral  habit of both the
with ~I0wt % NayO and magnesite. We interpret this
additional Na-rich carbonate as a quench product from
the fluid.

Phengite (Phen) has been found only at P <8 GPa at
subsolidus or near-solidus conditions in the hydrous AM
composition. As expected, a trend of increasing celadonite
content or inverse Tschermak’s substitution with pressure,
from 31 Si p.fou. at 2:5GPa to 3-68 Si p.fu. at 8 GPa, is
observed (Thomsen & Schmidt, 2008; Grassi & Schmidt,
2011).

inter-

Ca-carbonate
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Fig. 4. Composition of garnet as a function of pressure. At subsolidus
conditions garnets in both compositions are similar. The increase in
Si (a) is not due to a Tschermaks type majorite component, which
remains below detection limit in the kyanite/corundum-saturated
bulk  compositions, but to a charge-coupled substitution
M2++A1:(Na,K) + (SyTi). O, I'lwt % HyO AM composition;
M, dry DG2.

K-hollandite (K-holl) contains a few weight per cent
Na,O and CaO, mostly increasing with temperature and
especially with pressure. In the DG2 composition
(32wt % bulk Nay,O) Na in K-hollandite increases stead-
ily with pressure, whereas in the AM composition
(24wt % bulk NayO) Na in K-hollandite reaches a max-
imum at 16 GPa (0-06 Na p.f.u.) and then remains constant
with further increasing pressure. The different behaviour
of sodium in the AM composition can be explained by the
lower bulk NayO in combination with HyO, part of the
Na being more easily accommodated in a Na-rich fluid.
Ca in K-hollandite increases in the DG2 composition
from 0-03 to 0-08 Ca p.f.u. at 13-22 GPa. In the AM com-
position, Ca in K-hollandite is constant at ~0-05 p.fu. At
16 and 18 GPa, K-hollandite in the AM composition shows
a Si deficit up to 0:15-0-2 a.p.fu. at the lowest tempera-
tures. This deficit may be attributed to the incorporation
of small amounts of hydrogen owing to the substitution of
Si by Al + H on the octahedral site, as is well known from

® ©
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Fig. 5. Clinopyroxene composition as a function of pressure.
(a) Jadeite (mol %) component increases with pressure; (b) variation
of KyO and TiOy; the maximum K,O content of cpx is attained at
8GPa (i.e. at a pressure just below the formation of K-hollandite).
A similar trend is also observed for the K content of carbonate melts
(see Figs 8 and 9). O, 11wt % HyO AM composition; B, dry DG2.

stishovite (Panero et al., 2003; Panero & Stixrude, 2004;
Litasov et al., 2007). The possible presence of hydrogen is
also indicated by low totals (94-98 wt %) in some analyses.

In the hydrous AM composition at 22 and 23-5 GPa, at
the lowest temperatures, K-hollandite is replaced by a po-
tassium phase with higher Al,O3 contents, and a K:AL:Si
ratio of ¢. 1:2:3, here termed the HPK phase. The absence
of this phase in the dry DG2 experiments suggests some
structural water, yielding the most simple approximate for-
mula KAL,Si309(OH). Raman spectra of this phase are
similar to those of K-hollandite with characteristic bands
near 760 and 217 cm ™" (Liu & EI Gorsey, 2007) suggesting
some structural similarities between both potassium
phases. Analyses, Raman spectra and BSE images are
given in the Supplementary Data (available at http://
www.petrology.oxfordjournals.org).

Coesite (Coe), present at <8 GPa and verified by
Raman spectroscopy, is almost pure in composition. Its
composition clearly differs from that of stishovite (Sti), pre-
sent at >13 GPa, which contains up to 2-3 wt % of Al,O4
and 0-77wt % of FeO,,, both generally increasing with
pressure.

Kyanite (Ky) and corundum (Crn) have FeO,,, contents
of up to 3wt %, and TiOy and MgO up to 0-5wt %.
Corundum contains up to 2wt % SiO,. These minor
oxide components generally increase with pressure and
temperature.

The CAS phase (CaAlySiyOyy) (Gautron et al., 1997) is
stable only at P> 22 GPa at temperatures above the solidus

774



GRASSI & SCHMIDT

CARBONATED PELITE MELTS

AM DG2
< P<5.5 GPa
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Fig. 6. Carbonate compositions in (a) CaCO3-MgCO3;-FeCO3 and (b) CaCO3-NayCOs—(Mg,Fe) CO5 space. The Mg-number of magnesite
increases with pressure whereas the Na-carbonates show an increase in (Mg,Fe) CO5; component with pressure. The almost Mg- and Fe-free
Na-carbonate is interpreted as a quench from an Na-rich fluid. Aragonite remains pure CaCOj in all experiments. The strong positive correl-
ation between magnesite composition and the Mg-number of the related bulk composition should be noted. x, bulk compositions.

(1400°C), in agreement with the results of Ishibashi
et al. (2008). A simplified formation reaction is 1
Ca-perovskite 42 corundum +1 stishovite =1 CAS. The
CAS phase contains up to 14wt % TiOs in DG2, and is
an important host for alkalis, with up to 39wt % K,O
and 07wt % of NayO at the highest temperatures. The
excess of SiOy and alkalis and the deficit of Al,O35 with re-
spect to the ideal stoichiometry indicate coupled substitu-
tions of the type Al 3S5i5(Na,K) and Ca_;Al |Si(Na,K), as
already recognized by Hirose & Fei (2002) and Zhai &
Ito (2008) in K-free sodic systems.

Ca(Ti)-perovskite (Prv) crystallizes at P>22 GPa at
low temperatures. At subsolidus conditions it coexists with
Ti-rich Fe-perovskite (DG2). At higher temperature, after
the breakdown of the latter, Ca-perovskite contains up to
27wt % of TiOy (DG2). Being Ti-rich, this Ca-perovskite
is quenchable and does not transform to an amorphous
substance as does near
(Leinenweber et al., 1995).

Fe('T1)-perovskite is stable only at P> 22 GPa at subsoli-
dus conditions; its amount increases with pressure and de-
creases with increasing temperature. In the hydrous

endmember Ca-perovskite

Ti-free composition, Fe-perovskite is almost pure in com-
position, with only 15wt % Al,Os In the anhydrous
Ti-bearing system (DG2), Fe-perovskite contains up to
39wt % TiO,.

Oxides are Ti-oxides (rutile II, TiOy with a-PbOy struc-
ture) at 8 and 13 GPa in the DG2 composition and an
almost pure iron oxide with ~3wt % AlyOs in the hy-
drous AM composition at P>20 GPa. Unfortunately, this
latter phase is too small (<1-2 um) to be accurately ana-
lyzed by micro-Raman spectroscopy.

Melt compositions

At the pressures of this study (i.e. 5-5—22 GPa) all melts are
magnesio- (DG2) to ferro-dolomitic (AM) carbonate
melts containing large amounts of alkalis (Figs 8 and 9).
At 5-5—13 GPa, the first melts are potassium-rich carbonate
melts with a maximum KyO content and K/Na ratio at
the phengite or Kfs to K-hollandite reaction at 8 GPa. At
65 GPa, 1070°C, the first carbonate melt in the AM com-
with of Kfs and
Mg-calcite, whereas in the DG2 composition Kfs does not

position coexists small amounts
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Fig. 7. X*¢, [Ca/(Mg+Fe+Mg)] and X*\, [Mg/(Mg+Fe+
Mg)] of carbonates crystallizing in (a) the AM and (b) the DG2
bulk compositions as a function of pressure. Squares are for ferroan
dolomite or Mg-calcite at <7 GPa, circles for ferroan magnesite at
>8 GPa and stars are for Na-carbonates at >16 GPa.

coexist with melt. As the AM composition contains
1wt % HyO, which should destabilize Kfs with respect
to the dry DG2 composition, the absence of Kfs in DG2
is most probably due to its lower bulk KoO content. With
further increase in pressure, melts remain carbonatitic but
gradually change from potassium-rich at 8GPa to
sodium-rich at 22 GPa (Table 1). This is due to an increas-
ing compatibility of potassium in K-hollandite with pres-
sure, a continuous decrease of Dﬁ):/ " from 8 to 16 GPa
and the disappearance of cpx near 16 GPa. The K,O/
Na,yO weight ratio in the carbonate melt (Fig. 10) decreases
from 41 at 8 GPa to 0-14 at 22 GPa. The K/Na ratio in
melts from the AM composition is always slightly higher
than in melts from the DG2 composition, owing to a
higher bulk KyO and lower NayO concentrations in the
AM bulk. At the cpx-out reaction at 16 GPa/1300°C, the
melts have a KyO/NasO weight ratio of approximately
unity, defining the upper pressure limit for potassic melts
and potassic metasomatism (Fig. 10). In both compositions
X*c. 1n the carbonate melt increases with pressure from
0-57-0-62 at 8 GPa to 0-71 at 16 GPa. With further pressure
increase, X*g, in the carbonate melts decreases to
0-49-0-56 at 22 GPa. X*y;, in the AM composition shows
a constant increase with pressure from 0-1 at 8 GPa to 0-23
at 22GPa. In the DG2 composition, X*pg, is 0°16 at
8 GPa and 0-33 at 22 GPa (Fig. 9a). SiOy and Al,O5 con-
centrations of all near-solidus melts from 5 to 22 GPa are
low (i.e. below 12 and 1-8 wt %, respectively).

AM DG2 OPeridotites
(a) O B 8GPa (b) CaCOs Wallace&Green 88
K2COs O e 13GPa 1.0 Yaxley&Green 96
Dasgupta et al.07
1 P
V.V 16GPa 0.1 @Basalts
0.6 <+ + 18GPa Dasgupta et al. 04/05
O & 22GPa Yaxlay&Brey 04

+T (8 GPa)

(Mg,Ca,Fe)COs 0.3

Pelites AM at P<5 GPa
1200\O Thomsen&Schmidt 08

135 @
950 LI 00
‘a?.:%l.ﬂoo
16% Oregp [1000

0.3

Fig. 8. (a) Composition of carbonate melts projected into NayCO3-K,CO3—(Mg,Ca,Fe)CO4 space. As is to be expected, carbonate melts
formed from pelites have higher K,CO3 and NayCO4 components than those from carbonated basalts and peridotites. From 8 to 22 GPa the po-
tassium content decreases whereas the sodium content increases. (b) Compositions of carbonate melts projected into FeCO3—CaCO3;—MgCO;
space. Projected from alkalis, carbonate melts from pelites plot in the same area as carbonate melts from carbonated basalts, which have similar
bulk X*¢, and X*yr,. From 16 to 22 GPa an increase of the MgCOj3 and a decrease of CaCO3 component is observed.
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Fig. 9. (a) X*¢, and X*y, as function of pressure for the pelite-
derived carbonate melts. (b) Melt Ky;O and Nay,O contents (in
wt %) as a function of pressure. At 8 GPa carbonate melts are highly
potassic but become more enriched in NayO with increasing pressure,
in particular after the breakdown of cpx (16 GPa/1300°C). The de-
crease in melt KoO with pressure is related to the increasing stability
of K-hollandite. O, 111wt % HyO AM composition; B, dry DG2.

DISCUSSION

Melting behavior

The position and shape of the solidus from 2 to 24 GPa
(Fig. 1) depends mostly on the stability and composition of
the hydrous and carbonate phases, on the presence of a
fluid, and on the (in-)compatibility of alkalis with the vari-
ous alkali-rich subsolidus phases such as phengite, Kfs,
K-hollandite, clinopyroxene and carbonates. Thomsen &
Schmidt (2008) determined that melts generated at the sol-
idus at P <5GPa are silicate melts with a peraluminous
potassic granite composition at 2-5 GPa, gradually chan-
ging to a slightly peralkaline phonolite composition at
3:7-5 GPa. The decrease of SiOy content with increasing
pressure is related to an increase in the COy solubility of
the melt (Thomsen & Schmidt, 2008). The increasingly po-
tassic character with increasing pressure is a consequence
of the increasing compatibility of Na owing to an increas-
ing jadeite content in cpx (Schmidt et al. 2004), an effect
that is amplified by the presence of CO,. Between 5 and
55GPa the carbonate melting reaction crosses the
fluid-absent silicate solidus, leading to carbonate melts at
the solidus at >5 GPa. Below we discuss the melting reac-
tions and their character in terms of fluid-absent or

CARBONATED PELITE MELTS

fluid-present behaviour from 3-5 to 22 GPa. The melting
reaction stoichiometry is derived from mass balancing
educts and products taken from the highest temperature
subsolidus and the lowest temperature supersolidus experi-
ment, respectively.

In the hydrous AM composition, melting is fluid-absent
to 9 GPa; that is, as long as phengite is stable (Fig. 1). At
higher pressures, the absence of any hydrous phase suggests
the presence of a fluid phase; the apparent solidus is then
established by the appearance of the first quenched car-
bonate melts. In the nominally anhydrous composition
DG2, the presence of a liquid at temperatures lower than
carbonate melt formation is indicated by mass-balance cal-
culations and textures at P >16 GPa; that is, after the
breakdown of cpx (16 GPa/1300°C). Above this pressure,
the apparent solidus is again defined by the appearance of
the first quenched carbonate melts.

At pressures from 2-5 to 3-5 GPa the melting out of coe-
site and phengite at 920—1000°C is responsible for the gen-
eration of 30-35wt % silicate melt coexisting with
Mg-calcite in the HyO-bearing AM composition
(Thomsen & Schmidt, 2008). From 35 to 5 GPa, a silicate
melt coexists with a carbonate melt over a limited tem-
perature interval around 1100°C: (Figs 1 and 11). At 5 GPa,
the melting reaction produces a silicate and a carbonate
melt through the reaction

0-85Phen+0-32Coe+0-09Cpx+0-32Cal =
I silicate melt+0-41 carbonate melt40-22Grt+0-04Ky.

M

For the dry DG2 composition, there are no experiments
available at P < 5-5 GPa, but recently Tsuno & Dasgupta
(2010) showed that the solidus of a dry carbonated eclogitic
pelite at 2:5-3 GPa locates at ¢. 950°C. Similar to the
H50 + COg-bearing but fluid-absent AM composition,
the first melt of the COy-only Tsuno & Dasgupta compos-
ition is a K-rich granite melt. This melt forms ¢. 200°C
below the solidus of HyO- and COo-free pelite (Spandler
et al., 2010) and coexists with carbonate minerals for up to
100°C above the solidus. The expected relative sequence
in melting temperatures is volatile-free pelite > COq-bear-
ing pelite > COy + HyO-bearing pelite. This sequence is
maintained, but there is a surprisingly small difference of
<30°C between the melting temperatures of the latter
two. Our COy+ HyO-bearing pelite differs from the
10-90 composition of Tsuno & Dasgupta (2010, table 1) by
a lower Xy;q (0-28 vs 0-41), higher alkali contents (2-4 and
36 wt % NayO and K,O vs 2-3 and 2-0 wt % Na,O and
Ky0O) and a similar X¢, (071 vs 0-70), thus the similar
melting temperatures remain difficult to explain. On the
other hand, the large difference in melting temperature be-
tween the volatile-free pelite of Spandler et al. (2010) and
the COy-only pelite of Tsuno & Dasgupta (2010) points to
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Fig. 10. (a) K;O/NayO weight ratios vs pressure in carbonate melts, illustrating a pressure window for ultrapotassic melts and metasomatism
between 5 and 15 GPa with a KyO/NayO maximum near the phengite/Kfs breakdown at 9 GPa. This pressure interval correlates well with the
highest sodium partition coefficients between cpx and melt illustrated in (b). The breakdown of jadeitic cpx at 16 GPa leads to sodic dolomite—
carbonate melts at higher pressures. (b) Dy M s pressure, illustrating the increase in compatibility of Na in cpx with increasing pressure
up to a cpx/carbonate melt partition coefficient of 18 at 8 GPa, followed by a decrease to values of ¢. 2-2-5 at 13 GPa and 17 at 16 GPa when ap-
proaching the cpx pressure stability. It should be noted that in some of the reported studies, the compositions of the carbonate melts were not
the main focus and that Na,O concentrations in tiny melt pools are not reliably measurable. Thus, several of the plotted partition coefficients
are likely to represent underestimations. Plotted silicate melt alkali ratios and cpx/silicate melt partition coefficients are from the data of
Irifune et al. (1994), Yasuda et al. (1994), Blundy et al. (1995), Rapp & Watson (1995), Singh & Johannes (1996), Wang & Takahashi (1999),
Schmidt ez al. (2004), Kessel et al. (2005), Hermann & Spandler (2008) and Spandler et al. (2010). Data for carbonate melts are from Wallace &
Green (1988), Ryabchikov ez al. (1989), Brenan & Watson (1991), Thibault e al. (1992), Dalton & Wood (1993), Sweeney et al. (1995), Blundy &
Dalton (2000), Yaxley & Brey (2004), Dasgupta et al. (2004, 2005), Dasgupta & Hirschmann (2006), Ghosh et al. (2009) and Litasov & Ohtani
(2009).

the crucial role of COy in lowering the solidus through dis-  classical ~ melting  reaction

phengite/Kfs + quartz/

solution in granitic melts at these pressures.

In contrast to the melts at <5 GPa, the first melts are
carbonate melts at >5-5 GPa. The first small amounts of
these carbonate melts just above the solidus appear con-
comitantly with the destabilization of phengite and the for-
mation of Kfs. The formation of a carbonate melt and the
progressive dissolution of potassium in this melt, destabiliz-
ing phengite and Kfs, leads to the disappearance of the

coesite =silicate melt + kyanite + garnet. At 5-5 GPa and
1180°C, ¢. 100°C above the solidus, the carbonate melts
are highly potassic with only minor amounts of Al;Os5
(3wt %) and SiOy (4wt %).

In the simple K,O—-AlyO5-S10, system, Kfs is stable to
6 GPa, where it reacts to wadeite (K9S1400) (Yong et al.,
2006), kyanite and coesite. Wadeite is then stable to
9-10 GPa and 1is replaced by K-hollandite at higher
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Fig. 11. Principal melting topology of silicate—carbonate-CO, systems in projection from coesite, kyanite and jadeite into COy—
(K9O)(.5- HyO—(Fe,Mg,Ca)O at (a) 3-7GPa (Thomsen & Schmidt, 2008) and (b) 6 GPa with analyzed melt compositions, melt surface, peri-
and cotectic points and curves. This projection would be thermodynamically valid if (KyO)g.5 +HsO were a system component and if
Ca 4 Mg+ Fe”* mixed ideally. Bold italic labels designate liquidus surface phases. Thick dotted brown lines represent melt paths of our bulk
compositions with increasing temperature. The peritectic minimum (PM) moves from the (KyO)q.5-HyO corner towards more M* 4 CO,-
rich compositions after the crossing of the carbonate melting reaction and the fluid-absent silicate solidus between 5 and 5-5 GPa. (a) At
3:7 GPa phengite is exhausted at the peritectic and melt develops from the peritectic point (PM) along the garnet—carbonate cotectic until
this cotectic intersects the carbonate—silicate melt immiscibility gap (grey field). The tie-line and width of the immiscibility gap along the
(Fe +Mg + Ca)O—-COy line is after Dasgupta et al. (2006) (D06). At 3-7 GPa, Mg-calcite melts in a monotectic yielding a carbonate melt. The
two melt compositions then evolve along the limits of this solvus (2) until carbonate melt is exhausted and then the melts proceed on the
garnet liquidus surface. (b) At 6 GPa at the peritectic (PM), phengite is exhausted leading to a carbonate melt that evolves along the garnet—
carbonate cotectic (1) until carbonate minerals are exhausted. At this pressure no liquid immiscibility was observed. (c—h) Melting relations
in F~X pseudo-binaries along phengite-COy in the same system as (a) and (b) additionally projected from garnet. This series of
pseudo-binaries illustrates the main features of melting and decarbonation in sedimentary systems: (c) breakdown of carbonates before reaching
the silicate solidus; (d) silicate melting leaving residual carbonate; (e) the intersection of the immiscibility gap with the silicate solidus producing
a carbonate mineral to carbonate melt monotectic and coexisting silicate (SM) and carbonate melt (CM); (f) the precise pressure at which
the silicate and carbonate melting reactions occur at the same temperature; (g) carbonate melting at the solidus and a very limited coexistence
of carbonate with silicate melts; (h) liquid immiscibility again metastable; a continuum from carbonate to silicate melts forms. The dashed
line indicates metastable parts of the immiscibility gap.
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pressures. In natural or more complex systems such as our
simplified pelitic system, wadeite has never been observed.
Our experiments yield Kfs to 8 GPa, probably stabilized
with respect to wadeite by Na and Fe®*. Notably, in the
pressure range of 6-9 GPa, where wadeite would occur in
the simple system, solidus temperatures are relatively low
compared with lower and higher pressures. Reaction (2)
illustrates the melting behaviour at 8 GPa for the hydrous
composition AM:

0-46 Mgs+0-45 Arag +2- 10 Phen+0-08 Cpx =
1 carbonate melt +0-87 Grt+0-50 Ky + 0 - 72 Coe.

()

At around 9 GPa phengite reacts to form K-hollandite,
which is then responsible for the increased compatibility
of potassium with pressure and the subsequent shift of the
solidus towards higher temperatures in both compositions.
With increasing pressure cpx begins to play a major role
in the melting reaction, resulting in carbonate melts with
a higher sodium content and lower K/Na ratio. At 13 GPa
the melting reaction is

0-44 Mgs+0-59 Arag+0-71 K—holl +0-36 Cpx =
1 carbonate melt+0-59 Grt+0-08 Crn+ 0 - 43 Sti.
(3)

Before reaching 16 GPa, a strong decrease of the solidus
temperature in the dry composition DG2 occurs con-
comitantly with the progressive breakdown of cpx
(16 GPa, 1300°C) and the crystallization of a Na-rich
Ca-carbonate. As indicated by the deficit of Na in the equi-
librium minerals and by the concentration of Na along
grain boundaries, the Na-rich Ca-carbonate coexists with
a Na- and COy-rich fluid. This transition from fluid-absent
to fluid-saturated would explain the observed 50°C de-
crease in the solidus temperature near 16 GPa in the dry
DG2 composition. At pressures beyond the stability of
cpx, both the dry and HyO-bearing compositions show
the first appearance of carbonate melt at the same tem-
perature, a further indication of fluid-saturation in both
compositions. At P >16GPa, the solidus temperature
again increases with pressure, the melting reaction is domi-
nated by the Na-rich carbonate and in minor amounts by
K-hollandite. This yields carbonate melts with low K/Na
ratios, further decreasing with pressure. At 22 GPa, melt-
ing also involves the crystallization of the CAS phase:

1-21 Na—carb+0-65 K —holl +0-79 Grt
4+0-06Sti+0-72 Crn =
1 carbonate melt + 2 - 14 CAS 40 -28 Mgs.

()

For the melting reaction at 22 GPa, the involvement of per-
ovskite cannot be constrained by mass balance, owing to

its small amount at near-solidus conditions. With

increasing temperature,
garnet and the CAS phase.

perovskites are replaced by

The melting diagram of carbonated
sedimentary systems
The principal melting topology of silicate—carbonate-COq
systems in projection from coesite, kyanite and jadeite
is illustrated in Fig. 1la and b for 3-7 and 6 GPa. To
allow for projection into a ternary, we have reduced
(Ca,Mg,Fe®"O to one component, yielding the three-
component system  COo—(K50).5-HoO—(Fe,Mg,Ca)O.
This projection would be thermodynamically valid if
(KoO)p5 +HoO were a system component (i.e. if the
K/H ratio were the same in all phases, in this case mica
and melt) and if Ca-+ Mg+ Fe?" mixed ideally. In
Fig. lla and b, we plotted melt compositions at 3:7 GPa
from Thomsen & Schmidt (2008), from this study at
6 GPa, and from Dasgupta et al. (2006) at 3 GPa for the
K-free MORB + COj system (where MORB is mid-ocean
ridge basalt), which locates at the (Mg + Fe 4+ Ca)O-CO,
baseline of the ternary.

At 3-7 GPa, a peritectic minimum (PM) occurs near the
(K9O)o5-HoO corner, and melting takes place through
the reaction

Phen + Coe + Cal 4 Cpx = silicate melt 4+ Grt + Ky

(Thomsen & Schmidt, 2008). At higher pressures, the min-
imum PM moves towards more M*" 4 COy-rich compos-
itions, and at 6 GPa melting occurs through

Phen + Cal + Cpx = carbonate melt + Ky + Coe &+ Grt.

At temperatures above the peritectic, melts evolve along
garnet—carbonate cotectic (1) in Fig. 11a and b. By plotting
the effectively measured melt compositions and from mass
balance this cotectic appears to be congruent in the projec-
tion of Fig. 1la and b, yielding a melting reaction

Cal 4+ Grt (+Cpx) = melt (+Coe + Ky).

The complexity of this system lies in the fact that at low
pressure (e.g. 2:5 GPa) only silicate melt occurs with some
carbonate component dissolved, whereas at high pressure
(e.g. 8 GPa) only carbonate melt occurs. The carbonate
melts gradually dissolve silicate components, reaching
55wt % SiOy at 400°C above the solidus temperature (at
8 GPa, Fig. 1). At intermediate pressures (i.e. 3—5 GPa), co-
existing immiscible silicate and carbonate melts are
observed (Thomsen & Schmidt, 2008). Thus, at 3-7 GPa,
the garnet—carbonate cotectic intersects the silicate—car-
bonate miscibility gap, and carbonates melt at a monotec-
liquid. The
compositions then evolve along the limits of this solvus

tic, yielding a carbonate two melt

[for the silicate melt (2)] in Fig. lla until the carbonate
melt is exhausted, and melts proceed on the garnet liquidus
surface [along (3) in Fig. 11a]. At 6 GPa (Fig. 11b), the first
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measured liquid near PM is a carbonate melt forming
through the peritectic melting reaction (2), which may pro-
duce a minor amount of garnet. Again, phengite is con-
sumed at the peritectic PM. With increasing temperature,
the next phase to be consumed is Mg-calcite along the
cotectic (1) in Fig. 11b. When Mg-calcite melts out, melts
leave the garnet—carbonate cotectic and evolve towards
garnet on the liquidus surface. At 6 GPa, no liquid immis-
cibility was observed.

The development from silicate to carbonate melt at the
solidus can best be understood by visualization of the melt-
ing relations (Fig. llc—h). This series of pseudo-binary
T—X sections along phengite-CO, (Fig. 1la and b) is pro-
jected from garnet in addition to jadeite, kyanite and coe-
site/quartz, leaving phengite on the left-hand side of these
pseudo-binaries. Although these diagrams involve major
simplifications, they illustrate well the decarbonation and
melting relations of carbonated pelites, which yield silicate
melts coexisting with carbonates at low pressure, two
melts at intermediate pressure, and carbonate melts at
high pressure. The sequence of diagrams illustrates: (1) the
breakdown of carbonates before reaching the silicate sol-
idus at the lowest pressure (Fig. 1lc); (2) silicate melting in
the presence of carbonates and a hypothetical occurrence
of a metastable immiscibility gap between silicate and car-
bonate melts (Fig. 11d); (3) the intersection of the immisci-
bility gap with the silicate solidus (Fig. lle), resulting in a
monotectic where carbonate + silicate melt react to car-
bonate melt in addition to the silicate eutectic; (4) the pres-
sure at which the eutectic and (former) monotectic occur
at the same temperature (Fig. 1If). This pressure corres-
ponds to the intersection of the silicate melting and car-
bonate melting reactions in P—7 space, as occurring in
the AM composition just above 5 GPa. At higher pressures
(Fig. 1lg), melting at the solidus now results first in a
single carbonate melt. This carbonate melt may coexist
with silicate melt over a narrow temperature range. When
pressure increases to >5-5 GPa (Fig. 11h) stable immiscibil-
ity between a silicate and a carbonate melt disappears
and a continuum between carbonatite and silicate melt is
now possible.

The available experimental information indicates a
broad, suddenly closing immiscibility gap, a narrow pres-
sure and temperature range where carbonate melt forms
first and then coexists with silicate melt, and the necessity
of a large temperature increase to dissolve silicate compo-
nents in the carbonate melt at higher pressure. In
KyO +HyO-free systems, garnet would replace phengite
at the left-hand side of the pseudo-binaries, and silicate
melting temperatures would lie at values above carbonate
melting temperatures. In this case, the topology of Fig. 11d
would have a eutectic close to the carbonate composition
and would directly continue to the topology of Fig. 1lg or
Fig. 1lh with or melt

without carbonate—silicate
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immiscibility. It should be noted that at present it is un-
known whether carbonate melts would have excess CO,
with respect to the L1 (Ca,MgFe)O:CO, ratio in

carbonates.

Phengite and clinopyroxene breakdown

and their effect on fluid presence and
composition

After the breakdown of phengite in the 11wt % HoO AM
composition at P>8 GPa, no hydrous phases could be de-
tected. Phengite is replaced by K-hollandite, which coexists
with garnet, cpx, stishovite, kyanite/corundum, ferroan
magnesite and aragonite. The absence of any hydrous
phase in the AM bulk at >8 GPa suggests the presence of
a HyO-bearing fluid. In COoq-free pelites, this fluid would
be supercritical with respect to the endpoint of the solidus
near 55 GPa (Schmidt et al., 2004). Nevertheless, in our
H,0 4+ CO, system, this fluid ought to contain both H,O
and COy and, as a carbonate mineral to carbonate melt
solidus is clearly defined, the endpoint of the solidus is
shifted to higher pressures.

At 16 GPa, after the breakdown of clinopyroxene at
c. 1300°C, Na is redistributed among the Na-rich
Ca-carbonate and, in minor amounts, garnet
K-hollandite. Nevertheless, for both bulk compositions,
mass-balance calculations for the cpx-free subsolidus as-
semblages indicate that 30-50 wt % of the bulk NayO is
not accounted for by the minerals. Element distribution
maps (Fig. 3g) illustrate the presence of small Na-rich
pockets (<2 um) or thin interstitial films in both compos-
itions. The Na-enriched spots in Fig. 3g are neither Ca-
nor Si-rich and thus are different from any equilibrium

and

mineral phase. From these observations we interpret the
Na-rich regions as quench from a liquid phase and thus
deduce the presence of a sodium-rich CO,y (and HyO in
AM) bearing fluid-like liquid at P>16 GPa at tempera-
tures below the carbonate melting reaction. By analogy to
phase relations at crustal pressures, we consider that this
Na- and COg-rich liquid corresponds to a fluid, whereas
the texturally very different carbonate liquid at and above
the carbonate-out reaction corresponds to a melt. Further
indirect support for the formation of a fluid-like liquid
and a transition from fluid-absent to fluid-present condi-
tions with the breakdown of cpx (16 GPa, 1300°C) is the
lowering of the solidus temperature by >50°C in the DG2
bulk. Such a decrease in solidus temperature is not
observed for the AM bulk (Fig. 1), which is already
fluid-present above 8 GPa. Consequently and unexpected-
ly, both bulk compositions have the same solidus tempera-
ture at >16 GPa.

The transition from a cpx-bearing to a cpx-free assem-
blage is a continuous reaction that occurs at different pres-
different  bulk
compositions cpx decomposes with increasing pressure at

sures in compositions. In basaltic
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15-17 GPa (at 1400-1800°C; Irifune et al., 1986; Yasuda
et al., 1994; Ono & Yasuda, 1996; Okamoto & Maruyama,
2004). In more silica- and alumina-rich compositions (pel-
ites or average continental crust), the transition interval is
much wider, and jadeitic cpx can be stable to 24 GPa (Wu
et al., 2009). Rapp et al. (2008), investigated SiOg + Al;,Oj3-
saturated bulk compositions with variable NayO contents
and did not find any cpx at 16 GPa, most probably because
of the low CaO content and low X*¢,, the low amount of
Na,O (122 wt %) in the bulk with the lowest H,O content
0-:99wt %), or because of the large quantity of fluid
(799wt % HyO and 215wt % COy) in the bulk with
higher Na,O content (422wt %). Wu et al. (2009) and
Irifune et al. (1994) investigated sodium-rich (4-7 and
39wt % NayO, respectively) and HoO-poor (1-2wt %)
compositions with similar CaO contents and X*c, to
those in this study and found jadeitic cpx stable to
2024 GPa. In our experiments, we located this transition
near 16 GPa, the HyO-free and more sodium-rich DG2
composition showing a slightly larger cpx stability field.
From these considerations, we suggest that the pressure sta-
bility of clinopyroxene depends on three major bulk com-
positional variables: (1) the total NayO content of the
bulk, with higher Na extending the jadeite stability field;
(2) the presence of a fluid dissolving significant amounts
of sodium and thus destabilizing jadeitic cpx; (3) alumina
saturation, which has an indirect effect on cpx stability, by
maintaining the majorite component in garnet at a min-
imum and the Al content in garnet at a maximum. This
leads to a lower Na solubility in our garnets (<15 wt % at
>16 GPa) compared with garnets from mid-ocean ridge
basalt compositions at similar conditions (c. 3wt %;
Okamoto & Maruyama, 2004). Thus, alumina saturation
tends to stabilize jadeitic cpx and fluid-free, Na-rich,
alumina-saturated bulk composition will have cpx stable
at the highest pressures (>20 GPa; Irifune et al., 1994; Wu
et al., 2009). Fluid- and COpy-rich alumina-undersaturated
systems will allow for partitioning of Nay,O into carbon-
ates, fluid and garnet, potentially leading to the lowest
pressure stability of jadeitic clinopyroxene.

The distribution of alkalis in subducted
carbonated pelites

At high pressures, the two major alkalis Na and K are nor-
mally incorporated in different minerals and show
different compatibilities as a function of pressure and tem-
perature. The main minerals that incorporate sodium are
(jadeitic) cpx at <16 GPa and Na-rich carbonates at
higher pressure. For potassium, the principal phases are
phengite in hydrous compositions at <9 GPa, Kfs at
P <9 GPa for dry compositions, and K-hollandite for both
compositions at higher pressures. K-hollandite also con-
tains some Na, its concentrations increasing with pressure
and temperature. In contrast, clinopyroxene dissolves
<lwt % Ky0O, the highest concentrations being observed

at 8 GPa at the lowest temperature (103wt % at 900°C
for DG2), near the upper pressure stability of phengite/
Kfs. At 6-5 and 8 GPa and temperatures just above the sol-
idus, garnet has KoO contents of up to 0-6 wt %. The high-
est potassium contents in garnet are observed at 22 GPa at
subsolidus conditions; at this pressure garnet has a surpris-
ing 1'I5wt % KyO, almost the same concentration as for
sodium, yielding a total of 2:3wt % total alkalis. At
22 GPa, the CAS phase also accommodates considerable
amounts of alkalis: up to 39wt % KyO and 07wt %
NayO at the highest experimental temperature (22 GPa,
1550°C). Considering that all these phases are stable to-
gether with K-hollandite at temperatures above the sol-
idus, a significant amount of alkalis could possibly survive
the decarbonation process (e.g. during slab stagnation at
the 660 km discontinuity).

Naturally occurring potassium phases at high pressures
include Kfs, phengite and phlogopite, potassium richterite,
phase X, and K-hollandite (for review, see Harlow &
Davies, 2004). Nevertheless, potassium may be contained
in minor amounts in minerals that are nominally not po-
tassic; for example, cpx with up to 2wt % K,O at
7-13GPa  (Tsuruta & Takahashi, 1998; Wang &
Takahashi, 1999) and Ca-perovskite with up to dwt %
Ky,O above 20GPa (Irifune et al., 1994; Okamoto &
Maruyama, 2004; Wu et al., 2009). The major Na-rich min-
erals in peridotitic and basaltic compositions at high pres-
sure are cpx to 17GPa (Gasparik, 1996) and majoritic
garnet at higher pressure, which may accommodate up to
3:0wt % NayO in natural systems (Wang & Takahashi,
1999; Okamoto & Maruyama, 2004; Ghosh et al., 2009)
and up to 09 Na p.fu. (¢. 67wt %) in simplified NMAS
20 GPa 1996, 2000). Other
alumina-rich phases, which substitute for garnet at lower
mantle depths, include the CAS, NAL and CF phases,
which may also accommodate large quantities of potas-

systems  at (Gasparik,

sium and sodium. This large spectrum of alternative hosts
for alkalis at pressures equivalent to the 660 km discontinu-
ity suggests that a large percentage of the alkalis reaching
the base of the Transition Zone can effectively be recycled
into the lower mantle. In addition, our experiments dem-
onstrate that if melting occurs at depths near the 660 km
discontinuity, the residue will acquire an increased K/Na
ratio.

The fate of and mass transfer from
subducted carbonated pelites

In P—Tspace, the solidi of the two investigated carbonated
pelites (DG2 and AM) are mostly subparallel to typical
subduction P-7 paths (Fig. 12; Kincaid & Sacks, 1997; van
Keken et al., 2002; Peacock, 2003). Nevertheless, in two par-
ticular depth ranges carbonated pelites may possibly melt,
forming alkali-rich carbonate melts. The first pressure
range where decarbonation through melting is plausible in
warm subduction zones is between 6 and 9 GPa. In this
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Fig. 12. P-7T diagram showing a possible range of subduction P—7 paths and the solidi for carbonated pelites, basalts and peridotite. For sub-
ducting carbonated pelites or psammites, the solidus corresponds to that of the AM composition up to pressures of phengite-out, at which an
HyO-bearing fluid is liberated and almost all the HyO 1is lost from the bulk. At >9 GPa, the carbonated pelite solidus then corresponds to that
of the dry DG2 composition. At cpx breakdown, a Na-rich COy fluid is liberated and may cause mantle metasomatism. Typical subduction
paths (Kincaid & Sacks, 1997; van Keken et al., 2002; Peacock, 2003) yield melting of these pelites feasible at 6-9 GPa for hot subduction,
when P-7 paths intersect with the solidus that has a negative Clapeyron slope in this pressure range (blue star labelled 1). If a slab deflects
along the 660 km discontinuity, thermal relaxation towards the mantle geotherm (Akaogi et al., 1989) would cause melting (blue star labelled 2).
Similarly, at the end of convergence when subduction slows down and thermal relaxation occurs, carbonate melts may form at any depth
>5 GPa. Carbonate melts from subducted sediments that rise into the mantle are expected to remain in the liquid state in the mantle as long
as oxidizing conditions are maintained. Lines are solidi of subducted material: brown, COo-free pelites; blue, carbonated pelites; orange, carbo-
nated MORB; green, carbonated peridotite. TS08, carbonated pelite (AM composition from 2-5 to 5 GPa) solidus and calcite-out reaction
after Thomsen & Schmidt (2008). TDIO0, solidus for a nominally dry carbonated eclogitic pelite after Tsuno & Dasgupta (2010). D04, YB04,
solidi of carbonated basalts after Dasgupta et al. (2004) and Yaxley & Brey (2004), the former bulk resulting in dolomite or magnesite, the
latter in Mg-calcite. L10, solidus of carbonated basalt simplified in the CaO-MgO-Al,O3-Si09~COy system after Litasov & Ohtani (2011).
FG89, Hawaiian Pyrolite + 5 wt % dolomite at <3-5 GPa (Falloon & Green, 1989). DH06, GS09, solidi of dry carbonated peridotite at high pres-
sure after Dasgupta & Hirschmann (2006) and Ghosh et al. (2009). B09, solidus of an HyO-rich (2:22 wt %) and COy-rich (3:63 wt %) perido-
tite after Brey et al. (2009). S04, melting and dissolution curves for potassium-rich wet sediments after Schmidt et al. (2004). SP10, solidus of dry
pelite after Spandler et al. (2010). The solidus for dry peridotite is after Hirschmann (2000) and that for the dry MORB after Yasuda et al.
(1994). The stability fields for lawsonite and phengite are after Schmidt & Poli (1998).
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pressure range, the carbonated pelite solidus decreases by
>100°C and has a negative Clapeyron slope strongly
oblique to warm subduction P-7 paths. This is particu-
larly true for phengite-bearing assemblages, which are ex-
pected during prograde metamorphism of carbonated
pelites or psamnites. The fact that the pressure interval of
6-9 GPa terminates with the breakdown of two major hy-
drous phases, phengite and lawsonite (Ono, 1998; Schmidt
& Poli, 1998; Okamoto & Maruyama, 2004), and that at
8-9GPa their devolatilization produces an HyO-rich
liquid, suggests that the solidus of the AM composition
(11wt % Hy0O) best describes melting at these conditions.
Flush melting (Schmidt & Poli, 2004), mediated by a fluid
phase produced from lawsonite breakdown in basaltic
compositions or from serpentine breakdown in ultramafic
rocks, could induce carbonate melting at more moderate
temperatures than indicated by our fluid-absent solidus at
8-9 GPa. The melts produced at this depth are carbonate
melts with extremely high K/Na ratios (Grassi &
Schmidt, 2011).

The second likely melting interval occurs at 2022 GPa,
when the subducting slab reaches the 660 km discontinuity,
where it is often deflected (Fukao et al., 2009, and refer-
ences within). If such slabs remain at constant depth long
enough to relax towards adiabatic temperatures, melting
would occur in carbonated pelites. Melting at such depths
is more probable in cold to average slabs in which the car-
bonated sediments would not melt between 6 and 9 GPa.
The carbonate melts forming at 20-22GPa are
sodium-rich and have K,O/NayO weight ratios <0-5.
Gasparik & Litvin (2002) showed that between 20 and
24 GPa, an alkali-rich carbonate melt may coexist with
typical mantle assemblages even at 100°C below the
mantle geotherm. Based on their experiments and on evi-
dence from inclusions in diamonds (Wang & Sueno, 1996;
Wang & Gasparik, 2000), they suggested sodium-rich
metasomatism by carbonate melts at the base of the
Transition Zone, a scenario for which our study identifies
the most likely source.

The two melting scenarios at 6-9 and 20—22 GPa, dis-
cussed above, the observation of a mobile Na-rich COo-
liquid phase forming at cpx breakdown near 16 GPa,
1300°C, and the fact that our solidi occur at the lowest
temperature of any natural carbonated material, render
subducted carbonated pelites the prime candidates for sup-
plying metasomatic agents at depth beyond the sub-arc
regime. In addition, phengite breakdown, also occurring
in COg-free lithologies at 8 GPa, provides an additional
source of liquids.

The pressure interval from an eclogite-like cpx—garnet—
K-hollandite—stishovite assemblage at <16 GPa first to a
cpx- and then garnet-free perovskite + K-hollandite-
bearing assemblage defines the behaviour of the subducted
sedimentary material the 660km

when it reaches

discontinuity. In a pyrolitic system, this transition takes
place at lower pressures than in a basaltic composition
(2425 and 25—27 GPa, respectively; Irifune & Ringwood,
1993; Litasov & Ohtani, 2003). Our experiments show
that this transition in a carbonated pelitic system occurs
at even lower pressures for the same temperatures
(1400°C). The loss of carbonates through melting at moder-
ate temperatures upon slab deflection at the 660km dis-
continuity, combined with the transition to a Ca- and
Fe-perovskite-bearing assemblage at lower pressures than
in the peridotitic mantle will remove any density barrier
for sediments (Irifune & Ringwood, 1993; Irifune et al.,
1994; Wu et al., 2009), and promote the subduction of sedi-

ments into the lower mantle.

A possible manifestation of Transition
Zone carbonated sediment melting

Below eastern Asia, the subducted Pacific slab appears to
travel westwards within the mantle Transition Zone just
above the 660 km discontinuity (Fukao et al., 2001; Zhao
et al., 2004). This observation led to the suggestion that
intra-plate volcanoes such as Changbai and Wudalianchi
could be regarded as very deep-rooted, back-arc intraplate
volcanoes (Zhao et al., 2009). The fast convergence of
7-10cma" (Taura et al., 2001) should allow for the preser-
vation of carbonates in sediments transported into the
Transition Zone. Further westward motion at constant
mantle depth causes thermal relaxation and an increase
in slab temperature, which may lead to partial melting of
carbonated pelites. Low-velocity seismic anomalies in the
upper mantle beneath the Changbai and Wudalianchi vol-
canoes above the subducted Pacific slab (Duan et al., 2009;
Zhao et al., 2009) could be associated with ascending
magmas generated by melting in the Transition Zone
(Duan et al., 2009). Our experiments show that alkalic
magnesio- to ferro-dolomitic carbonate melts can be gener-
ated from carbonated pelites at these depths, at tempera-
tures far below the mantle adiabat. The addition of small
amounts of these volatile-rich, highly-oxidized melts to
the Transition Zone mantle would cause a dramatic de-
crease in the melting temperature of peridotite (Taylor &
Green, 1988; Brey et al., 2008), yielding magmas that may
ascend to the surface. Contribution of this slab-derived
component to the magmas of the Changbaishan volcanic
province is consistent with their carbon isotope (Hahm
et al., 2008) and trace elements characteristics (Sui et al.,
2007).

Carbonatite mantle metasomatism

The presence of small amounts of carbonate melts in the
mantle has been proposed to explain several aspects of
mantle petrology, chemistry, dynamics and evolution.
Under oxidized conditions and in the presence of alkalis,
some carbonate melt is expected to be present in a COo-
bearing upper mantle at temperatures near, or even
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below, a typical mantle adiabat (Dasgupta & Hirschmann,
2007; Brey et al., 2008; Foley et al., 2009; Ghosh et al.,
2009). Dasgupta et al. (2007) suggested that many alkaline
ocean-island basalts (OIB) could be produced by ~1-5%
partial melting of a fertile peridotite source with
0-1-0-25 wt % COg. Presnall et al. (2002) pointed out that
silicate melting initiated by COy+ HyO may be respon-
sible for a geochemical signature in MORB similar to that
attributed to small-degree melts. The presence of carbonate
melts or of mantle domains metasomatized by carbonate
melts has also been invoked to explain the origin of several
highly enriched, ultrapotassic magmas such as kimberlites,
orangeites, lamproites, and other alkaline rocks (Girnis
et al., 2006; Brey et al., 2008; Dixon et al., 2008).

A carbon-rich mantle, convenient to explain many as-
pects of the deep Earth, requires an efficient process to
return the highly incompatible carbon, transported to the
surface with mantle melts, back into the mantle. For this,
subduction is the only known process and most of the
COy is buried with carbonated sediments and altered
oceanic crust (Bonatti et al., 1974; Plank & Langmuir,
1998; Alt & 'Teagle, 1999). Compared with other carbo-
nated components of the subducting lithosphere (basalts
and peridotites), pelites contain much larger concentra-
tions of alkalis and incompatible, lithophile elements. At
depths beyond the sub-arc region, carbonated pelites have
by far the lowest melting point, which, combined with
their position on top of the subducting lithologically strati-
fied oceanic lithosphere, renders them the easiest to melt
and consequently the most efficient rock type in the
carbon recycling process. Consequently, if melting tem-
peratures were to be reached at depths greater than
170km (5-5 GPa), carbonated pelites are bound to melt
first, generating relatively exotic liquids with an enriched
and distinctive chemical signature. Metasomatism by such
alkali-rich carbonate melts provides an extremely efficient
method to recycle CO,, alkalis and many incompatible
elements back into the mantle.

Some intra-oceanic magmas have trace element and iso-
topic compositions suggesting the involvement of enriched
components isotopically similar to sediments or upper
crustal material in the source region. These components
are known as the EM I and EM 2 mantle ‘end-members’
(Chauvel et al., 1992; Hofmann, 1997; Eisele et al., 2002).
Geochemical modelling suggests that mixing of a depleted
mantle component with 5-10 wt % of a sedimentary com-
ponent can explain the particular trace element enrich-
ment and the radiogenic isotopic composition of the EM
mantle types (Chauvel et al., 1992; Eisele et al., 2002).

When comparing the isotopic signature of OIB with
their major element composition (Jackson & Dasgupta,
2008; Spandler et al., 2010), potassium enrichment, includ-
ing KyO/TiOy and KyO/NayO ratios, correlates with
BSrB9Sr and CaOJAl,O5 correlates with 2°°Pb/?**Ph.

CARBONATED PELITE MELTS

Jackson & Dasgupta (2008) suggested enrichment of
TiO,, KyO and K,O/TiO, in the source of both the EM
1 and EM 2 mantle reservoirs. Assuming that low SiOs,
high CaO and high CaO/Al,Oj ratios are related to COy
enrichment (Fig. 13a and b), they pointed out that meta-
somatism via a COg-rich melt or fluid is more likely in
EM 2 mantle than in EM 1. The carbonate melts of this
study are extremely alkali-rich (potassic to 16 GPa, sodic
above) and have high K,O/TiO,, CaO/Al;,O5 and K,O/
Al,O3 ratios and KyO and TiO, contents, in contrast to
silicate melts generated from COo-free sediments (Fig. 13).
Mixing of sediment-derived carbonate melts with a
depleted mantle source (Rehkamper & Hofmann, 1997) re-
sults in compositions that fit well with EM 2 OIB rather
than EM 1 OIB (Tig. 13d). To fit EM 1 type compositions,
a sediment-derived melt with lower Sr concentrations,
and thus lower bulk ¥Sr/**Sr after mixing, and/or higher
potassium concentrations, is needed. Such a melt is most
probably a sediment-derived silicate melt or a supercritical
liquid derived from high-pressure high-temperature devo-
latilization (Kessel et al., 2005).

The low degree of melting in carbonated pelites implies
a much higher enrichment of trace elements in this melt
relative to the unmelted source. Addition of <2 wt % car-
bonate melt to the mantle could thus have the same effect
as mechanical mixing with 5-10wt % bulk sediment.
Metasomatism via small amounts of alkali-rich carbonate
melt is physically easy to achieve and strongly increases
the alkali
Considering all these aspects, we suggest that metasoma-
tism via alkalic dolomitic carbonate melts derived from
carbonated pelites is an ideal mechanism to explain the
EM 2 mantle reservoir, including its major element charac-

content of the resultant mantle source.

teristics and sedimentary signature.

CONCLUSIONS

(I) Of all the major subducted rock types, carbonated
pelites have the lowest melting point, and are by far
the most efficient in recycling CO,, alkalis and incom-
patible elements back into the upper mantle and
Transition Zone.

(2) Comparison of the carbonated pelite solidi with typ-
ical subduction P—7 paths yields two distinct depth
ranges for melting. The first is at 6-9 GPa, where the
solidus temperatures of carbonated pelites strongly de-
crease, most probably as a consequence of the increas-
ingly incompatible behaviour of potassium in this
pressure range. The formation of strongly potassic car-
bonate melts in this depth range could be promoted
by flushing with fluids the
pressure-induced breakdown of lawsonite, phengite

generated  from

and serpentine in lithologies below the sediment
layer. The second is at the base of the Transition
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Fig. 13. (a, b) Histograms showing the major element compositional differences in (a) weight per cent and (b) weight ratio between EM 1 and
EM 2 type OIB and MORB [data from Jackson & Dasgupta (2008)]. The involvement of carbonate melts is more likely for EM 2 type OIB
owing to lower SiOy and Al,O3 concentrations combined with higher CaO and CaO/Al;O3 values. (¢) Same oxide weight ratios as in (b) for
sediment-derived carbonate melts (this study; numbers above columns indicate pressure in GPa) and sediment-derived silicate melts
(a, Schmidt et al., 2004 at 5 GPa; b, Spandler et al., 2010 at 5 GPa; ¢, Irifune et al., 1994 at 20 GPa). (d) KoO/TiO, vs ¥Sr/*®Sr, showing the dif-
ference between EM 1 type (red squares) and EM 2 type OIB (blue circles), with EM 2 type having a higher ¥ Sr/*®Sr for a given K,O/TiO,
value. Data are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/). The Sr concentrations (10002000 ppm) of the
melt used to calculate the mixing lines are from Grassi (2010). Values for the depleted mantle (DM) are from Rehkamper & Hofmann (1997).
The isotopic compositions of the sediment-derived melts used in the mixing calculations are 0-710 (continuous lines) and 0-715 (dashed lines),
covering a wide spectrum of possible compositions for pelagic sediments mixed with marine carbonates (Rehkamper & Hofmann, 1997

Plank & Langmuir, 1998; Brand et al., 2009).

Zone; melting of carbonated sediments should occur is able to explain some of the features of the EM
in slabs deflecting along the 660 km discontinuity as 2-type mantle reservoir, including its major element
a consequence of thermal relaxation towards the characteristics and sedimentary signature.
mantle geotherm. Melting at such depths would yield ~ (5) The alkali- and Ca-rich, relatively oxidized carbonate
highly mobile Na-rich carbonate melts. melts will be in chemical disequilibrium with the over-
(3) When considering the combination of a low melting lying olivine-polymorph-saturated, reduced mantle
point, the position on the top of the slab column and and thus a large variety of reactions including redox
the dynamics of subducting slabs, it is likely that equilibria can be expected upon melt infiltration of
much of the CO,, trapped in pelitic rocks will be liber- the mantle.

ated during melting within the upper mantle and

Transition Zone. An exception would be the case of
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