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Abstract—The partitioning of a number of trace elements (Ba, Nb, Zr, Y, REE, etc.) between orthopyroxene,
garnet, and carbonate—silicate melt was experimentally studied using a belt apparatus at pressures of 3.5—
4.2 GPa and temperatures of 1300—1500°C. The experimental products were investigated by electron micro-
probe analysis and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The experi-
mental melts varied from carbonatitic (~5 wt % SiO,) at low temperatures (1300—1350°C) to kimberlitic com-
positions (30 wt % Si0,) at high temperatures (1500°C). The partition coefficients of most elements between

Opx/L Grt/L

orthopyroxene and melt (D; ) and garnet and melt (D; ) were almost independent of melt composition

Opx/L

(temperature). The D; values ranged from <0.01 for the most incompatible Ba and light REE to 0.02—0.08

for moderately incompatible Zr, Y, and heavy REE. The D,»G””‘ values were approximately an order of magni-

tude higher, ~0.07 for light REE, 0.7 for Y, and 1.5 for Yb. The character of DiG rifk variations in the systems

studied is in general similar to that established for silicate melts without volatile components. However, the dif-
ferences in the behavior of moderately incompatible and compatible elements (e.g., light and heavy REE) in
the experimental systems are less pronounced compared with CO,-free systems. Considering carbonate—sili-
cate and silicate melts as possible agents of mantle metasomatism, it can be concluded that the former can effi-
ciently transport heavy REE, and the latter have a greater affinity for Nb, Ba, and light REE. A characteristic
feature of mantle rocks enriched by carbonate—silicate melts is high Ba/La ratio coupled with relatively weakly
fractionated REE distribution patterns. It was shown that the high degrees of enrichment observed in natural
kimberlites can be explained by a two-stage scenario, including a preliminary invasion of carbonate—silicate
melt into depleted harzburgites in the lower parts of the lithosphere and subsequent very low degree melting.

DOI: 10.1134/S0869591106050055

INTRODUCTION

Kimberlitic melts are the deepest magmas trans-
ported from the mantle into upper crustal levels. The
available experimental and geochemical data suggest
that primary kimberlite magmas could be derived by
the melting of CO,-bearing mantle peridotites at a pres-
sure of no less than 5 GPa (e.g., Eggler, 1989; Wyllie,
1989). Experimental studies have shown that near-soli-
dus melts formed in a carbonated peridotite at pressures
of more than 3 GPa have carbonatite compositions
(Wallace and Green, 1988; Ryabchikov et al., 1989;
Dalton and Wood, 1993; Dalton and Presnall, 1998).
Melts with very high CO, contents can be generated not
only in a carbonated material but also in the primitive

or even depleted mantle at very low degrees of melting
(Ryabchikov, 2003). Such melts may serve as agents of
mantle metasomatism (Green and Wallace; Hunter and
McKenzie, 1989). At pressures above 3 GPa, the car-
bonate melts from a carbonated peridotite gradually
change with increasing temperature to kimberlitic com-
positions (Ryabchikov et al., 1993; Moore and Wood,
1998; Dalton and Presnall, 1998; Girnis et al., 2005).
Note that all these melts can be regarded as near-solidus
liquids in the sense that they are formed at very low
degrees of melting, although the temperature difference
between carbonate and kimberlite melts may be as high
as hundreds of degrees (e.g., Moore and Wood, 1998).
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Thus, the problem of kimberlite magma genesis is
closely interwoven with the role of carbonate melts in
the mantle. Carbonate melts from deep mantle zones
can produce kimberlite magmas with specific
geochemical signatures during ascent and decompres-
sion. The modeling of geochemical effects related to
the migration of carbonate and carbonate—silicate melts
in the mantle and their interaction with mantle rocks
requires knowledge of trace-element partition coeffi-
cients between these melts and mantle minerals at high
pressures. In recent years limited experimental data
have been obtained on trace element partitioning in the
systems carbonate melt-minerals (Sweeney, 1994;
Sweeney et al., 1992, 1995; Klemme et al., 1995;
Blundy and Dalton, 2000; Adam and Green, 2001)
under mantle parameters. Keshav et al. (2005) investi-
gated trace element partitioning between a model kim-
berlite melt and clinopyroxene at 6 GPa and 1410-
1430°C. The experiments showed that the partition
coefficients of trace and major elements in such sys-
tems may be sensitive to variations in pressure, temper-
ature, and melt composition (Blundy and Dalton, 2000;
Keshav et al., 2005; Girnis et al., 2005). Because of
this, the use of partition coefficients obtained in carbon-
ate or volatile-free silicate systems for modeling equi-
libria with kimberlite (carbonate—silicate) melts may be
misleading. In addition, the aforementioned studies
focused mainly on clinopyroxene—melt partitioning,
whereas many kimberlite melts are probably related to
the melting of clinopyroxene-free source materials
(Girnis et al., 1995). With these considerations in mind,
we undertook an experimental study of trace element
partitioning in the systems carbonate melt—orthopyrox-
ene—garnet and kimberlite melt—orthopyroxene—garnet
at pressures of 3.5-4.0 GPa under CO,-saturated condi-
tions.

METHODS
Starting Materials

The compositions of starting materials were similar
to those used in our previous experiments on the crys-
tallization of CO,-saturated kimberlitic melt under
mantle conditions (Girnis et al., 2005). The mixtures
from this study differed in that varying amounts of trace
elements were added, and the range of CaO contents
was wider, from 2 to more than 20 wt % (Table 1),
which was aimed at exploring the possible influence of
Ca on trace-element partitioning. The concentration of
CaO in mix KMg2Tnat approximately corresponded to
the average composition of group IA kimberlites
(Smith et al., 1985). The garnets and orthopyroxenes
that crystallized from this composition showed moder-
ate CaO contents, significantly lower than in the miner-
als coexisting with clinopyroxene. In order to obtain
clinopyroxene-saturated melts, a mix with 20 wt % of
additional calcite was prepared (KCaCO3Tnat). This
composition yielded the equilibrium clinopyroxene—
orthopyroxene—garnet assemblage in experiments.
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Since one of the goals of this study was the develop-
ment of analytical methods for the analysis of quench
aggregates, initial mixes with different contents of trace
elements were prepared. Mix KCa3TO05 contained
approximately 0.5 wt % of ZrO,, Nb,Os, Sc,0;, La,0;,
and Yb,0O; and was aimed at checking the accuracy of
the concentrations of these elements in quenched car-
bonate—silicate melts determined by LA-ICP-MS by
comparing with the results of electron microprobe anal-
ysis. The other mixes contained small amounts (50—
150 ppm) of a number of trace elements (Table 1).

The starting materials were prepared from high-
purity or reagent-grade SiO,, TiO,, Al,O;, Fe,0;,
Ca;P0O,, Na,CO;, and K,CO;. Trace elements were
introduced either as oxides (mix KCa3T05) or as a pre-
liminarily prepared potassium-rich siliceous glass con-
taining tenths of a weight percent of each trace element.
These materials were mixed in the desired proportions
and were annealed at 1150°C in a graphite crucible.
After this, Ca and Mg carbonates were added to the
mixtures. The mixtures were ground under acetone in
an agate mortar for 2 h and stored at a temperature of
about 100°C.

Experimental Procedure

The starting material was loaded into a graphite con-
tainer and welded shut in an outer thick-wall (0.2 mm
wall thickness) platinum capsule with an inner diame-
ter of 4 mm and a height of 3 mm. The experiments
were carried out on a belt apparatus (Brey et al., 1990)
at the Institute of Mineralogy, Frankfurt am Main, Ger-
many. The solid-phase cell assembly of the belt appara-
tus consists of a graphite heater and sleeves and cylin-
ders manufactured from natural polycrystalline fluorite.
Temperature was measured and controlled during
experiments by a PtRh—PtRh;, thermocouple. Pressure
was calibrated under high temperatures using the
quartz—coesite, diamond—graphite, and fayalite—spinel
phase transitions. The accuracy of the determination of
experimental parameters was 0.3 GPa and *15°C
(Brey et al., 1990). During the initial phase of experi-
ments, pressure was increased at ambient temperature,
after which temperature was raised at a rate of
50°C/min. In order to increase the size of crystal phase,
a two-step heating schedule was employed in several
experiments. Temperature was initially raised about
50°C above the desired value. The sample was kept
under such conditions for 0.5 h, after which tempera-
ture was decreased to the desired value at a rate of
10°C/min. The duration of experiments depended on
the final temperature. It should be noted that the two-
step heating did not result in any significant increase in
the size of crystals, and most experiments were there-
fore conducted without preliminary overheating. The
samples were quenched at a rate of about 200°C/s by
shutting off the electric power. After experiments, sam-
ples were removed from the capsules, mounted in
epoxy, and polished for subsequent analysis.
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Table 1. Chemical compositions of the starting materials used in experiments

Component KCa3T0.5 KCalTnat KCa3Tnat KMg2Tnat KCaCO3Tnat
Si0,, wt % 34.98 39.18 34.24 33.57 31.02
TiO, 1.86 2.15 1.90 1.78 1.65
Al O, 3.30 3.70 3.10 3.18 2.94
FeO 9.72 10.89 9.92 9.32 8.62
MgO 33.04 38.80 33.79 41.8 30.21
CaO 14.26 2.20 14.55 8.13 23.51
Na,O 0.19 0.21 0.19 0.18 0.17
K,0 0.95 1.06 0.76 0.91 0.84
P,05 0.95 1.06 0.97 0.91 0.84
Cr,04 0.23 0.23 0.23 0.22 0.20
NiO 0.14 0.14 0.14 - -
BaO 0.24 0.24 0.06 - -
SrO 0.14 0.14 0.14 - -
Total 100.00 100.00 100.00 100.00 100.00
Co, 31.00 31 31.00 34 34
Li, ppm - 40 100 100 100
Sc 3260 20 50 50 50
v - 120 300 300 300
Co - 85 250 220 220
Zn - 65 200 160 160
Rb - 60 200 150 150
Sr 1184 1184 1184 - -

Y - 50 150 125 125
Zr 3700 250 500 625 625
Nb 3500 160 400 400 400
Ba 2150 2150 500 - -
La 4260 140 500 350 350
Ce - 240 500 600 600
Pr - 80 400 200 200
Nd - 95 400 240 240

Sm - 50 200 125 125
Eu - 50 200 125 125
Gd - 50 200 125 125
Tb - 50 200 125 125
Dy - 50 200 125 125
Ho - 50 200 125 125
Er - 50 200 125 125
Tm - 50 200 125 125
Yb 4390 50 200 125 125
Lu - 50 200 125 125
Hf - 50 200 125 125
Ta - 50 200 125 125
Pb - 15 200 40 40
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Analytical Techniques

The concentrations of major elements in experimen-
tal products were determined using a JEOL Superprobe
8900 electron microprobe equipped with five spectrom-
eters (Institute of Mineralogy, J.-W.-Goethe University,
Frankfurt am Main, Germany). The analytical condi-
tions were 20 kV accelerating voltage, 20 nA beam cur-
rent, and peak and background counting times of 2040 s
and 10-20 s, respectively. Minerals were analyzed with
a focused beam (beam excitation volume is about 2 m
in diameter), and the products of melt quenching were
analyzed with a defocused beam, 20-30 pm in diame-
ter. Quench orthopyroxene and carbonates were often
comparable in size with the beam diameter (30-50 wm
long and up to 10 um wide) (Fig. 1). The microprobe
analyses of such aggregates are characterized by a con-
siderable scatter. Our previous studies (Girnis et al.,
2005) showed that the average compositions of such
aggregates become stable when the number of micro-
probe measurements is no less than 10-30, depending
on the size of quench crystals. Therefore, quenched
melts were analyzed in at least 15 spots, and up to
40 measurements were conducted in samples with the
largest quench crystals. Oxides, silicates, and metals
provided by JEOL were used as standards. The charac-
teristic X-ray intensities were recalculated to concen-
trations using the ZAF program.

Trace elements were analyzed by laser ablation
inductively coupled plasma mass spectrometry (LA-
ICP-MS) at the Institute of Mineralogy, Frankfurt am
Main. The instrument consists of an UV Nd-YAG laser
probe (Merchantek LUV213) and a Finnigan MAT
ELEMENT 2 mass spectrometer. The analytical proce-
dure was described in detail by Lahaye et al. (1997).
Synthetic glasses (NIST 610) were used as standard.
The concentrations were calculated by normalizing to
the Ca content measured on the electron microprobe.
The accuracy of concentrations was mostly about 5%
(1o).

EXPERIMENTAL RESULTS

The conditions of experiments and the phase com-
positions of experimental products are given in Table 2.

Phase Composition

Phase relationships in the experimental products are
consistent with the results of our previous studies of the
behavior of major elements in kimberlite systems (Gir-
nis et al., 1995, 2005). Orthopyroxene is the liquidus
mineral at pressures of about 4 GPa, and garnet appears
as temperature decreases. Most of the experimental
products contained a quenched carbonate—silicate melt
coexisting with orthopyroxene and garnet (Fig. la).
Gas bubbles were observed in almost all experiments,
which suggests that the melt was saturated in CO,. Gas
was absent only in run KTr2, the products of which
contained olivine. In this experiment, the capsule prob-
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Fig. 1. Back-scattered electron images of experimental
products. (a) Run KTr10, 4.1 GPa, 1400°C; equilibrium
orthopyroxene and garnet crystals in a quench aggregate.
(b) Run KTr12, 4.1 GPa, 1400°C; clinopyroxene and ortho-
pyroxene crystals in a quench aggregate. (c¢) Run KTrll1,
4.1 GPa, 1500°C; very large orthopyroxene crystals in a
quench aggregate.

ably leaked, and part of CO, escaped, which resulted in
the expansion of the olivine stability field. Nonetheless,
CO, activity was high even in this experiment, which is
indicated by the abundance of quench carbonates. Cli-
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Table 2. Run conditions and phase compositions of experimental products

Run no. Starting mix P, GPa T, °C Duration, h Products**
KTr-1 KCa3T0.5 4 1530—>1500* 30 Opx, Grt, L, F
KTr-2 KCa3T0.5 3.5 1450—>1400%* 73 Opx, Ol, Grt, L
KTr-3 KCa3T0.5 3.5 1380 77 Opx, Grt, L, F
KTr-4 KCa3T0.5 4.1 1420 48.5 Opx, Grt, L, F
KTr-5 KCalTnat 3.6 1360 76 Opx, Grt, L, F
KTr-6 KCalTnat 3.6 1350->1300%* 75 Opx, Grt, L, F
KTr-7 KCalTnat 4.15 1450 48 Opx, Grt, L, F
KTr-8 KCa3Tnat 4.2 1430—>1380* 72 Opx, L, F
KTr-10 KMg2Tnat 4.1 1400 120 Opx, Grt, L, F
KTr-11 KMg2Tnat 4.1 1500 48 Opx, L, F
KTr-12 KCaCO3Tnat 4.1 1400 48 Opx, Grt, Cpx, L
KTr-13 KCaCO3Tnat 3.5 1350 93 Opx, Grt, Cpx, L
KTr-15 KCaCO3Tnat 4 1350 118 Opx, Grt, Cpx, L

* Two-stage heating procedure was used with a preliminary exposure at the higher temperature for 0.5-1.0 h.
** Phase abbreviations: Opx, orthopyroxene; Cpx, clinopyroxene; Grt, garnet; Ol, olivine; L, quenched melt; and F, CO, fluid.

nopyroxene coexisting with orthopyroxene and garnet
(Fig. 1b) was observed in experiments KTr12, KTr13,
and KTr15 with high calcite content.

The reliable analysis of trace elements in silicates by
LA-ICP-MS requires crystalline phases larger than
20 um. As was mentioned above, our attempts to grow
large crystals by two-step heating were not very suc-
cessful. Large orthopyroxene crystals were obtained in
many experiments (up to 100-200 wm, Fig. 1c). In most
cases, garnet was smaller than 15 um (Fig. 1a), and
trace elements were analyzed in garnet only in a few
samples. Clinopyroxene crystals from the experiments
with excess calcite in the initial mixture were also not
large enough for the LA-ICP-MS method (Fig. 1b). The
analysis of grains about 10 pm in size resulted in signif-
icant contamination by the material of the surrounding
quench aggregate and too high partition coefficients for
incompatible elements. Because of this, trace element
partitioning between clinopyroxene and melt was char-
acterized using the data of electron microprobe analysis
only.

Compositions of Experimental Products:
Major Elements

The compositions of minerals and melts vary regu-
larly depending on experimental conditions (Table 3),
and the observed trends are consistent with the results
of our previous experiments (Girnis et al., 1995, 2005).
The concentration of MgO in orthopyroxene decreases
and those of FeO and TiO, increase as temperature
decreases from 1500 to 1300°C (Fig. 2). The concentra-
tions of Al,O5 and Cr,0O; are almost invariant, owing to
the buffering influence of the coexisting garnet. Varia-
tions in CaO concentration are mainly due to the con-

siderable differences in CaO content between the start-
ing materials. Orthopyroxene from the experiments
with the addition of calcite contains about 2 wt % CaO,
which is the maximum CaO content of orthopyroxene
in equilibrium with clinopyroxene. These data are in
agreement with the experimental compositions of
pyroxenes obtained under similar conditions in simple
systems (Nickel and Brey, 1984). In all other experi-
ments, the abundance of CaO in orthopyroxene was
much lower (<1 wt %).

Variations in garnet composition in the experimental
products are shown in Fig. 3. The concentrations of
TiO, and Al,O; show minor variations. The concentra-
tion of FeO increases significantly and that of Cr,O4
declines with decreasing temperature. Similar to ortho-
pyroxene, the CaO content of garnet is controlled by the
composition of the starting material and reaches 5-6 wt %
in garnet coexisting with clinopyroxene. In all other
experiments, garnet contains less than 3 wt % CaO.

Clinopyroxene was analyzed only in three experi-
ments (3.5-4.1 GPa and 1350-1400°C). Its composi-
tion (Table 3) corresponds to subcalcic augite (12—
16 wt % CaO). The concentration of Al,O; is rather sta-
ble (2-3 wt %), and the grains are usually homoge-
neous. The concentrations of minor elements (Na, Cr,
and Ti) lie within the range 0.2-0.3 wt %.

The compositions of melts (Fig. 4) change system-
atically with decreasing temperature from kimberlitic
at 1500°C (25 wt % SiO,, which is close to the starting
material) to carbonatitic (about 5 wt % SiO,) at
1300°C. The depletion of Al,O; and Cr,0; in the melt
(Fig. 4) is controlled by the crystallization of orthopy-
roxene and garnet. The concentrations of other ele-
ments are more strongly dependent on the composition
of the starting material, which can be illustrated by the
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Table 3. Electron microprobe analyses of experimental phases, wt %
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KTr-1* KTr-2 KTr-3

p((:;:gln- o L Opx Grt L Opx Grt ol L Opx Grt

35%k* 14 11 40 7 12 8 60 18 12
Si0, 19.7(1) 56.1(3) 41.7(1) |17.8(9) 55.2(3) 41.2(2) 40.4(1) 10.9(8) 55.5(3) 41.04(10)
TiO, | 1.846) | 0.152) | 040(5) | 202(10) | 024(1) | 0478) | 0.02(1) | 2.26(11) | 0325) | 0.6(1)
ALO; | 22110)| 26(2) |21.13) | 20141 | 322) | 2133) | 0112) | 1.068) | 2.63) | 21.13)
Cr,05 | 0.18(2) 0.37(3) 1.81(7) | 0.15(2) 0.44(4) 1.80(8) 0.08(1) | 0.11(2) 0.30(3) 1.62(7)
FeO | 695(15)| 4.836) | 538(7) | 72(2) 5015) | 5384) | 8.06(7) | 7.08(15)| 5908) | 6.55(6)
MO [|2282) | 353Q2) | 2422 [2195) | 3482) | 2372 | 5160 |2082) | 346(3) | 23.1(1)
CaO 15.1(3) 0.92(5) 2.63(8) |16.8(4) 0.90(5) 291(7) 0.14(2) | 19.2(3) 0.84(7) 2.94(7)
Na,O | 0435) | 0.05(1) | 002(1) | 0497) | 004(1) | 0.00 0.00 0503) | 0.04(1) | 0.03(1)
K,O 0.96(15) | 0.00 0.00 1.01(15) 0.00 0.00 0.00 1.3(1) 0.00 0.00
P,O5 0.7(1) 0.00 0.02(1) | 0.79(9) 0.00 0.02(1) 0.00 0.9509) 0.00 0.03(1)
710, | 0694 | 0.00 0243) | 0.736) | 0.00 0314) | 0.00 06(5) | 0.00 0273)
SrO 0.19(3) 0.00 0.00 0.22(3) 0.00 0.00 0.00 0.25(4) 0.00 0.00
Yb,O5 | 0.54(2) 0.00 0.9(1) 0.59(4) 0.00 1.24(8) 0.03(1) | 0.644) 0.02(2) 1.2(1)
La,0; | 0515 | 0.00 000 | 0.644) | 0.00 0.00 0.00 0.756) | 0.00 0.00
Sc,05 | 0502) | 0.02(1) | 1447) | 0.501) | 0212) | 1.716) | 005(1) | 0482) | 0.18@2) | 1.7709)
Total |[73.3(7) [100.44(40)| 99.84(25) | 72.85(120)|100.04(23) [ 100.04(36)| 100.49(25) | 66.88(87) [100.30(25)|100.25(18)

KTr-4 KTr-5 KTr-6
pc(:)(I)lr;I;t L Opx Grt L Opx Grt L Opx Grt
35 9 12 40 24 14 17 14 4
Si0, | 12.08) | 5583) | 4133) | 159(16) | 55.1(4) | 42.4(5) 599) | 55.03) | 41.53)
TiO, | 23(1) 027(4) | 06(1) | 2.12) 0.293) | 0.7(1) 2.1(5) 0516) | 134
ALO; | 12109) | 241) | 2075) | 2.00) 334) | 21.805) 0.6(2) 273) | 21.5(4)
Cr,05 | 006(6) | 0292) | 15710)| 0.062) | 034@) | 1347 | 001(1) | 0253) | 1.13)
FeO 7.1(1) 57265) | 6487) | 7.303) 56(1) | 6328) | 6965) 6.7(1) 7.86(8)
MgO 20.9(3) 34.8(1) 23.3(1) 22.4(5) 35.0(3) 24.6(3) 20.2(9) 34.6(2) 23.1(1)
CaO 18.2(3) 0.89(5) 3.12) 2.84(9) 0.14(1) 0.46(2) 3.4Q2) 0.13(1) 0.5(5)
Na,O 0.53(5) 0.05(1) 0.04(1) 0.37(10) 0.03(1) 0.00 0.8(4) 0.04(1) 0.03(1)
K,O 0.2(1) 0.00 0.03(1) 2.4(2) 0.00 0.00 1.9(8) 0.04(2) 0.05(2)
P,0O4 0.89(9) 0.00 0.03(1) 0.03(1) 0.00 0.00 0.05(3) 0.00 0.00
70, | 074(5) | 0.00 0.28(7) - - - - - -
SrO 0.1(1) 0.00 0.00 - - - - - -
Yb,0, | 0632 | 0022 | 10410)| - - - - - -
La,0; | 0656) | 0.00 0.00 - _ - _ _ -
Se,05 | 0.51(1) | 0.15(1) | 1.649) - _ - _ _ -
Total | 66.02(80) | 100.39(34) | 100.11(53) | 55.421) | 99.83) | 97.62(45) | 41.86(160)| 99.97(36) | 96.94(65)
PETROLOGY Vol. 14 No.5 2006
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Table 3. (Contd.)

KTr-7 KTr-8 KTr-10 KTr-11
pc(:)(r)lglr;t L Opx Grt L Opx L Opx Grt L Opx
23 10 9 14 12 11 4 4 25 3

SiO, [17.531) |55.89(1) | 42.5(1) |13.4(2) | 56.12) [124(5) | 56.4(1) | 42.79(4) [27.5(17) | 57.0(2)
TiO, | 2.002) 0.192) | 07(2) | 245@) | 027Q2) | 2.12) 023(1) | 0.523) | 1.32(10) | 0.09(1)
ALO; | 2.0(4) 272) 2182 | 1.503) | 2.63310)| 1.53(11) | 2.6(1) | 228(1) | 3.13) 2.1(1)
Cr,0; | 0.08(3) | 0293) | 143(5) | 006(1) | 026(1) | 0.042) | 021(1) | 0952) | 0.132) | 0.28(2)
FeO | 7.1(4) 551) | 6.1(1) | 724(7) | 5.84(5) | 7.8(3) 52005 | 6.06(6) | 672 | 36.5(3)
MgO [22.86) |352(2) |248(1) |217(1) | 348(1) [27.1(7) | 35.7909) | 25.9(2) |28.2(6) 4.20(5)
CaO | 2.6(1) 0.15(1) | 043(1) | 18.7(1) 0.90(3) |12.2(4) 0372) | 1.252) |104(11) | 0.56(1)
Na,0 | 0.5(1) 0.05(1) | 0.00 046(4) | 0.06(1) | 03209) | 0.042) | 0.03(1) | 0234 | 0.00

K,0 1.2(4) 0.00 0.00 1.45(6) 0.032) | 1.92) 0.00 0.00 1.1(2) 0.00
P,05 0.03(1) 0.00 0.00 0.95(6) 0.00 0.88(8) 0.00 0.02(1) | 0.53(6) 0.00
710, - - - 0.04(1) 0.00 0.12(3) 0.00 0.06(2) | 0.06(2) 0.00
StO - - - - - - - - - -
Yb,05 - - - 0.00 0.00 0.02(2) 0.00 0.04(1) | 0.00 0.00
La,0; - - - 0.03(2) 0.00 0.08(3) 0.00 0.00 0.05(2) -
Sc,04 - - - - - 0.00 - 0.06(1) | 0.00 -
Total | 55.81(332)| 99.88(27) 97.76(25)| 67.98(14)| 100.89(18)| 66.49(113)| 100.84(11)| 100.48(32)| 79.32(131)| 100.73(30)
KTr-12 KTr-13 KTr-15
pco(l)llel:lr;t L Grt Opx Cpx L Opx Grt | Cpx L Opx Grt Cpx
16 9 18 18 14 2 12 20 10 3 17

SiO, |13.6(11) | 422(3) | 562(3) |54.6(2) [13.5(8) | 55.7(1) | 42.17|53.94) | 9.0(7) 56.1(5) |42.0(1) |54.5(4)
TiO, 1.67(8) 057(7) | 0.15(1) | 0.19(1) | 1.69(5) | 0202) | 0.56] 026(2) | 1.85(11) | 0.18(1) | 0.59(4) | 0.24(2)
AlLO; | 14(1) 21.94) 2.044) | 228(6) | 1.54(10) 2.76(10)| 22.20| 2.82) | 0.88(8) 1.79(4) (21.98(6) | 2.1(3)
Cr,05 | 0.04(1) 1.043) | 0.17(1) | 022(2) | 0.03(1) | 023(2) | 1.20{ 0.28(3) | 0.02(1) 0.14(2) | 099(5) | 0.20(2)
FeO 6.06(12) | 6.87(6) | 6.16(8) | 4.52(6) | 6.3(2) 6.0506) | 6.75| 4.17(11) 5.8(2) 6.82(5) | 7.733) | 4.6(1)
MgO [16.5(2) 219(2) | 334(1) |226(2) (163(2) | 33.5(1) | 21.57(21.8(5) |[15.6(2) 332(5) |21.1(8) |21.8(11)
CaO |24.6(5) 54(1) 2.25(11)|15.02) |254(Q3) 2.038) | 5.66/16.4(9) |26.7(4) 203) | 5.38(7) (16.1(9)
Na,O | 027(3) 0.03(1) | 0.06(1) | 0252) | 025(3) | 0.04(1) | 0.00] 0.18(2) | 0.27(2) 0.082) | 0.06(4) | 0.31(3)
K,0 1.12(10) | 0.042) | 0.04(2) | 0.052) | 141(6) | 0.00 0.00{ 0.00 1.5(1) 0.06(3) | 0.00 0.1005)
P,04 0.65(8) 0044 | 0.00 0.00 0714) | 0.00 0.00{ 0.00 0.74(5) 0.00 0.00 0.00

710, 0.092) 0042) | 0.00 0.00 0.092) | 0.00 0.04| 0.00 0.09(2) 0.00 0.03(1) | 0.00

SrO - - - - - - - - - - - -

Yb,05; | 0.00 0.042) | 0.00 0.00 0.03(2) | 0.00 0.07| 0.00 0.00 0.00 0.04(2) | 0.00
La,0; | 0.06(2) 0.00 0.00 0.00 0.06(2) | 0.00 0.00| 0.00 0.07(1) 0.00 0.00 0.00
Sc,03 | 0.00 0.05(1) | 0.00 0.00 0.02(1) | 0.00 0.06| 0.00 0.02(1) 0.00 0.05(1) | 0.00

Total |66.07(107)100.12(48)(100.47(28)|99.71(23)[67.33(98)|100.51(29)(100.28|99.79(32)( 62.54(100)[ 100.37(67)| 99.95(27)|99.95(59)

Note: Numbers in parentheses show one standard deviation in terms of the last significant digit. Dashes indicate component not analyzed.
* Here and in Table 4, run number.
** Here and in Table 4, phase.
*#% Number of analyses.
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Fig. 2. Compositions of experimental orthopyroxene as a function of temperature. The encircled points correspond to the composi-

tions of orthopyroxene coexisting with clinopyroxene.

behavior of CaO. In experiments with low initial Ca
content, the concentration of CaO is low and almost
invariant with temperature. In the experiments with ini-
tial mixes containing about 10 wt % Ca0, it is accumu-
lated in residual melts up to 20-25 wt % CaO at 1350-
1400°C. Clinopyroxene-saturated melts contain about
25 wt % CaO. The concentrations of incompatible
minor elements (Ti, P, and K) increase with decreasing
temperature, and the considerable scatter in their con-
tents is due to the compositional differences between
the starting materials.

Comparison of Results Obtained by Electron
Microprobe Analysis and LA-ICP-MS

The major-element compositions of quench aggre-
gates formed from carbonate—silicate melts are com-
monly analyzed with an electron microprobe using a
defocused beam with a diameter of 20—50 pm. The con-
centrations of trace elements in such aggregates were
determined using an ion microprobe (Blundy and Dal-
ton, 2000), a proton microprobe (Sweeney et al., 1992,
1995), and LA-ICP-MS (Adam and Green, 2001;
Klemme et al., 1995; Keshav et al., 2005). Klemme and
Dalpe (2003) established a good consistency between
the compositions of carbonate melts obtained by ion
2006

PETROLOGY Vol. 14 No. 5

microprobe analysis and LA-ICP-MS. However, such
data are still very limited. Since the procedure of LA-
ICP-MS analysis includes the evaporation of sample
material under the influence of a laser beam, element
fractionation is possible at the expense of the nonuni-
form evaporation of quench crystals. To check this pos-
sibility, we performed experiments with mix KCa3TO05
containing 0.5 wt % of Sc,03, ZrO,, Nb,0Os, La,0;, and
Yb,0;, The concentrations of these elements (as well as
Sr, which is also high in the starting kimberlite compo-
sition) in the quenched melts from these experiments
were high enough for reliable electron microprobe
analysis. Figures 5 and 6 compare the results obtained
by the two methods for quenched melts and orthopy-
roxene. The results of analysis for SiO,, La, Sr, and Yb
in the quench aggregates (Fig. 5) appeared to be in good
agreement; the discrepancy is nonsystematic and usu-
ally lower than 10%. Approximately the same devia-
tions were obtained for the analyses of minor elements
in orthopyroxene (Fig. 6). It should be taken into
account that the heterogeneity of experimental phases
also contributed to the observed scatter, and we con-
clude therefore that the data presented in Figs. 5 and 6
indicate the plausibility of the results obtained by LA-
ICP-MS for trace elements (at least for La, Sr, and YD).
The concentrations of Zr and Sc determined by LA-
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Fig. 3. Compositions of experimental garnet as a function of temperature. The encircled points correspond to the compositions of

garnet coexisting with clinopyroxene.

ICP-MS are systematically higher than the values
obtained by electron microprobe analysis (Fig. 5).
However, the discrepancies between the two methods
were about 10%, and we did not attempt to introduce
corrections to the measured concentrations of these ele-
ments in quenched melts. The results suggest that the
concentrations of trace elements in the experimental
melts were determined with an accuracy of about 10%.

Partitioning of Trace Elements

The concentrations of trace elements determined by
LA-ICP-MS are given in Table 4, and the mineral-melt

mineral/L

partition coefficients (D, = mass concentration

in mineral/mass concentration in melt) are shown in
Table 5. For most elements, the data obtained in our
experiments did not reveal any regular variations in par-
tition coefficients depending on the concentration of
CaO in melt. In order to quantify changes in element
behavior associating with the transition from carbon-
ate-dominated (low-temperature) to carbonate—silicate
(high-temperature) compositions, the melts were arbi-
trarily divided into two parts, carbonate and kimberlite,
at a level of 12-15 wt % SiO,. Median values of parti-
tion coefficients were determined for each of these
groups (Table 5). The difference between the carbonate

and kimberlite melts was negligible for the partitioning
of most elements. In such cases, median values were
calculated for the complete data set. Significant differ-
ences between the carbonate and kimberlite melts were
observed only for the orthopyroxene—melt partition of
compatible and moderately incompatible elements (Sc,
V, Cr, and Co). For all other elements, the experimental
and analytical errors appeared to be more significant
than the possible effect of composition or temperature.
The garnet—melt partition coefficients of trace elements
were determined mainly for the kimberlite melts. At
low temperatures, garnet crystals were too small for
reliable trace-element analysis by LA-ICP-MS. Thus,
only electron microprobe data are available for garnet—
carbonate melt partitioning (Table 5).

The analyses of the most incompatible elements
(Ba, Nb, Ta, and La) in orthopyroxene show consider-
able scatter. This is related to the very low contents of
these elements in the mineral structure and the strong
influence of contamination by even a small amount of
quenched melt (for instance, in inclusions) during anal-
ysis. Because of this, the DY/ values of these elements
are not given in Table 5. Among other elements, the
lowest DL values were obtained for light REE
(<0.01). Heavy REE, Y, Zr, Hf, and Sr show DL of
0.01-0.1. Higher values (but significantly lower than 1)
were determined for Li, Ti, Sc, V, and Zn. Co occurs in

PETROLOGY Vol. 14 No.5 2006
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Fig. 4. Concentrations of major elements in quenched melts as a function of experimental temperature.

approximately equal amounts in orthopyroxene and
melt. Only Cr is distinctly compatible in orthopyroxene
(DL > 1), Significant differences between the DOPYL
values of carbonate and kimberlite melts were observed
only for moderately incompatible (Sc and V) and com-
patible (Cr) elements. The DO values of these ele-
ments are significantly higher for carbonate melts com-
pared with kimberlite melts (Table 5).

PETROLOGY Vol. 14 No.5 2006

The garnet-melt partitioning data show the same
characteristics as orthopyroxene—melt partitioning, but
the DY values are somewhat higher than D, For
the most incompatible elements (La, Nb, and Ba), D¢
is from 0.03 to 0.04, and a number of elements show
D"t > 1 (heavy REE, Sc, V, and Cr). The D" values
for Sc and Cr are significantly higher for carbonate
melts.
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Fig. 5. Comparison of the concentrations of SiO, and minor elements in quenched melts determined by electron microprobe anal-
ysis (defocused beam, average of 20-40 measurements) and LA-ICP-MS.

The clinopyroxene—melt partitioning of elements
was estimated for carbonate melts only on the basis of
electron microprobe analyses (Table 5). In general, the
DL yalues for moderately incompatible (Ti, Sc, and
Zn) and compatible (V, Cr, and Co) elements are higher
than DL but lower than DL (Table 5).

DISCUSSION
Comparison with Published Data

Up to now, the partitioning of trace elements
between orthopyroxene and carbonate and carbonate—
silicate melts was not systematically studied at high
pressures. There are several determinations of the com-
position of orthopyroxene in equilibrium with carbon-
atite melts at pressures of 2.0-4.6 GPa and 1000-
1300°C (Wallace and Green, 1988; Dalton and Wood,
1993; Sweeney et al., 1995; Yaxley and Green, 1996),
including some minor and trace elements (Ti, Cr, Zr, Y,
Lu, and Sr). These data are compared with our results
in Fig. 7. Our estimates coincide with the results of

other authors for Cr and Zn. The D%p I value obtained

from our experiments (0.1) is significantly lower than
in most other studies (about 1) but is almost identical to

the value reported by Sweeney et al. (1995). The DOt

values reported by these authors for Sr, Zr, and Y are
somewhat higher than our estimates, but the differences
are no higher than the experimental uncertainties. A

. . . . Opx/L
more significant discrepancy was obtained for D; " :

0.022 according to our results and 0.5 after Sweeney
et al. (1995). This difference can be related to the higher
temperatures of our experiments: Sweeney et al. (1995)
reported the results of a single experiment at 4.6 GPa and
1250°C. This suggestion is supported by a slight
increase in the partition coefficients of Cr, V, and Sc
accompanying the transition from kimberlite to carbon-
atite compositions, which indicates a possible tempera-
ture effect on the partitioning of compatible and mod-
erately incompatible elements.

The published data on the partitioning of trace ele-
ments between garnet and carbonate—silicate melts are
more representative, although also scanty (Adam and
Green, 2001; Sweeney, 1994; Sweeney et al., 1992,
1995). These results were obtained at pressures of 2.5—
4.6 GPa and relatively low temperatures (1000—
1200°C). A comparison with our data is shown in
Fig. 8. The following characteristics can be pointed out:
low D¢t yalues for Ta, Nb, and Sr; moderately incom-
patible behavior of Zr, Hf, Ti, and Y; and compatibility
of heavy REE, Sc, and Cr in garnet. Our results are in

PETROLOGY  Vol. 14
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Fig. 7. Trace element partition coefficients between orthopyroxene and carbonate and kimberlite melt. Our results are shown by
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most elements are identical for the carbonate and kimberlite melts. Symbols show the available literature data on element partition-

ing between orthopyroxene and carbonate melt at pressures of 2.0—4.6 GPa and temperatures of 1000-1300°C.

good agreement with the data of Sweeney (1994) and
Sweeney et al. (1992, 1995) for the most incompatible
elements (Ba, Sr, Nb, Ta, and Ce). Our D¢ values for
compatible and moderately incompatible elements
(heavy REE, Ti, Zr, Y, and Cr) are systematically lower
than the data of these authors. Adam and Green (2001)

PETROLOGY  Vol. 14

No. 5 2006

obtained more considerable differences between the
incompatible and compatible elements. The partition
coefficients of the most incompatible elements (Sr, Ba,
Nb, and La) obtained by these authors are approxi-
mately an order of magnitude lower than our estimates,
whereas the D¢t values for moderately incompatible
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Table 4. Concentrations of trace elements (ppm) in experimental phases analyzed by LA-ICP-MS

GIRNIS et al.

Compo-
nent

KTr-1

KTr-2

KTr-3

L

Opx

Grt

L

Opx

Grt

L

Opx

Grt

Li
Sc
v
Cr
Co
Zn
Rb
Sr
Y

Zr

Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Hf

Pb

3661(71)

832(14)

1899(42)
5973(103)
3966(118)
1917(71)
4480(159)

4940(245)

747(58)

4902(150)

21(11)

120(15)

6126(217)
11(1)
9838(320)

165(3)
1280(45)
310(6)
143(3)
174(6)

7055(233)

3689(67)

701(28)

2048(68)
6111(151)
4171(98)
2122(44)
5055(214)

5034(190)

464(20)
0
5618(220)

5362(43)
16(1)
8090(45)

71(8)
1014(17)
102(15)

78(7)
168(17)

6366(37)

3358(111)

367(10)

2391(54)
5164(182)
4715(160)
2377(38)

5869(170)

5141(215)

1097(134)

2437(102)

0

33(12)

170(63)

8760(305)
18(1)
5849(187)

61(3)
1136(39)
100(4)
91(4)
183(6)

7427(239)
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Table 4. (Contd.)
Compo. KTr-4 KTt-5 KTr-7 KTr-8
nent L Opx L Gr L Opx L Opx
Li - - 128(4) 15(1) 92(9) 273) 480(113) | 234)
Se | 3687(29) | 807(18) 60(9) 158(1) 55(3) 14(1.6) | 288(102) | 12(3)
v - - 172(7) 2312) 170(10) | 110(5) 515(79) 93(9)
Cr 424(10) - 61624) | 3166(18) | 74031) |1427(124) | 63216) | 1627(67)
Co - - 97(3) 82(1) 82(4) 107(7) 37390) | 102(14)
Zn - - 163(4) 47(1) 140(11) | 89(10) | 491(76) 83(14)
Rb - - 134(5) 0 116(12) | 14.7(6) 464(86) 0
St | 2302(65) - 2305(69) | 126(1) | 1830218) |  6(2) 951(57) 0
Y - - 179(6) 93(1) 148(13) 2.103) | 532(86) 1.6(0.3)
Zr | 6728(400) | 3911 | 62732 | 193(2) 535(55) 3.4(0.4) | 759(15) 3.7(0.4)
Nb | 4981(273) - 375(16) 31(1) 305(37) 0 717(46) 0
Ba | 2251(83) - 3020(168) | 175(1) | 2180(145) |  5.13) | 909(74) 5.9(1)
La | 5645(322) | 54(12) | 315(15) 18(1) 243122) | 0 621(36) 0
Ce - - 482(24) 35(1) 373(36) 19(1) | 689(20) 0
Pr - - 180(8) 12(1) 138(17) 0.6(0.4) | 542(85) 0
Nd - - 198(11) 14(1) 147(19) 0.7(03) | 533(77) 1.6(0.4)
Sm - - 127(8) 11(1) 94(9) 0.6(0.2) | 448(93) 0
Eu - - 110(7) 12(1) 80(9) 0.6(0.3) | 415(88) 0
Gd - - 113(6) 17(1) 88(9) 0.7(03) | 417(98) 0
b - - 115(6) 26(1) 88(8) 0.8(0.2) | 408(93) 0.7(0.2)
Dy - - 103(6) 34(1) 78(7) 102) | 400(96) 0.9(0.3)
Ho - - 73(6) 38(1) 54(6) 102) | 329(108) 0.8(0.2)
Er - - 103(8) 80(1) 78(7) 1.70.4) | 390(101) 1.5(0.2)
Tm - - 112(8) 114(1) 83(8) 2.1002) | 405(100) 1.8(0.3)
Yb | 5548(230) | 14125) | 111(7) 144(1) 79(7) 2.4(0.4) | 395(110) 2.1(0.3)
Lu - - 106(7) 180(1) 78(7) 3.1005) | 375(107) 2.5(0.5)
Hf - - 32822) | 118(1) 240(22) 3.7(04) | 611(56) 5.202)
Ta - - 254(16) 19(1) 179(19) 0 599(77) 0
Pb - - 208(24) 69(1) 17340) | 47(14) | 505(63) 5.502)
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Table 4. (Contd.)

GIRNIS et al.

Compo. KTt-10 KTr-11 KTr-13 KTr-15
nent L Opx L Opx L Opx Gri L Opx
Li 155(11) | 277 | 24631) | 26(4) 16713) | 51(8) 83) | 15711) | 65(10)
Sc | 11820) | 20(1.5) | 176D | 15015 | 86(5) 9931) | 410(14) |  74(6) 58(14)
v 30042) | 20117) | 561¢43) | 12112) | 303G31) | 305(77) | 70223) | 23007 | 287(51)
Cr | 223(27) |1182(84) | 1325(15) |1865(71) | 358(47) | 1817(94) | 3420(105)| 299(17) | 1430(54)
Co | 18027) | 189(7) | 313(35) | 174(8) 15611 | 2237 | 1856) | 11765) | 252(10)
Zn | 21604) | 156(19) | 47363) | 127(13) | 274(19) | 19522) | 84(6) | 190(14) | 235(37)
Rb | 18419) | © 232026) | 382) | 183(13) | 20(7) 0 174(8) 103)
St _ _ _ _ _ _ _ _ _

Y 31730) | 2.803)] 403(38) | 2.8(0.8)| 30215) | 85(12) | 28210) | 278(14) | 44(3)
Zr | 64423) | 6(0.6) | 940(36) | 3.50.9)| 1033(30) | 174(25) | 367(13) | 1044(28) | 110(17)
Nb | 51244 | 0 683(44) | 0 64230) | 73(16) | 8(1) | 59320) | 30(9)
Ba - - - - - - - - -
La | 42738) | 0 558(36) | 0 54527) | 54(19) | 0 498(19) | 36(16)
Ce | 50234 | o0 784(36) | 2.2(13)| 80320) | 10134) | 0 745026) | 46(20)
Pr | 31081) | 0 37534 | 0703)| 32221 | 3403 | o 277(10) | 15(2)
Nd | 31431 | 0 38034) | 7(4) | 32919) | 3613) | 6(1) | 286(13) | 16(4)
sm | 22827 | © 26228) | 0.7(05)| 210014) | 2525 | 13(1) | 184(9) 1)
Eu | 20325) | 0 23226) | 0.7(05)| 181(14) | 239) | 191) | 1578) 10(4)
Gd | 21428) | 070.h| 24027) | 106 | 18702 | 2702 | 382 | 17201 | 1203
To | 21225 | 090.h)| 24425 | 1005 | 18511 | 32013) | 683) | 168(11) | 14(4)
Dy | 20129) | 1300.2)| 22424) | 1.305)| 168(13) | 36(16) | 974) | 151(10) | 19(6)
Ho | 14821) | 110.) 16719) | 1.10.3)| 11609 32316) | 111@) | 103(7) 15(5)
Er | 19427) | 22002)| 23123) | 2104)| 16113) | 5918) | 236®) | 144(10) | 3203)
Tm | 20229) | 270.3)| 24729) | 2.505)| 168(14) | 8026) | 329(11) | 149(11) | 41(4)
Yb | 18527 | 32002 23527) | 3005 | 150012) | 9118) | 41514) | 13110) | 47(7)
Lu | 18526) | 4(02) | 23927 | 3.50.3)| 145(11) | 10924) | 52317) | 127000) |  57(10)
HE | 443(46) | 730.8)| 58039) | 3.4(15)| 49032) | 98(16) | 211(7) | 46929) | 68(12)
Ta | 396(60) | 0.900.6)| 45339) | 0 39728) | 4707 | 8() | 36224) | 29014)
Pb | 19129) | 149 | 20127) | 22008)| 216(14) | 25®) | 101y | 19316) | 16(5)
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Table 5. Partition coefficients of trace elements between minerals and carbonate (SiO, < 13 wt %) and kimberlite
(SiO, > 13 wt %) melts

Opx/L Grt/L Cpx/L
Element
kimberlite melt carbonate melt kimberlite melt carbonate melt carbonate melt
Li 0.18 0.18 0.08 - -
Sc 0.13 0.27 1.7 2.6 0.6
Ti 0.12 0.12 0.32 0.32 0.13
v 0.2 0.9 1.8 - 1.4
Cr 2.9 5.2 15 25 6.6
Co 0.6 1.6 1 - 1.3
Zn 0.6 0.6 0.3 - 0.7
Sr 0.03 0.03 0.03 0.03 -
Y 0.08 0.08 0.7 - -
Zr 0.06 0.06 0.2 0.2 -
Nb - - 0.02 0.02 -
Ba - - 0.04 0.04 -
La - - 0.07 - -
Ce 0.005 0.005 0.07 - -
Pr 0.005 0.005 0.05 - -
Nd 0.005 0.005 0.07 - -
Sm 0.006 0.006 0.07 - -
Eu 0.007 0.007 0.11 - -
Gd 0.006 0.006 0.18 - -
Tb 0.004 0.004 0.29 - -
Dy 0.007 0.007 0.45 - -
Ho 0.007 0.007 0.74 - -
Er 0.011 0.011 1.1 - -
Tm 0.014 0.014 1.5 - -
Yb 0.024 0.024 1.5 1.4 -
Lu 0.022 0.022 2.6 - -
Hf 0.015 0.015 04 - -
Ta - - 0.05 - -
Pb 0.07 0.07 0.3 - -

and compatible elements are slightly higher (Fig. 8)
and approach the data of Sweeney (1994) and Sweeney
et al. (1992, 1995).

The observed differences between our and pub-
lished estimates are not fundamental (Fig. 8). The sim-
ilarity of D¢ patterns in Fig. 8 suggests that the dis-
crepancies are probably not related to some errors in
experimental and analytical methods and probably
reflect the difference in the behavior of elements under
different experimental conditions. Similar to the ortho-
pyroxene—melt partitioning, the most important factor
is probably the relatively high temperature of our
experiments.

PETROLOGY Vol. 14 No.5 2006

Indicators of Mantle Metasomatism Caused
by Carbonate and Silicate Melts

The relative enrichment of mantle magma sources in
the most incompatible elements is explained by the
migration of small portions of near-solidus mantle
melts, including carbonate ones (Yaxley et al., 1991;
Rudnick et al., 1993). It is supposed that the character
of the agent of mantle metasomatism (silicate melt, car-
bonate melt, or fluid) can be recognized on the basis of
geochemical indicators. In particular, high contents of
Sr, Ba, and light REE coupled with low contents of high
field strength elements (Ti, Nb, Ta, Hf, and Zr) were
proposed as characteristic signatures of carbonate



508

(garnet /Cmelt
2
10 -~ Our data
s (Adam and Green, 2001)
(Sweeney et al.,1992)
(Sweeney et al., 1995)
(Sweeney, 1994)

101 L

A
X
)

GIRNIS et al.

10—4IIIIIIIIIIII

R~ I = T R~ B o B o] s T .0
AR ESSZEAEESE

1
FREESR-ENELS” 8O

Fig. 8. Trace element partition coefficients between garnet and melt. Our data for CO,-saturated kimberlite melts are connected by
the solid line. Symbols show experimental data from the literature on trace element partitioning between garnet and carbonate melt
at pressures of 2.5-4.6 GPa and temperatures of 1000—1200°C. The shaded field indicates the interval of published trace element
partition coefficients between garnet and CO,-poor silicate melts of various compositions (Barth et al., 2002; Bennett et al., 2004;
Draper et al., 2003; Green et al., 2000; Nicholls and Harris, 1980; Van Westrenen et al., 1999, 2000).

metasomatism (Yaxley et al., 1991; Ionov et al., 1993;
Rudnick et al., 1993). However, there is evidence that
similar geochemical parameters can be obtained by the
movement of alkaline silicate melts in the mantle (Van-
nucci et al., 1998).

The solution of the problem of geochemical indica-
tors of the nature of mantle metasomatic agents
requires the knowledge of trace-element partition coef-
ficients as functions of conditions and melt composi-
tion. Hence, it is interesting to compare the data
obtained in our study for carbonate and carbonate—sili-
cate (CO,-bearing) melts with results for silicate melts
under similar P—T conditions. To this end, we used data
from the literature on trace element partitioning
between garnet and silicate melts at 2—7 GPa (Barth et al.,
2002; Bennett et al., 2004; Draper et al., 2003; Green
et al., 2000; Nicholls and Harris, 1980; Van Westrenen
et al., 1999, 2000). The choice of garnet was dictated by
the fact that high-pressure data for this mineral are
more representative than those for orthopyroxene; fur-
thermore, the partitioning of elements between garnet
and melt is more contrasting than between orthopyrox-
ene and melt.

Figure 8 shows that the partition coefficients of the
majority of elements between garnet and CO,-bearing
melt fall within the range reported for garnet-silicate
melt partitioning. However, the slope of the spectrum is
much less steep than that for silicate systems. The com-
parison is complicated by the sensitivity of partition
coefficients to experimental conditions and melt com-
position. A close inspection of the available data sug-
gests that the behavior of strongly incompatible and
moderately incompatible and compatible elements is
significantly different (Fig. 9). Strongly incompatible
elements (Nb, Sr, light REE, etc.), Sc, Zr, and Hf are
characterized by either a negligible or a weak positive

correlation between DF and temperature. Moderately
incompatible elements exhibit a distinct negative corre-
lation with temperature, which is also supported by our
results (Fig. 9). It is clearly seen that the D¢ values of
some element (Dy and Gd) for the system garnet—CO,-
bearing melt fall on the trend formed by the data for the
garnet-silicate melt system, whereas the D¢ values
of Yb and Y for CO,-bearing melts are significantly
lower than those for silicate melts under the same tem-
perature.

This difference is illustrated by the diagram of
DSIC = DGrilCarb . DGrr/Sil, where DC"Carb and DCSi are the
partition coefficients of elements between garnet and
CO,-bearing and CO,-free silicate melts, respectively,
at 1300-1450°C (Fig. 10). The elements showing DS¢ >
1 are more efficiently extracted by silicate melts,
whereas those with DSC < 1, by CO,-bearing (kimber-
lite) melt. The observed considerable differences
between the DSC values of neighboring elements (e.g.,
REE) are probably due to analytical and experimental
errors. On the other hand, the general character of D5/
variations is rather robust and is probably related to the
different properties of silicate and CO,-rich melts. High
DSIC values were obtained for Sr, Ba, Nb, Ta, and light
REE. There is a gradual decrease in D% from light to
heavy REE. Yttrium is similar in this parameter to
heavy REE. The DS values of moderately incompati-
ble and moderately compatible elements (Ti, Zr, Hf, Sc,
and V) are close to one. Thus, the trace elements can be
divided into three groups depending on their garnet—
melt partitioning. Light REE, Ba, and Sr are more sol-
uble in silicate melts compared with CO,-bearing ones;
the partitioning of middle REE, Ti, Zr, Hf, Sc, V, and Ta
should not change at the transition from silicate to CO,-
rich melts; and heavy REE and Y can be efficiently
transported by CO,-bearing melts (Fig. 10).
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Fig. 11. Model compositions of basaltic melts formed by
the melting of enriched (metasomatized) mantle. The initial
material is represented by the primitive mantle impregnated
by a small fraction (5%) of (1) silicate or (2) carbonate—sil-
icate melt. The basaltic melts shown in the diagram are
formed by 10% batch melting of the enriched mantle mate-
rial.

In order to illustrate possible effects related to the
presence of carbonate—silicate melts in the mantle, the
formation and migration of small melt portions were
numerically simulated, and the influence of these pro-
cesses on the composition of subsequently derived
basaltic magma was estimated. The primitive mantle
was used as an initial material, in which the concentra-
tions of all trace elements were set to 1 (which is equiv-
alent to the normalization to primitive mantle values).
The model included three stages. (1) Formation of a
small portion of partial melt near the solidus of peridot-
ite in equilibrium with a residual mantle assemblage.
Taking into account the high mobility of carbonate melt
(Hunter and McKenzie, 1989), the degree of melting
for the carbonate melt was taken to be 0.5%, and that
for the silicate melt, 2%. It was assumed that the mantle
material consists of 60% olivine, 20% orthopyroxene,
10% clinopyroxene, and 10% garnet. The mineral-sili-
cate melt partition coefficients were taken from high-
pressure experimental studies (Fujimaki et al., 1984;
Arth, 1976; Irving and Frey, 1978). The bulk partition
coefficients between minerals and carbonate melts
were determined from the values for silicate melts and
DS (2) Movement of the melts and formation of
enriched mantle domains composed of 95% primitive
material and 5% low-degree melt. (3) Melting of the
enriched mantle assuming a degree of melting of 10%
and the batch melting mechanism. Such a simplified
model allowed us to reveal some general relationships
weakly affected by variations in physical parameters.
The main distinctions between the effects produced by
carbonate—silicate and silicate melts can be clearly seen
in Fig. 11. In the case of mantle enrichment by carbon-
ate—silicate melts, high concentrations of Ba and Nb are
associated with relatively weakly fractionated REE dis-
tribution patterns.

The obtained results corroborate some geochemical
criteria used for distinguishing the contribution of car-
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bonate melts to mantle enrichment (Rudnick et al.,
1993; Ionov et al., 1993), for instance, high Ba/lLa
value. In contrast, strong REE fractionation (high
La/Yb ratios) and high Sm/Hf and Zr/Hf ratios were not
observed. Carbonate—silicate melts can evidently effi-
ciently extract heavy REE and Y. Note also that the
effects caused by the migration of silicate and carbon-
ate—silicate melts are not very different. The depen-
dence of the partition coefficients of many elements on
temperature and melt composition additionally compli-
cates reliable discrimination between metasomatic
imprints generated by carbonate and silicate melts in
the mantle (cf. Vannucci, 1998). In many cases, these
effects cannot be distinguished, because there is a grad-
ual transition from carbonate to silicate melts under
mantle parameters. Nonetheless, the results obtained
here allow us to search for geochemical indicators of
mantle enrichment caused by the migration of carbon-
ate—silicate melts using the compositions of igneous
rocks.

According to Fig. 11, the most salient feature of
mantle enrichment generated by carbonate—silicate
melt compared with the effect of CO,-free silicate melts
is a relatively weak REE fractionation at a high degree
of enrichment in the most incompatible elements (Ba
and Nb). The melting of a reservoir enriched by the
addition of carbonate—silicate melt produces basic
magmas with high Ba/La and relatively low Ce/Yb
ratios. Figure 12 shows variations in these parameters
in some ocean island basalts, whose primary melts
were formed at high pressures in the garnet stability
field. These rocks show considerable variations in
Ba/La and Ce/Yb. The Ce/Yb of all rocks is higher than
the primitive mantle value, which is related to either the
retention of garnet in the solid residua and/or source
enrichment. The Ba/La ratio of some rocks is also much
higher than the primitive mantle value. Note that such
rocks often show relatively low Ce/YDb ratios (Fig. 12).
The addition of small amounts of silicate melt derived
from a garnet-bearing peridotite source can lead to con-
siderable variations in the degree of REE fractionation
(Fig. 12), whereas the Ba/La ratio must not change sig-
nificantly, because these elements have similar incom-
patibilities in silicate systems. The considerable varia-
tions of Ba/La values in ocean island basalts could be
related to the enrichment of mantle sources owing to
the migration of carbonate—silicate melts.

Genesis of Kimberlite Magmas

There is still no general consensus as to the source
of kimberlite melts. The high degrees of enrichment in
the most incompatible elements served as a basis for the
suggestion of the enriched source of kimberlite mag-
mas (metasomatized mantle) (Tainton and McKenzie,
1994). An alternative model assumes that initial kim-
berlite melts were derived from a material similar to the
primitive mantle (Ringwood et al., 1992; Ryabchikov,
2003). This suggestion is based on the resemblance of
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Fig. 12. Diagram Ce/Yb-Ba/La for selected ocean island basalts (Comores, Canaries, Cabo Verde, and Hawaii) related to mantle
plume activity (Class et al., 1998; Lundstrom et al., 2003; Doucelance et al., 2003; Frey et al., 2000). The black squared indicate
the compositions of the primitive mantle (PM; Palme and O’Neill, 2003) and depleted mantle (DM; Workman and Hart, 2005). The
arrows show the trends of melt compositions derived from mantle sources enriched by silicate and carbonate—silicate melts.

isotopic (Ringwood et al., 1992) and trace element
ratios of kimberlites to the characteristics of the primi-
tive or slightly enriched mantle (Ryabchikov, 2003).
Our results allow us to examine this problem using sim-
ple geochemical criteria.

The freshest kimberlite samples show very high
light to heavy REE ratios and relatively low heavy REE
contents (Tainton and McKenzie, 1994). For our analy-
sis, we used primitive mantle-normalized (Palme and
O’Neill, 2003) Yb concentrations (Yb, in kimberlites is
2.5-4.5) and (Ce/Yb), ratios (100-200 in kimberlites)
(Tainton and McKenzie, 1994). Such compositions can
be generated by low-degree melting of a garnet-bearing
mantle source. The maximum light REE enrichment of
the melt is reached when the degree of melting
approaches zero; in such a case C,, = Cy/D, where C,, is
the concentration in the melt, C, is the concentration in
the source, and D is the bulk partition coefficient. As
can be seen in Fig. 13, even at the lowest degrees of
melting of the primitive mantle, the (Ce/Yb), ratios of
carbonate—silicate melts are much lower than the kim-
berlite values. This implies that the single-stage melting
of the primitive mantle does not provide the desired
degree of REE fractionation. This circumstance served
as a basis for the two-stage models of kimberlite gene-
sis with preliminary enrichment of the source material
in incompatible elements (Wyllie, 1987; Ryabchikov,
1995; Tainton and McKenzie, 1994).

It was assumed that kimberlite melts were derived
from the depleted material of the continental lithos-
pheric mantle, which was preliminarily enriched by the
addition of small portions of melts from deep mantle
zones (Wyllie, 1979; Eggler, 1979). Experimental stud-
ies of high-magnesium kimberlitic melts (Girnis et al.,
1995) showed that their source material was probably
represented by garnet harzburgite. The compositions of
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mantle nodules suggest that the garnet peridotites of the
lithospheric mantle are relatively enriched in light REE
and have low contents of heavy REE: (Ce/Yb), = 8.75
and Yb, = 0.8 (McDonough, 1990).

The melting of such an enriched garnet harzburgite
(composed of 75% O! + 15% Opx + 10% Grt) produces
near-solidus melts with high (Ce/Yb), ratios (up to 80).
In addition to the initial enrichment of the source, this
effect is strengthened by the absence of residual cli-
nopyroxene, which is the main repository of light REE
in the primitive mantle. However, even in this case, the
compositions of melts remain beyond the kimberlite
field [(Ce/YDb), > 100] (Fig. 13). Consequently, the
lithospheric peridotites need to be additionally enriched
compared with the average composition. Calculations
showed that melts with the desired degree of light REE
enrichment can be derived from a garnet harzburgite
with (Ce/Yb), = 20 and Yb, = 0.9 (Fig. 13). Such com-
positions can be generated by the addition of a few per-
cent of enriched carbonate—silicate melt to garnet
harzburgite corresponding in the degree of REE frac-
tionation to the average composition of garnet peridot-
ites from the continental lithospheric mantle (McDon-
ough, 1990).

Thus, the favored model of kimberlite magma for-
mation includes the injection of enriched melts into the
harzburgites of the lower parts of the lithospheric man-
tle. There are various possible variants of such a model.
Carbonate melts from deep mantle levels could crystal-
lize in such zones forming strongly enriched carbon-
ated domains in the mantle. The formation of kimber-
lites could be related to the partial melting of such
domains during a later heating event not related to the
injection of carbonate melts. On the other hand, the
injection of carbonate melts, heating, and melting of the
enriched material could occur simultaneously. In such
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Fig. 13. Geochemical model for the formation of primary
kimberlite melts with very high (Ce/Yb), ratios and moder-
ate concentrations of Yb,, (Tainton and McKenzie, 1994).
Variations in the composition of carbonate-silicate melts
near the solidus of mantle peridotite are shown by lines. PM
is the primitive mantle, and its melting produces liquids
with relatively low Ce/Yb ratios; CLM is the average com-
position of garnet peridotites from the continental lithos-
pheric mantle (McDonough, 1990), and melts obtained
from this reservoir may show very fractionated REE distri-
bution patterns, but the maximum Ce/Yb value is lower than
that of kimberlites; CCLM is the carbonated lithospheric
mantle additionally enriched by the addition of 3% carbon-
ate melt, the near-solidus melt from this source fall within
the field of kimberlites. The numbers near the lines denote
the degree of melting of the sources in weight percent.

a case, kimberlites can be considered as products of
interaction between deep asthenospheric magmas
(Ringwood et al., 1992) with moderately enriched gar-
net harzburgites in the deep zones of the lithospheric
mantle (Girnis et al., 1995). The latter scenario seems
to be more plausible, because it explains why the isoto-
pic characteristics of kimberlites correspond to those of
asthenospheric mantle sources (Smith et al., 1985).

CONCLUSIONS

Although the content of carbon in the primitive
mantle is relatively low (about 100 ppm; Palme and
O’Neill, 2003), the high incompatibility of CO, in the
mantle (if carbonates are absent) causes the formation
of carbonate melts during the early stages of melting of
mantle peridotites. The considerable temperature inter-
val between the solidi of “dry” and CO,-bearing peri-
dotite (Dalton and Presnall, 1998) indicates that car-
bonate—silicate melts may be widespread in the mantle.
The high mobility of such liquids (Hunter and McKen-
zie, 1989) makes them a possible agent of mantle meta-
somatism. There is little direct evidence for the move-
ment of small portions of carbonate melt in mantle
rocks (e.g., Ionov et al., 1993, 1996; Frezzotti et al.,
2002), which can be explained by the occurrence of
decarbonation reactions during decompression. There-
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fore, the geochemical systematics of basic magmas is
the main source of information on the character of car-
bonate metasomatism (Ionov et al., 1993; Rudnick
et al., 1993). Experimental data on trace element parti-
tioning between mantle minerals and melts provide a
necessary basis for the modeling of mass transfer pro-
cesses in the mantle. The results obtained in this study
characterize the behavior of elements under relatively
high-temperature conditions, when near-solidus mantle
magmas are essentially anhydrous. Such conditions can
be created during the melting of mantle peridotites that
experienced a previous stage of depletion in incompat-
ible elements, including water. A comparison of our
data with the published experiments for carbonate and
silicate systems showed that the partition coefficients of
trace elements in mantle systems are not constant. This
is especially important for moderately incompatible
and compatible elements (heavy REE, Zr, Y, etc.), the
behavior of which is strongly dependent on temperature
and melt composition. Hence, any modeling of mantle
metasomatism and interpretation of geochemical data
must take into account not only the character of meta-
somatic agents (carbonate melt, silicate melt, or aque-
ous fluid) but also thermodynamic conditions. The
application of this approach to kimberlite magmas
showed that they could be formed by the melting of
depleted mantle material that had been pre-enriched by
the injection of small portions of carbonate or carbon-
ate—silicate melts.
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