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Abstract

We present new experimental apatite/melt trace element partition coefficients for a large number of trace elements (Cs, Rb, Ba, La,
Ce, Pr, Sm, Gd, Lu, Y, Sr, Zr, Hf, Nb, Ta, U, Pb, and Th). The experiments were conducted at pressures of 1.0 GPa and temperatures of
1250 °C. The rare earth elements (La, Ce, Pr, Sm, Gd, and Lu), Y, and Sr are compatible in apatite, whereas the larger lithophile ele-
ments (Cs, Rb, and Ba) are strongly incompatible. Other trace elements such as U, Th, and Pb have partition coefficients close to unity.
In all experiments we found Dy¢ > Dyz., D, &~ Dy, and Dy, > Dry, > Dc. The experiments reveal a strong influence of melt composition
on REE partition coefficients. With increasing polymerisation of the melt, apatite/melt partition coefficients for the rare earth elements
increase for about an order of magnitude. We also present some results in fluorine-rich and water-rich systems, respectively, but no sig-
nificant influence of either H,O or F on the partitioning was found. Furthermore, we also present experimentally determined partition
coefficients in close-to natural compositions which should be directly applicable to magmatic processes.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Apatite is an ubiquitous accessory phase in many mag-
matic, metamorphic, and sedimentary rocks (Beswick and
Carmichael, 1978; Raimbault et al., 1993; Sorensen and
Grossman, 1993; Bea et al., 1994; Haggerty et al., 1994;
Piccoli and Candela, 1994; Dawson et al., 1996; D’Orazio
et al., 1998; Yaxley et al., 1998; Nag et al., 1999; Seifert
et al., 2000; Amelin and Zaitsev, 2002; Dawson, 2002;
O’Reilly and Griffin, 2002; Dawson and Hinton, 2003;
Brigatti et al.,, 2004; Parat and Holtz, 2004; Nishizawa
et al., 2004). As naturally occurring apatites contain large
amounts of the rare earth elements and Sr, it has been
well known that apatite controls a large portion of the
budget of these trace elements. Recent studies also indi-
cate that apatite may also contain significant amounts
of U and Th (Dawson et al., 1996; O’Reilly and Griffin,
2002; Dawson and Hinton, 2003) and may, therefore, be
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a major host of these elements in the mantle or the crust.
If apatite stays residual during mantle melting it may frac-
tionate these element during partial melting. Moreover,
apatite may control REE, U, and Th budgets of primitive
basalts by contamination when these primitive melts inter-
act with the crustal lithosphere during ascent from the
source in the mantle to the surface (O’Reilly and Griffin,
2002).

Apatite saturation in magmatic systems has been studied
extensively (Watson, 1979; Watson, 1980; Watson and
Green, 1981; Harrison and Watson, 1984; Kogarko et al.,
1988; Ryabchikov et al., 1991; Pichavant et al., 1992; Wolf
and London, 1994), however, there is only very little exper-
imental information as to how trace elements partition
between silicate melts and apatite (Watson and Green,
1981). Watson and Green (1981) found in an experimental
study that REE and Sr are strongly compatible in apatite.
Since then, however, only one experimental study was con-
ducted to investigate the partitioning of trace elements
between apatite and carbonatite melt (Klemme and Dalpe,
2003). As the melt composition in Klemme and Dalpe’s
experiments is very different from silicate systems, the
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applicability of these results to granitic or andesitic rocks
needs to be tested.

There are also a number of so-called mineral/matrix par-
tition coefficients in the literature which are calculated from
naturally occurring mineral phenocrysts and a matrix which
is often volcanic. We believe that mineral/matrix partition
coefficients are much more difficult to interpret when com-
pared to experimentally derived partition coefficients. This
is caused by the fact that natural rock matrix compositions
are often heterogenous and their bulk compositions are con-
sequently only poorly constrained when compared to an
experimental run product. Furthermore, the attainment of
equilibrium between crystals and melts in natural pheno-
cryst/matrix systems is only difficult to ascertain. Moreover,
phenocryst/matrix partition coefficients are determined in
natural compositions with often very low concentration of
the trace element of interest, which means that analyses of
phenocrysts are often very close to the analytical detection
limit and consequently suffer from large analytical uncer-
tainties. However, the interested reader is referred to some
previous studies on apatite phenocryst/matrix partition
coefficients, some of which are in good agreement with our
experimental data and some are not (Nagasawa, 1970;
Nagasawa and Schnetzler, 1971; Paster et al., 1974; Fuji-
maki, 1986; Mahood and Stimac, 1990; Bea et al., 1994; Cha-
zot et al., 1996; D’Orazio et al., 1998).

2. Experimental and analytical techniques
2.1. Experimental rationale

We set out to investigate trace element partition coeffi-
cients between apatite and silicate melts, many of them
hitherto unknown. We chose a number of different bulk
compositions to approximate basaltic to andesitic bulk
composition (see Section 2.2). As our experiments were
performed with very different melt compositions, we also
set out to investigate the influence of melt composition
on partition coefficients (Prowatke and Klemme, 2005,
2006). Most experiments were performed in water-bearing
composition with hydroxylapatites. However, to investi-
gate a possible effect of fluorine on partition coefficients,
some experiments were run in F-rich bulk compositions
with F-apatites.

2.2. Starting materials

The starting materials consisted of mechanical mixes of
synthetic oxides (MgO, Fe,03, CaCO;, Na,CO;, K,COs3,
Al,O3, and SiO,). Several bulk compositions were prepared
(Table 1). MgO and Al,O3 were initially fired at 1050 °C to
drive off any residual moisture. All starting materials were
stored at 110 °C. Subsequently, a trace element cocktail,
consisting of pure oxides and carbonates of 18 trace ele-
ments (Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Sm, Gd,
Lu, Hf, Ta, Pb, Th, and U) was then added. The starting
material mixtures were then ground under acetone in an

Table 1

Major element (wt%, nominal) composition of starting materials

Liquid-liquid
76.90

15.00

3.40

4.70

SH2 andesite
65.30

18.20

4.80

3.90

7.80

SH3M basaltic andesite

53.50
17.70
2.80
1.80

SH3Fe basaltic andesite

53.50
17.70
2.80
1.80

SH3 basaltic andesite

53.50
17.70
2.80
1.80

SH4 basalt
46.00
20.00

1.50

0.50

ASI240
64.96

ASI220
66.36

ASI200
67.81

SiO,

17.01
13.59
1.45
1.73
1.25

11.90
17.21
1.49
1.77
1.27

6.58
20.99

ALO;
N'dzO
K,O
CaO

1.52
1.81
1.30

12.40
6.50
5.30

12.40
4.30
7.50

12.40
11.80

15.00
17.00

MgO
FeO

100.00

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

Total

Addition of phosphate component

#48A35%
FAp

#5426%
FAp

#43 31%

FAp

Exp.

(L-L20%Ca,P,07)

H#T1A25% #61B18%

HO61A25%

#59A25%

#7725%

#7235 % #7830

Exp.

OHAp5% H,O

OHApP5% H,O

OHA]:)SU (

HzO
Cas(PO4);0H (Merck, GmbH).

OHApSO 0
H20

OHApP5%H,0

%OHApP5% H,0

OHApSU (]

HzO
Cas 5(PO,)3F>: consists of a mixture between 1.5 mol Cas(PO,), and 1 mol CaF,; OHAp

FAp =
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agate mortar to produce homogeneous mixtures. These
mixtures were decarbonated at 1000 °C for 4 h, melted in
air at 1400 °C and subsequently at 1600 °C, and then
quenched to a glass. This procedure was repeated several
times, with fine grinding in between. Various amounts of
synthetic Ca3(POy),, CaF,, or Cas(PO,4);OH were then
added to these compositions. The resulting mixtures were
mixed again and stored at 110 °C, without melting again.
The major element compositions of the starting materials
and the added amounts of phosphate are given in Table 1.

2.3. Experimental procedures

The experiments were carried out at 1.0 GPa in a conven-
tional end loaded 1.27 cm piston-cylinder apparatus at Hei-
delberg University. The pressure assembly consists of two
inner parts of crushable alumina surrounded by concentric
shells of a graphite heater, a soft glass tube of Duran®
(Schott AG, Germany) and an outermost sleeve of natural
talc. This assembly requires a friction correction of —11%,
calibrated on the fayalite-quartz—ferrosilite and the
MgCr,04 + SiO, = Cr,O3 + Mg,Si0,4 equilibria (Bohlen
et al., 1980; Klemme and O’Neill, 1997; Klemme et al.,
2002). The runs were performed using the hot “piston-in”
routine. First,a pressure of about 0.25 GPa was applied.
Then the sample was heated up to about 550 °C to soften
the glass. During the final compression, pressure and temper-
ature were raised simultaneously. Pressure was kept constant
automatically during runs to within 4+0.05 GPa. Starting
materials were sealed into graphite-lined platinum capsules,
which were placed in holes in the lower alumina inner part
and separated from the thermocouple by a thin Al,O3 disc.
The use of graphite inner capsules should minimize the loss
of Fe to the noble metal capsule and ensure reducing condi-
tions close to the C—CO oxygen buffer. Temperatures were
measured with calibrated WosRes—W;sRe,s thermocouples
inserted axially into the assembly using four-bore high-puri-
ty Al,O5 tubing. No correction was made for the dependence
of thermocouple emf on pressure. The sample was placed in
the hotspot of the assembly, and temperature uncertainties
were calibrated to be less than 15 °C. All experiments were
initially heated above their liquidus and subsequently cooled
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at different rates (50-100°/h) to 1250 °C (see Table 2). These
particular temperatures were chosen because no other phas-
es were found to exist next to apatite and the melt fraction in
the experimental run products is usually much greater than
50%. Samples were held at the final run temperature for a
duration of up to 20 h to allow equilibration of crystalline
phases and coexisting melts (see Table 2 for details). More-
over, one additional silicate liquid—phosphate liquid experi-
ment in the system SiO,-Al,03-Na,0O-K,0-CaO-P,05
(Krigman and Krot, 1992) was carried out to further con-
strain melt compositional effects on trace element partition-
ing (Table 1). The trace element cocktail was indentical to
that used for the high pressure experiments. The liquid-li-
quid partitioning experiment was run at atmospheric pres-
sure in a large Pt crucible at 1510 °C for 45 min.

2.4. Analytical techniques

Experimental run products were sectioned longitudinal-
ly with a miniature diamond saw, and one half mounted in
epoxy and carefully polished with a series of water-based
diamond pastes. Polished sections were carbon coated for
electron microprobe analysis. Glasses were analysed for
major elements with a Cameca electron microprobe
(SX51) at Heidelberg University operated using an acceler-
ating voltage of 15 kV and a beam current of 6 nA. To min-
imize alkali volatility and a “damage’ to glasses under the
electron beam an area of 10 x 12 pm was scanned with a
1 pm beam. Counting times were 10 s on peak and 5s on
background for all elements. Major element concentrations
of apatites were also determined with the electron micro-
probe. For mineral analyses an accelerating voltage of
15kV, a beam current of 20 nA, and a beam with 1 um
in diameter were used. The counting times were identical,
except for the minor elements Si, Na, Fe, Mg, F, and Al
with 40 s on peak and 20 s on background. The standards
used were albite (Na), K-feldspar (K), corundum (Al), peri-
clase (Mg), wollastonite (Ca, Si), fluorite (F), and synthetic
apatite (P). The raw data were corrected with the ‘PAP’
software (Pouchou and Pichoir, 1985).

Trace element concentrations were determined by sec-
ondary ion mass spectrometry (SIMS) on a Cameca ims

Table 2

Experimental run conditions

Experiment  Starting temperature ~ Run temperature ~ Ramp (°C/h)  Run duration at final T (h)  Start material ~ Crystal shape  Size (um)
72 1450 1250 50 4 ASI200 Euhedral 100 x 100
78 1400 1250 50 17 ASI220 Euhedral 80 x 50
77 1400 1250 50 18 ASI240 Euhedral 50 x 50
61B 1500 1250 100 15 SH2 Euhedral 20 x 20
71A 1350 1250 50 6 SH3M Euhedral 50 x 40
61A 1500 1250 100 15 SH3Fe Euhedral 60 x 50
48B 1450 1250 50 16.5 SH4F Euhedral 80 x 60
43 1450 1250 50 17 ASI200F Euhedral 50 x 50
54 1450 1250 50 19.5 ASI220F Euhedral 60 x 70
59 1400 1250 50 5 SH3 Euhedral 80 x 80
60B 1450 1250 50 16 SH4 Euhedral 15x15
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3f ion microprobe at Heidelberg University, using a nomi-
nal 10 kV primary beam of '°0O~ ions. Positive secondary
ions were accelerated to 4.5 keV. The energy window was
set at 40 eV. We employed the energy filtering technique
with an offset of 90 eV at a mass resolution M/AM (10%)
of ~400 to suppress interfering molecules and to minimise
matrix effects. The primary current was 20 nA, resulting in
a spatial resolution of ca. 20-25 um diameter at the sample
surface. The following masses were counted: **Ca, ®°Rb,
88gr, 89y %7 9Nb, 13Cs, Ba, ¥La, “°Ce, “IPr,
149G 160Gd, 5Ly, 178HF, '$1Ta, 28Pb, 232Th, 233U, and
ratioed to **Ca, as determined by EMPA. Ion yields were
calibrated on synthetic Ca—P glass. The trace element con-
centrations of this synthetic glass were independently deter-
mined with LA-ICPMS techniques at the University of
Frankfurt and used to determine elemental ion yields need-
ed for standardisation during SIMS analyses. These ion
yields were compared to the ion yields that were deter-
mined using the reference material NIST SRM 610 (Pearce
et al., 1997). The differences between these ion yields usual-
ly are much less than 10-15% relative for most elements,
with one notable exception for Pb on the synthetic Ca—P

50 r T T T T T T T T
[0 #59B SIMS E
@ #59B LA-ICPMS| |
10k E
I I~
E ¢3
. .
e L
1k E
Lu Y Gd Sm Pr Ce La
0.1 L 1 L 1 L 1 N 1 N
1.00 1.05 1.10 1.15 1.20 1.25
ionic radius

Fig. 1. Comparison of Drgg values calculated from SIMS analyses (open
squares) and LA-ICPMS analyses.

glass. Partition coefficients determined with LA-ICPMS
agree well with results from SIMS measurements (Fig. 1).

3. Results and discussion
3.1. Experimental results

Experimental run products of all experiments consisted
exclusively of euhedral apatites and quenched melts, with
exception of experiment #72 where an additional large
nearly anhedral whitlockite crystal was found to coexist
with apatite and melt. In all experiments, modal propor-
tions of crystals are less than 30%. The largest apatites were
100 x 100 pm across, and were found in the experiments
with the lowest degree of polymerisation of melts (Fig. 2
(A) run #43, (B) run #72). No inclusions of other phos-
phate phases were found in apatite, but small rounded
inclusions of quenched melt are occasionally observed.
We found no connection between the degree of polymerisa-
tion of the melt and the number of melt inclusions and the
shape of the crystals. All experiments were free of vesicles
and quench crystals.

Major and trace element composition of the apatites
from all experiments are listed in Table 3. Although the
experiments are unreversed (as in most other trace element
partitioning studies and melting equilibria studies), there is
evidence that equilibrium was attained in our experiments
as mineral and glass analyses have low standard deviations
indicating homogenous, unzoned phases (Table 3).

The Si content in apatite is low and varies between 0.01
and 0.07 cations per formula unit (cpfu). The exception was
experiment 60B, where a Si content of 0.15 cpfu in apatite
was observed. The Na content in apatite is also low and
ranges between <0.01 and 0.10 cpfu. The Mg and Fe a con-
tent seems to depend on the Mg and Fe content of the melt,
and varies between <0.01 and 0.10 and ~0.015 cpfu,
respectively. The Ca and P content of the apatites show
no systematic variation with changing bulk composition.
We conclude that the major element compositions of our
apatites are constant (within the uncertainties). Glasses
are homogeneous as indicated by the very low standard

Fig. 2. Backscattered electron images of the experimental run products. (A) run products of experiment #43 (ASI2000H). The apatite crystals are
euhedral and mostly are larger than 50 um across. Only very few melt inclusions were found in these apatite crystals. (B) run products of experiment #54A
(ASI220F). The apatites are euhedral but slightly smaller. Note that the cracks in all experimental run products are caused by quenching.
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Table 3
Major element composition (wt%), unit formula (cpfu) and trace element content (ppm) of apatites
Sample n.o.a. 72 (6) 78 (6) 77 (6) 61B(9) 7IA(9) 6lA(7) 48B(9) S9B(5) 43 (5) 54A (3)  60B (A)
SiO, 0.31(2) 0.33(2) 0.26(3) 0.55(4) 0.83(3) 0.45(4) 0.63(10)  0.59(5) 0.15(3) 0.25(7) 1.81(14)
ALO; 0.00(—) 0.01(—) 0.02(—) 0.04(—) 0.04(—) 0.01(—) 0.01(—) 0.00(—) 0.01(—) 0.01(—) 0.09(1)
FeO 0.00(—)  0.02(—)  0.03(—)  0.02(—) 0.195)  0296)  0.02(—) 0.0l(-) 000(—)  0.00(—)  0.01(-)
MgO 0.01(1) 0.05(1) 0.13(3) 0.00(—) 0.49(1) 0.37(2) 0.94(2) 0.66(1) 0.01(—) 0.05(1) 1.09(4)
Ca0 53.66(26) 53.74(19) 53.86(26) 54.59(30) 53.75(17) 54.15(21) 54.27(16) 54.06(19) 54.91(21) 54.94(21) 53.14(32)
SrO 0.02(—) 0.02(—) 0.03(—) 0.03(—) 0.01(—) 0.01(—) 0.02(—) 0.01(—) 0.03(—) 0.03(—) 0.00(—)
Na,O 0.62(8) 0.60(3) 0.36(4) 0.11(2) 0.12(2) 0.05(—) 0.02(—) 0.05(—) 0.19(2) 0.14(3) 0.10(2)
P,Os 41.60(45) 41.22(40) 41.40(47) 41.04(25) 40.84(33) 41.38(44) 41.83(44) 41.06(27) 42.01(40) 42.12(31) 39.92(36)
F 0.00(—)  0.00(-)  0.00(—)  0.00(—)  0.00(—) 0.00(—)  4.13(17) 0.00(~)  4.2934)  4.47(29)  0.00(—)
Cl 0.31(4) 0.54(1) 0.47(4) 0.06(2) 0.10(4) 0.07(1) 0.02(—) 0.02(—) 0.07(2) 0.05(2) 0.07(2)
F-CI=0 0.07 0.12 0.11 0.01 0.02 0.02 1.74 0.01 1.82 1.89 0.02
Total 96.64 96.61 96.74 96.87 96.50 96.90 100.24 96.75 100.08 100.46 96.21
cpfu
Na 0.1022 0.1001 0.0595 0.0184 0.0192 0.0086 0.0032 0.0082 0.0317 0.0223 0.0170
Ca 4.8923 4.9195 4.9197 4.9772 4.9001 4.9185 4.8638 4.9188 4.9551 4.9413 4.8440
Fe?" 0.0002 0.0013 0.0022 0.0013 0.0134 0.0203 0.0012 0.0006 0.0003 0.0000 0.0009
Mg 0.0014 0.0058 0.0162 0.0000 0.0626 0.0466 0.1176 0.0830 0.0012 0.0057 0.1377
Sr 0.0009 0.0011 0.0015 0.0015 0.0006 0.0006 0.0011 0.0005 0.0016 0.0017 0.0000
REE 0.0052 0.0061 0.0091 0.0098 0.0027 0.0043 0.0016 0.0067 0.0069 0.0095 —
Th+U 0.0003 0.0002 0.0002 0.0024 0.0002 0.0001 0.0009 0.0017 0.0002 0.0002 —
Total 5.0025 5.0341 5.0085 5.0106 4.9989 4.9991 4.9894 5.0196 4.9970 4.9807 4.9996
Si 0.0264 0.0280 0.0219 0.0469 0.0751 0.0383 0.0529 0.0498 0.0130 0.0206 0.1536
Al 0.0002 0.0014 0.0017 0.0043 0.0037 0.0012 0.0006 0.0002 0.0008 0.0011 0.0092
P 2.9971 2.9818 2.9880 2.9565 2.9414 2.9698 2.9616 2.9518 2.9953 2.9931 2.8752
Total 3.0237 3.0112 3.0116 3.0076 3.0202 3.0093 3.0150 3.0018 3.0090 3.0148 3.0379
F — — — — — — 1.0700 — 1.1175 1.1611 —
Cl 0.0430 0.0750 0.0652 0.0082 0.0154 0.0091 — — 0.0089 0.0073 0.0010
n.o.a (3) (3) (3) (1 (3) (2) (3) (4) (3) (4) (-)
Rb 0.43(7) 0.59(3) 0.33(10)  0.37(—) 0.75(6) 0.27(3) 0.41(2) 0.30(12)  0.14(6) 0.25(2) —
Sr 157(8) 196(12) 263(18) 254(—) 106(1) 101(1) 217(2) 93(1) 277(6) 295(15) —
Y 141(1) 165(7) 269(9) 252(=)  92(4) 154(2) 184(3) 245(3) 201(1) 287(9) —
Zr 2.78(8) 8.16(3) 8.92(15)  6.48(—) 7.60(12)  8.17(27)  6.29(18)  7.45(20)  2.06(1) 3.14(70) —
Nb 0.38(3)  0.69(5)  0.94(9)  047(—)  1.39(10) 0.703)  0.26(4)  0.78(4)  0.14(6)  0.34(19) —
Cs 0.05(1) 0.07(2) 0.03(1) 0.03(—) 0.04(2) 0.07(2) 0.04(1) 0.06(2) 0.05(2) 0.09(1) —
Ba 34.08)  55.4(36)  53.7(56)  52.3(—)  22.1(13)  17.0(7)  28.4(18)  17.2(8)  60.9(19)  67.8(3)  —
La 246(1) 282(7) 391(6) 458(—) 101(5) 154(3) 152(2) 236(5) 327(5) 445(25) —
Ce 209(1) 246(3) 358(9) 387(—) 114(4) 174(2) 255(4) 244(2) 311(12)  388(27)  —
Pr 227(1) 273(7) 393(6) 494(—) 116(4) 174(4) 216(1) 224(3) 290(9) 418(26)  —
Sm 269(1) 321(3) 479(7) 526(-) 155(3) 248(2) 251(3) 367(6) 339(15)  474(49)  —
Gd 241(7) 280(1) 424(7) 349(—) 106(4) 170(2) 246(7) 365(3) 310(11) 439(44) —
Lu 61.6(3)  78.0(4) 138(12)  195(—)  48.2(25  80.3(50)  78.2(22)  96.4(3)  95.0(31)  140(4) —
Hf 0.48(9) 1.06(15) 1.07(13) 1.24(-) 1.72(14) 1.17(23) 1.33(12) 1.60(24)  0.60(1) 0.70(18)  —
Ta 0.30(1)  0.38(14)  0.67(10) 0.87(—)  0.83(40)  0.40(5)  0.32(4)  0.38(6)  0.70(30) 041(2)  —
Pb 5.7(3) 36.1(4) 61.4(12)  60.8(—) 33.5(89) 16.6(6) 8.3(4) 16.1(3) 4.92(8) 14.7(28) —
Th 432(15)  54.6(2)  80.4(5) 124.7(=)  64.4(6)  532(2)  584(7)  98.6(4) 3425  40.6(7) «—
U 73.0(13)  39.7(3) 14.0(14)  987(—-) 31.0(32) 13.2(1) 111(3) 690(41) 50.7(18)  S51.5(16) —

n.o.a, number of analyses (x); cpfu, cations per formula unit. All errors are 1g, given as last significant digits in brackets. Major elements were analysed
with the electron microprobe, whereas trace elements were analysed using SIMS techniques (see text for analytical details). Note that traces of chlorine are

also present due to contamination of the starting materials.

deviations of major element analyses (Table 4). Trace ele-
ment analyses of apatites vary much less than 10%, no zon-
ing of trace elements was observed. Glasses are also
homogeneous in terms of trace elements as low standard
deviations of trace element analyses from different part of
the coexisting glasses indicate (Table 4). Trace element var-
iation of the glass analyses are <5%, except for Pb with
~10%.

3.2. Partition coefficients between apatite and melts

All our experimental partition coefficients are listed in Ta-
ble 5 and shown in Fig. 3. We find all rare earth elements
(REE) to be compatible in apatite (D > 1), with the middle
REE more strongly partitioning into apatite compared to
the light REE or the heavy REE. This overall pattern is in
excellent agreement with previous results by Watson and



Table 4

Major element composition (wt%) and trace element content (ppm) of quenched melts

Sample 72 78 77 61B 71A 61A 48B 59B 43 54A 60B
n.o.a. (30) (30) (30) (30) (30) (30) (30) (30) (30) (30) (30)
SiO, 52.89(43) 56.80(19) 56.16(28) 61.51(76) 50.15(23) 47.25(17) 40.70(22) 44.67(62) 57.15(27) 59.00(29) 35.87(23)
ALO; 5.14(11) 9.93(8) 14.25(40) 15.90(19) 16.27(20) 15.14(15) 16.03(16) 13.95(25) 5.78(8) 10.86(11) 15.02(19)
FeO b.d. b.d. b.d. b.d. 2.18(21) 5.00(10) b.d. b.d. b.d. b.d. b.d.
MgO 0.99(7) 1.12(5) 1.15(2) 0.02(1) 4.19(2) 3.77(5) 14.16(13) 9.70(20) 1.35(5) 1.32(5) 12.94(17)
CaO 11.80(32) 7.74(8) 5.57(9) 8.78(45) 17.32(11) 15.89(9) 18.83(19) 16.78(44) 9.42(8) 7.23(9) 23.78(25)
Na,O 12.51(26) 10.86(11) 7.53(11) 3.50(6) 2.41(5) 2.23(7) 2.06(7) 2.33(6) 16.81(39) 14.27(14) 1.26(5)
K,0 1.15(8) 1.31(4) 1.30(3) 3.65(7) 1.31(3) 1.29(4) 0.66(3) 1.61(7) 1.27(4) 1.33(4) 0.41(3)
P,0Os 6.33(58) 3.80(5) 2.49(7) 1.01(12) 3.40(1) 3.44(19) 4.85(19) 4.68(35) 4.87(20) 1.64(12) 8.57(26)
F — — — — — — 2.74(13) — 2.46(12) 3.44(9) —

Cl 0.33(1) 0.24(4) 0.17(1) — — — — — 0.43(3) 0.35(2) —
F-CI=0 0.07 0.05 0.04 0.00 0.00 0.00 1.15 0.00 1.13 1.53 0.00
Total 91.07 91.74 88.58 94.37 97.22 94.01 98.88 93.73 98.42 97.91 97.86
ASI 0.118 0.298 0.596 0.618 0.441 0.446 0.418 0.386 0.125 0.286 0.328
n.o.a. (3) (3) (3) 1) (2) (3) (3) 4 (3) (5)

Rb 329(3) 359(1) 364(22) 378(—) 251(1) 263(5) 670(6) 411(8) 360(7) 362(5) —

Sr 64.7(2) 52.7(15) 51.6(32) 59.0(—) 73.1(1) 73.8(7) 197(1) 59.6(19) 73.1(23) 64.3(9) —

Y 54.6(1) 43.3(22) 30.9(19) 35.4(—) 55.5(5) 52.8(12) 65.2(2) 62.4(32) 35.3(17) 34.1(2) —

Zr 93.2(1) 200(2) 190(8) 154.3(—) 97.6(5) 144(3) 230(1) 108(1) 105(2) 103(1) —

Nb 329(2) 384(4) 402(22) 410(—) 401(2) 283(14) 222(3) 359(5) 127(4) 268(3) —

Cs 282(3) 293(2) 273(7) 264(—) 177(2) 508(12) 500(5) 334(5) 304(2) 294(4) —

Ba 339(1) 384(7) 375(17) 426(—) 352(2) 268(13) 477(1) 332(7) 384(3) 374(4) —

La 50.7(3) 33.9(6) 23.5(9) 40.2(—-) 52.8(12) 52.6(17) 54.2(5) 54.7(31) 24.6(18) 22.5(2) —

Ce 42.4(11) 28.9(9) 19.7(16) 30.0(—) 48.8(22) 53.9(73) 78.4(5) 47.2(29) 22.8(19) 19.2(3) —

Pr 41.8(3) 28.2(6) 19.1(11) 36.6(—) 43.4(14) 45.2(12) 59.0(3) 37.8(23) 19.8(21) 17.7(3) —

Sm 43.3(16) 28.0(4) 18.6(12) 32.7(-) 42.5(14) 43.6(19) 50.4(9) 44.5(29) 20.7(31) 16.8(2) —

Gd 45.4(11) 30.7(3) 19.7(5) 25.2(—) 35.5(4) 33.1(5) 52.8(11) 49.1(35) 23.4(14) 19.8(8) —

Lu 60.0(4) 56.3(4) 46.0(9) 49.8(—) 69.0(28) 65.8(12) 68.4(3) 59.5(17) 46.3(4) 47.7(5) —

Hf 75.0(13) 83.5(18) 91.7(27) 86.0(—) 85.8(7) 82.5(31) 132(3) 98.2(9) 81.2(25) 80.0(11) —

Ta 244(1) 279(1) 298(5) 292(—) 323(3) 310(3) 330(1) 228(5) 225(1) 262(4) —

Pb 8.93(14) 74.4(1) 65.1(1) 72.7(—) 114(11) 160(3) 21.4(12) 83.9(25) 7.89(64) 7.00(99) —

Th 86.4(8) 83.8(29) 74.2(17) 97.3(—) 66.6(9) 76.0(3) 176(1) 103(3) 85.1(9) 87.2(17) —

U 137(18) 160(1) 165(2) 706(—) 67.1(15) 79(6) 234(7) 984(20) 147(2) 154(3) —

n.o.a, number of analyses (x). cpfu, cations per formula unit. ASI, alumina saturation index (molar ratio: Al,03/(Na,O + K,0 + CaO). All errors are 1o, given as last significant digits in brackets. Note
that traces of chlorine are also present due to contamination of the starting materials. Major elements were analysed with the electron microprobe, whereas trace elements were analysed using SIMS
techniques (see text for analytical details).
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Table 5
Trace element partition coefficients between apatite and different silicate melt
Sample 72 78 77 61B T1A 61A 48B 59B 43 54A 60B
Rb 0.0013(1) 0.0016(1)  0.0009(3)  0.0010(—)  0.0030(5) 0.0010(1)  0.0006(1)  0.0007(1)  0.0004(2)  0.0007(1) —
Sr 2.43(12) 3.72(25) 5.10(38) 4.3(-) 1.45(1) 1.37(2) 1.10(1) 1.56(5) 3.79(14) 4.59(24) —
Y 2.58(3) 3.82(16)  8.73(62)  7.1(-) 1.66(7) 2.91(8) 2.83(5) 3.92(20)  5.6927)  8.43(27) —
Zr 0.030(1) 0.041(1) 0.047(4) 0.042(-) 0.078(1) 0.056(2) 0.027(1) 0.069(2) 0.020(1) 0.030(2) —
Nb 0.0012(1)  0.0018(1)  0.0023(2)  0.0011(—)  0.0035(17)  0.0024(1)  0.0012(1)  0.0022(1) 0.0011(1) 0.0013(7) —
Cs 0.0002(1) 0.0002(1)  0.0001(1)  0.0001(—)  0.0002(1) 0.0001(1)  0.0001(1)  0.0002(1)  0.0002(1)  0.0003(1) —
Ba 0.10(1) 0.14(1) 0.14(2) 0.12(—) 0.06(1) 0.06(1) 0.06(1) 0.05(1) 0.16(1) 0.18(1) —
La 4.85(4) 8.33(27) 16.6(7) 11.4(-) 1.91(11) 2.94(10) 2.80(4) 4.32(26) 13.3(10) 19.7(11) —
Ce 4.92(13) 8.49(28)  18.1(15)  12.9(-) 2.33(7) 3.23(44)  3.25(5) 517(32)  13.6(13)  20.2(14) —
Pr 5.43(1) 9.68(33) 20.6(13) 13.5(—-) 2.67(12) 3.86(14) 3.67(2) 5.94(37) 14.6(16) 23.6(21) —
Sm 6.22(23) 11.4(21) 25.7(17) 16.1(—-) 3.66(14) 5.68(25) 4.99(10) 8.25(57) 16.4(24) 28.3(29) —
Gd 5.31(16) 9.12(8) 21.5(7) 13.9(—-) 2.97(11) 5.13(9) 4.65(16) 7.44(54) 13.3(9) 22.1(23) —
Lu 1.03(6) 1.39(8) 3.01(26)  3.92(-) 0.70(4) 1.22(8) 1.14(3) 1.62(7) 2.05(6) 2.94(8) —
Hf 0.0065(13)  0.013(2) 0.012(1) 0.014(—) 0.020(1) 0.014(8) 0.010(1) 0.016(1) 0.0073(2)  0.0088(20) —
Ta 0.0012(1)  0.0014(5)  0.0023(3)  0.0030(—)  0.0026(12)  0.0013(3)  0.0010(1)  0.0017(1)  0.0014(1)  0.0016(1)  —
Pb 0.64(11) 0.48(5) 0.94(19) 0.84(—) 0.29(8) 0.10(1) 0.39(3) 0.19(4) 0.62(5) 2.10(51) —
Th 0.50(2) 0.65(3) 1.08(7) 1.28(-) 0.97(2) 0.70(3) 0.33(1) 0.95(5) 0.40(1) 0.47(1) -
U 0.53(2) 0.25(2) 0.08(1) 1.40(—) 0.46(5) 0.17(1) 0.48(2) 0.70(4) 0.35(1) 0.34(1) —
Di/Dia  4.73 6.01 5.52 2.90 2.74 241 2.46 2.67 6.49 6.71
Dz./Dyr  4.62 3.22 4.00 2.90 3.89 3.98 2.74 4.22 2.67 3.45
Dno/Dra - 0.93 1.34 1.04 0.39 1.35 1.89 1.24 1.29 0.35 0.81
Dmw/Duy 0.94 2.62 12.78 0.92 2.09 4.17 0.69 1.36 1.16 1.39

Note some analytical and experimental problems with Pb (see text for further explanations); 1o uncertainty quoted in terms of last significant

digits.

Green (1981) and Klemme and Dalpe (2003). We find that Sr
is compatible (D > 1), whereas all other trace elements are
incompatible in apatite (D<1). We find that
D¢y < Dry, < Dy and Dz > Dy > Dy =~ Dt,. We also find
that D1, and Dy are close to unity, and in most cases
Dy, > Dy. The U partition coefficients show some variation
which is probably due to slight changes in oxygen fugacity.
As we used graphite-lined capsules in our experiments we ex-
pect reducing conditions in all our runs hence mostly quad-
rivalent uranium (U*"), but we cannot completely exclude
some hexavalent U (U®") in our experiments. Our data show
that Dy, is always higher than Dy ,, regardless of melt com-
position. This is somewhat contrary to the findings of Wat-
son and Green (1981) who report Dy, < Dy, in very silicic
compositions. Although our partition coefficients are in the
same ballpark, we believe that these subtle differences may
be due to different melt compositions. Note, however, that
Watson and Green’s (1981) experiments were conducted at
much lower temperatures and at different pressure which
may explain some of the observed differences.

Moreover, we also set out to investigate the effect of
melt composition on REE partitioning between apatite
and melt. This experimental approach is identical to previ-
ous studies where we set out to investigate the partitioning
of trace elements between titanite, rutile and silicate melts
(Prowatke and Klemme, 2005; Prowatke et al., 2004; Kle-
mme et al., 2005). All our experiments were conducted at
identical pressures (1.0 GPa) and temperatures (1250 °C).
Moreover, the major element composition of our apatites
is virtually constant, so that the only remaining variable
in our experiments is melt composition.

Fig. 3 shows that REE partition coefficients increase
with increasing degree of polymerisation of the melt. This
observation is in good agreement with results by Watson
and Green (1981) who found that REE partition coeffi-
cients in their systems increased with increasing SiO,-con-
tent of the melt. However, our partition coefficients for
univalent (Rb, Cs), divalent elements (Pb, Sr, and Ba),
quadrivalent (Hf, Zr, U, and Th) and pentavalent elements
(Nb, Ta) are not significantly affected by changing melt
compositions (Fig. 3).

Previous studies have shown that trace element partition
coefficients depend on pressure, temperature, crystal
composition, and melt composition. As our experiments
were preformed at constant pressure and temperature,
we will discuss possible crystal chemical and melt composi-
tional controls on apatite partitioning in the following
paragraphs.

3.3. Crystal chemical controls on REE partitioning between
apatite and melt

Rare earth elements (REE) can substitute for Ca in apa-
tite. There are two different positions for the incorporation
of REE available in the apatite structure (e.g., Hughes
et al., 1989; Hughes et al., 1991; Hughes and Rakovan,
2002). The Ca(1) site is ninefold coordinated (CaQOy) with
a multiplicity of 4. The Ca(2) site is sevenfold coordinated
(CaO¢X, where X = F, Cl, or OH) with a multiplicity of 6.
Fleet et al. (2000) suggested that the lattice energy on Ca(1)
is dominated by a sixfold coordination of Ca only a small
contribution from oxygen atoms in greater bond distance.
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The structural formula of apatite may be written as (Fleet
and Pan, 2000a):

Ca(1){"1Ca(2)" (POy) X

The partition coefficients for the rare earth elements (REE,
including Y**, which mimics the behaviour of the rare
earth elements) show a convex-upward shape when plotted
against ionic radius (Onuma et al., 1968). The peak of the
REE pattern is in the near of Sm, which means that apatite
prefers to incorporate the middle rare earth elements
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(MREE) relative to the light rare earth elements (LREE)
and heavy rare earth elements (HREE) with slightly higher
partition coefficients for the LREE (La, Ce, and Pr) com-
pared to the HREE (Yb, Lu).

The distribution of REE between the two distinct Ca posi-
tions in apatite was discussed in several studies. For instance
the study by Cockbain and Smith (1967) indicate no partic-
ular preference of all REE for either site. A preference of all
REE only for Ca(1) was suggested by Urusov and Khudo-
lozhkin (1974) whilst a preference only for Ca(2) was put for-
ward by Borisov and Klevtsova (1963). A recent study by
Hughes et al. (1991) who used bond valence theory showed
a preference for the Ca(2) site for the LREE (La, Ce, and
Pr). Furthermore, Hughes et al. (1991) suggested that Sm
should prefer the Ca(1) site, whereas Nd was predicted to
show no preference and should readily fit on both sites
Ca(1) and Ca(2). Summarizing, the crystallographic results
from Hughes et al. (1991) and Fleet and Pan (1997a) indicate
that REE partition coefficients of apatite should display a
concave downward pattern centered on Nd, with higher par-
tition coefficients for the LREE compared to the HREE
(Hughes et al., 1991). The crystallographic results agree well
with our experimental results (Fig. 4). Nevertheless there are
some differences when comparing our new data to some old-
er experimental studies by Watson and Green (1981) and
Fleet and Pan (1995) which may be largely due to differences
in temperature and bulk composition.

In summary, we find that the influence of crystal structure
on the apatite/melt partition coefficients can be neglected in
our experiments, as our apatites have very low Na, Si, and
REE trace element concentrations (Table 3) and the major
element composition of the apatites in our experiments is
identical. However, some apatites contained fluorine instead
of OH™. In the next paragraph, we will briefly evaluate a pos-
sible effect of halogens on trace element partitioning.

3.4. The influence of halogens on partitioning

Fleet and Pan (1997a) speculated that the volatile anion
component (i.e., CI7, F~ or OH") plays an important role
in the trace element uptake of apatite because of its proposed
influence on the environment and the size of the Ca(2) site.
We performed experiments with two different apatite com-
positions, i.e., F~- and OH -apatite to test this hypothesis.

<

Fig. 3. Apatite/melt partition coefficients [D = c(crystal)/c(melt)] calcu-
lated from SIMS analyses of our experimental run products. (A) partition
coefficients from H,O-containing experiments. With increasing alumina
saturation index (ASI—molar ratio: Al,O3/(Na,O + K,0 + CaO)) of
coexisting melts or increasing degree of polymerisation we observe
substantial variations for the REE with only minor effects of melt
composition on other elements. (B) Depicted are the partition coefficients
of experiments that contain F instead of water. (C) Experimental results in
systems approximating natural compositions. All three figures (A—C) show
the same phenomenon that is increasing partition coefficients with
increasing degree of polymerisation of the coexisting melt. See text for
further discussion. Error bars only shown when they are larger than
symbols.




Trace element partitioning between apatite and melt 4521

100 ¢ . . . ; , ; , ;
[ | A2400H - #77 ®W&G81 - #823g
[ | ASH3Fe - #61A AW&GS1 - #815a
| | @m A F&P95 *K&DO3 - #BS25
“““ '/. * A—,
10F e { _____________ e .
o B ) Ao ’,—‘-———_‘:;' ....... l,.l 4
s E e 7 //” — — \*A
gm a‘/ 7 ==1==——__§_ \:
SE - /i B3
[a) // ///////
7/ 7/
1F /} /,’// _
Y
’.,// e *
Y —F ¢ —
1
Lu Y Gd Sm Pr Ce La
0.1 " I " I " I I "
1.00 1.05 1.10 1.15 1.20 1.25
ionic radius

Fig. 4. Partition coefficients plotted against ionic radius (Onuma et al.,
1968; Shannon, 1976). Depicted are our new experimental apatite/melt
partition coefficients for selected REE and previous results from (Watson
and Green, 1981 — W & G81; Fleet and Pan, 1995 F & P95; Klemme and
Dalpe, 2003-K & DO03). The general pattern of partition coefficients from
our experiment SH3Fe (i.e., in a basaltic andesite composition) agrees well
with the pattern observed by Watson and Green (1981) for silicate melts,
although our Dy ,/Dy, is somewhat higher. See text for further details.

However, the overall difference between the REE partition
coefficients in fluorine- and water-bearing systems is rather
small (Table 5). Therefore, it seems that the anion species
on the Ca(2)-site has only a very small influence on the
REE partitioning (Klemme and Dalpe, 2003).

3.5. The influence of substitution mechanisms on trace
element partitioning between apatite and melt

Previous work suggested that the substitution mecha-
nism, by which trace elements are incorporated into a crys-
tal structure, may also control partition coefficients (e.g.,
Corgne and Wood, 2005; Prowatke and Klemme, 2006).
Several possible exchange mechanisms have been reported
for the incorporation of the REE and other elements into
the apatite structure. For an excellent review on many pos-
sible substitution mechanism for apatite refer to Pan and
Fleet (2002). In this section, we will concentrate on the
incorporation of the REE into apatite. The following main
substitution mechanisms are possible:

(1) 2REE*" + [v]=3Ca*" (e.g., Chen et al., 2002; Fleet
and Pan, 2003)

(2) REE*" + Si*" = Ca?" + P>
Green, 1981; Ronsbo, 1989)

(3) REE*" + Na" =2Ca®" (e.g., Ronsbo, 1989) where
[v]represents a cation vacancy. In all our experiments
the sum of Na + Si exceeds the sum of REE in apa-
tite. Similar observations were made by Roeder
et al., 1987; Fleet and Pan, 1997a; and Klemme and
Dalpe, 2003. However, although Na concentrations
are very low (Table 3), we find slightly increasing
Na in apatite with increasing Na in melts, and a slight

(e.g., Watson and

decrease of Si in apatite with increasing Si in melts.
This is consistent with the observations of Prowatke
and Klemme (2005), who found virtually no depen-
dence of the Al and Na concentration in titanite
regardless of the presence or absence of trace elements
in the bulk composition. Furthermore they observed
that the sum of Na + Al is always larger than the sum
of REE + Th in titanite (Prowatke and Klemme,
2005; Prowatke and Klemme, 2006). Therefore, the
incorporation of Na into apatite must be controlled
by another substitution mechanism, either

(4) 2Na™ = Ca*" + [v] (e.g., Pan and Fleet, 2002) or

(5) Na® +[v]=Ca®>" + F or OH (e.g., Pan and Fleet,
2002). However, we see two trends in (Fig. 6). It
appears that F-apatite incorporates clearly less
Na,O compared to apatites in melts with no fluorine
(but water). Following Fleet and Pan (1997a,b) and
Fleet et al. (2000), Na should favour the Ca(1) posi-
tion and the Na incorporation should not be con-
trolled by the volatile elements (which would only
affect the Ca(2) position in apatite). However, a pos-
sible explanation for higher Na concentrations in
apatite in fluorine-rich systems may be the complex-
ation of Na with F. In contrast, we find Si contents
in apatite slightly decreasing with increasing Si in
melts (Tables 3, 4, Fig. 6B). The Si in apatite in trace
and minor concentrations appears, therefore, most
to be likely charge balanced by vacancies on the
Ca or X position (the one occupied by volatile ele-
ments) along the lines of the following substitution
mechanisms:

(6) P>t +OH ™ =Si*" + [v°" ] (e.g., Schwarz, 1968)

(7) PP+ 30H" =Si*" + 0>~ + 2[v°" 7] (e.g., Trombe
and Montel, 1978).

Fig. 6D shows that the H,O-content of the melt and the
absolute concentration of SiO, in apatite are correlated.
With increasing water content of the melt the activity of
SiO, in the melt decreases which could explain our observa-
tion depicted in Fig. 6D.

We conclude that the Na content in apatite is mainly
controlled by the Na,O content of the melt (Fig. 6A). This
also holds for the Mg- and Fe-content in apatite (Fig. 6C).
The Si content in apatite appears to depend on the H,O
content of the melt (Fig. 6D). The uptake of trace elements
(e.g., REE) do not control the Na and Si content of apa-
tites. This leads us to the conclusion that the substitution
mechanism does not play a major role in controlling
REE partition coefficients in our experiments.

3.6. The influence of melt composition on the partitioning of
trace elements

Melt composition is known to exert a significant influ-
ence on the partitioning of trace elements between crystals
and melts. Early partitioning experiments between immisci-
ble silicate liquids were carried out by Watson (1976) and
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Ryerson and Hess (1978) aimed at identifying melt compo-
sitional controls on trace element partitioning. They found
that D’s of highly charged cations (e.g., Zr, Th, and REE)
decreased with increasing degree of polymerisation of the
melt. Consequently, the partition coefficients of these ele-
ments should increase with increasing polymerisation of
the melt. The large ion lithophile elements (LILE: Na, K,
Cs, and Rb) which have a low ionic charge/ionic radius ra-
tio, should show the opposite effect. According to Watson
(1976) and Ryerson and Hess (1978), Sr or Ba should show
no preference for either of these silicate melts, and partition
coefficients for these elements were suggested to be indepen-
dent of melt compositions. The applicability of Watson’s
(1976) and Ryerson and Hess’s (1978) results to our systems
is uncertain because our systems are rich in phosphorus
which is known to strongly influence melt structures.
Furthermore, Prowatke and Klemme (2005) suggest
from their titanite/melt partitioning experiments that the
structural environment of trace elements in melts could
be of additional importance in this context. They suggested
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Fig. 6. Major element systematics of apatites and melts (A) We find increasing Na in apatite with increasing Na,O content of the melt. Stars depict results
from the experiments with F, and the open circles results from experiments with H,O. The F-apatites exhibit much lower Na contents when compared to
the OH-apatites. This could be due to complexation of F with Na in the melt—see text for discussion. (B) The SiO,-content of melts plotted against the
SiO,-content in apatite. It seems that the silica content of apatite decreases slightly with increasing SiO,-content in melt but the correlation is not great. (C)
Variation of Mg (pentagons) and Fe (triangles) in apatite with increasing MgO and FeO content of the coexisting melt. See text for further discussion. (D)
The influence of the dissolved water in melt on silica in apatite. Note that the water content was estimated from electron microprobe analyses. We observe
increasing silica with decreasing H,O content in melts. See text for further discussion.
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that the coordination of some trace elements (REE, Th,
Nb, and Ta) in melts varies with increasing degree of poly-
merisation, whereas the structural environment of trace ele-
ments like Zr or Sr are not affected by changing melt
compositions. Recent observations using extended X-ray
absorption fine structure (EXAFS: Ponader and Brown,
1989; Farges, 1991a,; Wilke et al., 2005) support Prowatke
and Klemme’s (2005) results.

3.7. Trace element partitioning between immiscible silicate
and phosphate melts

Along the lines of the aforementioned studies on immis-
cible silicate liquid partitioning, we conducted an addition-
al exploratory experiment to further investigate melt
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compositional effects on partition coefficients in phospho-
rus-rich system which may be more applicable to our apa-
tite/melt partitioning experiments. We equilibrated
immiscible phosphate and silicate melts experimentally
(Fig. 8A and B) and found that the large ion lithophile ele-
ments prefer to partition into the silicate melt, whereas Sr,
Ba, the REE, and U preferentially partition into the phos-
phate melt and the quadrivalent and pentavalent elements
show no preference for either melt. Our liquid-liquid
experiment (Fig. 7, Table 6) indicates a slight fractionation
between the REE, with the LREE slightly more compatible
in the phosphate melt than the HREE which is in good
agreement with our results from apatite/melt partitioning
(Fig. 5). Ellison and Hess (1989) found no fractionation be-
tween the REE in silicate melt-silicate melt experiments,

Rb CsPb SrBalu Y GdSmPr CelLaHf Zr ThNb Ta U

Fig. 7. (A) Backscattered electron image showing three different phases coexisting: quenched phosphate melt, quenched silicate melt, and SiO, crystals.
The immiscible blebs of the phosphate melts vary from mm to pm in size. The centre of the phosphate glass blebs contains numerous very small inclusions
(1-3 pm in size) of silicate glass. The quartz crystals are only present in the silicate glass and are usually smaller than 10 um. Note that the cracks are
caused by the quench. (B) Phosphate melt/silicate melt partition coefficients calculated from LA-ICPMS analyses of these run products. The divalent,
trivalent and hexavalent cations are strongly compatible in phosphate melt, whereas the monovalent cations show a very incompatible behaviour. The
quadri- and pentavalent cations show no preference for either melt. Note that the experiment was carried out at atmospheric pressure and at temperatures

of 1510 °C. See text for details.

Table 6
Major element composition (w
phosphate melt and silicate melt

t%), trace element composition (ppm) of the coexisting melts and calculated trace element partition coefficients between

Phosphate melt Silicate melt Trace Phosphate melt Silicate melt Partition coefficient
SiO, 1.9 77.0 Rb 24.5(9) 254(5) 0.096(44)
AlLO5 6.3 13.0 Cs 5.4(2) 224(4) 0.024(47)
Na,O 1.3 2.7 Pb 147(40) 27.5(3) 5.34(30)
K,0 0.3 4.2 Sr 234(3) 10.8(7) 21.6(1)
CaO 42.0 1.2 Ba 1491(44) 142(20) 10.4(1)
P,Os 49.0 0.6 Lu 29.7(16) 33.2(47) 1.20(14)
Y 34.3(19) 26.3(31) 1.30(13)
Total 100.8 98.7 Gd 45.1(15) 32.2(46) 1.40(15)
Sm 54.8(37) 30.1(35) 1.81(14)
Pr 81.6(45) 38.5(51) 2.12(14)
Ce 98.4(58) 45.6(57) 2.15(14)
La 88.7(47) 43.8(61) 2.02(15)
Hf 45.6(10) 48.1(70) 0.95(15)
Zr 59.5(4) 50(18) 1.19(36)
Th 60.4(21) 59.0(75) 1.02(13)
Nb 174(7) 249(32) 0.70(14)
Ta 124(3) 176(39) 0.70(22)
U 1055(30) 43.1(34) 24.4(8)

1o uncertainty quoted in terms of last significant digits — 1¢ uncertainty by normal error propagation.
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but this may be due to different melt compositions. On the
other hand, REE fractionation between immiscible liquids
was recently observed by Klemme (2004) and Veksler et al.
(1998, 2004, 2005). Furthermore, van Westrenen et al.
(2000) show in a computer simulation study of garnet-melt
partitioning that the fractionation between the REE may
be influenced by the structure of the coexisting melt. This
was supported by Prowatke and Klemme (2005), who show
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in a systematic partitioning study that changes of the struc-
tural environment of REE in melts could result in fraction-
ation between REE.

The liquid-liquid partitioning experiment also indicates
that the quadrivalent and pentavalent elements (i.e., with
valence states of 4 and 5) show no preference for either
of the coexisting melts. This observation contrasts findings
by Ryerson and Hess (1978) in systems with very little
phosphorus but may well explain the fact that our Zr
and Hf apatite-liquid partition coefficients are not affected
by changing melt compositions. The divalent elements in
our liquid-liquid partitioning experiment are highly com-
patible in the phosphate melt. The reason for this could
be the structure of the phosphate melt, which consists pri-
marily of Ca®* and P°". Sr*" and Ba®" exhibit a very sim-
ilar chemical behaviour as Ca®>" and should, therefore,
stabilize the phosphate network. Partition coefficients of
Sr and Ba between apatite and melt are strongly correlated
with the CaO content of the melt (Fig. 8B and C) and we
observe a strong decrease of Dg, and Dg, with increasing
CaO content in the melt. The substitution mechanism can-
not be responsible for this behaviour, as Sr and Ba are
incorporated into apatite along the lines of a homovalent
substitution for Ca.

In conclusion, our new experimental data clearly shows
that melt composition exerts a significant influence on the
partition coefficients for the REE. We find that REE parti-
tion coefficients increase with increasing degree of polymer-
isation of the melt (Fig. 8A) whereas partition coefficients
for all other elements studied remain largely unaffected
by changing melt composition.

4. Applications to natural compositions

Most of our experiments were conducted in synthetic
compositions to investigate the effect of bulk composition
on partition coefficients. However, we conducted several
experiments in systems rather close to natural rock compo-
sitions (Table 1). We would, therefore, recommend the use
of partition coeflicients from these compositions for geo-
chemical calculations.

In fractionating systems, however, when apatite crystal-
lizes from melts with changing compositions, one could

<

Fig. 8. (A) Variation of Dg, with SiO, content of the melt. The stars
represent experimental results from Watson and Green (1981) at different
temperatures. With decreasing temperature the Sm partition coefficients
between apatite and melt increase. The black squares show trends from
our experiments, which roughly agree with results by Watson and Green
(1981). See text for further discussion. (B) Variation of Ds, and (C) Dg,
with increasing CaO content (wt.%) of melt. Dg, and Ds, decrease strongly
with increasing CaO content. The triangles depict Dg, and Ds, from
partition experiments between apatite and carbonate melt (Klemme and
Dalpe, 2003), whereas the hexagon shows the results from our new
phosphate liquid-silicate liquid experiment for Sr and Ba. The results
indicate that the partitioning of Ba and Sr depends on the Ca content of
the melt. Note that some experiments by Watson and Green (1981) seem
not to fit in the observed trends which may be due to differences in
temperature and/or bulk composition.
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certainly use trends observed in the experiments with sys-
tematically changing melt compositions. For example, con-
sider the case where apatite crystallizes slowly during the
cooling of a magmatic system. Based on the partitioning
systematics (increasing Drgpg With increasing degree of
polymerization of the melt) one would expect increasing
REE concentrations from core to rim of zoned apatite crys-
tals. The interpretation of zoned accessory phases in mag-
matic systems is, of course, much more complex than this
but our partition coefficients may help to shed further light
on the complexity of evolving magmatic systems.

As an example, we would like to point out that our
experiments may also be used to explain some geochemical
signatures of naturally occurring apatite phenocrysts. Our
partition coefficients indicate that Dg, is higher than Dg,,
(or other REE) in depolymerised melts with low Ca con-
centration (Tables 4 and 5). In contrast, Dg, is much small-
er in most other melt compositions. If one assumes that Sr
behaves in an identical manner to Eu (Watson and Green,
1981), this difference in partitioning behaviour could ex-
plain positive Eu anomalies in apatites in certain Ca-poor
volcanics, whereas commonly observed negative Eu anom-
alies could both be explained by the apatite/melt partition-
ing of trace elements or, of course, by crystallization of
feldspar (e.g., Bea et al., 1994).

5. Conclusions

We present a large number of hitherto unknown trace
element partition coefficients for apatite in a range of differ-
ent silicate melts. We find a strong influence of melt com-
position on partition coefficients: The rare earth element
partition coefficients increase for about an order of magni-
tude with increasing degree of polymerisation of the melt,
whereas apatite/melt partition coefficients for other ele-
ments are not affected significantly by changing melt
composition.
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