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Abstract

We present partial melting experiments that constrain the near solidus phase relations of carbonated eclogite from 2 to 8.5
GPa. The starting material was prepared by adding 5 wt.% CO, in the form of a mixture of Fe-Mg—Ca—Na—K carbonates to an
eclogite from Salt Lake crater, Oahu, Hawaii and is a reasonable approximation of carbonated oceanic crust from which
siliceous hydrous fluids have been extracted during subduction. Melt-present versus melt-absent conditions are distinguished
based on textural criteria. Garnet and clinopyroxene appear in all the experiments. Between 2 and 3 GPa, the subsolidus
assemblage also includes ilmenite+calcio-dolomiteg+CO,, whereas above the solidus (1050-1075 °C at 3 GPa) calcio-
dolomitic liquid appears. From 3 to 4.5 GPa, dolomite; is stable at the solidus and the near-solidus melt becomes increasingly
dolomitic. The appearance of dolomite above 3 GPa is accompanied by a negative Clapeyron slope of the solidus, with a
minimum located between 995 and 1025 °C at ca. 4 GPa. Above 4 GPa, the solidus rises with increasing pressure to 1245+35
°C at 8.5 GPa and magnesite becomes the subsolidus carbonate. Dolomitic melt coexists with magnesite+garnet+cpx-trutile
along the solidus from 5 to 8.5 GPa.

Comparison of our results to other recent experimental studies [T. Hammouda, High-pressure melting of carbonated
eclogite and experimental constraints on carbon recycling and storage in the mantle, Earth Planet. Sci. Lett. 214 (2003)
357-368; G.M. Yaxley, G.P. Brey, Phase relations of carbonate-bearing eclogite assemblages from 2.5 to 5.5 GPa:
implications for petrogenesis of carbonatites, Contrib. Mineral. Petrol. 146 (2004) 606-619] shows that carbonate minerals
are preserved in anhydrous or slightly hydrous carbonated eclogite to temperatures >1100 and >1200 °C at 5 and 9 GPa,
respectively. Thus, deep subduction of carbonate is expected along any plausible subduction geotherm. If extrapolated to
higher pressures, the carbonated eclogite solidus is likely to intersect the oceanic geotherm at a depth close to 400 km.
Carbonated eclogite bodies entering the convecting upper mantle will thus release carbonate melt near the top of the
mantle transition zone and may account for anomalously slow seismic velocities at depths of 280—400 km. Upon release,
this small volume, highly reactive melt could be an effective agent of deep mantle metasomatism. Comparison of the
carbonated eclogite solidus with that of peridotite-CO, shows a shallower solidus—geotherm intersection for the latter. This
implies that carbonated peridotite is a more likely proximal source of magmatic carbon in oceanic provinces. However,
carbonated eclogite is a potential source of continental carbonatites, as its solidus crosses the continental shield geotherm at
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ca. 4 GPa. Transfer of eclogite-derived carbonate melt to peridotite may account for the geochemical characteristics of some
oceanic island basalts (OIBs) and their association with high CaO and CO,.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cycling of carbon into and out of the mantle plays
a key role in the global carbon cycle and influences
the CO, budget of the Earth’s atmosphere. Subduction
introduces carbon into the mantle, while volcanic
outgassing releases it to the surface. Calcium carbo-
nate sequestered in oceanic crust by hydrothermal
alteration accounts for a flux of 2.3-3.7x10'? mol
carbon/year into the mantle [3,4]. A significant
portion of this carbonate resides in the top 300 m of
altered basalts, where the average CO, content is ~3
wt.% [3] and most of this is believed to survive
subduction-related dehydration or silicate melting [5—
7]. Consequently, carbonated anhydrous eclogite may
deliver significant carbon to the deeper mantle.
Melting-induced release of carbonates from such
eclogite thus affects the distribution of carbon in the
deep Earth and so the location of the carbonated
eclogite solidus at upper mantle conditions is a key
factor in the deep carbon cycle. Release of carbonatite
melts along subduction geotherms may extract carbon
from subducting crust, whereas preservation of
carbonate minerals would allow transport of carbon
to the transition zone or to the lower mantle. Return of
subducted carbonated eclogite to the upper mantle
along the convecting mantle (ridge) adiabat may
produce carbonatite melts in the deeper parts of the
upper mantle, because the solidus of carbonated
eclogite is probably exceeded to significant depth.
Comparison of the solidus of carbonated eclogite to
that of carbonated peridotite and to the oceanic-ridge
geotherm should also constrain potential hosts for
carbonate in the convecting upper mantle and identify
potential sources of magmatic CO,.

Recent experimental studies on partial melting of
carbonated eclogite [1,2] yield notably different
solidus locations and near-solidus phase relations.
Here, we present new experimental determinations of
the solidus and near solidus phase relations of
carbonated eclogite from 2 to 8.5 GPa, compare these

to other recent results, and relate them to the problem
of global carbon cycling.

2. Experimental methods

Eclogite xenolith (66039B) from Salt Lake Crater,
Hawaii was used as the silicate fraction for our
experiments (Table 1). The rock powder was dried
overnight at 1000 °C in a CO/CO, gas mixing furnace
at log fO,=QFM-1 and was then reground to <5 pum
particles before the carbonate mixture was added.
Relative to typical oceanic crust (Table 1), this eclogite
is deficient in SiO,, Al,Os3, and Na,O and more
refractory (Mg#=100xmolar Mg/(Mg+Fer)=64.13)
(Table 1), as may be appropriate for subducted
oceanic crust from which small degree of partial
melts or siliceous hydrous fluids have been extracted
[5,9]. To foster detection of melt, the CO, concen-
tration in the material used in this study (5 wt.%) is
somewhat higher than that in altered oceanic crust
(2-3% by weight in the top 0.3 km [3,10] and ~0.3—
0.5% by weight in the bulk crust ([3], Petdb
database: http://petdb.ldeo.columbia.edu/petdb; Table
1). Ocean floor alteration adds veins of calcite to
basaltic crust, but the Ca comes primarily from the
silicate minerals in the basalt [3,10,11] and thus the
abundance of Ca is not enhanced relative to other
cations. In addition, subduction-induced dehydration
likely elevates the Mg/Ca ratio of the bulk crust, as
Ca is dissolved more efficiently than Mg [9]. For
constructing carbonated experimental starting materi-
als, introduction of CO, by addition of calcite
enhances the Ca concentration. For this reason, we
constructed the bulk starting composition by adding
a mixture of synthetic (reagent grade Na,COg,
K,COj3, and CaCO;) and natural (magnesite and
siderite from University of Minnesota’s mineral
collection) carbonates such that Mg#, Ca# (=100X
molar Ca/(Cat+Mg+Fer)), Na# (=100xmolar Na/
(CatNa+K)), and molar Na/(Na+K) were unaffected
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Table 1
Composition of the starting material®

66039B°  cpx© gt MORBg®  Simple crust® ~ SLECI ~ OTBC'  ECI¢ alt-MORB"
SiO, 46.34 50.27 40.66 50.26 50.64 41.21 47.23 30.11 49.16£1.55
TiO, 2.43 1.25 0.29 1.43 1.11 2.16 - - 1.431+0.61
Al,O4 12.25 7.97 23.15 15.43 15.50 10.89 15.35 11.74 15.54+1.49
Cr0; 0.10 0.02 0.07 - - 0.09 - - 0.42+1.19/—0.42
FeO' 12.27 8.57 16.20 10.34 10.29 12.83 8.93 10.05 9.20+2.43
MnO 0.14 0.10 0.32 0.16 0.16 0.12 - - 0.174+0.07
MgO 12.30 12.78 14.74 8.08 8.24 12.87 6.24 12.44 7.35+1.44
CaO 12.52 16.51 4.75 11.58 11.17 13.09 14.77 19.41 11.81+1.61
Na,O 1.56 2.52 0.05 2.62 2.77 1.63 291 0.87 2.43+0.44
K,0 0.11 n.a. 0.01 0.10 0.12 0.11 0.02 - 0.29+0.42/—0.29
CO, 5.00 4.43 15.38 0.51+0.72/-0.51
H,O - 0.12 - 2.53+2.78/—2.53
P,05 - - - 0.16+0.12
Total 100.00 99.99 100.22 100.00 100.00 100.00 99.88 100.00
Mg# 64.13 72.66 61.86 58.21 58.8 64.13 55.47 68.81 59.09+10.41
CaO/MgO* 0.73 0.93 0.23 1.03 0.97 0.73 1.7 1.12 1.20+0.29
Na,0/CO,' 0.23 0.47 0.04 11.59+14.02/—-11.59

? SLEC1 is the starting material composition used in this study.

" 66039B gives the composition of the silicate portion of the starting material. Approximately 2 mg of the rock powder was fused in a
graphite crucible in a one-atmosphere furnace for 10 min at 1300 °C. The composition of the starting silicate rock powder was determined by
electron microprobe (EMP) analysis of this glass.

¢ cpx and gt gives the compositions of clinopyroxene and garnet in 66039B.

4 Fresh, average MORB [8].

¢ Typical, average oceanic crust [8].

f Hammouda [1].

¢ Yaxley and Brey [2].

" Composition of the altered mid-ocean ridge basalts selected from Petdb database (http:/petdb.ldeo.columbia.edu/petdb). Selected
alteration types varied from mild to complete.

' Total Fe as Fe".

3 Molar Mg/(Mg+Fer)x 100.

¥ Molar CaO/MgO.

! Molar Na,0/COs.

by CO, addition. This approach minimizes the effect in a 1000-ton Walker-type device. For MA experi-

of overabundances of carbonate/CO, on the cationic ments, WC anvils with 12 mm truncations, cast MgO—
proportions of the bulk starting composition and thus Al,03-Si0,—Cr,05 octahedra with 18 mm edge
on the solidus temperature of anhydrous, carbonated lengths and integrated gasket fins, and straight-walled
eclogite. In a forthcoming contribution (Dasgupta et graphite heaters were used. The pressure calibration
al., in preparation), we examine in greater detail the for this assembly was established against multiple
influence of the quantity and composition of added high-temperature fixed points (Fig. 1). Temperature
carbonate on eclogite solidus location. was controlled with a W3Req7/W,s5Re;s thermocouple

Experiments were performed in piston cylinder next to the capsule and oriented axially with respect to
(PC) (2-3.3 GPa) and multi-anvil (MA) (3.3-8.5 GPa) the heater. P—T uncertainties are believed to be +0.1
devices and run conditions are given in Table 2. A GPa, +12 °C for PC ([8] and references therein) and
homogeneous mixture of carbonated eclogite powder +0.3 GPa, £10 °C for MA runs. To verify the
(SLEC1; Table 1) was sealed in Pt capsules with consistency of the two apparatus, we bracketed the
graphite inner liners. End-loaded PC experiments solidus temperature at 3.3 GPa in both MA and PC.
were performed with a 1/2” assembly ([8] and Piston cylinder run times ranged from 6 to 96 h,

references therein). MA experiments were conducted except for experiment A435, which lasted 164 h in
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Table 2

Summary of the run conditions and phase assemblages

Run P T t Phase assemblage®

(GPa)  (°O) (h)

A386 2.0 950 47 Gt+Cpx+HIm+(Ce-Dolg)™+
CO, vapor®

A385 2.0 975 26 Gt+Cpx+lIm+(L.)?+
CO, vapor

A377 2.5 1000 24 Gt+Cpx+lIm+(Cc-Dolg)+
CO, vapor

A384 2.5 1025 48 Gt+Cpx+Im+(L.)?+
CO, vapor

A383 2.5 1050 50 Gt+Cpx+m+(L.)?+
CO, vapor

A378 2.5 1075 24 Gt+Cpx+IIm+CO, vapor

A435 3.0 1010 164 Gt+Cpx+IIm+Cc-Dolg

A372 3.0 1050 48 Gt+Cpx+IIm+Cc-Dolgg

A382 3.0 1075 96 Gt+Cpx+HIm+L,

A388 3.0 1080 22 Gt+Cpx+lm+L,

A380 3.0 1100 24 Gt+Cpx+HIm+L,

A373 3.0 1125 25 Gt+Cpx+lm+L,

A375 3.0 1150 6 Gt+Cpx+Im+L,

A381 3.0 1175 24 Gt+Cpx+m+L,

A392 33 1025 21 Gt+Cpx+IIm+Dolg+
Mst+Sid®

M92 33 1025 12 Gt+Cpx+IIm+Dolg

M90 33 1060 12 Gt+Cpx+lIm+Dolg+L,

M85 33 1083 12 Gt+Cpx+HIm+L,

A391 3.38 1050 21 Gt+Cpx+IIm+Dolg+
Mst+Sid+L,

M95 4.1 995 12 Gt+Cpx+Ilm+Dolg+
Sid+Mst

M93 4.1 1025 12 Gt+Cpx+HIm+Mst+Sid+(L.)

Mol 4.1 1075 12 Gt+Cpx+Mst+(Rut)+L,

M86 4.1 1125 12 Gt+Cpx+(Rut)+(Mst)+L,

MI113 4.6 1010 24 Gt+Cpx+lIm+Dol+Mst

M96 5.1 1010 12 Gt+Cpx+Mst+(Rut)+Sid

M102 5.1 1050 12 Gt+Cpx+Rut+Mst+L,,

M110 5.6 1040 24 Gt+Cpx+Rut+Mst

M105 6.1 1080 12 Gt+Cpx+Rut+Mst+L,

M104 7.0 1100 12 Gt+Cpx+Mst+(Rut)

M106 7.0 1130 12 Gt+Cpx+Rut+Mst+L,

M130 8.5 1175 12 Gt+Cpx+Mst+(Rut)

M129 8.5 1210 12 Gt+Cpx+Mst+(Rut)

M131 8.5 1280 12 Gt+Cpx+(Rut)+L,

Multi-anvil runs are prefixed with ‘M.

? Gt—garnet, Cpx—clinopyroxene, Mst—magnesite (Mg-rich
carbonateg), Sid—siderite (Fe-rich carbonateg), Rut—rutile, Ilm—
ilmenite, Cc-Dolsc—Fe-bearing calcito-dolomitic solid solution,
Dolgc—dolomite—ankerite solid solution, L.—carbonate melt.

° Phases within parentheses occupy less than 2 vol.% of the
entire charge.

¢ CO, vapor is inferred to be present during the experiments from
the presence of only trace amount of carbonate minerals or melts.

9 Phases in italics are inferred to be unreacted metastable
starting material present in trace amount.

10 T T T T T
coesite P4
A 4 4
gl stishovite |
25°C Billl-V O
g 6t CaGeO3 garnet p-p perovskite
E FeSiO4 olivine B/« spinel
2
2]
o 4t
o
quartz coesite
ol 25°C Bi I-ll
00 100 200 300 400 500

Force (Tons)

Fig. 1. Pressure calibration for the 12 mm truncated edge length
(TEL) octahedral assembly in the Minnesota multi-anvil laboratory.
The force—pressure relationship was calibrated against 25 °C fixed
points of the Bi I-II and Bi III-V transitions [12] and high-
temperature fixed points for quartz—coesite (1000 and 1200 °C)
[13], Fe,SiO4 olivine—spinel (1000 °C) [14], CaGeO; garnet—
perovskite (1000 °C) [15], and coesite—stishovite (1000 and 1350
°C) [16]. Bi transition points are averages from five experiments.
The linear fit to the brackets is described by P (GPa)=0.024 X Force
(metric tons)—1.149x10~°xForce (metric tons)’.

order to enhance equilibration under subsolidus
conditions. Multi-anvil runs were <24 h. Short run
times were preferred to minimize the influx of hydrogen
from the pressure assembly into the capsule [17]. The
redox states during the experiments were not strictly
controlled, but the reaction of graphite inner crucible
with oxygen probably yielded an oxygen fugacity close
to CCO (2CO+0,=2CO0,) buffer at pressures up to ca. 4
GPa. At higher pressures, equilibria similar to CaMg
(C0O3),+2S10,=CaMgSi,0+2C+0, possibly con-
trolled the fO, [18]. Run products were polished using
polycrystalline-diamond paste. Owing to the soft and
water-soluble character of quenched carbonate melt,
water was avoided during polishing.

Run products were analyzed using a JEOL
JXA8900R electron microprobe at the University of
Minnesota with an accelerating voltage of 15 kV, 20 s
peak counting times (10 s for carbonates) and a ZAF
matrix correction routine. For silicates and oxide
minerals, a focused 20 nA beam was used, but for



R. Dasgupta et al. / Earth and Planetary Science Letters 227 (2004) 73-85 77

P T

v

\ ]
s )Cc-DoI;s‘
o - .

oy L

% Cpx ~
AT o
3 GPa; 1050 °C; 48 h

",

Fig. 2. Back-scattered electron images of the typical run products showing distinctions between melt-present and melt-absent conditions.
Carbonate minerals or melts appear dark/dark gray. In a subsolidus run (a) discrete grains of carbonate minerals appear. Above the solidus (b),
quenched carbonate melts are interstitial to the silicate grains and maintain a well-connected geometry. In addition, silicate grains in presence of
melt (b) are larger, with faceted grain boundaries, and more homogeneous with respect to melt-absent runs. A high-resolution secondary electron

image (inset to b) shows the texture of the quenched melt.

carbonate minerals and quenched melts we employed a
defocused beam ranging from 1 to 3 pm diameter and a
current of 1-3 nA, depending on the grain size or the
dimension of the interstitial quenched melt pool.
Natural clinopyroxene, garnet, hornblende, ilmenite,
dolomite, and siderite were used as analytical stand-
ards. Textural interpretations of near-solidus melt were
confirmed using a high-resolution SEM (JEOL JSM-
6500F FEG-SEM) (see inset to Fig. 2b).

3. Experimental results
3.1. Texture

We detect the onset of partial melting in our
experiments using textural criteria. Below the solidus,
carbonate occurs only as discrete mineral grains (Fig.
2a), but above the solidus, quenched carbonate melt is
observed in triple grain junctions and along grain
edges between silicate phases (Fig. 2b). In some melt-
present experiments, silicate grains show rounded
forms (Fig. 2b), faceted grain boundaries, and melt
concentrates towards the top of the capsule (not
shown). Few faceted grains are apparent below the
solidus and mineral zoning is more pronounced (Fig.
2a). Finally, grain growth is faster when melt is
inferred to be present; i.e., the mineral grains in the
experiment illustrated in Fig. 2b are much larger than
the one shown Fig. 2a, even though the run duration
in Fig. 2a was eight times longer.

3.2. Solidus location and near solidus phase
assemblages

A summary of the run conditions with correspond-
ing phase assemblages for SLEC1 is given in Table 2.
The location of the solidus is plotted in Fig. 3 along

Temperature (°C)

900 1000 1100 1200 1300
1

Gt+Cpx+lim+(Cc-Dols)+CO,
2l Ae~e - Gt+Cpx+Iim+CO,
®0 00

o @O0 O O O
Gt+Cpx+ @, 00 O Gt+Cpx+lim+L,

Dolgs+lIim

< &

IR
Dol i
5 oo g N\ o

l [ P uncertainty in MA runs
&

Pressure (GPa)

7 Gt+Cpx+Mst+Rut PN

Gt+Cpx+Rut+L

@ - subsolidus runs in PC (+ COy,) *
@ - subsolidus runs in MA

9 ||O - carbonate melt present runs in PC
& - carbonate melt present runs in MA

O - complete decarbonation

10

Fig. 3. Experimental constraints on the solidus of carbonated
eclogite (SLEC1). Phase abbreviations as in Table 2. Phases within
parentheses are present in trace amount. Pressure—temperature
uncertainties for piston cylinder (PC) runs (£0.1 GPa, +12 °C)
and temperature uncertainty for multi-anvil (MA) runs (+10 °C) are
within size of the symbols.



Table 3

Phase compositions (in wt.%) from the partial melting experiments of SLEC1*

d

Run  Phase® w.f® n¢ SiO, TiO, ALO; Cr,0; FeOr MnO  MgO Ca0O Na,O K,0 Na,O cale.® CO, Sum®
A372  cpx 0.50 11 52.36(33) 0.5409)  4.79(66) 0.02(2) 7.98(42)  0.11(3) 14.93(37) 16.70(58) 2.08(16) 0.02(1) - 99.53(66)
gt 038 5 39.44(14) 0.72(16) 21.86(28) 0.05(3) 18.35(26) 0.35(3) 13.35(29) 5.89(25) 0.09(2)  0.03(1) - 100.13(21)
ilm 0.03 3 02008) 50.67(17) 0.503)  0.05(1) 40.45(19) 0.18(4) 7.28(22) 0.60(7)  0.02(3)  0.04(3) - 100.00(31)
ce-dols 0.08 3 0.07(5)  0.043)  0.097) na®  9.01(110) 021(5) 16.67(62) 27.97(76) 0.03(1) 0.01(2) 45.90 100.00
A382  cpx 047 7 5323(43) 0.54(5)  4.0831) 0.032) 7.9223)  0.092) 15.64(38) 17.22(42) 1.74(12) 0.00 - 100.49(84)
gt 0.40 14 39.73(19) 0.59(16) 22.22(25) 0.04(3) 17.38(34) 0.33(3) 13.92(42) 5.57(43)  0.33(31) 0.02(1) - 100.13(44)
ilm 004 1 026 49.95 0.75 0.06 41.29 0.15 6.70 0.68 0.13 0.04 - 100.00
L. 0.09 4 18829 0.023) 0.76(36) n.a. 10.02(108) 0.22(7) 12.20(53) 31.16(37) 0.89(52) 0.07(5) 7.54 42.78  100.00
A380  cpx 047 5 53.68(23) 0.586) 431(21) 0.012) 8.16(14)  0.01(3) 14.73(33) 17.00(44) 1.71(6)  0.00(1) - 100.19(65)
gt 0.40 3 3930(17) 0.64(13) 21.90(31) 0.09(1) 17.05(29) 0.40(4) 13.83(31) 5.86(36) 0.13(4)  0.05(2) - 99.26(67)
ilm 004 2 034 49.70 0.93 0.00 40.57 0.00 6.25 0.93 037 0.00 - 99.10
L. 0.09 4 221(41) 0.012) 0.79(31) 0.02(1) 8.81(97)  0.83(4) 10.07(31) 31.28(36) 1.81(32) 0.18(2) 8.12 43.99  100.00
M90  cpx 7 53.18(42) 0.54(6)  4.28(40)  0.03(3) 7.88(43)  0.10(2) 15.62(29) 16.44(70) 1.83(18) 0.01(1) - 99.91(44)
gt 3 41.20(66) 0.69(1)  20.53(25) 0.02(2) 16.45(63) 0.30(5) 13.49(44) 7.01(15) 0.30(8)  0.03(1) - 99.99(2)
ilm 2 0.62 50.16 0.72 0.02 39.82 0.19 7.51 0.71 0.22 0.03 - 100.00
M85 cpx 10 53.4925) 0.54(5)  4.12(36) 0.03(2) 7.66(54)  0.09(2) 15.53(44) 16.77(90) 1.83(16) 0.01(1) - 100.07(30)
gt 10 40.34(52) 0.65(9)  22.2524) 0.01(1) 16.60(37) 0.30(4) 13.96(27) 5.92(28)  0.18(14) 0.03(1) - 100.24(56)
ilm 2026 50.12 0.58 0.00 40.42 021 7.49 0.67 021 0.03 - 100.00
A391  cpx 2 5298 0.60 5.44 0.05 8.01 0.09 14.09 16.48 248 0.01 - 100.24
doly 1 0.54 0.09 0.06 n.a. 7.42 0.94 18.90 27.52 0.00 0.00 4453 100.01
M93  cpx 1 54.00 0.48 5.05 0.00 6.74 0.05 13.65 17.10 2.89 0.03 - 100.00
ilm 2 038 50.45 0.38 0.00 42.72 021 4.96 0.70 0.19 0.02 - 100.00
M91  cpx 6 52.94(42) 0.61(14) 4.5936) 0.03(2) 8.57(10)  0.06(2) 13.2525) 17.18(32) 2.75(14) 0.02(1) - 100.00(43)
gt 6 40.00(69) 1.38(94) 20.95(30) 0.01(1) 18.03(26) 0.28(3) 11.78(29) 6.87(31) 0.21(5)  0.03(1) - 99.54(69)
Le 2 213 0.09 0.68 n.a. 8.95 0.12 17.35 24.15 0.27 0.02 46.24  100.00
M86  cpx 046 6 53.7427) 0.58(5)  4.56(20) 0.03(3) 8.43(20)  0.09(1) 14.32(27) 15.97(32) 2.45(7) 0.02(2) - 100.17(45)
gt 0.41 12 39.61(40) 1.08(20) 21.33(25) 0.02(2) 18.33(46) 0.28(3) 12.22(55) 6.42(51)  0.18(5)  0.03(1) - 99.51(54)
rut! 0.01
mst 0.00 1 0.04 0.03 0.04 0.03 13.65 0.01 29.73 6.28 0.09 0.09 50.02  100.00
L. 0.12 2 3.65 0.15 0.75 0.00 9.10 0.24 17.02 24.03 0.19 0.04 3.69 44.84  100.00
M102  cpx 10 53.94(43) 0.47(5)  421(23) 0.04(2) 7.9222)  0.093) 14.08(29) 16.76(46) 2.45(14) 0.02(1) - 99.97(42)
gt 7 39.86(31) 0.94(7)  21.32(30) 0.02(1) 19.3924)  0.31(3) 12.00(43) 7.21(44) 0.18(4)  0.02(1) - 101.25(37)

(continued on next page)
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Table 3 (continued)

Run  Phase® w.f® n¢ SiO, TiO, ALO; Cr,0; FeOy MnO  MgO CaO Na,O K>O  NaO cale.® CO,' Sumé
M110  cpx 2 5233 0.61 5.48 0.00  7.24 0.06 12.60 18.26 2.69 0.02 - 99.29
gt 1 37.84 0.93 21.39 0.02 19.98 0.37 10.44 8.84 0.20 0.05 - 100.05
M105 cpx 353.63(67) 037(1)  4.63(24)  0.04(5) 7.19(19)  0.08(0) 13.31(11) 18.15(50) 2.83(8)  0.05(1) - 100.29(26)
ot 2 39.03 1.01 20.39 0.01 19.95 0.33 10.32 9.01 0.25 0.02 - 100.32
M104 cpx 046 5 52.83(30) 0.50(14) 4.96(17) 0.022) 7.3936)  0.12(3) 12.47(54) 17.77(46) 3.26(10) 0.04(2) - 99.36(87)
ot 043 11 39.52(62) 1.41(17) 19.98(28) 0.01(2) 18.63(37) 0.32(3) 9.50(45) 10.48(46) 0.26(5) 0.03(2) - 100.15(55)
rut 0.01
mst 0.10 1 0.06 0.02 0.02 n.a. 16.27 0.06 3275 2.82 0.00 0.04 47.94  100.00
M130 cpx 0.45 11 53.55(55) 0.50(13) 4.78(25) 0.01(2) 7.33(12)  0.07(3) 12.42(47) 17.66(39) 3.54(26) 0.05(2) - 99.91(28)
gt 044 6 38.77(55) 1.75(36) 19.49(14) 0.02(2) 18.81(21) 0.31(3) 10.08(33) 9.78(23)  0.49(48) 0.02(1) - 99.52(51)
rut 001 6
mst 0.09 4 0.062)  0.02(1) 0.042) 0.01Q2) 15.66(11) 0.13(3) 32.52(35) 3.27(20)  0.00(1)  0.02(2) 48.27 100.00
MI129  cpx 0.44 8 52.66(89) 0.36(5)  4.57(23) 0.01(1) 6.69(16)  0.08(3) 13.44(24) 17.96(30) 3.25(11) 0.06(1) - 99.08(95)
gt 045 5 39.87(50) 1.68(29) 19.57(10) 0.02(3) 19.05(29) 0.32(3) 10.17(42) 10.25(19) 0.32(5)  0.03(1) - 101.28(55)
rut 0.01
mst 0.09 2 0.02 0.02 0.11 na. 15.14 0.00  34.18 2.20 0.00 0.06 48.00 100.00
MI31  cpx 0.40 17 53.79(73) 0.44(4)  438(18) 0.02(2) 7.16(24)  0.07(3) 13.59(29) 17.30(35) 2.78(14) 0.04(1) - 99.57(72)
at 049 6 40.19(77) 1.65(18) 19.39(16) 0.03(2) 17.34(51) 0.27(2) 13.11(37) 8.17(41)  0.50(35) 0.02(1) - 100.65(35)
rut 0.01
L. 0.10 2 115 0.29 0.16 n.a. 13.74 0.08 14.03 26.06 0.22 0.02 276 4426 100.00

? Numbers in parentheses are one standard deviation in terms of last digit(s). Thus, 52.36(33) should be read as 52.36+0.33. Standard deviations are reported only when there are
at least three points to average.
® Phase abbreviations as in Table 2.
¢ Weight fractions determined by mass balance calculations and could not be determined for all the experiments as one of the phases could not be analyzed due to fine grain size.
9 Number of analyses considered to give equilibrium compositions averaged.
¢ Concentration of Na,O calculated by mass balance to achieve zero residual for the same [19].
' CO, is calculated by difference of 100 and the measured analytical total.
£ For all the phases apart from carbonate minerals or melts, analytical totals are given (except where the totals are reported in italics; in these, analytical totals were low—ilm: 95—
97 wt.%, gt: 96-98 wt.%—owing to difficulty in analyzing very small grains).
" Element not analyzed.
! WDS quantitative analyses cannot be performed due to fine grain size (<2 um). However, EDS spectra showed no other element peaks other than that of Ti and thus end-member
TiO, composition is used for mass balance calculation.

I Calculated fraction for magnesitegs in run M86 is zero, however, magnesiteg is present in trace quantity.
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with the near-solidus phase assemblages. Garnet and
clinopyroxene are present in all experiments. IImenite
is stable along the solidus to just below 5 GPa, where
it is replaced by rutile.

A COs-rich vapor phase is inferred as the major
host of carbon for all the runs at 2 and 2.5 GPa, as
only traces of carbonate phases (crystal or melt) are
observed; no similar evidence of decarbonation is
observed at >3 GPa. Calcio-dolomitic solid solution
(Cc-Dolg; Ca/(Cat+tMg)>0.5) is present at 2 to 3 GPa
between 950 and 1050 °C. A trace of calcio-dolomitic
liquid seems to appear at 2 GPa and 975 °C and at 2.5
GPa and 1025 °C. However, we are not certain about
the presence of carbonate liquid in these two runs as
the very small grain size makes it difficult to resolve
the texture and hence is not shown in Fig. 3. At 3
GPa, calcio-dolomitic melt (L.) is observed at 1075
°C and the temperature range for coexistence of Cc-
Dol and carbonate melt is narrow; i.e., crystalline
carbonate phase disappears 30 °C above the solidus
(1050-1075 °C). From 3.3 to 4.5 GPa, dolomitic solid
solution (Dolg; Ca/(Ca+Mg) <0.5) remains stable
below the solidus, near solidus carbonate melt
becomes dolomitic, and the solidus temperature
diminishes owing to the shift of the calcite—magnesite
binary minimum to more Mg-rich compositions with
increasing pressure [20]. The slope of the solidus
becomes positive above ~4 GPa, and at >4 GPa,
magnesite appears at the solidus (Fig. 3). At >5 GPa,
dolomite is absent and dolomitic melt coexists with
magnesite along the solidus from 5 to 8.5 GPa.
Carbonatitic melt remains stable at least 100 °C above
the solidus (1025-1125 °C) in presence of magnesite
at 4.1 GPa (a depth of ca. 130 km) and ~100 °C above
the solidus (1075-1175 °C) at 3 GPa (a depth of
ca.100 km). Above 4 GPa, the solidus rises with
increasing pressure: at 5.1 GPa the first melt appears
at 1050 °C, at 7 GPa the solidus is located between
1100 and 1130 °C, and at 8.5 GPa it is between 1210
and 1280 °C.

3.3. Phase compositions

Phase compositions of the run products are given
in Table 3. Owing to low run temperatures, exper-
imental charges produced incompletely equilibrated
textures. For example, unreacted cores of garnet and
clinopyroxene persisted in experiment A435 even

after 164 h at 3 GPa and 1010 °C. An approach to
equilibrium, however, is verified by migration of the
residual mineral rim compositions (Table 3) away
from the starting compositions (Table 1), following
the method of Pertermann and Hirschmann [21]. The
data in Table 3 represent compositions of equilibrated
mineral grains, rims, or melt pools determined from
microprobe analyses that lack evidence of bias from
beam overlap with neighboring phases or unreacted
cores.

Quenched carbonate melt is calcio-dolomitic to
dolomitic with Ca/(Ca+Mg) of 0.65-0.69 at 3 GPa,
0.50 at 4.1 GPa, and ~0.57 at 8.5 GPa, and always has
higher Ca/Mg and lower Mg# than crystalline sub-
solidus carbonate at any given pressure (Table 3). As
the subsolidus carbonate becomes magnesitic with
increasing pressure, residual garnet becomes more
calcic, increasing from ~6 to ~10 wt.% between 3 and
8.5 GPa. Garnet also becomes richer in TiO, with
increasing pressure (Table 3). In clinopyroxenes, the
Mg# varies between 72 and 78 and the principal shift
is an increase in Na,O with increasing pressure. A
drop in Na,O in clinopyroxene is noticed with
increasing temperature across the solidus and/or with
higher extent of melting at any given pressure,
indicating partitioning of Na in near solidus carbonate
liquid. However, Na concentrations in the reported
melt analyses are low and we suspect partial loss of
Na during polishing and/or migration of Na away
from the electron beam during microprobe analyses.
Reconstruction of the melt compositions to achieve
zero residuals for sodium in the mass balance [19],
yielded 2.76 (at 8.5 GPa) to 8.12% (at 3.0 GPa) Na,O
by weight (Table 3).

4. Discussion

4.1. Influence of bulk composition on the solidus of
carbonated eclogite: comparison with other studies

The solidus established for carbonated eclogite
SLECI is distinct from recent determinations by
Hammouda [1] (composition “OTBC”—Table 1) and
Yaxley and Brey [2] (composition “EC1”—Table 1)
(Fig. 4). These differences are partly attributable to
systematic bulk compositional effects, but may also
partly reflect inter-laboratory biases. Key influences on
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the solidus of carbonated lithologies include the Ca/Mg
ratio of the carbonated portion of the whole rock, the
bulk Na,O/CO, ratio, and the presence of H,O.

Because the minimum melting temperature in the
binary CaCO; (Cc)-MgCO; (Mst) occurs at inter-
mediate Ca/Mg ratios [20], rocks with calcite in the
residue melt at higher temperature. Thus, the high
solidus temperatures observed for EC1 [2] (Fig. 4) are
likely owing to stabilization of calcite by the large
amount of added CaCO;3 (35 wt.%). Similarly, the
high solidus below 6.5 GPa for OTBC [1] (Fig. 4) is
owing to high bulk Ca/Mg, which stabilizes refractory
calcite in the near-solidus residue to high pressure.
The sudden drop in solidus between 6 and 6.5 GPa
noted for OTBC [1] and the analogous but less-
dramatic drop for SLEC1 at ~4 GPa (Fig. 4)
corresponds to stabilization of dolomite in the residue.

Another key effect is the Na,O/CO, ratio of the
starting material. A low molar Na,O/CO, leads to low
Na,O in near-solidus carbonate liquids and thereby
limits the fluxing effect of alkalis [2,22,23]. The low
Na,0/CO, (0.04) in EC1 [2] likely increases its solidus
temperature relative to SLEC1 (0.23) and high Na,O/
CO, (0.47) may partially account for the low solidus
temperatures of OTBC at high pressures (>6 GPa) [1].
However, the clinopyroxenes in these high-pressure
experiments have 6.5-9.3 wt.% Na,O [1], which limits
the availability of Na,O as a fluxing agent.
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Fig. 4. Comparison of carbonated eclogite solidi from different
studies ([1,2] and this study). Solid lines indicate stability of calcite
or calcio-dolomitic solid solution at the solidus, whereas dotted line
segments indicate stability of dolomite or magnesite solid solution.
Minima in solidi from this study and that of Hammouda [1]
correspond to the onset of dolomite stability.
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Fig. 5. P-T locations of different subduction geotherms [25,26]
with respect to stability of crystalline carbonates in the residue of
various carbonated eclogite partial melting experiments ([1,2]; this
study). Filled symbols—carbon is present only as residual carbonate
minerals; partially filled symbols—carbon is present both as
minerals and as carbonatitic melt and/or vapor; open symbols—
carbon is present only as carbonatitic melt or vapor. For the present
study and that of Hammouda [1], the limit of stability of solid
carbonate (indicated by shaded line marked “carb out”) is ~100 °C
above the hottest estimate of subduction geotherm [26]; for the
study of Yaxley and Brey [2], carbonates remain to yet higher
temperatures. Thus, melting will not eliminate carbonate from
eclogite along any plausible subduction geotherm.

Minor amounts of H,O may greatly lower the solidus
of carbonated eclogite, and so the 1200-ppm H,O in
OTBC [1] may be the chief reason why the reported
solidus is 100-250° lower than that observed for
SLECI1 (Fig. 4). However, because of the exception-
ally high solubility of H,O in carbonate melts [24],
small amounts of H,O cannot induce significant
carbonatite melt fractions far below the nominally
anhydrous solidus. Thus, if the H,O/CO, ratio is low,
only a small portion of carbonate in eclogite will be
removed by hydrous carbonated melting; most should
remain until the nominally anhydrous solidus is
approached. Indeed, Hammouda [1] noted carbonate
minerals to 200 °C above his reported solidus
(compare Figs. 4 and 5) from 6 to 10 GPa, temper-
atures similar to the solidus of SLEC1 (Figs. 3 and 4).

Because ocean floor alteration adds wvariable
quantities and compositions of carbonate, leading to
variations in Ca/Mg, Na,O/CO, and H,0/CO, of
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affected basalts [3], there is no unique solidus that
describes partial melting of carbonated eclogite.
Although the quantitative effects of these variations
are not yet fully established, we believe that the
solidus established for SLECI is likely to be more
closely applicable to subducted carbonated eclogite
than EC1 or OTBC, owing to the large amount of
added CaCOj; in ECI and the high Ca/Mg and added
H,0 in OTBC.

In the following sections, we compare the solidus
of SLEC1 with pressure—temperature conditions
relevant for different domains of the mantle and
discuss the consequences for the deep global carbon
cycle.

4.2. Deep recycling of carbonates

Experiments and phase equilibria calculations
suggest that oceanic crust is almost completely
dehydrated in the first ~200 km of subduction
[7,27,28], though minor amounts (<0.1-0.3 wt.%) of
H,0 may be retained to greater depths in phengite
[27] or in nominally anhydrous minerals [29]. Con-
sequently, the nominally anhydrous solidus of carbo-
nated eclogite controls whether carbonate will be
expelled from subducting crust to the surrounding
mantle. The solidus determined for SLEC1 remains
hotter than the range of typical subduction geotherms,
at least until the transition zone (>410 km), and
appears not to intersect even the hottest subduction
geotherms in the upper mantle (Fig. 6). This suggests
that melting-induced release of carbonates from the
subducting crust will not occur at least until the slab
reaches the base of the upper mantle and thus
subduction of carbonates into the lower mantle is
likely.

The low-temperature solidus of OTBC [1] may
apply to conditions under which carbonated eclogite
dehydration is incomplete. However, water-enhanced
melting will eliminate carbonate only for composi-
tions with high H,0/CO,. Given that H,0O/CO,
decreases during progressive metamorphism [6,7]
and silicate melting of subducting slabs [5], this
likely applies only to compositions with very low
initial CO,.

The chief consideration regarding delivery of
CO, to the deep mantle by subducted carbonated
eclogite is not whether the solidus is encountered
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Fig. 6. Location of carbonated eclogite (SLEC1) solidus (Eclogite+
CO,) in relation to oceanic ridge geotherm (mantle potential
temperature, 7,=1350 °C; [30]), calculated P-T conditions for
subducting crust [25,26], and continental shield geotherm (40 mW/
m?) [31]. Also shown for reference are solidus of dry peridotite [22]
and dry MORB [32]. Field of ‘peridotite+CO,’ is bound by two
different estimates of carbonated peridotite solidus [33,34] in the
model CMAS-CO, system. Shaded region in the bottom left corner
of the figure represents best estimate of subduction zone P-T
conditions [25] along with the maximum estimate of expected
temperature at depth (‘Hottest Subduction’, [26]). Gray-shaded
boxes show likely conditions of generation of carbonate melt within
eclogite in Earth’s upper mantle for continental shield and
convecting mantle settings.

along the subduction geotherm, but rather whether a
significant portion of crystalline carbonate is pre-
served in the residue along that path. As illustrated in
Fig. 5, all experimental results on partial melting of
carbonated eclogite ([1,2]; this study) show that
elimination of carbonate from the residue of eclogite
requires temperatures ~100 °C hotter than any
plausible subduction geotherm. Thus, even if modest
amounts of carbonate are removed during subduction,
some portion is delivered to the deeper mantle.

4.3. Return of carbonated eclogite to the upper mantle

Carbonated eclogite delivered to the transition zone
or lower mantle may eventually be returned to the
upper mantle by convection. Although pressure-
dependent redox reactions may reduce the carbonate
to diamond at great depths [35], this reaction would
reverse on return to the upper mantle. If extrapolated
to higher pressures, the solidus of SLECI1 intersects
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the oceanic ridge-geotherm at >12—-16 GPa (a depth
of ca. 400-530 km) (Fig. 6). Thus, eclogite cannot
host carbonate in the upper part of the oceanic upper
mantle. Bodies of carbonated eclogite advected into
the upper mantle would produce carbonatitic melt.
Such melts may account for regions of anomalously
slow seismic velocities observed at depths of 280-400
km [36-38].

4.4. Carbonatite liquids in the upper mantle

During advection in the upper mantle, the solidus
of carbonated eclogite SLEC1 occurs 100-200 km
deeper than that of carbonated peridotite [33,34] (Fig.
6). Small volume, highly mobile [39] carbonatitic
melts released from eclogite at depths near 300—400
km could be an effective metasomatic agent [40,41]
for surrounding peridotite. Observed signatures of
recycled crust in many OIBs, such as high-p
(**®U”%*Pb), *’Sr/°Sr, Ba, Th, LREE, Pb, and low
M3Nd/'*Nd, Ti, Zr, Hf relative to MORB [42,43],
may reflect metasomatic-implantation of eclogite-
derived carbonate melt in shallower OIB source
mantle. This may also explain the correlation between
such recycling signatures and enrichments in CO,
and/or CaO in many OIBs [40,44,45] and can also
explain why erupted carbonatites commonly are
associated with signatures of crustal recycling [46].

Continental shield geotherm intersects the carbo-
nated eclogite solidus at ~130 km (Fig. 6). Thus, in
portions of continental lithosphere consisting of
former subducted slabs (e.g. [47]), carbonated
eclogite could be a proximal source of carbonatites
[48] and of CO,-rich metasomatic fluid [41,49]
derived from the continental lithosphere. Also, in
contrast to the oceanic environment, carbonated
peridotite melts deeper than carbonated eclogite
along a continental geotherm (Fig. 6) so peridotite-
derived carbonatitic melts may metasomatize eclogite
in this environment.

5. Conclusions

The solidus of carbonated eclogite SLECI is hotter
than plausible subduction geotherms but cooler than
the geotherm of the oceanic mantle to depths near
~400 km. Thus, subduction is likely to introduce

carbonated eclogite to significant mantle depths. On
return to the convecting upper mantle, carbonated
eclogite expels a carbonatitic melt. This melt is likely
implanted into surrounding peridotite, owing to the
much higher solidus of carbonated peridotite. In
upwelling plumes, infiltration of eclogite-derived
carbonatite melt into peridotite may explain the link
between signatures of recycling and high-CaO and/or
CO, in many OIBs.
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