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Within the subducting oceanic crust, carbonated eclogitic pelites are the lithology with the lowest melting
temperature at >5 GPa, i.e. at depths beyond major subarc dehydration. 200–400 °C below the oceanic man-
tle geotherm, carbonated pelites generate alkali-rich Ca-carbonate melts that constitute efficient metasomat-
ic agents of the mantle. Partition coefficients between residual minerals and such melts were experimentally
determined at 8, 13, and 22 GPa at 1100–1500 °C. Compared to previous studies, clinopyroxenes have higher
jadeite contents (57–82 mol%) resulting in a larger compatibility for LILE. In garnet, the compatibility of REE
increases from incompatible LREE (DLa~0.005 at 8–22 GPa) to slightly compatible Lu (DLu=0.96 to 3.5 at
8–22 GPa), DHFSE's increase with pressure from slightly incompatible at 8 GPa to highly compatible at
22 GPa, always with DHf>DZr. K-hollandite/carbonate melt partition coefficients at 13 GPa are all b0.3 except
for K itself. At 22 GPa, Rb, Sr, Ba, and Pb also become compatible in K-hollandite. Also at 22 GPa, FeTi-
perovskites appear and have high D-values for HFSEs (DHFSE 28–88), similar to other Ti-rich minerals. In
the CAS phase, also occurring at 22 GPa, Ti, Sr, La to Gd, and Pb, Th and U are compatible (DPb>DTh>DU>1.7
with a DPb/DU of 12 to 26) leading to a strong fractionation of these elements during melting just above the
660 km discontinuity.
Calculated bulk residue/carbonate melt partition coefficients increase with pressure for almost all elements.
At 22 GPa, i.e. for carbonated sediment melting in the transition zone, element fractionation strongly effects
the Pb isotopic evolution. Carbonate melt trace element compositions normalized to primitive mantle show
strong enrichments in incompatible elements including LILE and LREE and relative negative anomalies for Ti
at 8 and 13 GPa and for Hf, Zr and Ti at 22 GPa at which pressure absolute values are close to mantle concen-
trations. Primitive mantle normalized patterns for 8 GPa carbonate melts are similar to ultrapotassic rocks
and many lamproites on one hand confirming the involvement of a sedimentary component in the source re-
gion of these rocks, on the other hand defining this component as a carbonated sediment melt. The melting of
mantle domains re-enriched by ~0.4 wt.% of our 8–13 GPa carbonate melts produces the typical trace ele-
ment signature observed in the group II kimberlites. Finally, the Pb, Nd, and Sr isotopic evolution of mantle
domains contaminated by ≤1 wt.% carbonate melt derived from carbonated pelites yields reservoirs which
cover most of the compositions identified as EM I and II flavors in OIBs.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Within a subducting slab carbonated pelites are the lithology with
the lowest solidus temperature at >5–7 GPa, i.e. at pressures beyond
major dehydration at subarc depths (Grassi and Schmidt, 2011a,b).
Combined with their position at the top of a slab stratigraphic col-
umn, this renders them the first lithology of the subducting oceanic
crust to melt during crustal recycling into the mantle at 170 to
≥660 km depth. Furthermore, solidus temperatures 200–300 °C
Petrology, Clausiusstrasse 25,
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below the oceanic mantle geotherm render the melting of subducted
carbonated pelites unavoidable in the long term.

The high concentration of alkalis in carbonated pelitic or psammi-
tic sediments results in alkali-rich calcic to dolomitic carbonatite
melts. At the solidus, carbonates melt out and disappear from the res-
idue within a temperature interval ≤50–100 °C while melts stay car-
bonatitic to temperatures of ≥400 °C above the solidus (Grassi and
Schmidt, 2011a). Compared to silicate melts, carbonate melts have
much lower viscosities and better wetting properties (Green and
Wallace, 1988). Thus, they are extremely mobile (Hammouda and
Laporte, 2000), infiltrate the mantle, and may percolate over long dis-
tances. Their particular physical characteristics allow carbonate melts
to transport their distinct trace element and isotopic signature into
extended mantle domains.

http://dx.doi.org/10.1016/j.epsl.2012.01.023
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An involvement of subducted material has been recognized in the
source region of many oceanic basalts (Hofmann and White, 1982;
Weaver, 1991a,b), continental alkaline rocks (Becker and Le Roex,
2006; Gaffney et al., 2007; Murphy et al., 2002; Ulmer and Sweeney,
2002) and some MORB (Rehkamper and Hofmann, 1997). In particu-
lar, the extreme isotopic composition and trace element characteris-
tics of pelagic material has been invoked by Chauvel et al. (1992),
Eisele et al. (2002) and Weaver (1991a) to explain the singular EMI
signature, i.e. low μ, low 206Pb/204Pb, unradiogenic Nd (143Nd/
144Nd), slightly radiogenic Sr (87Sr/86Sr), and high 207Pb/206Pb and
208Pb/206Pb combined with high Ba/Nb-, Sr/Nd- and low Ce/Pb-, Nd/
Pb-, and Nb/U-ratios. Murphy et al. (2002) have used these character-
istics to decipher the origin of the Gaussberg-lamproites, thought to
derive from melting of sediments subducted into the transition
zone, where they remained isolated for a long time.

Previous experimental studies on trace element partitioning be-
tween minerals and carbonate melts were conducted on typical man-
tle minerals (Blundy and Dalton, 2000; Brey et al., 2008; Dasgupta et
al., 2009; Girnis et al., 2006 and Klemme et al., 1995; Sweeney et al.,
1995) demonstrating that extraction of only 0.1 wt.% carbonate melt
would remove 30–60% of many incompatible trace elements
(Dasgupta et al., 2009). Furthermore, experimental studies have
shown that carbonate melts from basaltic or sedimentary eclogites
may form at ≥3 GPa (Dasgupta et al., 2004; Grassi and Schmidt,
2011b; Thomsen and Schmidt, 2008; Yaxley and Brey, 2004). Eclogitic
residues left back by such melting are quite different from typical
mantle residues in their mineralogy, mineral composition and phase
abundance. Garnets are more calcic than in peridotitic bulk composi-
tions and pyroxenes are omphacitic to jadeitic compared to diopsidic
clinopyroxene in mantle assemblages. In peraluminous and alkali-
rich sedimentary eclogites, kyanite or corundum keep the majorite
component in garnet at a minimum, and the different potassic phases
such as phengite, K-feldspar and K-hollandite may host large
amounts of LIL elements including Rb, Sr, Ba, K, Pb, La, Ce and Th.

The partitioning of trace elements between sedimentary residues
and silicate melts at ≥5 GPa has been investigated by Aizawa et al.
(1999), Irifune et al. (1994), and Rapp et al. (2008) supporting a
role of sediment derived melts in the genesis of typical EM mantle
signatures. Nevertheless, at >5 GPa, carbonate bearing pelites melt
at temperatures lower than carbonate free sediments, in particular
above 8 GPa, where the destabilization of phengite leaves an almost
Table 1
Compositions of the bulk sediments and experimental melts.

aDG2 bAM am-S3b DG2-S1a

P [GPa] 8 8
T [°C] 1100 1350
SiO2(wt.%) 54.63 47.60 1.13 1.89
TiO2 0.63 – – 3.35
Al2O3 20.23 22.80 2.66 2.51
FeO 4.86 9.20 7.61 6.27
MgO 2.92 2.00 3.19 4.80
CaO 5.88 6.80 20.74 21.88
Na2O 3.20 2.40 1.18 1.10
K2O 2.21 3.60 22.96 20.62
H2O – 1.10 n.a. –

CO2
c 4.50 4.80 n.a. 37.59

Total 99.07 100.30 59.47 100.00
K2O/Na2O (wt.%) 0.69 1.50 19.48 18.82
X*Ca 0.43 0.41 0.67 0.65
X*Mg 0.30 0.17 0.14 0.20

X*Mg=molar MgO/(MgO+CaO+FeO); X*Ca=molar CaO/(MgO+CaO+FeO).
a Carbonated medium XMg-pelite after Grassi and Schmidt (2011a,b).
b Carbonated Fe-rich pelites after Thomsen and Schmidt (2008).
c CO2 content of the melts calculated by difference of 100 and the measured analytical tot

ponents does not allow approximation of CO2 contents by difference.
dry residuum. A melting study on dry metapelites at 3–5 GPa
(Spandler et al., 2010) indicates that the dry pelite solidus locates
far above any subduction geotherm rendering their melting only fea-
sible in an upwelling mantle. It is thus a carbonate melt from carbon-
ated pelites that most likely transfers a sedimentary signature into
the mantle. For this reason, we experimentally investigate trace ele-
ment partitioning during carbonated pelite melting, and define parti-
tion coefficients between residual garnet, jadeitic cpx, K-hollandite,
CAS-phase, FeTi-perovskite and near solidus carbonate melts at 8,
13, and 22 GPa. We then derive solid residue/carbonate melt bulk
partition coefficients and quantify the metasomatic effect of alkali-
rich carbonatite melts on the mantle and on its isotopic characteris-
tics, in particular with respect to the EM components.

2. Experimental procedure and analytical technique

2.1. Starting material

The startingmaterials used in this study (Table 1 and Supplementary
Table 1) are two carbonated pelites AM and DG2 (Grassi and Schmidt,
2011a; Thomsen and Schmidt, 2008)mixedwith their alkali-rich carbo-
natite melts in order to increase melt abundances in the charge. The hy-
drous composition AM corresponds to a Fe-rich calcareous clay from the
Antilles simplified in the K2O–Na2O–CaO–FeO–MgO–Al2O3–SiO2–H2O–
CO2 (KNCFMASH–CO2) system. The composition DG2 is an anhydrous
carbonated pelite in the TiKNCFMASH–CO2 system. Both are saturated
in coesite/stishovite, kyanite/corundum and carbonates and were
made of powders of SiO2, Al2O3, TiO2, MgO, Na2SiO3, fayalite, K-
feldspar and wollastonite, milled and ground to b5 μm and mixed
with Al(OH)3, CaCO3 and MgCO3 to introduce the desired amounts of
H2O and CO2. The powders were kept in a desiccator under ambient
temperature or in a vacuum oven at 110 °C. Carbonate melts were
mixed from appropriate amounts of MgCO3, FeCO3, CaCO3, K2CO3,
Na2CO3, TiO2, SiO2 and Al2O3. The magnesite is a natural one from Ober-
dorf (Philipp, 1998), siderite has been synthesized at 2000 bar and
350 °C, following the procedure of French (1971). To the carbonate
melt compositions, a mix of 36 trace elements (TX7: Li, Rb, Cs, Be, Sr,
Ba, B, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Lu, Ti, Zr, Hf, Nb, U,
Th, Pb, V, Cr, Mn, Co, Ni, Zn, Ga, and Ge)was added resulting in trace ele-
ment concentrations between 50 and 150 ppm after the final mixing of
the carbonate melt with the pelitic composition in 1:1 and 2:1 ratios.
am-S4b DG2-S2a am-S6a DG2-S5a trace4

13 13 22 22 22
1220 1350 1500 1500 1500
0.48 0.22 0.04 0.05 0.06
– 1.81 – 0.56 0.33
1.31 1.18 0.30 0.26 0.21
10.96 7.08 7.35 7.32 5.35
2.62 5.35 7.02 7.36 6.04
25.59 26.36 18.08 15.33 17.46
4.72 4.71 19.57 22.74 22.67
12.05 9.43 3.37 3.27 2.90
n.a. – n.a. – –

n.a. 43.87 n.a. 43.12 44.99
57.73 100.00 55.72 100.00 100.00
2.55 2.00 0.17 0.14 0.13
0.68 0.67 0.54 0.49 0.58
0.10 0.19 0.29 0.33 0.28

al, note that for the AM composition the presence of both H2O and CO2 as volatile com-



Table 2
Summary of the experiments.

Run capsule P [GPa] T [°C] t [h] assemblage

am-S3b Au 8 1100 72 Grt, Cpx, Ky, Coe, Melt
DG2-S1a Au80Pd20 8 1350 48 Grt, Cpx, Ky, Coe, Melt
am-S4b Au 13 1220 72 Grt, Cpx, K-holl, Sti, Crn,

Carb, Melt
DG2-S2a Au80Pd20 13 1350 48 Grt, Cpx, K-holl, Sti,

Crn, Melt
DG2-S5a Au80Pd20 22 1500 72 Grt, CAS, K-holl, Sti, Crn, Prv,

Carb, Melt
am-S6a Au80Pd20 22 1500 72 Grt, CAS, K-holl, Sti, Crn, Melt
trace4 Au80Pd20 22 1500 48 Grt, CAS, K-holl, Sti, Crn,

Na-carb, Melt
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2.2. Experimental procedure

Experiments (Table 2) at 8 and 13 GPa were conducted in a 600-ton
Walker-type rocking multi-anvil (Schmidt and Ulmer, 2004). To im-
prove equilibration and minimize zonation within the charges, the
whole multi-anvil apparatus was rotated by 180 °C during the experi-
ments, continuously during the first 30 min and then every 10 min dur-
ing the remainder of the experiments. For the experiments at 22 GPa, a
traditional 1000-ton Walker multi anvil was used. Tungsten carbide
cubes with truncation edge lengths of 11, 8, or 3.5 mm in combination
with prefabricated MgO-octahedra of 18, 14, or 10 mm edge length
Grt

Grt

Grt

Grt

melt

melt

(c) DG2-S1a (8 GPa/1350 °C) 20 µm

K-holl

m
el

t

(a) am-S4b (13 GPa/1220 °C) 20 µm

Cpx

Cpx

Fig. 1. BSE-images of run products. (a) am-S4b (13 GPa/1220 °C); large K-hollandite crystal
garnet crystal in direct contact with Na-rich carbonatite melt and smaller CAS crystals. (c)
garnet and carbonatite melt. (d) am-S3b (8 GPa/1100 °C); garnet coexisting with small agg
measurements. Mineral abbreviations: Carb: carbonates (aragonite, magnesite, magnesium
clinopyroxene; Crn: corundum; Grt: garnet; Kfs: potassium feldspar; K-holl: potassium hol
and natural pyrophyllite gaskets were employed at 8, 13, and 22 GPa,
respectively. For the experiments at 8 and 13 GPa, the procedure has
been described by Grassi and Schmidt (2011a). The smaller 10/3.5 as-
sembly is fully described by Stewart et al. (2006). Temperature was
controlled using a B-type (Pt94Rh6/Pt70Rh30) thermocouple and no cor-
rection for the effect of pressure was applied. Capsules were placed in
the center of the furnace, and quenching was done by turning off heat-
ing power, followed by pressure unloading of 15–20 h. After the exper-
iment, capsules (Au or Au80Pd20, depending on temperature, Table 2),
were mounted longitudinally in epoxy resin and polished to the center
by dry polishing methods to avoid any loss of alkalis from equilibrium
carbonates and from the quench of the carbonatemelts. During dry pol-
ishing, the open capsules were repeatedly impregnated with low vis-
cosity resin to avoid mechanical loss of quench phases from the
carbonatemelts. After being analyzed the capsuleswere kept in a desic-
cator under vacuum.
2.3. Analytical methods

2.3.1. Electron microprobe
All experimental charges were first analyzed with a JEOL JXA8200

electron microprobe at the Institute for Geochemistry and Petrology,
ETH-Zürich with 15 kV acceleration voltage, 20 nA beam current for
silicate minerals and 5 nA for carbonates and carbonate liquids. Ac-
quisition times were 10 s for Na and K and 20 s for all other elements,
measuring Na and K first to avoid diffusional losses. Beam diameters
Grt

Grt

Grt

CAS

melt

melt

Cpx

Coe
melt

(b) DG2-S5a (22 GPa/1500 °C)

(d) am-S3b (8 GPa/1100 °C) 20

50

µm

µm

coexisting with garnet and small cpx aggregates. (b) DG2-S5a (22 GPa/1500 °C); large
DG2-S1a (8 GPa/1350 °C); 15–20 μm large cpx crystals of measurable size coexist with
regates of coesite, kyanite and cpx. Large amounts of melt (ca 40 wt.%) allow for good
calcite and dolomite); Na-carb: Na-rich carbonate; CAS: CaAl4Si2O11; Coe: coesite; Cpx:
landite; Ky: kyanite; Prv: perovskite; Sti: stishovite.



87D. Grassi et al. / Earth and Planetary Science Letters 327-328 (2012) 84–96
of 1 to 2 μm were used for all silicate and carbonate minerals.
Quenched melts, which exhibit beam damage, were analyzed using
a defocused beam of 3–20 μm.

2.3.2. Laser ablation-ICP-MS
Trace element analyses were obtained with laser ablation induc-

tively coupled plasma mass spectrometry (LA-ICP-MS) at the Labora-
tory for Inorganic Chemistry, ETH Zurich. A 193 nm ArF Excimer laser
(Gunther et al., 1997) was coupled to an ELAN 6100 DRC ICP-MS. The
laser operated at 17 J cm−2 using repetition rates between 5 and
10 Hz and crater sizes between 4 and 20 μm for minerals and of
20 μm for quenched melts. Using helium as carrier gas, the laser aero-
sol produced in a standard cell was transported into the ICP. NIST 610
was used as external reference material. Internal standardization re-
quired for element concentration calculations employed major ele-
ment concentrations (Al and Na) as determined by EPMA (for a
detailed description of the technique, see Guillong et al., 2005). The
background was acquired for 30 s followed by 15–40 s signal acquisi-
tion depending on the pit diameter used during the analysis. The data
reduction and concentration calculation is based on the protocol de-
scribed by Longerich et al. (1996).

3. Results

Phase relations and melting reactions of the dry and H2O-bearing
carbonated pelites used in this study have been defined by Grassi and
Schmidt (2011a,b). In these studies, the exact melt composition at
near solidus conditions was determined through reverse “sandwich”
experiments (Falloon et al., 1997). In this procedure, a thick layer of
carbonate melt with the supposed composition derived from mea-
surements of low melt fractions is equilibrated with the carbonated
pelite in question (for bulk compositions see Supplementary Table
1). This technique produces relatively large homogeneous areas of
melt (Fig. 1) as necessary for analysis using a defocused electron or
large laser beam (for EMPA and LA-ICP-MS, respectively). The
obtained highly potassic carbonatite melts at 8 and 13 GPa are in
equilibrium with garnet, clinopyroxene, coesite/stishovite, kyanite/
corundum, K-hollandite (only at 13 GPa), i.e. with a SiO2 and Al2O3

saturated eclogitic assemblage, and in part with carbonate(s)
(Table 2). At 22 GPa the highly sodic carbonatite melts coexist with
garnet, CAS-phase, stishovite, corundum, K-hollandite, ± FeTi-
perovskite, and ± magnesite.

3.1. Mineral and melt major element composition

Minerals andmelts from the “sandwich” experiments (Table 1 and
Supplementary Tables 2–7) have similar compositions as the ones de-
scribed in Grassi and Schmidt (2011a,b).

Garnet (grt) forms subidiomorphic, 10–30 μm large and mostly
inclusion-free crystals. Excess Si is low; at 8 GPa garnets have ca.
3.00 Si pfu, at 13 GPa≤3.07 Si pfu, but reach 3.22 Si pfu at 22 GPa.
Nevertheless, Si+Ti–Na–K remains below 3 in all experiments, the
excess tetravalent cations thus uniquely charge compensate for alka-
lis but do not indicate a tschermak-type substitution leading to
majorite. This lack of tk-majorite component results from the coexis-
tence of garnet with kyanite or corundum which yields maximum Al-
contents. The most important component at 8 and 13 GPa is grossular
with 31–46 mol%. At 22 GPa garnets coexist with the Ca-rich CAS-
phase and have lower grossular-contents (9–16 mol%), an increased
almandine component of 32 mol% in the AM composition or an in-
creased NaFe3+-component of 24 mol% in the DG2 composition.
Mg# varies between 25 and 61, increasing with pressure. The DG2
composition yields garnets with higher Mg content than AM due to
a higher bulk Mg # (52.4 vs. 27.9, respectively). In spite of the large
compositional variability, the measured garnets can be classified as
eclogitic. Major differences to eclogitic garnets of basaltic origin are
(i) lower Na-solubilities of 1.5–2.0 wt.% at >16 GPa in our garnets
compared to ca. 3 wt.% in basaltic compositions (Okamoto and
Maruyama, 2004), (ii) lower Si-contents, garnets from basaltic com-
positions at 8–18 GPa having typically 3.1–3.30 Si pfu, and (iii) low
Mg# compared to 49–75 for garnets from basaltic bulk compositions
(Okamoto and Maruyama, 2004; Yasuda et al., 1994).

Clinopyroxenes (cpx) form tabular 5–15 μm large grains which
were mostly too small to be analyzed by LA-ICP-MS. Trace elements
concentrations in cpx could be obtained only from 1 experiment
with 57 mol% jadeite component (DG2-S1a). Cpx are extremely
sodium- and alumina-rich with a jadeite component of 57–
72 mol% at 8 GPa and 80–82 mol% at 13 GPa. The CaTs and Ca-
eskolaite components are almost nil and Al(IV) below 0.05 apfu.
Compared to eclogitic cpx from basaltic compositions (17–44 mol%
at 6–15 GPa) our cpx have much higher jadeite contents and lower
Mg# (57–73 in our cpx and 72–81 in basaltic compositions,
Dasgupta et al., 2004; Okamoto and Maruyama, 2004; Yasuda et
al., 1994).

K-hollandite (K-holl) forms elongated prismatic crystals up to
100 μm long and 40 μm wide (am-S4b). At 13 GPa, the Na-
hollandite component is small (b4 mol%) but increases to 12 mol%
at 22 GPa.

CAS-phase crystallizes only at 22 GPa and contains 1.6–1.7 wt.%
K2O and 0.8–1.0 wt.% Na2O as well as 1.5–1.7 wt.% TiO2. Crystal sizes
vary between 10 and 30 μm.

FeTi-perovskite crystallizes only at 22 GPa in the Ti-bearing DG2
composition. The stability of this perovskite at slightly lower pres-
sures than in mantle or MORB bulk compositions results from its
high-Ti character (Ti /(Ti+Si)=0.84) in combination with a low
bulk XMg of 0.51. Normalization to 2 cations and 6 charges results in
a Fe3+/Fetot of 0.277.

Carbonates coexisting with carbonate melt have a large composi-
tional variability ranging from pure aragonite to Ca-poor and Fe-rich
magnesite. As carbonates melt out closely to the solidus, they will
not be considered further in this study.

Melts are alkali-rich Ca-carbonatites. The melts quench to mix-
tures of various carbonate and silicate phases with feathery quench
crystals of typically 1–3 μm across and 5–50 μm length. K2O/Na2O
wt-ratios decrease with increasing pressure from ~20, with 20.6–
22.9 wt.% K2O and ~1 wt.% Na2O at 8 GPa to values of K2O/
Na2O=0.13 with 19.6–22.8 wt.% Na2O and ~3 wt.% K2O at 22 GPa.
Si2O and Al2O3 contents are always below 1.9 and 2.7 wt.%, respec-
tively, TiO2 varies between 0.3 and 3.4 wt.% (for the DG2 bulk)
depending on the coexisting phases and pressure. X*Ca- (0.49–0.71)
and X*Mg- values (0.10–0.33) are similar to the ones found for melts
generated from carbonated basaltic eclogites, which yield X*Ca's of
0.44–0.75 and X*Mg's of 0.11–0.43 (Dasgupta et al., 2004, 2005;
Yaxley and Brey, 2004). These values are clearly different from peri-
dotite derived carbonate melts, which have low X*Ca's of 0.12–0–36
and higher X*Mg's of 0.53–0.81 (Brey et al., 2008; Dasgupta and
Hirschmann, 2007; Ghosh et al., 2009).
3.2. Mineral/melt partition coefficients

Trace element concentrations in the analyzed garnet, clinopyro-
xene, K-hollandite, CAS-phase, FeTi-perovskite and melts are given
in Supplementary Tables 8 and 9. Resulting partitioning coefficients
are shown in Fig. 2 and Table 3 (details in Supplementary Table 10).
The quenched heterogeneous nature of the melts resulted in an aver-
age 1σ standard deviation of trace element concentrations in the melt
of 13%. More limiting was the size of the crystals which lead to an av-
erage 1σ standard deviation of trace element concentrations of 23%.
Nevertheless, the relatively large errors are mostly for elements
with low mineral/melt partition coefficients and do not significantly
influence the calculated melt compositions.
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study and color coded for pressure. (a) Data constituting the shaded area are from
Adam and Green (2001), Blundy and Dalton (2000), Klemme et al. (1995), and Swee-
ney et al. (1995). Open circles: Dasgupta et al. (2009, in a and b). Stars: Green and
Adam (2003). (b) Data constituting the shaded area are from Brey et al. (2008),
Green et al. (1992), Sweeney et al. (1992) and Sweeney et al. (1995). (c) Open dia-
monds: Irifune et al. (1994). (d) and (e): Open squares: Hirose et al. (2004) and for
Ca-perovskite also Corgne and Wood (2002), open diamonds: Irifune et al. (1994),
open ovals: Corgne and Wood (2002) and Kato et al. (1996).
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3.2.1. Clinopyroxene/carbonate melt
The partitioning of trace elements between cpx and the alkali-rich

Ca-carbonatite melts (Fig. 2a) could only be measured in one experi-
ment at 8 GPa (DG2-S1a) due to generally small cpx grain sizes in the
other experiments. Only Li, B, Na, Sc, V, Ni, and Zn are compatible and
Pb, Mn, and Co slightly incompatible, the reminder of the measured
elements have Dcpx/carb. meltb0.12. Dcpx/carb. melt values for REE, Hf
and Sr of this study are comparable to those of Dasgupta et al.
(2009) for a peridotite–carbonatite system (Fig. 2a). Nevertheless,
Dcpx/carb. melt values for LILE and Nb are distinctly higher in our system
most likely due to the more jadeitic character of our cpx, allowing for
larger amounts of large ions on the larger Na-hosting M2-site. Com-
pared to cpx/silicate melt (Adam and Green, 2001; Blundy and
Dalton, 2000; Klemme et al., 1995; Sweeney et al., 1995), most ele-
ments are generally more incompatible in cpx in equilibrium with
carbonate melts, while for cpx/aqueous fluid (Green and Adam,
2003) most elements are less compatible.

As has been discussed before (Grassi and Schmidt, 2011a), Na is
highly compatible in cpx at 8 GPa with DNa

cpx/carb.melt ~10 at 8 GPa, de-
creasing to ~2.5 at 13 GPa. This compatibility is crucial in that the car-
bonate melts at 8–13 GPa are ultrapotassic with K2O/Na2O-ratios of
~20 and ~2 at 8 and 13 GPa, respectively.

3.2.2. Garnet/carbonate melt
Garnet/carbonatitemelt partition coefficients from the different pres-

sures are plotted in Fig. 2b and compared to experiments on garnet/
silicate melt (Brey et al., 2008; Green et al., 1992; Sweeney et al., 1992;
Sweeney et al., 1995) and on garnet/carbonate melt (Dasgupta et al.,
2009). In agreement with previous studies, partition coefficients of REE
show a steady increase from highly incompatible La (DLa=0.005 at
8 GPa) to slightly compatible Lu (DLu=0.87–3.5 at 8 to 22 GPa). Similar
to what was deduced by Dasgupta et al. (2009) from data at 6.6–
8.6 GPa, the compatibility of HFSE including Zr, Hf and Ti increases with
pressure, from fairly incompatible at 8 GPa to moderately compatible at
13 and highly compatible at 22 GPa. At 8 GPa DTi>DHf>DZr but this
changes to DHf>DZr>DTi at 22 GPa. DPb in our garnet at 8 GPa is 0.018
and comparable to the 0.006–0.02 at 6.6–8.6 GPa measured by
Dasgupta et al. (2009) but becomes much higher with pressure, increas-
ing to 0.56 at 22 GPa.

3.2.3. K-hollandite/carbonate melt
At 13 GPa, all measured partition coefficients DK-holl/carb. melt ex-

cept for K are b0.25 (Fig. 2c), thus residual K-hollandite is not
expected to leave a strong signature at this pressure (excluding po-
tassium). D's for REE are 0.019 to 0.006 for DLa to DLu. HFSE and
LILEs have somewhat higher partition coefficients with DTi and DRb

of ~0.2 and DLi, DBe, DB, DV and DSr around 0.1 and a DSr/DNd ratio of
about 11. With increasing pressure the compatibility of potassium
in K-holl increases from DK=1.3 to 4.2 (Grassi and Schmidt,
2011b). A similar behavior is observed for almost all other elements
measured at 22 GPa including V, Rb, Sr, Ba, and Pb which become
compatible with partition coefficients of 1.1–8.5 at 22 GPa. Irifune et
al. (1994) determined partition coefficients for La, Pb and Sr between
K-hollandite and silicate melt at P>16 GPa which are much higher
than those of K-hollandite and carbonate melt, but which show sim-
ilar DPb/DSr and DLa/DPb ratios. At 8 GPa, no potassium phase is stable
above the solidus, which may lead to ultrapotassic carbonate melts
with K2O/Na2O wt.% ratios of up to ~40. The increasing compatibility
of K in K-hollandite with pressure in combination with the disappear-
ance of cpx at P≥16 GPa and the incompatibility of Na in garnet re-
sults in sodic carbonatite melts (Grassi and Schmidt, 2011b) with
K2O/Na2O wt.% ratios of ~0.15 at 22 GPa.

3.2.4. CAS/carbonate melt
Among all phases measured in this study, the CAS-phase has the

most compatible trace elements. Partition coefficients between the



Table 3
Average mineral/melt partitioning coefficients.

P [GPa] 8 8 13 13 22 8 13 22 22 22 22

T [°C] 1100 1350 1220 1350 1500 1350 1220 1500 1500 1500 1500

Mineral Grt Grt Grt Grt Grt Cpx K-holl K-holl CAS-S6a CAS-t4 FeTi-pvsk

Li 0.28(16)a 0.23(8) 2.4(8) 0.16(11) 1.15(32)
Be 0.57(11) 4.4(11) 0.109(45) 2.2(8)
B 1.15(28) 1.01(18) 0.098(48) 1.34(18)
Nab 0.21(2) 0.34(3) 0.14(2) 0.21(2) 0.088(8) 7.1(3) 0.073(10) 0.066(8) 0.041(4) 0.041(5) 0.042(7)
Kb 0.013(2) 0.006(1) 0.013(3) 0.029(3) 0.29(3) 0.050(7) 1.28(12) 4.20(22) 0.46(10) 0.58(6) 0.28(4)
Sc 1.29(34) 1.89(44) 2.6(9) 3.5(6) 15.1(13) 1.41(27) 9.9(1.7)
Tib 0.298(47) 0.234(31) 1.01(24) 0.938(24) 2.57(31) 0.101(28) 0.23(6) 5.1(15) 65(9)
V 1.06(35) 1.35(26) 1.32(45) 3.2(7) 4.9(8) 1.26(18) 0.124(48) 1.13(25) 2.87(28) 9.1(16) 45.8(31)
Cr 13.6(43) 74(26) 95(20) 69(22)
Mn 3.4(8) 3.29(38) 3.1(6) 2.56(53) 2.58(13) 0.82(12) 2.12(27)
Co 2.18(44) 2.52(27) 2.8(11) 1.13(28) 2.64(20) 0.62(16) 0.17(10) 0.51(15) 3.5(6)
Ni 0.76(20) 1.45(26) 1.06(26) 2.3(6) 6.0(10)
Zn 1.07(27) 1.60(47) 1.50(36) 2.78(54) 0.48(19) 1.97(48) 0.077(28) 2.3(6)
Ga 1.8(10) 3.5(12) 6.2(20) 3.7(10) 14.5(29) 4.4(13) 0.91(21) 6.4(16) 61(18) 43(9) 30.4(54)
Ge 8.4(33) 29(11) 22(6) 68(22) 67(15)
Rb 0.173(56) 0.24(6) 2.38(45) 0.38(7) 0.27(9)
Sr 0.014(3) 0.045(20) 0.030(19) 0.046(13) 0.018(5) 0.135(25) 1.12(16) 1.83(23) 2.20(23) 0.138(46)
Y 0.252(54) 0.240(45) 0.47(13) 0.58(14) 0.86(11) 0.041(18) 0.009(3) 0.016(8) 0.32(9) 0.36(16) 0.19(10)
Zr 0.123(49) 0.101(24) 0.40(12) 0.60(23) 7.5(12) 0.045(6) 0.018(7) 0.22(9) 0.76(27) 59(6)
Nb 0.006(3) 0.005(1) 0.021(7) 0.14(6) 0.066(20) 0.016(3) 0.011(3) 0.054(15) 0.109(28) 0.26(9) 28.5(39)
Cs 0.010(1) 0.016(6) 0.088(31) 0.14(9) 0.10(6) 0.089(33)
Ba 0.070(23) 2.4(9) 0.76(31) 0.48(16) 0.52(17)
La 0.009(1) 0.010(2) 0.011(2) 0.005(1) 0.007(1) 0.019(5) 0.011(9) 0.87(31) 0.52(14) 0.030(12)
Ce 0.028(12) 0.010(6) 0.026(7) 0.012(6) 0.126(41) 3.3(10) 3.73(49) 0.037(14)
Pr 0.013(2) 0.039(14) 0.014(1) 0.015(5) 0.010(6) 0.102(31) 3.4(9) 3.6(8) 0.048(22)
Nd 0.068(18) 0.047(3) 0.012(5) 2.8(8) 3.1(10) 0.14(6)
Sm 0.053(27) 0.136(38) 0.108(31) 0.042(9) 0.015(4) 1.63(33) 2.1(14) 0.23(6)
Eu 0.046(8) 0.105(23) 0.154(42) 0.086(30) 0.104(9) 0.043(9) 0.015(4) 0.075(17) 1.40(31) 1.68(36) 0.103(41)
Gd 0.083(28) 0.164(23) 0.200(52) 0.203(52) 0.142(21) 0.096(12) 0.016(3) 1.45(43) 1.08(38) 0.28(8)
Tb 0.072(12) 0.118(23) 0.31(10) 0.26(7) 0.31(6) 0.074(9) 0.013(3) 0.029(2) 0.90(21) 0.81(30) 0.16(8)
Dy 0.197(46) 0.118(26) 0.37(14) 0.52(8) 0.082(14) 0.011(6) 0.62(22) 0.79(13) 0.25(6)
Er 0.39(13) 0.42(9) 0.84(15) 1.32(24) 1.32(15) 0.113(50) 0.013(2) 0.49(25) 0.43(7) 0.36(14)
Yb 0.61(7) 0.92(23) 0.93(26) 2.01(45) 2.74(31) 0.117(36) 0.010(2) 0.316(51) 0.67(19)
Lu 0.96(24) 0.87(14) 1.18(24) 1.29(26) 3.45(44) 0.095(17) 0.006(1) 0.15(6) 0.19(8) 0.77(28)
Hf 0.22(9) 0.118(20) 0.53(16) 1.18(29) 12.7(19) 0.076(25) 0.031(11) 0.073(26) 0.39(7) 0.84(53) 88(14)
Pb 0.018(10) 0.11(6) 0.56(30) 0.95(37) 0.184(53) 8.5(29) 20(8) 56(18) 7.8(32)
Th 0.020(5) 0.035(7) 0.049(19) 0.030(11) 0.051(12) 0.016(4) 0.107(20) 3.5(12) 4.14(41) 0.212(51)
U 0.023(6) 0.052(15) 0.031(11) 0.024(8) 0.076(24) 0.016(4) 1.72(50) 2.1(7) 0.30(10)

Zr/Hf 0.57 0.86 0.77 0.50 0.59 0.59 0.58 0.90 0.68
U/Pb 1.3 0.28 0.04 0.08 0.09 0.01 0.09 0.04 0.04
U/Th 1.2 1.5 0.63 0.81 1.5 1.0 1.0 0.50 0.52 1.4
Th/La 2.1 3.6 4.5 5.7 7.3 0.83 0.95 4.0 8.0 7.1

a Uncertainties are one standard deviation with respect to the mean.
b From EMP analysis.
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CAS-phase and carbonate melt are 20–56 for Pb, 74–95 for Cr, and be-
tween 2 and 9 for Be, Ti, V, Sr, Ce, Pr, Nd, Sm, Th and U (Fig. 2d). Par-
tition coefficients show a steady decrease for the REEs from
DCe=3.55 to DLu=0.198. The low DNb (0.11–0.26) leads to high
DPb/DNb ratios. Our partition coefficients are similar, albeit slightly
higher than previous data by Hirose et al. (2004) and Irifune et al.
(1994) for silicate melts. The high compatibility of Pb, U and Th and
also Sr, Nd and Sm in the CAS-phase leads to a strong fractionation
of these elements during partial melting, resulting melts having
higher U/Pb-, lower Th/U-, higher Sm/Nd- and higher Rb/Sr-ratios
than the source rock. Such a melt eventually evolves to extremely ra-
diogenic Pb compositions.

3.2.5. Fe(Ti)-perovskite/carbonatite melt
Partition coefficients between FeTi-perovskite and carbonatite

melt (Fig. 2e) show strongly compatible HFSE including Hf, Zr, Nb,
and also V and Cr with DFeTi-perovskite/carb.melt of 28 to 88, analogous
to Ti-rich phases such as rutile and sphene. REE are incompatible
with partition coefficients increasing from DLa=0.03 to
DLu=0.77. Our data for REE partitioning are comparable to those
from Hirose et al. (2004) for Mg-perovskite/silicate melt (Fig. 2e).
The 2–3 orders of magnitude higher partition coefficients of HFSE
for FeTi-perovskite than for MgSi-perovskite can be attributed to
the Ti-enrichment and to the carbonatitic character of our melt,
the latter in general accommodating limited amounts of high va-
lence cations.
3.3. Lattice strain modeling

Measured partition coefficients have been employed to fit lattice
strain parabola (Blundy and Wood, 1994) to mono-, di-, tri-, and in
case of perovskite tetra-valent cations in each mineral. The purpose
of this modeling is to check for internal consistency of the partition
coefficients and to calculate partition coefficients that could not be
determined directly but which are needed for the trace element and
isotope models. Details of the fits and their results including apparent
Young's moduli E, the ideal site-radii r0 and the partition coefficient
D0 for a cation of size r0 are given in the electronic appendix. The
most remarkable results are:
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3.3.1. Garnet
Lattice strain parameters of the 8 GPa-1100 °C garnet which has

the lowest alkali-content and Sib3.0 apfu (3-valent cations on the
X-site: E=460 GPa, r0=0.913) fit well with predictions from Van
Westrenen and Draper (2007). All other garnets have lower r0 of
0.848–0.899, in part lower apparent Young's moduli for 3-valent cat-
ions in the X-site, and a D0 increasing from 1.6 at 8 GPa to 15.6 at
22 GPa. The lower r0 renders REE-patterns steeper while at the
same time HREE become more and more compatible with pressure.
3.3.2. Cpx
The jadeite-rich character (57 mol% jadeite) results in a large M2-

site shifting the r0 of the 3-valent cation lattice strain parabola in this
site to a higher value (1.01 Å) than found by Dasgupta et al. (2009)
for cpx with 7–9 mol% jadeite (r0=0.89–0.95 Å) or predicted for
cpx/silicate melt partitioning (Wood and Blundy, 1997). Neverthe-
less, this remains inconsequential for the bulk trace element parti-
tioning, as the REE remain largely incompatible in cpx.
Table 4
Bulk partition coefficients and mineral modes.

P[GPa] 8 13 22 22 — pvsk

Li 0.71(20) 0.46(12)
Be 0.57(11) 0.26(10)
Na 1.91(25) 0.44(16) 0.048(8) 0.046(8)
K 0.017(2) 0.252(48) 1.24(12) 1.24(12)
Sc 0.77(12) 0.96(25) 4.38(39) 4.37(35)
Ti 0.119(16) 0.36(7) 1.50(20) 5.2(5)
V 0.66(12) 0.60(13) 2.82(31) 5.27(33)
Cr ≥15.4 ≥18.0
3.3.3. K-hollandite
The lattice strain parabola of the mono-valent cations in the VIII-

coordinated K site (Zhang et al., 1993) yields a large r0 of 1.44–1.49.
Consequently, the r0 of the lattice strain parabola of the two-valent
cations in this site (1.32–1.38 Å) lies in between the radii of Sr and
Ba rendering these (and Pb) relatively compatible in the K-
hollandite structure. All three parabolas yield a dramatic increase of
D0 with pressure, by a factor of 2.8 for the alkalis, and by factors of
15 and 8 for the di- and three-valent cations on this site.
Mn 1.26(26) 1.04(17) 0.75(4) 0.77(4)
Co 0.84(14) 0.93(31) 0.87(6) 0.97(7)
Ni 0.84(17) 0.47(9) 0.36(8) 0.68(9)
Zn 0.84(15) 0.75(13) 0.24(6) 0.35(6)
Rb 0.0006(3) 0.047(11) 0.72(12) 0.72(12)
Sr 0.009(2) 0.041(8) 0.569(49) 0.553(48)
Y 0.089(17) 0.145(37) 0.296(38) 0.270(34)
Zr 0.050(15) 0.127(34) 2.27(35) 5.52(48)
Nb 0.006(1) 0.011(2) 0.064(13) 1.77(23)
Cs b0.00001 0.003(1) 0.038(11) 0.042(11)
Ba b0.00001 0.013(4) 0.69(22) 0.72(23)
La 0.0012(6) 0.0043(21) 0.47(23) 0.43(21)
Ce 0.007(2) 0.014(4) 0.48(6) 0.45(6)
3.3.4. CAS phase
Interestingly, the r0 of the dodecahedral Ca-site (Gautron et al.,

1999) of 1.47-1.49 lies just above the ionic radius of Sr but not close
to Ca. The REE+Y except of La fit well onto one lattice strain parabola
with an apex at a D0 of 3.6–3.7 and a r0 close to the ionic radius of Ce
leading to a strong depletion of LREE with respect to HREE in the melt.
The reasons for the measured D-value of La being 4–7 times lower
than the one that would fit the lattice strain parabola remains
unknown.
Pr 0.004(1) 0.016(4) 0.46(9) 0.43(8)
Nd 0.006(3) 0.024(5) 0.42(12) 0.39(11)
Sm 0.027(9) 0.040(9) 0.28(17) 0.27(15)
Eu 0.026(3) 0.054(12) 0.251(43) 0.236(40)
Gd 0.051(9) 0.075(15) 0.183(46) 0.183(43)
Tb 0.042(4) 0.103(28) 0.195(40) 0.184(37)
Dy 0.082(15) 0.122(41) 0.251(27) 0.238(24)
Er 0.151(41) 0.263(45) 0.438(45) 0.402(40)
Yb 0.220(23) 0.29(8) 0.83(9) 0.76(8)
Lu 0.32(7) 0.36(7) 1.02(13) 0.93(11)
Hf 0.086(28) 0.170(47) 3.8(5) 8.6(10)
Pb 0.25(9) 0.21(6) 9.0(23) 8.9(21)
3.3.5. 4-Valent cations
In principal, a lattice strain parabola could be fit to DTi–DHf–DZr in

all of the above minerals. Nevertheless, the ionic radii of Hf and Zr are
too close and DZr and DHf too similar to reliably fit three lattice strain
parameters. Suffice to say that DHf is always larger than DZr for all
minerals (DHf/DZr=0.49 to 0.90) and that for the above minerals
DTh would not fit onto one lattice strain parabola with DTi–DHf–DZr in-
dicating that Th partitions into a larger size than Ti–Hf–Zr.
Th 0.019(3) 0.025(6) 0.534(50) 0.504(46)
U 0.027(7) 0.023(5) 0.29(9) 0.29(8)

D(Zr/Hf) 0.58 0.75 0.60 0.65
D(Rb/Sr) 0.07 1.12 1.26 1.31
D(Sm/Nd) 4.95 1.66 0.67 0.69
D(U/Pb) 0.11 0.11 0.03 0.03
D(U/Th) 1.39 0.94 0.55 0.57
D(Th/La) 4.1 3.1 5.7 5.6

Mineral modes (wt.%) after Grassi and Schmidt (2011a,b)
Grt 0.31 0.29 0.29 0.25
Cpx 0.26 0.15 – –

Ky 0.24 0.14 – –

Cor – – 0.10 0.10
Coe/Sti 0.19 0.23 0.22 0.22
K-holl – 0.19 0.26 0.26
CAS – – 0.12 0.11
Prv – – – 0.06
3.3.6. FeTi-perovskite
A single lattice strain parabola can be fit to the REE+Y, excluding

Sc. This suggests that REE would be hosted on the larger VIII-
coordinated site while Sc partitions into the smaller octahedral site
(see also Hirose et al., 2004). A single lattice strain parabola with an
apex at D0=98 and r0=0.604 would fit the partition coefficients of
the tetra-valent cations. However, Th is likely to partition into the
VIII-coordinated site (Corgne and Wood, 2005) while Si, Ge, and Ti
should occupy the smaller octahedral site. There is a general problem
with site-attributions for cations (Corgne et al., 2005) in particular for
those with ionic radii between that of Ti and Fe in this unusual Fe–Ti
perovskite. The high partition coefficients for the alkalis, Sr, Pb, and Ba
suggest that these would not be accommodated in the same environ-
ment as the Fe2+ cation dominant on the VIII-coordinated site.
3.4. Bulk partition coefficients for high pressure pelitic residues in equi-
librium with carbonate melts

For each pressure, bulk partition coefficients were calculated using
average mineral/melt partition coefficients in combination with min-
eral modes from Grassi and Schmidt (2011a,b) at near-solidus condi-
tions (Table 4 and Fig. 3). The measured partition coefficients are
supplemented by partition coefficients calculated from lattice strain
modeling or from closest proxy elements (Supplementary Table 10).
Despite repeated experiments (not reported here), we did not suc-
ceed to crystallize all minerals at all pressures large enough for
measurement by LA-ICP-MS. Thus, cpx/carbonate melt partition coef-
ficients at 8 GPa were also employed at 13 GPa. Residual carbonate
was not considered as the melt fraction increases rapidly at the soli-
dus until carbonates are melted out. For almost all elements which
had partition coefficients calculated, these would increase bulk
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partition coefficient by b1% and thus do not noticeably influence the
calculated melt compositions. The only exceptions are Ti in K-
hollandite at 22 GPa, and Co in the CAS phase.

Calculated bulk partition coefficients Dbulk residue/carb. melt (Fig. 3) at
8 and 13 GPa result in generally incompatible LILE and HFSE with par-
tition coefficients mostly between 10−1 and 10−2 reaching the low-
est values for Cs, Rb, Nb and La (Table 4, Fig. 3). For the REE, bulk
partition coefficients increase steadily from highly incompatible La
to slightly incompatible Lu. Notably high relative Dbulk residue/carb.

melt are obtained for Pb, Hf, Zr, Ti and Sc. The transition metals have
partition coefficients close to unity. With pressure increasing to
22 GPa, the general compatibility of the LILE, HFSE and LREE increases
by more than one order of magnitude; K, Nb (with perovskite), Pb, Hf,
Zr, Ti and Sc as well as Cr and V become compatible (Fig. 3). For the
HREE this increase is only factors 2–3, leading at 22 GPa to fairly flat
REE-patterns. At 22 GPa, a Fe–Ti rich perovskite forms in the residue
of the Ti-bearing DG2 sediment composition. From Ti-concentrations
and abundances of coexisting minerals, such an FeTi-perovskite can be
expected to occur at bulk TiO2-concentrations >0.5 wt.%. This perov-
skite increases Dbulk residue/carb. melt 2- to 4-fold for Hf, Zr, and Ti, and
30-fold for Nb. It has thus primarily the effect of sharpening the charac-
teristic subduction signature. The generally high compatibility for some
HFSE such as Hf, Zr, and Ti is attributed to a generally low solubility of
HFSE in carbonate liquids (Chakhmouradian, 2006; Veksler et al., 1998).

Fig. 3 also compares our bulk partition coefficients to those for lher-
zolite/carbonatite melt at 8.6 GPa (1265–1470 °C Dasgupta et al., 2009)
and of basaltic eclogite/supercriticalfluid at 6 GPa (1200 °C, Kessel et al.,
2005). With respect to our data at 8 GPa (1100–1350 °C), REE in the
lherzolite/carbonate melt system behave similar, but the LILE and Pb
are more compatible in the pelite/carbonatite melt system. This differ-
ence is mostly due to a higher abundance and the much more sodic
character of cpx in the residuum. The pelite/carbonatite melt and the
MORB/supercritical liquid systems are, at 8 and 6 GPa, both dominated
by garnet+cpx in the residuum. Thus, Dbulk residue/carb. melt for LILE are
similar but the RRE patterns much flatter in the pelite/carbonate melt
system due to lower garnet fractions.

4. Discussion

The carbonatite melts derived from the subducted sediments are
bound to migrate upwards and infiltrate the mantle. An equilibration
of the relatively oxidized carbonatite melts (fO2≥CCO) with the much
more reducing mantle (typically at or below the iron-wustite buffer at
depth >250 km, Frost and McCammon, 2008) leads to redox freezing
of these melts: Carbonate reduces to diamond thus effectively immobi-
lizing the melt (Rohrbach and Schmidt, 2011). As a first order approxi-
mation this process can be envisaged as a bulk addition of a carbonatite
melt, whose composition is determined by element partitioning with
residual phases, without major fractionation in the mantle.

4.1. Carbonate melt metasomatism as a function of pressure

Melt compositions were calculated using the bulk partition coeffi-
cients of Table 4 and a simple batch melting equation with 8% partial
melting simulating a complete melting out of carbonates (in a sedi-
ment containing ~3 wt.% CO2). Such a choice is justified by the short
melting interval of 50–100 °C necessary for carbonates to disappear
above the solidus (Grassi and Schmidt, 2011a,b). From the melting re-
actions defined in these previous studies, carbonate and melt frac-
tions correlate inversely proportional to at least 10–15 wt.% bulk
CO2 at all pressures, above which carbonates would not exhaust
first. The initial trace element composition of the sediment is taken
from Plank and Langmuir (1998, Antilles Fe-cc clay=AM) and com-
pleted for missing elements (Zr, Hf, Nb and Ta) by concentrations
from Othman et al. (1989) for pelagic sediments. Furthermore,
Kelley et al. (2005) showed that dehydration during subduction
leads to a strong fractionation of Pb, U and Th. For this reason we as-
sumed that 65 wt.% of Pb and 25 wt.% of U were lost at sub-arc depths.

As to be expected from the bulk partition coefficients, the most
enriched carbonate melt is generated at 8 GPa, the least enriched at
22 GPa (Fig. 4a and Supplementary Table 11). Melt enrichment roughly
anti-correlates with the number of residual phases. At 8 GPa the only
minerals retaining significant amounts of trace elements are garnet
and cpx. At 13 GPa the residue comprises K-hollandite in addition, how-
ever, the generally lowpartition coefficients of K-hollandite at this pres-
sure lead to similar Dbulk residue/carb. melt and thus melt compositions at
8 and 13 GPa. At 22 GPa K-hollandite, CAS-phase, and FeTi-perovskite,
combined with the absence of cpx, change the geochemistry of the res-
idue drastically.

The increased negative anomaly of the HFSEs including Hf, Zr and
Ti with pressure is mostly caused by an increased compatibility in
garnet (Fig. 2b), and is amplified when Fe–Ti-rich perovskite remains
residual. Furthermore, the CAS-phase strongly retains Pb, Th and U
(in this sequence, Table 3), thus lowering the mobility of these ele-
ments yielding a distinctive Pb-isotopic composition after isotopic
evolution of these melts.

The characteristic signature of the carbonate melts at 8 GPa with
negative Ti and Nb anomalies, high primitive mantle normalized Hf/
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Ti- and Th/Nb-ratios, and high K and Pb concentrations match well
with many ultrapotassic rocks (Fig. 4b) including lamproites
(Mirnejad and Bell, 2006; Murphy et al., 2002), and some Italian
kamafugites, shoshonites and leucitites (Avanzinelli et al., 2009;
Peccerillo, 2005; Peccerillo et al., 1988). The presence of a sedimenta-
ry component in the source regions of these rocks was postulated by
many authors (Murphy et al., 2002; Ringwood et al., 1992). Our data
corroborate this interpretation and furnish details on the possible na-
ture of the sediment component and a simple mechanism how to
transport this sediment signature including potassium and CO2 into
the mantle source region of such alkaline magmas.

The two enriched mantle types EM I and EM II are commonly
explained by adding different amounts of oceanic crust including a
small sedimentary component (pelagic or terrigenous) to an average
mantle composition (Chauvel et al., 1992; Eisele et al., 2002; Hofmann
and White, 1982; Weaver, 1991a,b). These enriched mantle reservoirs
are characterized by similar trace element abundances with high LILE/
HFSE- and LREE/HFSE-ratios (Weaver, 1991a). Higher Ba contents and
related higher Ba/Th and Ba/Nb-ratios distinguish the EM I from the
EM II signature, the latter probably originating from a more Ba-
depleted sediment type (Weaver, 1991b). Comparing our melts with
the EM I and EM II mantle types (Fig. 4a,c) (Hofmann, 1997; Lustrino
and Dallai, 2003; Weaver, 1991a), carbonatite melt patterns at 8 and
13 GPa are very similar but significantly more enriched than the EM I
signature, making our melts the ideal contaminant yielding a EM I
type mantle. On the other hand the melt at 22 GPa with no perovskite
in the residuum is more similar to the EM II enriched mantle, although
the Hf–Zr–Ti anomaly would need to be mediated (see below).

4.2. Radiogenic isotopes and the mantle end members HIMU, EM I and II

To quantify the metasomatic effect of the sediment derived highly
alkaline Ca-carbonate melts on the isotopic composition of the mantle,
we calculate the evolution of the different melts derived from a 1.5 Ga
old sediment that consists of 94 wt.% pelagic componentwith an initial
87Sr/86Sri of 0.7074 (Rehkamper and Hofmann, 1997) and 6 wt.% ma-
rine carbonate with an initial 87Sr/86Sri of 0.706 and a Sr concentration
10 times higher than in the pelagic sediment (Mirota and Veizer, 1994;
Plank and Langmuir, 1998). The concentrations of Rb, Nd, Sm, Pb, U and
Th in the pelagic component are taken from Rehkamper and Hofmann
(1997). Again we assume a dehydration related fractionation of U and
Pb during subduction leading to 65 wt.% Pb and 25 wt.% U loss (Kelley
et al., 2005). The isotopic evolution (Supplementary Table 11) was cal-
culated assuming zero time between sediment age and melting, yield-
ing an evolution age of 1.5 GPa for the melt reservoirs.

4.2.1. Melting at 8 and 13 GPa and the EM I component
The isotopic evolution of the 8 and 13 GPa melts is characterized

by high Rb/Sr and Th/U, and low Sm/Nd ratios. After 1.5 Ga of isotopic
evolution in isolation these melts evolve toward compositions with
radiogenic 87Sr/86Sr (0.7144–0.7155) and unradiogenic 143Nd/144Nd
(0.5114–0.5115), and with a Pb isotopic composition that is much
more radiogenic (207Pb/204Pb ~15.7, 208Pb/204Pb ~43, 206Pb/204Pb
~19, Supplementary Table 12) than that of depleted mantle types
(Fig. 5). When migrating into the mantle, these carbonatite melts
yield mixed reservoirs which reproduce the EM I mantle type with
b0.1–0.2 wt.% of sediment melt. The high degree of trace element en-
richment in the carbonate melts, compared to the unmolten sediment
source renders the physically easy-to-achieve migration of these
melts into the mantle one order of magnitude more effective than a
mechanical bulk mixing-process between sediments and mantle,
0.1 wt.% of melt having the same effect as adding 1–3 wt.% of sedi-
ment. An unfractionated bulk mixing of carbonated pelite with man-
tle at ≥6 GPa (Grassi and Schmidt, 2011b) is not truly an option:
assuming that the slab and mantle are both near adiabatic before in-
timate mixing could occur, the solidus of carbonated sediments
would be overstepped by several 100 °C. Thus carbonatite melting
and melt migration are unavoidable and the bulk carbonated sedi-
ment would not bulk mix with the mantle.

4.2.2. Melting at 22 GPa and the EM II component
Melting at 22 GPa with residual CAS-phase and possibly FeTi-

perovskite results in an extreme fractionation within the U–Th–
Pb system. This leads to carbonatite melts at 22 GPa that would
evolve to extremely radiogenic Pb (207Pb/204Pb ~17.6, 208Pb/204Pb ~
74, 206Pb/204Pb ~40), but less radiogenic 87Sr/86Sr (~0.7131) and
143Nd/144Nd (~0.5121) than at 8–13 GPa. Mixing of 0.5–1 wt.% of
such melts with depleted mantle yields a reservoir which fits well
with the EM II Nd- and Sr signature but which is slightly too radiogen-
ic in 206Pb/204Pb for EM II. The extremely radiogenic Pb isotopic com-
position of the 22 GPa carbonatite melt is unknown in melts erupted
at the surface.
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4.2.3. Common evolution of a sediment melt+mantle reservoir in meta-
somatized domains

Realistically, the carbonate melts will migrate into the mantle
upon formation and mix with the mantle at the time of its generation.
We thus calculated the isotopic evolution of mantle domains metaso-
matized by carbonate melt (Supplementary Table 11, Fig. 5). Down to
0.1 wt.% carbonate melt, the sedimentary component remains domi-
nant because of their much higher Rb, Sr, Sm, Nd, U, Th, and Pb con-
centrations compared to any mantle. After an evolution of 1.5 Ga,
the resulting isotopic Pb, Sr, and Nd composition of these metasoma-
tized mantle domains does not differ much from mantle:melt-mixing
(in corresponding proportions) after a separated and isolated isotopic
evolution of the two components. The reason for this is the extreme
trace element enrichment (1:500–1:10,000) of the carbonate melt
compared to depleted mantle. The carbonatite melt–mantle mixing
models demonstrate that by varying the pressure of melting of car-
bonated clastic sediments, the sediment composition, the deposition
and melting age of the sediment, the devolatilization history before
melting, and the time of melt mixing with a mantle source, a broad
range of isotopic compositions could be obtained covering the entire
range of isotopic EM-type mantle signatures (Figs. 4–6). The mixing
models suggest that EM type ocean island basalts would require a
source metasomatized by 0.1–1 wt.% carbonate melt.

4.3. Melting of re-enriched depleted mantle

The high degree of incompatible element enrichment in most al-
kaline magma suites (various OIBs, kimberlites, lamproites and
other highly alkaline rocks) implies a metasomatic enrichment of
the source region. Such an enrichment in LILE and LREE is often
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coupled with evidence for a refractory mantle source with high Mg#,
high Ni-concentrations and low Al2O3 and HREE suggesting a deple-
tion of the source mantle previous to metasomatic enrichment
(Brey et al., 2008).

We thus calculated melt compositions resulting from a depleted
mantle (Salters and Stracke, 2004) re-enriched by our K-rich carbo-
natite melt generated at 8 GPa. For this purpose we employed a
batch melting equation and partition coefficients for garnet lherzo-
lite/carbonatite melt at pressures of 6.6–8.6 GPa from Dasgupta et
al. (2009). We optimized the re-fertilizing carbonatite melt fraction
(0.4 wt.%) and the degree of mantle melting (F=1.5%) to fit REE-
concentrations to group II kimberlites from South Africa (Becker
and Le Roex, 2006) and to the Gaussberg lamproites (Murphy et al.,
2002). Both show characteristics related to recycling of crustal mate-
rial through subduction processes (McCandless, 1999; Mirnejad and
Bell, 2006; Murphy et al., 2002; Ringwood et al., 1992), and our calcu-
lated melts well match the composition of these magma types
(Fig. 6). The main difference lies in a greater HFSE-depletion in our
calculated melt. This depletion could be mitigated through higher de-
grees of sediment melting, when melt compositions evolve from car-
bonatite to more Si-rich melts leading to an incompatibility of HFSE
increased by an order of a magnitude for silicate with respect to car-
bonatite melts (Veksler et al., 1998). Furthermore, the observed small
discrepancies concerning some LILE including Rb and Ba could be ad-
justed by selecting a different initial chemical composition of the clas-
tic sediment component (Plank and Langmuir, 1998), ours being
highly depleted in Ba and enriched in Rb and Th.

The isotopic composition of group II kimberlites from South Africa
shows highly radiogenic 87Sr/86Sr (0.708–0.712) and unradiogenic
143Nd/144Nd (εNd between −7 and −17) relative to primitive man-
tle (Becker and Le Roex, 2006). The South African group II kimberlites
erupted between 100 and 150 Ma ago (Becker and Le Roex, 2006).
Orogenesis and continental collision within the South African craton,
supposedly ending subduction, dates to ca. 1 Ga (Namaqua–Natal belt
of the Kibarian orogenic period; Thomas et al., 1994; Hopp et al.,
2008; Lazarov et al., 2009) and to ca. 280 Ma (the permo-triassic
Cape Fold belt; Frimmel et al., 2001). Fig. 5b illustrates the effect of
mixing between a depleted mantle and our 8 GPa melt on the Nd
and Sr isotopic compositions. Compositions have been calculated for
100 Ma old reservoirs (after 1.4 Ga evolution for the 8 GPa melt).
The mixing of a depleted mantle with 0.3 to 1.5 wt.% of our sediment
derived melt fits the initial 87Sr/86Sr and εNd composition of group II
kimberlites. These data strongly support the hypothesis of a relation
between group II kimberlites and lamproites with carbonatite melt
subduction zone metasomatism and the related enrichment of a de-
pleted mantle source region. Our model is able to explain the ob-
served trace elements abundances and isotopic characteristics of
these magmas through migration of sediment derived carbonate
melts into the sublithospheric depleted mantle.
5. Conclusions

The partition coefficients between typical eclogite and higher
pressure minerals and alkali-rich calcic to dolomitic carbonatite
melts measured in this study, allow for quantifying the metasomatic
effect of such highly enriched sediment derived carbonatite melts
on mantle reservoirs from 150 to 660 km depths. In the presence of
cpx, calculated trace element characteristics of these melts match
well with many ultrapotassic rocks such as kamafugites and lam-
proites. Addition of 0.1–1 wt.% of these melts to a depleted mantle
followed by later remelting of this re-enriched mantle source pro-
duces magmas with isotopic characteristics of group II kimberlites.
The parent/daughter element fractionation induced by melting of car-
bonated eclogitic pelites leads to reservoirs having distinct Rb/Sr, U/
Pb, Th/U and Sm/Nd ratios and also higher Sr, Nd and Pb concentra-
tions than the unmelted sedimentary source. Trace element charac-
teristics and the isotopic evolution of these melts mixed with the
mantle cover the entire compositional range defined by the EM fla-
vors of OIBs, thus lending a face to the sedimentary component in
the EM mantle types.
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